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Abstract

The laser flash photolysis — laser-induced fluorescence technique has been used
to study the reaction kinetics of several potential biofuel ethers under low temperature
combustion conditions, in order to extend the understanding of the reactions that occur in
novel combustion engines. Biofuels offer a potentially carbon-neutral energy source that
could contribute to climate change mitigation, and commercial interest has been given to
the ether family of compounds, which display desirable fuel characteristics such as high

energy densities and favourable ignition properties.

Chapter 3 presents a study of the reaction between the OH radical and trimethyl
orthoformate (TMOF), diethyl- (DEE), di-n-butyl- (DBE), methyl fert-butyl- (MTBE),
and dimethyl ether (DME), from 298 — 744K in 13 — 190 Torr of nitrogen. This
constitutes the first temperature-dependent study of OH + trimethyl orthoformate, and a
significant extension of the temperature range of previous studies on the OH + di-n-butyl
ether and OH + diethyl ether reactions. The temperature dependences of the rate

coefficients for OH + ether (all in units of cm® molecule™! s™') can be parameterised by:
kortmor(298-744 K) = (8.0 + 12.2) x 10713 [(77298)6+1-2) + (T/298) 812460 x gT+3.9)VRT
kow+peE(298—727 K) = (1.28 £0.21) x 10711 x g0-11=0-59VRT

konpBe(298-732 K) = (3.05 £ 7.13) x 10712 (7/298)!3+1:6 x g(64+38VRT
koumtBE(298—680 K) = (9.8 + 21.6) x 10713 (7/298)> 715 x ¢23+50/RT "and
kompme(298—656 K) = (1.22 £ 2.83) x 10715 (77298)5-9+0-5 x g(19-1=38)RT,

Chapter 4 presents a technique for determining R + O rate coefficients and OH
yields by the observation of OH regeneration from chemical activation. This technique
was verified using the CH;0OCH2 + O reaction in the dimethyl ether system via
comparison with previous measurements, and analyses using numerical integration
software determined the optimum experimental conditions for the method. Potentially,
this technique can be used to obtain rate parameters important for the combustion
modelling of a wide range of potential fuel molecules. Rate coefficients for the system
are reported at 291 —483 K, in 4.1 —32.6 Torr of nitrogen, and the mean room temperature
3

rate coefficient was determined to be kcmsocrzioz = (0.94 £ 0.04) x 107" cm

molecule™! s7!, across all pressures explored.

Chapter 5 employed the technique described in Chapter 4 to present novel

measurements of the CoHsOCoHs + O reaction rate coefficient integral to the low
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temperature combustion of diethyl ether under experimental conditions of 298 — 464 K,
in 5.2 — 28.4 Torr of nitrogen. The mean 298 K rate coefficient was determined to be
kcansocana+oz = (3.10 £ 0.55) x 107! ¢cm® molecule™ s™!. OH yields and rate coefficients
were compared to ab initio calculations of the diethyl ether low temperature oxidation
surface at the CCSD(T)/Jun-cc-pVTZ//M06-2X/Jun-cc-pVTZ level, using master
equation methods. The transition state barrier to the OH product was required to be
lowered by ~7 kcal mol™! in order to achieve good agreement between experimental data

and theoretical calculations.

Chapter 6 reports some initial observations of subsequent OH regeneration
following the R + O reaction at higher temperatures (~500 K and above), and some
interesting unwanted chemistry occurring under high temperature and high O; conditions.
The main recommendations for future work are further explorations of the source of this
extraneous chemistry, and development of the data interpretation under such conditions.
The investigation of a wide range of fuels’ R + O» reactions using the method presented

in Chapter 4 should also be carried out to improve estimated rates in combustion models.
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Figure 4-17: Deviation of returned parameters from true values as the ratio of A2
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Figure 4-28: Global weighted/unweighted analysis comparison with single trace
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Figure 5-9: Comparison of kon+pee measured in this work from global analysis
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Figure 6-1: Generic low temperature combustion potential energy surface,
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in the presence of Oz, at 750 K, and 50 Torr N2. H202 was present in these
experiments. From 10 to 1 Hz, growth rates were (16410 + 1620) s, (17370
+1320) s7L, (16810 £ 2190) s, (16470 + 1930) s, and decay rates were (2250
+ 80) s, (2150 £ 60) s, (2150 + 100) s', and (2150 = 90) s”'. Uncertainties
are statistical at the 20 level. ........ouievienerneennennnensencnensecnsnensnecsnensnneene 210



XIX

Figure 6-13 Laser power effect on H:20:-free DBE experiment, approximate
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cm. Note the fits are not perfect in the tail. From high fluence to low,
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Decays were (2330 + 60) s, (2270 + 80) s!, and (2210 + 170) s7L
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Chapter 1 Introduction

This chapter provides context to the work carried out in this thesis, by giving an
overview of the motivations driving the research undertaken. Broadly, the introductory
chapter focuses on the principles of climate change; the potential for transport biofuels to
mitigate the severity of anthropogenic contribution to climate change; properties of the
ethers studied in this thesis, focused on the well-researched dimethyl ether, and higher
ethers; combustion mechanisms and engines; and the principles of chemical reactions

utilised to formulate experiments and analyse the data that form this thesis.

1.1 Climate Change

Climate change and its potential solutions have become possibly the most important
and debated scientific and political issue of recent times. Evidence collated from modern
day temperature recordings [1], past temperature extrapolations such as those from ice-
cores [2], and modelling studies [3], prove that global warming is heavily exacerbated by
anthropogenic activity to a degree of certainty the Intergovernmental Panel on Climate

[3

Change (IPCC) now regard as “unequivocal” [4]. Increasing concentrations of CO>
(Figure 1-1) and other greenhouse gases (GHGs) give rise to this atmospheric warming
effect, in what is a well understood mechanism. Greenhouse gases are molecules which
are infrared (IR) active, containing a permanent or transient dipole moment, where, upon
absorbing infrared radiation, the dipole moment is induced by vibration and rotational-
vibration [5]. UV/VIS (ultraviolet/visible) sunlight is re-radiated from the Earth’s surface
as IR radiation, and subsequently absorbed by the GHGs in the atmosphere. Once
absorbed, the radiation can be emitted back towards the Earth’s surface, heating up the

surface, or the atmosphere through energy transfer. This mechanism traps heat in the

atmosphere via certain gases, acting somewhat similarly to a greenhouse glass roof.

Carbon dioxide was first shown to absorb IR radiation by John Tyndall in 1859,
along with other molecules such as water vapour, methane and ozone [6]. Now, it is
virtually unanimously acknowledged that GHGs are the cause of current warming trends.
Anthropogenic emissions from sources such as fossil fuels burned to generate energy;
farming livestock for the food industry; and waste disposal, have led to an increase in

carbon dioxide and other greenhouse gases that exhibit positive radiative forcing, since
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the start of the industrial revolution in 1750 (Figure 1-1). The resultant temperature
increase has also been observed over the past century (Figure 1-2), and when compared
with long-term temperature records from ice-cores, the current trend in increasing
temperature is not only more rapid than anything seen for thousands of years, but the
temperature anomaly (the difference between measurement and reference, where the
reference in this case is the temperature between 1961 and 1990) is also higher than

previous measurements (Figure 1-3).
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Figure 1-1: Law Dome ice core and firn air records since the year 1750, showing the
increasing concentrations of three greenhouse gases. Contemporary records from
Cape Grim are also shown. Thin lines are spline fits [7]: 20 year smoothing for
methane and carbon dioxide, 40 year smoothing for N:20. Reproduced from
MacFarling Meure et al. [8].

Recently a more focused global effort to tackle climate change was renewed with
the Paris Agreement, formulated at COP 21 (21 Conference of the Parties), laying out
targets to limit warming to well below 2 °C, ideally 1.5 °C, and emphasising national
action as the driver behind climate change mitigation [9]. The most recent IPCC
assessment report projected temperature anomalies that may be reached in the future,
using RCP (representative concentration pathways) based on GHG emissions [3]. Three
out of four of their RCP scenarios exceed a warming of 2 °C by the year 2100. Only with

aggressive mitigation does their most optimistic scenario manage to keep warming below
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2 °C, highlighting the urgent need for countries to reduce their greenhouse gas emissions

significantly.
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Figure 1-2: Increase in annual global mean surface temperature anomaly since 1850
AD, relative to a 1961 — 1990 climatology from the most recent version of the three
land-surface air temperature and sea-surface temperature data sets combined
(HadCRUT4, GISS and NCDC MLOST). Reproduced from Hartmann et al. [1].

Should atmospheric warming be allowed to continue at the current rate, by the
end of the 21* century, the IPCC report states with high confidence (95%), that there will
be “severe, widespread and irreversible impacts globally”, as a result of a 3.7 — 4.8 °C
predicted temperature anomaly by 2100, compared with pre-industrial levels [10]. The
consequences could be catastrophic, and include species extinction, food security risks,
and extreme weather events. To combat this threat, a plethora of methods for reducing
CO; and other emissions have been proposed, including carbon capture and storage, geo-

engineering, afforestation, and the use of alternative renewable energy sources.
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Figure 1-3: Reconstruction of previous two millennia temperature anomalies based
on 1961-1990 instrumental reference period (dashed line). Blue line represents
global mean surface temperature reconstruction, red line modern day observations.
Yellow shading represents the 95% confidence limits. Reproduced from [11].

1.2 Biofuels

One renewable energy source is bioenergy, which has the potential to be carbon-
neutral, and is essentially any source that derives its energy from biological organisms.
In theory, any carbon that is released upon burning a bioenergy source, such as biomass,
will have been recently sequestered from the atmosphere throughout the lifetime of the
plant via photosynthesis. Thus, if the process of producing and transporting bioenergy
does not use COz, no additional COxz is released into the atmosphere. Coupled with carbon

capture and storage, bioenergy also has the potential for ‘negative’ carbon emissions [12].

A bioenergy source group that may have a large capacity for CO, emissions
mitigation in the future is that of biofuels, where transport fuels are derived from
renewable biological matter such as plants, animal wastes or organic manufacturing
wastes. Biofuels could supplement or even replace the use of fossil fuels such as diesel
and petrol, where 33% of UK CO; emissions arose from the transport sector in 2018 [13].
In the European Union, approximately 23% of GHG emissions are due to the transport
sector [ 14]. Currently, biofuels account for approximately 3% of global transport demand
[15], and in 2016 biofuels accounted for a 91% share of global renewable road transport
fuel [16]. Bioethanol and biodiesel account for the majority of current biofuels, sharing
37% and 56% of the renewable fuel used in the UK in 2019 so far [17], and overall global
transport biofuel manufacture grew ~7% year-on-year in 2018 [15]. Hydrogenated
vegetable oils also hold a small, but increasing share in total biofuel production. Although
their primary application is for road vehicles, biofuels began to see usage as an aviation

fuel in 2016 [18]. Despite various advantageous properties of biofuels compared to
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conventional fossil fuels, such as carbon-neutrality and renewable supply, there are also
issues to consider, such as the food vs fuel debate, where food security would be at risk
should extensive land be used to grow biofuels to substantially contribute to global
energy [19]. In addition, careful production practices must be used to ensure deforestation
and large energy consumption during the manufacture and transportation of biofuels does
not lead to positive net carbon emissions. Generally biofuels currently offer decreased
pollutant emissions but greater NOx (NO> + NO) production from engines [20]. GHG
savings compared to fossil fuel use were estimated to be 81% in the UK [17], and with
legislation now passed committing to net zero emissions by 2050 in the UK [21], biofuels

could make an important contribution moving forward.

Other alternatives to conventional transport fuels may have a role to play, such as
hydrogen and electricity, however combustion is still an attractive proposition for
powering transportation, due to the high energy density of fuels, a well-developed
understanding of combustion, and the relative ease with which alternative combustion
fuels could be ingratiated into existing infrastructure. This high energy density is a
considerable advantage that biofuels still possess over other sources of renewable
transport energy such as lithium-ion batteries, and hydrogen. Hydrogen has a very high
energy density per mass, but its low mass density means liquid hydrogen has a low energy
density for practical use in transport, of 8 MJ L' [22]. Similarly, the Panasonic 2170 cell
used in the most recent Tesla vehicle equates to roughly 2.6 MJ L' [23]. These energy
densities are much lower than for something like diethyl ether studied in this thesis, which

possesses an energy density of approximately 26 MJ L' [24].

1.3 Bio-Ethers

Ether biofuels are emerging as a possible replacement for conventional fuels, or as
a blending agent with petrol and diesel fuels [25]. Potential biofuel ethers include
dimethyl ether (DME), and diethyl ether (DEE). They are not widely used as standalone
fuels currently, but progress has been made, with gradual advancement towards
commercial DME fuel use. Ford, in partnership with Oberon Fuels, announced a research
project in 2015 that aims to develop the first cars to run on DME, along with
oxymethylene ether (OME) (Table 1-1), citing lower particulate emissions than diesel
and increased fuel efficiency as the primary advantages within reach [26]. Volvo are

another large company that have demonstrated biofuel ethers’ potential for commercial
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use, utilising a fleet of heavy lorries running on DME fuel for two years starting in
2010 [27]. Field testing continued into 2015 and Volvo remain confident about DME as
a fuel [28], pledging to continue to develop DME engines for commercial use in their

subsequent Annual and Sustainability Report [29].

Aside from DME and DEE, other possible bio-ethers include di-n-butyl ether
(DBE), methyl tertiary-butyl ether (MTBE), ethyl tertiary-butyl ether (ETBE), tertiary-
amyl methyl ether (TAME), tertiary-amyl ethyl ether (TAEE), trimethyl orthoformate
(TMOF), and di-iso-propyl ether (DIPE) (Table 1-1), which show more potential as
conventional fuel additives [30, 31]. DME, DEE, DBE, MTBE and TMOF have all been
studied in this thesis, and some of their properties are detailed Table 1-2, in comparison

to conventional fuels, and gasoline.

Table 1-1: Molecular structure of various potential bio-ether fuels and additives.

DME 0 . DEE S AN

N
DIPE /K DBE /\/\ o /\/\
0" N

0 i
MTBE ~ . ETBE
TAME . TAEE
o/ 5

OME \O{/\Of TMOF - Y >




Table 1-2: Properties of ethers studied in this thesis, and common fuels.
Property  DME DEE DBE MTBE TMOF diesel biodiesel  gasoline

Formula C,HiO C4H; 0O CgHi50 CsHi,O  C4H 0O  Cs-Cps? C1-C®?  C4-Cp°

Energy

. 2067  263¢ 289 2828 — 33,34 32.3¢ 32.8¢
density®
bp./°C 249" 346 141 55i ~101  125-400"  330¢ 38-204"
t.
Cetane o5 60k >125¢  100-115¢ _ ~55k 5¢ _
rating
Octane 98-

_ _ _ _ _ _ - 4

number 123™ 80-100
Self
ignition T 350°  363¢ 175 3740 2550 3160 150 247-280¢
/°C
Flash 411 —49¢ 25 33 9 74 100-170°  —43¢
point / °C
C/wt% 52.1 64.9 722 68.1 453 87 784 85.5°
O/wt% 347 216 13.1 18.2 452 trace 10¢ 3.7

“From ref [32]. "Methyl esters of C4-C2 fatty acids. “Units of MJ L. “From refs [33, 34]. “From ref [24].
fAt 15 °C, from ref [14]. €From ref [35]. "From refs [34, 36]. FFrom Sigma Aldrich./From ref [37]. “From
refs [34, 38]. 'From ref [39]. "From ref [40]. "From ref [41]. °From Fisher Scientific. ”From ref [42].

1.3.1 Dimethyl Ether

Dimethyl ether is currently considered a potential alternative fuel to conventional
fuels such as petrol and diesel, due to its promising properties and feasible production as
a biofuel. Several production routes for DME are possible, with feedstocks including
methane (via methanol), biomass, and coal [43]. For bio-DME, biomass can be gasified
in order to produce syngas (mostly a mixture of hydrogen, carbon monoxide and carbon
dioxide), which can then undergo copper catalytic conversion to produce methanol,
before de-hydrogenation of the methanol to form DME, using zeolite- or alumina-based
catalysts [38]. These two steps can be combined to occur simultaneously when using

different catalysts.

Since 1996, between 100,000 and 150,000 tonnes of DME have been produced
globally each year for various uses [38]. The Ghuangzhou Institute of Energy Conversion
in China brought a DME-from-biomass demonstration plant to test phase in 2009,
producing 1000 tonnes of DME per year by gasification of wood chips, achieving up to
38% total system efficiency, and self-sustaining electricity and steam use [44, 45].
Similarly, a 100 tonne per year pilot plant has been developed in China, synthesising
DME through gasification of corn core [46]. More recently BASF and Linde have
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announced plans to commercialise a process that achieves 50% CO: reductions in
producing DME [47], and Oberon Fuels were awarded a grant to produce renewable DME
in California [48].

Coal-based DME has also been shown by life cycle assessment to have fewer
related greenhouse gas emissions than coal-based diesel [49], so even if DME were to be
used as a fuel or fuel-additive having not been derived as a biofuel, it may still offer
advantageous carbon savings. Production of DME by this route involves gasification of
coal to produce synthesis gas (primarily H2, CO, and some CO3), which can be used to

generate methanol, and ultimately DME.

DME overall shows favourable properties for fuel use. A cetane rating (an
indicator of combustion speed for compression ignition) of approximately 55 — 60 is
comparable to that of diesel (~55) [34, 38], where a higher number is indicative of
desirable properties in a fuel, such as a shorter ignition delay time, and increased burning
efficiency. The relatively high oxygen content of DME (10:2C) and lack of any carbon-
carbon bonds results in a clean-burning fuel that releases no [38] or little [50] soot,
reducing its negative impact on tropospheric air quality. The zero sulphur content of
DME, and other ether biofuels, shows another marked advantage over conventional fuels

in terms of pollutant emissions.

Disadvantages are still present for dimethyl ether, primarily the lower energy
density reported in Table 1-2, which is significantly lower than diesel and gasoline’s, and
is caused by the low carbon:oxygen ratio of atoms. As a result of the lower combustion
enthalpy of the bioether, a greater volume of the fuel would have to be injected, over a
longer period, in order to match the energy delivered by diesel [38]. Indeed, Volvo
reported that due to the ~45% energy content drop of DME compared to diesel, larger
fuel tanks were used in their lorry fleet in order to compensate, and common rail
technology was used for biofuel injection so as to achieve high enough pressures to
liquefy the dimethyl ether [27]. The lower viscosity of DME compared to diesel can also
cause issues, due to resultant increased surface wear on engine parts, and the possibility
of leakage from fuel supply system seals [38]. Existing as a gas under normal conditions

also complicates the method of fuel injection used for DME [51].

Conversely, a low boiling point gives rise to fast evaporation if DME were to be
delivered as a liquid into an engine cylinder [38]. Further advantages of DME that
counteract the undesirable properties outlined above are its low combustion noise

pollution [27, 50], and the potential for low NOy release during combustion [38, 51] using
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techniques such as pre-mixed combustion and exhaust gas recirculation (where a portion
of exhaust gases is recycled back to the combustion cylinders, reducing peak temperatures

via dilution of oxygen with inert gases).

Low temperature autoignition of dimethyl ether is important for its combustion in
engines, due to the necessity for control over ignition timing. This control is important
for the prevention of knocking [52], and in the event of leakages during transport, the
prohibition of explosive organic peroxide formation [53]. As such, a full understanding

of its autoignition mechanism is required.

1.3.2 Diethyl Ether

Diethyl ether is similar to DME, with the infrastructural advantage of being in
liquid state at room temperature [54]. Where DME is derived from methanol dehydration,
DEE is produced in the same way by ethanol dehydration, owing to the longer carbon
chains either side of the oxygen. Much like DME, DEE is a suitable potential diesel
replacement fuel due to its high cetane number (>125), high oxygen content, reasonably
high energy density and low autoignition temperature (see Table 1-2). Due to the greater
ratio of C:0, DEE should possess a greater energy density compared to DME. However,
it is also a highly volatile fuel, undergoes peroxidation when stored, has low lubricity and
has associated human health concerns as an anaesthetic [55]. Currently there have been
fewer studies on DEE as a biofuel compared with DME, but some work has analysed its
ability to operate when blended with other fuels such as liquified petroleum gas [56-58],

and it is a known cold-start aid for engines.

As a fuel blend with diesel, DEE has been shown to reduce particulate matter
(PM) emissions up to 24% with a 30% blend [59]. NOx was also demonstrated to diminish
with the addition of DEE to the fuel, but some increase in total hydrocarbon and CO was
observed. Tree and Cooley [60] also saw reduced PM production when blending DEE
with diesel. Lower CO and smoke emissions have been observed in several studies with

the addition of DEE to diesel fuel [61-63].

1.3.3 Di-n-Butyl Ether

Di-n-butyl ether is the fourth of the straight chain symmetrical ethers (after DME,

DEE, and di-n-propyl ether), and is of relatively recent interest as a potential replacement
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fuel, where it can be produced from pulping of biomass and fermentation of cellulose
[14], where dehydration of bio-butanol yields DBE [64]. DBE also has several desirable
diesel-replacement fuel qualities, including reduced hydrocarbons, CO, and noise, when
compared with diesel. An estimated cetane rating of 115 (Table 1-2) has led to its testing
as an ignition enhancer in fuels, and it mixes well as a result of low viscosity, low boiling
temperature, and low heat of vapourisation [39]. DBE has also demonstrated desirable
spray characteristics [65]. Soot reduction has been observed through engine testing and
laminar flame studies [66], sometimes up to 20% compared with diesel [67], or even near
soot-free [39]. Conversely, Damyanov et al. [14] did not see a reduction in emissions
from diesel engine testing. Ignition delay time studies [68, 69] demonstrated DBE fuel
exhibits short ignition delay times, indicating higher reactivity than both DME and DEE.

Despite some of the favourable properties and potential DBE has shown for its
application as a renewable fuel, as the early stage of the research conducted may suggest,

it has not yet been used as a transport fuel commercially.

1.3.4 Methyl tert-Butyl Ether

Currently bio-MTBE is the most commercially available biofuel oxygenate used
for petroleum blends, and can allow cleaner combustion and more efficient engine
performance. It has been favoured for its compatibility with gasoline, with high
miscibility, and good storage stability [70]. Synthesis from methanol and iso-butene [71]
implies bio-methanol [72] can also be used to enable at least partially bio-derived MTBE.
Despite its previous extensive use in the US, fears over contamination of groundwater
due to its high solubility in water led to a ban and phasing-out of MTBE in the US. It is

however still exported to, and used in, Central and South America.

MTBE has been added to fuels as an octane improver [73] (see octane number in
Table 1-2), and has been shown to reduce petroleum exhaust gas emissions by 10 — 15%,
1.0 -1.7%, and 10 — 20% for CO, NOy and total hydrocarbons respectively with 15% v/v
MTBE addition [74]. Conversely, other studies have shown no change in these
emissions [75-77], and such studies depend heavily on the testing conditions used, such
as temperature and blending ratios. Additionally, exhaust emissions as a result of MTBE
addition have been demonstrated to exhibit increased ethanol and formaldehyde [78-80],

known irritants and causes of respiratory problems. Its use as an octane enhancer (and
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therefore anti-knock agent), may also suggest MTBE will not be well suited to a diesel-

type fuel that undergoes autoignition via chain-branching (discussed in section 1.4.2).

1.3.5 Trimethyl Orthoformate

Trimethyl orthoformate (also known as trimethoxy methane) has the potential to be
used as an alternative fuel, or fuel additive, owing to its production route from methanol,
and therefore bio-methanol [81]. Its similarity to dimethyl ether in structure, with no

carbon-carbon bonds, suggests it may be of similar use as an alternative fuel.

Currently there are no extensive studies on its use as a fuel, although it has been
mixed with methanol in a test compression ignition engine, which ran successfully with
20% TMOF [82]. Potential has been shown, however, for its use in fuel cells [37, 83-85],
where a great number of alternative fuels to those such as methanol are being investigated,
in order to increase the likelihood that low-temperature fuel cells will penetrate the
transport market. Although TMOF was seen to be less efficient when compared with
methanol, it was also noted that its similar energy density, higher boiling point (Table
1-2), higher flash point, and lower toxicity in comparison with methanol were

advantages [37, 83].

1.4 Hydrocarbon Combustion

Combustion involves the rate of reaction accelerating to a point where reactants are
consumed, and in doing so, rises in temperature and pressure accompany a large release
of energy, which can be harnessed for use in power generation, heating, explosive

weapons, and transport fuels.

In typical transport fuel combustion, usually involving petroleum, or diesel,
decomposition of the fuel to smaller species dominates the process, and it is more useful
to use computational fluid dynamics to model the nature of combustion. Chemistry still
occurs and can be important, but it is less fuel-specific, hence it may be more useful to
study properties such as mixing, rather than understanding the detail of chemical reactions
occurring. Low temperature combustion however, is much more sensitive to specific
reactions occurring, thus knowledge of their rate coefficients becomes very important.
Low temperature combustion mechanisms are important for alternative fuel combustion

in novel engines that rely on autoignition of the fuel to start combustion, rather than a
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spark. Additionally, the same autoignition mechanisms cause engine knock, where fuel
in a typical gasoline engine ignites before the flame has reached it. This effect results in
loss of power, and can damage the engine, meaning the understanding of low temperature
combustion mechanisms for potential biofuels is important not only for their use as

standalone fuels, but also fuel additives to gasoline.

1.4.1 High Temperature Combustion

At high temperatures above approximately 1000 K, combustion chemistry will
still be somewhat influenced by the abstraction of H atoms from the parent fuel by small
species (OH, H, and O). Rapid repetition of this reaction takes place until CO, remains.

Soot precursors and other products will also remain.

Despite abstraction reactions still taking place, due to the extreme speed of higher
hydrocarbon molecule and radical decomposition in this regime, only a small group of
non-fuel-specific reactions bear any significant effect on the overall reaction rate.
Primarily these are the reactions between H and O> to form O + OH, the equilibrium
between CO + OH and H + CO., and the decomposition of HCO to H + CO. These are
the main reactions controlling the concentration of H atoms and the total amount of
radicals in the system. An example showing the sensitivity of a methane-air flame

sensitivity to the H + O reaction is presented in Figure 1-4.
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Figure 1-4: Typical sensitivity diagram for the effect on flame velocity of a
stoichiometric methane-air mixture, where each rate coefficient is varied by a factor
of five. Reproduced from [86].

1.4.2 Low Temperature Combustion

Low temperature combustion occurs below 1000 K, typically within the range 500
to 800 K, and is much more dependent on the hydrocarbon fuel used. Hydrogen
abstraction from the parent fuel, RH, is again the initial step, where an R radical is formed
(reaction R 1-1). The major initiating radical here (X) is typically a small species, such as
OH, O or H, although other species can also abstract, such as O>. Reaction R 1-1 is

particularly relevant to the work in Chapter 3.

RH +X — R +HX R 1-1

Addition of oxygen to the R radical forms a peroxy radical, RO (reaction R 1-2)
(studied in Chapter 4 and Chapter 5), which can undergo isomerisation via internal
H-abstraction to form the QOOH radical (reaction R 1-3). The rate of RO> to QOOH
isomerisation will depend on the structure of the radical involved, and the ring-structured
transition state that is formed in the reaction. Smaller ring structures will have a larger

pre-exponential factor, as the statistical likelihood of the correct orientation for internal
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abstraction being achieved increases. However, larger rings will be favoured due to the
decrease in ring strain of the transition state. Thermal decomposition of this QOOH
radical to an OH radical and smaller stable species propagates the reaction (reaction R

1-4).

R+ 02 — RO, R 1-2
RO; < QOOH R 1-3
QOOH — OH + stable product R 1-4

Alternatively, to undergo chain-branching of radicals, molecular oxygen can
intercept the hydroperoxide radicals in reaction R 1-5, generating the QOOH-peroxy
radical, O,QOOH. This transient species is believed to be integral to the autoignition of
fuels at low temperatures, where another isomerisation and decomposition provides the
first of the two ‘branching’ OH radicals, along with a ketohydroperoxide product,
OQ'OOH. Further dissociation of OQ'OOH leads to the second of the branching OH

radicals in reaction R 1-6.

02 + QOOH — 02Q00H — HO2Q'OOH — OH + OQ'OOH R 1-5
OQ'OOH — OH + products R 1-6

A potential energy surface (PES) showing the generic routes for low temperature
oxidation of fuel, RH, including the reaction of O> with R and QOOH radicals, and the
subsequent decomposition of species to yield OH radicals, is presented in Figure 1-5.

Chapter 6 is concerned with the exploration of these later combustion steps.
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Figure 1-5: Generic low temperature combustion potential energy surface, showing
propagation (blue and green) and chain-branching OH formation (green to red).

Additionally, ROOH species formed in reactions R 1-7 and R 1-8 undergo

decomposition to RO and OH in reaction R 1-9, providing another chain-branching route.

QOOH + RH — ROOH + R R 1-7
RO; +RH — R + ROOH R 1-8
ROOH — RO + OH R 1-9

HO: formation on longer timescales can occur, and also through reaction between

RH and O», but at these temperatures, HO> is not reactive and does not immediately

contribute to the chain-branching mechanism.

Other reactions can compete with, or contribute to, the low temperature reaction
scheme described here. Decomposition of R radicals can play a role at high temperatures,
and where not enough oxygen is present to ensure the rate of R + O reactions are
competitive enough to inhibit the decomposition reaction. Decomposition of RO to the
reactants (in the reverse of reaction R 1-2) can also occur at high enough temperatures,
where the C—O bond is broken, leading to a negative temperature dependence as the

reactions following RO> formation that lead to chain-branching can no longer occur.



16

A great deal of the uncertainty surrounding the low temperature combustion
mechanism arises from the lack of understanding of QOOH interception, and what
happens to the products of this reaction. These transient species are very difficult to
detect, but recent studies have begun to make progress in identifying such molecules. The
product of O2QOOH decomposition in the DME system, hydroperoxymethyl formate
(HPMF), has now been detected [87] and quantified [88] by Moshammer and co-workers,
using direct sampling of a jet-stirred reactor followed by detection with mass

spectrometry. This offers an important insight into the key to autoignition.

1.5 Chemical Activation

The RO» radical formed in reaction R 1-2 is initially formed in an energetically
excited state (reaction R 1-10). The RO>* radical can undergo collisional deactivation to

the relatively stable RO, molecular radical at higher pressures (reaction R 1-11).

R+ O2 —» ROy* R 1-10
RO*+M — RO, +M R 1-11

At lower pressures however, an excited species can undergo re-dissociation, or
isomerisation to QOOH* species (reaction R 1-12) without undergoing thermalisation

by M. This process is known as chemical activation, or ‘well-skipping’.

RO>* — QOOH* R 1-12
RO2* «+— QOOH* — OH + stable products R 1-13

Similarly, QOOH* species can isomerise back to RO, or dissociate to the
products (reaction R 1-13). This formally direct channel enables the generation of
products, including OH, on fast timescales comparable to the decomposition of the R
radical. This process is more efficient at lower pressures and higher temperatures, and
will depend on the fuel molecule. Like the excited RO>* radical, QOOH* can also
undergo collisional stabilisation to QOOH, although this is less likely given the
RO2:QOO0H equilibrium is shifted towards RO, as a result of their relative energy well-
depths. A generic PES for this process is presented in Figure 1-6.
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Figure 1-6: Generic potential energy surface showing the chemical activation
process (blue), and thermalisation (red) by the bath gas.

The importance of chemical activation reactions for low temperature combustion

has previously been demonstrated [89-93], but these formally direct reaction channels

were generally missing in kinetic models developed previously [94-96] and therefore the
fast yields of bimolecular products accessible at low pressures and high temperatures will
not be present. Chemical activation has been shown to be of no consequence when
modelling combustion chemistry at ~10 bar [89, 97], so will likely not play a significant
role under engine combustion conditions at high pressures. However, these reactions
often a play a role under laboratory conditions where rate coefficients relevant to

combustion are determined, hence a full understanding of chemical activation parameters
will be important for these determinations.

Eskola et al. [89] studied the importance of chemical activation in the DME
system, making measurements of the CH3OCH> + O reaction kinetics and yields. The
kinetic traces in Figure 1-7 show a sharp initial increase in OH detection arising from
chemical activation, followed by a decay as OH production halts (left figure). At high

enough temperatures (Figure 1-7, right), the initial OH signal increase is followed by
gradual continued growth due to the propagation process described in section 1.4.2.

Experiments in Chapter 4 will focus on an alternative method to measuring the initial fast

rates and yields detected here, and the method will be applied to the DEE system in
Chapter 5.
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[=]
o

1.6 Combustion Engines

Normal combustion for transport fuels generally takes place inside a diesel engine
or a spark-ignition engine (SI), depending on the fuel (diesel or petroleum). Spark-
ignition engines use pre-mixed fuel, whereas a diesel engine injects fuel directly into the
cylinder for mixing, and relies on compression to initiate combustion, rather than relying
on a spark initiator. A new type of engine has been developed, known as an HCCI
(homogeneous charge compression ignition) engine, which is close to a hybrid of diesel
and SI engines. HCCI engines use a pre-mixed fuel/air component as in SI, but the engine
relies on autoignition as a result of the compressed gas heat, similar to a diesel engine
[98] (Figure 1-8). Advantages of HCCI engines over conventional engines include
increased thermal efficiency, and reduced emissions (such as NOy) [99, 100].
Conventional engines combust at high temperatures (2000 — 2600 K) [101], which is the
cause of NOx formation. HCCI engines on the other hand, combust at less than 1900 K,
which significantly reduces the formation of NO from the temperature-dependent reaction
between N> and O; (the full Zeldovich mechanism involves multiple steps for molecular

nitrogen and oxygen to indirectly produce NO).
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a GASOLINE ENGINE b DIESEL ENGINE c HCCI ENGINE
Fuel injector

Figure 1-8: Diagram of three engine types, demonstrating the combined aspects
from spark ignition and diesel engines used in HCCI engines, from [101].

The difficulty with novel engines like those of HCCI, is that the ignition timing is
dependent on the inherent chemistry of the fuel mixture, rather than a spark [101].
Combustion in this case is caused by the chain-branching process, where products of a
reaction are able to initiate new reactions in greater numbers (reactive radicals are
produced at a rate greater than they are consumed). Combustion via chain-branching at
low temperature is called autoignition, and the key to understanding autoignition is the
kinetics of the reaction mechanism [102] discussed previously. Despite the high
combustion temperatures discussed above, the actual temperature relevant to the initiation
of the combustion at low temperature is generally accepted to be approximately 500 —
800 K. The low temperature of autoignition that many biofuels have make the HCCI
engine better suited for their combustion. Without a detailed understanding of the
chemistry that occurs during low temperature combustion, novel HCCI engines will not

operate under optimal conditions for a specific fuel.

In an engine, the combustion mechanism is normally initiated by the fuel molecule
undergoing a reaction with a small species, where O, H and OH are all important species,
with the hydroxyl radical the most important, due to its much faster reaction with
hydrocarbon fuels [103]. Hydroxyl radicals are present at the relatively high temperatures
used in engines [102]. This well-known first step is relevant for all hydrocarbon fuels,
and the subsequent reaction routes to autoignition are well-documented [104-108], albeit

with limited evidence.
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Extensive experimental techniques have been employed to study the potential of
possible biofuel ethers, such as rapid compression machines [109, 110], shock tubes
[111], jet-stirred reactors [111, 112], flow reactors [94], and laser photolysis — laser-
induced fluorescence [113]. This research enables fuel characteristics of the ethers to be
determined, such as ignition delay times, and should allow the temperature and pressure
ranges for autoignition to be ascertained, often with the help of theoretical

calculations [114-116].

1.7 Theories of Chemical Reactions

This section provides an outline of the basic kinetic theories applied to experimental

observations, in order to extract the rate coefficients that are presented in this thesis.

1.7.1 Transition State Theory

Transition state theory (TST) is used to predict the rates of elementary chemical
reactions, and explain to some extent, why the reactions take place. The theory operates
on the assumption that a transition state, comprised of an activated complex of reactants,

exists along the reaction coordinate (see ABC* in Figure 1-9).

A+BC

Energy

AB+C

Reaction coordinate

Figure 1-9: Typical energy profile of a reaction as described by transition state
theory.

The transition state, ABC¥, lies along the reaction coordinate at the maximum of

the minimum energy pathway, and ultimately falls apart to the products, AB + C. ABC*
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is assumed to be in equilibrium with the reactants, A + BC. The rate for the reaction can

be given by equation E 1-1:

k[A][BC] = @ = K[ABCH] E -1

where k; is the rate coefficient. The concentration of the transition state can be related to

the equilibrium constant, K*, in equation E 1-2:

[ABC*] = K*[A][BC] E1-2

and & to K* in equation E 1-3:

k= KK E 1-3

K* is given by the statistical expression in equation E 1-4:

Kt =280 oy (e /RT) E 1-4
0',0'c

where Q'1 refers to the molecular partition function per unit volume of species I, and & is
the potential energy difference between the reactants and the complex, or in other words,
the height of the transition state saddle point. Statistical mechanics results in an

expression of the rate coefficient in equation E 1-5:

_ k8T Oypc _ )
b == 01 0nc exp(—<o/RT) E 1-5

where, €0 is the sum of & and Ae, (the total difference in zero-point energies of the
complex and reactants). A correction factor, , is inserted in equation E 1-6, where it will

often be unity, but is included to account for the possibility that some activated complexes
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may return to reactants, rather than the products. x is known as the transmission

coefficient.

— kgT QZBC
=K xp(—€o/RT) E 1-
k i OnOue exp(—€o/ 1-6

1.7.2 Unimolecular Reactions

The Lindemann mechanism provides a mechanism for the unimolecular
decomposition of species A showing first order kinetics (equation E 1-7). Increasing rate
with temperature suggests an energy barrier is being overcome, however first-order
kinetics do not suggest there is collisional activation. The reaction sequence proposed by
Lindemann explains this behaviour, where A is excited by collisional activation with a
molecule such as the bath gas, M (reaction R 1-14). A* can react to form products, as in

reaction R 1-15, or undergo collisional deactivation (see Figure 1-10).

d[A]
= _HA E 1-7
& [A]
ki
A+M 2 A +M R 1-14
k_i14
« ki
AT S products R1-15
1 A*+M

A+M

Energy

\ products

o
L

Reaction coordinate

Figure 1-10: Potential energy surface for a unimolecular dissociation reaction.
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Reaction R 1-15 shows that the overall rate of formation of products is equal to
ki-1s[ A*], and as such, [A*] must be calculated to obtain the formation rate. The steady-
state approximation can be utilised to assume A*, which has a short lifetime, maintains a
steady concentration once built up. Equation E 1-8 equates the rate of formation and

consumption for A*.

ki14[A][M] = ka4 A*][M] + k15[ A*] E 1-8

Rearrangement of equation E 1-8 for [A*], and substitution into the rate of

formation of products gives equation E 1-9:

d[products] ki-iski1a[A][M]
e Ky s[A%] = = ki [A E1-9
ds 115147 koi14M] + ks [A]

where kuni represents the formal unimolecular rate coefficient; kuni =
ki-iskiaa[M)/(k-1-14[M] + ki-15). At high pressures kuni is independent of pressure, as
collisional deactivation is much faster than the unimolecular reaction of A* (k-1-14[M] >>
k1.15), reducing the expression for kuni to ki-15k1-14/k-1-14 (independent of pressure). At low
pressures, kuni 1s directly proportional to pressure, as the rate determining step becomes
the excitation reaction in reaction R 1-14. Here, collisional deactivation of A* is less
likely than reaction, and so k-1-14[M] << ki.15. This reduces kuni to kuni = ki1-14[M]

(dependent on pressure) (Figure 1-11).
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Figure 1-11: Example of the unimolecular rate coefficient fall-off at lower pressures.

The Lindemann mechanism does have some failures, and improvements made by
Rice and Ramsperger, and later Kassel, and Marcus, have led to the development of this
theory, which is referred to as RRKM (Rice-Ramsperger-Kassel-Marcus) theory, and will
be used by software employed in Chapter 5. Lindemann theory does not take account of
molecular structure in its assumptions, and as such underestimates the activation rate as
a result of ignoring the number of degrees of freedom of a polyatomic molecule (such as
its vibrational modes). Taking into account these degrees of freedom was required to
improve the agreement between fall-off behaviour predicted by the Lindemann

mechanism, and that shown by experimental observations.

Another failure of Lindemann theory arises where the excited molecule, A*, is
energised, but it must also have sufficient energy localised into the relevant degree of
freedom (i.e. a specific bond to be broken), before it can be converted into the products.
This is termed the activated complex, A*, and the rate of reaction from A* — A¥ (k*), is
typically much slower than A* — products (%), thus it is the rate determining step. As k*
is much smaller than k¥, A* will be very small, and the steady state approximation
d[A*])/dt = 0 can be used to yield k* = K [A*]/[A*]. This formed the basis of the theory by

Rice and Ramsperger (and later developments by Kassel), who assumed energy can be
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rapidly exchanged freely between vibrational modes, and were able to predict the fall-off

behaviour well.

The final modification by Marcus took account of TST, where RRKM theory is a
microcanonical transition state theory that assumes rate coefficients are a function of
energy. A* is now treated as a transition state, and therefore transfer over A* to products
is an irreversible process, and ultimately RRKM theory allows for a proper treatment of

all internal modes.

1.7.3 Association Reactions

Association reactions are related to their counterpart unimolecular decomposition
reactions (see example in reaction R 1-16) by an equilibrium constant, as in equation E

1-10. They will be important for the work carried out in Chapter 4 and Chapter 5.

ki-16

AA+M 2 A+A+M R 1-16
k_116

K. =[AV/[A2] = kia6lk-1-16 E 1-10

To maintain K., the pressure dependence of the association reaction must be the
same as the unimolecular reaction. Decomposition reactions have high activation
energies, and therefore temperature dependences, whereas an equivalent association

reaction will have no activation energy and a weak temperature dependence.

Upon association of two species, the bond formed causes release of energy, which
is conserved, and is distributed amongst the internal modes of the complex formed. An
example for the CH3 + O» reaction is shown in reaction R 1-17. If enough energy is
located along the bond formed, then dissociation will occur, reforming the reactants.
Collisional deactivation can remove this excess energy (reaction R 1-18), where it is
transferred into the motion of a bath gas and the new species formed (a generic PES is

presented in Figure 1-12).
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A+A
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Figure 1-12: Potential energy surface for a generic association reaction, showing the
routes to re-dissociation and collisional deactivation.

CH; + Oz 2 CH302* R 1-17
CH30* +M — CH30, + M R 1-18

The steady state approximation can be applied to the energised molecule possessing

a short lifetime, where the formation and removal rate are equal, as in equations E 1-11
and E 1-12:

ki-17[CH3][O2] = k113 CH302*][M] + k-1-17[ CH30,]* E 1-11
[CH302*] = ki-17[CH3][O2] / (k1-18[M] + k-1-17) E 1-12

The formation rate for the stabilised CH3O, species is d[CH3O)/dt =

k1-18 CH302*][M]. Substituting equation E 1-12 into this expression yields equation E
1-13:

d[CH30;])/dt = ki-18k1-17[M][CH3][O2] / (k1-18[M] + k-1-17) E 1-13
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At high pressures, k-1-17 << ki-18[M], reducing equation E 1-13 to d[CH30;]/dt =
ki1-17]CH3][Oz], Here, the rate-determining step is the bimolecular complex formation,
where it will always be stabilised rather than dissociating. This leads to an overall second
order reaction. At low pressures, stabilisation is slow and thus k-i-17 >> ki.13[M], and
d[CH302)/dt = ki-1ski-17[M][CH3][O2]/k-1-17 (third order overall). Here, the rate-

determining step is the deactivation of the energetically excited complex.

At higher temperatures, excited complexes will have a shorter lifetime as a result
of the greater kinetic energy of collisions. Re-dissociation will be more likely under these

conditions, and as such, negative temperature dependences are expected.

1.8 Thesis Overview

Chapter 2 provides an overview of the laser flash photolysis — laser-induced
fluorescence technique used for the experiments in this thesis, and some characterisation

of this instrumentation for the treatment of gas flow and temperature.

Chapter 3 covers the first reaction important for the low temperature oxidation
mechanism of ethers, the reaction of the hydroxyl radical with TMOF, DEE, DBE,
MTBE, and DME. Data are presented over a range from room temperature to
approximately 740 K, and these data significantly extend the rate coefficients available

for TMOF, DEE, and DBE.

Chapter 4 describes a generic technique for measuring rate parameters of the R +
O2 reaction that follows the OH + fuel reaction. A method applicable to any fuel that can
undergo formally direct production of OH radicals at low pressures is presented, by
analysis of biexponential kinetic decays. Numerical integration and simulation are used
to analyse the method’s efficiency for obtaining R + O, rate coefficients and experimental
OH yields, and its sensitivity to experimental conditions. The CH3OCH> + O; reaction
relevant to the DME low temperature combustion mechanism was studied, and current

measurements are compared to previous studies and alternate techniques.

Chapter 5 provides novel measurements of the C;HsOC2Hs + O reaction rate
coefficients and OH yields below 500 K, using a method analogous to the study of the
CH30CH2 + O reaction, and an additional technique for obtaining OH yields.

Comparison to ab initio calculations are provided using master equation methods.
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Chapter 6 presents some observations of interesting, potentially unwanted, O atom
chemistry occurring in the experimental setup at high temperatures and oxygen
concentrations. Possible measurements of OH production from QOOH radical thermal
decomposition, and O2QOOH radical propagation/branching are presented for all five

ethers.
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Chapter 2 Experimental

This chapter gives an overview of the experimental setup used throughout this thesis
to study the gas phase reactions of potential biofuel ethers. A description of the
instruments used, such as lasers, temperature detectors, and the reaction cell, is provided.
Some early results to characterise the set up are also provided, concerning gas flow
calibration, and the calibration of temperature detection. Some other techniques that have
been employed to measure gas phase kinetics relevant to this thesis are compared with

the technique used in the current work.

2.1 Overview of Experimental Setup

In this work, laser flash photolysis — laser-induced fluorescence (LFP-LIF) was
used to monitor OH, enabling the study of reactions between ether fuels with the hydroxyl
radical over time, using gas phase reactants at low pressures (< ~500 Torr). A schematic

diagram of the typical experimental setup is presented in Figure 2-1.
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Figure 2-1: Schematic of laser flash photolysis — laser-induced fluorescence
experimental setup used in this work.

Typically, initiation of the reaction was brought about by the first laser pulse from

an excimer laser operating at 248 nm, in order to photolyse hydrogen peroxide (reaction
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R 2-1), +~BuOOH (reaction R 2-2), or urea hydrogen peroxide (reaction R 2-3). The OH
radicals formed during this photolysis initiate chemistry by reacting with the ether fuel.
The photon density was approximately 7.5 x 10'¢ photons cm™, and the typical OH
concentration was ~(1 —2) x 10'? molecule cm™ (a calculation to estimate this is provided

in section 2.5.1).

A=248
H,0, +hv — 20H R2-1
A=248 nm
(CH,)CO,H +hy  —— OH + products R2-2
% =248
(CO(NH2)-H202) — H02 + hv —— 20H R 2-3

To monitor the progress of reactions and probe the OH radicals, on-resonance
laser-induced fluorescence was used, probing at ~308 nm, corresponding to the energy of
the OH Q1(2) rotational line of the A%Z*(v' = 0) « X°IIi(v" = 0) transition. The probe
laser light was obtained from the output of an Nd:Y AG-pumped dye. The lasers used in

this thesis are described in the sections that follow.

Major differences between the experimental setup used for each chapter are
outlined in their respective experimental sections. Briefly, the ~BuOOH precursor was
only used for some OH + DEE experiments in Chapter 3, and the urea/H>O> precursor
was only used in Chapter 4. 266 nm wavelength light was used in Chapter 3 for some
experiments on the OH + MTBE rate data. This was generated using the Quantel Nd:YAG
laser described later. The majority of ethers were delivered from a bulb, as described in
section 2.7.1, however some experiments requiring greater concentrations of ether used a
bubbler delivery method, described in Chapter 3. Finally, Chapter 6 presents some
experiments using a modified setup, which is described in detail in the experimental

section.

2.2 Lasers

LASER is an acronym for Light Amplification by Stimulated Emission of
Radiation, where a system of molecules is excited by a beam of light, with a frequency
where the photon energy matches the gap between the excited state and lower energy

state. A molecule can relax from the excited state, by emitting another photon at the same
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frequency as the initial radiation. The direction of the applied light beam is also the

favoured direction for emission, therefore amplifying the intensity.

Lasers are incredibly useful instruments for studying reaction kinetics, as they
allow the study of premixed reactants and precursors, can be used to study reactions over
a greater range of pressures when compared with traditional (liquid) flow methods, and
the duration of a laser pulse is the only limitation on studying very fast reactions when
using the flash photolysis method. Further, the laser-induced fluorescence technique
allows highly selective monitoring of the relative concentration of products and/or

reactants in a reaction.

This section aims to describe the principles of lasers, their use for kinetic studies,

and the specific lasers used for the majority of this thesis’ measurements.

2.3 Absorption and Emission of Radiation

Typically, the lowest discrete energy level, the ground state, is where a molecule
exists, but in a laser medium, excited energy levels must be occupied before the lasing
action can take place. Absorbing light can excite a molecule to a higher state. This process
involves the energy of photons, E, transferring to the molecule, where £ = hv. Here, & is
Planck’s constant, v is the frequency of the photon, and £ must be equal to the energy of

the excitation gap between the lower and excited state of the molecule.

Emission of light is the reverse process of absorption, where a molecule in an
excited state emits photons matching the energy gap between the excited state and the
destination state of the molecule during relaxation. Photons are emitted in random
directions. No external trigger is required for this process, hence the term spontaneous

emission.

Finally, stimulated emission involves the emission of light from a molecule during
relaxation from an excited state to a more stable state, but only after a light beam is
directed toward the system, with the frequency corresponding to the photon energy
matching the energy gap involved. The photon emitted also matches this energy. The
amplification term in the definition of the laser acronym originates from the fact that
emission prefers to occur in the same direction as the applied beam of light. Thus, the

light intensity is amplified during the process of stimulated emission. An active medium
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that can go undergo stimulated emission is the primary requirement for a laser, along with

external stimulus.

Examples of the external stimulus that pumps the active medium are flashlamps, an
electrical discharge, or a chemical reaction. In order to increase the intensity of the
stimulated emission, a resonator is used within the optical cavity of the laser (Figure 2-2),
to allow the multiple passage of light back and forth through the active medium, causing
more stimulated emission with each passage. To arrange this process, two mirrors are
placed either side of the active medium, one fully reflective, and a second partially
reflective. The partially reflective mirror allows some passage of light through, to form
the laser beam. Aiding the highly directional nature of lasers, any spontaneous emission
not in the direction of the mirrors will not contribute to the intensifying stimulated

emission.

Pump source
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Figure 2-2: Schematic diagram of a laser cavity resonator.

2.4 Population Inversion

In a two-level system (Figure 2-3), with two non-degenerate energy levels, there
are three radiative processes; absorption, spontaneous emission, and stimulated emission
(see Figure 2-3). For lasing action to occur, a population inversion must be built up in the
higher energy level in the laser system, otherwise the process of absorption will beat
stimulated emission. Under equilibrium conditions, the Boltzmann relation stipulates that
the lower energy level will always have the greater population. Energy is supplied to the
system through ‘pumping’ in order to sustain a state of population inversion. Practically,
a laser possesses more than two levels, in order to overcome the competition between

absorption and stimulated emission.

In a three-level laser (Figure 2-3), Es, a third level is present, at a higher energy

than the two present in a two-level system. Es is the level populated by initial pumping of
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the laser medium, which proceeds to decay non-radiatively to E>. As long as this decay is
slower than the emission from E> to Ei, the population in E> can continue to increase
while Ei loses population via the pumping process. For this to occur, E> must also be
metastable, with a long lifetime compared to the other levels. Because the laser emission

repopulates the ground state, it can be difficult to maintain the population inversion.
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Figure 2-3: Schematics for the energy levels in a two-, three-, and four-level laser
system, left to right.

A four-level laser is used to combat the repopulation of the lowest energy level,
where the ground state (E1) lies below the lower level of the laser emission process (E2),
ensuring that E> never builds up a significant population, as long as it decays rapidly to
the ground state. This allows the population inversion to be maintained between the two
relevant energy levels, regardless of the populations present in E; and E4. The Nd:YAG
and dye lasers described later are examples of four-level lasers that are employed in this

thesis.

2.5 Laser Flash Photolysis

Norrish and Porter first developed the flash photolysis technique in the late 1940s,
for which they were they were awarded the 1967 Nobel prize. Flash photolysis uses a
light source, such as a flash lamp or laser, to photolyse molecules, where a specific bond
is broken in order to produce a desired product species. The product species is generally
a reactant in the reaction being studied [86]. In this work the product species was the OH
radical. Flowing reactants and precursors together allows the reaction to take place once
photolysis has occurred. Flash photolysis offers advantages over flow techniques with

fewer limitations on pressure, and the possibility to remove mixing times. Generally, the
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only limitation on reaction timescale imposed by flash photolysis, is the duration of the
photolysis laser pulse, which can be faster than nanosecond durations. Unwanted
reactions that may occur on the wall of an experimental cell can also be reduced, as
photolysis light from the laser can be used to generate radical species in the centre of the

cell and reaction occurs on a timescale faster than that of diffusion to and from the walls.

2.5.1 Excimer Laser

The light source most used in this work is an excimer (excited dimer), or more
accurately an exciplex (excited diatomic complex) laser, which operate on a particular
mixture of gases to achieve a certain wavelength of light. Some common excimer laser
energies and the mixtures are listed below in Table 2-1. Excimer lasers have well-defined
spatial profiles, a precise wavelength range, pulse durations of 10 — 20 ns, and repetition
rates from 1 Hz up to 500 Hz. High pulse energies, up to 1 J, also allow the photolysis of

precursor molecules efficiently when using low concentrations.

Table 2-1: Excimer laser energies, wavelengths and the required gas compositions,
from [86].

Gas mix A/ nm Photon energy / eV
Ar/F»/He 193 6.44
Kr/HC1/He 222 5.60
Kr/F»/He 248 5.01
Xe/HCI/He 308 4.04
Xe/F2/He 351 3.54

When a pulsed electric discharge is passed through the mixture of gases in an
excimer laser, ions are generated, which can form excited species when combined (for
example KrF*) within the helium buffer gas [117]. The excited complex emits photons,
decaying rapidly to the lower energy state. This state never achieves a high population,
due to the instantaneous dissociation of the molecule as a result of repulsive interatomic
forces. The population inversion between excited and lower state that exists because of
this is maintained in the laser cavity, where light of the appropriate wavelength is
amplified upon passing through [86]. This is clearly an exception to the impossibility of

achieving a population inversion in a two-level laser system. The energy gap between the
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two states (Figure 2-4) dictates the wavelength of light, thus difference gas mixes have

different energy separations and therefore wavelengths.

Other types of lasers that can be used for photolysis are dye-lasers (200 —
1000 nm), Nd:YAG (Yttrium Aluminium Garnet) lasers and Nd:glass lasers (both 1064
nm or sometimes 1319 nm), although these last two will operate not on the principal
wavelength, but shorter wavelengths following frequency conversion (see section 2.6.1.1
on Frequency Conversion). Typically these lasers will output 10 — 50 mJ for a pulse width
of 10 ns at 266 nm when frequency quadrupled, whereas an excimer laser can achieve
energies of 200 — 300 mJ at the same pulse width, given the correct gas mixture. Dye
lasers produce even lower pulse energies (1 — 5 mJ) in the wavelength range 260 — 320

nm, but have the advantage of tunability.
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Figure 2-4: Potential energy curves for the states involved in a KrF exciplex laser
transition.

In this thesis, the exciplex laser used was a Lambda Physik LPX 200 Excimer
laser, operating on KrF at 248 nm. Typically a 10 Hz pulse repetition frequency was used
for experiments, although 1, 2 and 5 Hz were also employed for repetition rate-dependent
experiments. Typical pulse energies measured with a power meter were 40 — 100 mJ

pulse”! ecm™, and beam dimensions were 25 mm x 10 mm.
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Measurements of the photolysis laser pulse energy can be used to estimate the
concentration of OH radicals generated in the reaction cell at time zero. The energy of a
photon, E, for an experiment using 248 nm laser light can be calculated using equation E
2-1, where 4 and ¢ are Planck’s constant and the speed of light respectively. Based on a
typical laser energy of 0.06 J cm2, the number of photons, P, is estimated by equation E

2-2.

E=hc/A=8.01x10"]J E 2-1
P=0.06/(8.01 x 1071%) =7.49 x 10' photons cm™ E 2-2

In order to calculate the concentration of [OH] radicals, the concentration of H,O»
must be known. This can be estimated based on the rate of decay of OH with no reactant
present, only precursor (H20> and N»). For a typical pseudo-first order rate coefficient of
k' =200 s7!, [H20:] can be estimated using equation E 2-3, where kon+m202 is estimated
to be 1.70 x 1072 cm® molecule! s' based on the Arrhenius parameterisation
recommended by Atkinson et al. [118] at 298 K. An assumption about &’ has been made
here, where the entirety of the rate has been attributed to the reaction between OH and
H>0O>. In reality, some of this rate is likely to be as a result of diffusion, which would
result in a lower [OH]o. Finally, the estimated H>O> concentration, number of photons,
and cross section of [H202] (o, estimated here as 1 x 107" cm? molecule™! [119]) are used

in equation E 2-4 to calculate the OH concentration at # = 0.

[H20,] = 200/kon+1202 = 1.18 x 10'* molecule cm™ E 2-3
[OH]o = P.6.2[H202] = 1.8 x 10" molecule cm™ E 2-4

2.5.2 Nd:YAG Laser

For a small number of experiments, a neodymium laser (described in detail below)
was used to generate the radical species from the photolytic precursor. The Nd:YAG laser
(Q-smart 850, Quantel) operated at 10 Hz, at a wavelength of 266 nm, with a beam

diameter of 9 mm.
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2.6 Laser-Induced Fluorescence

Laser-induced fluorescence is often used in conjunction with flash photolysis, and
involves using a tunable laser source to excite a specific transition in target radicals,
causing the molecule to emit fluorescence that can be detected as a reaction proceeds [86],
thus monitoring relative concentration. This is used for the detection of OH radicals

described in section 2.7.4.

After a photolysis laser is fired at ¢ = 0, the probe laser used for laser-induced
fluorescence can be fired at varying known times following the generation of radical
species by the photolysis laser. In doing this, a time-resolved trace of fluorescence is
generated, where the intensity of the fluorescence signal collected is proportional to the

concentration of the target radical.
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Figure 2-5: Example of off-resonance laser-induced fluorescence transitions in OH.

A probe laser is tuned to the wavelength necessary for the desired transition to
excite the target molecule, for example ~282 nm laser light will excite an OH radical in

the transition (AZZ*(v' = 1) « X2Ti(v"" = 0),Q1(1)) [89]. The subsequent fluorescence

emitted by the target molecule, as shown in Figure 2-5, can be filtered and detected by a
photomultiplier tube, before a computer collects the signal to build up a kinetic trace. The
main advantages of the LIF technique are its highly sensitive and selective nature, where
unwanted wavelengths are not detected, and the ability to probe a wide range of species

using tunable laser sources. One limitation is LIF’s inability to detect species that do not
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fluoresce, such as large molecules with enough vibrational modes to undergo
radiationless transitions and intersystem crossing preferentially over fluorescence
transitions, or molecules that do not have an accessible bound upper electronic state.
Other processes possible are shown in Figure 2-6. Its inability to detect absolute
concentrations is also a drawback when compared with absolute detection techniques

such as absorption spectroscopy.
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Figure 2-6: Jablonski diagram showing some possible fates of excited states.

In order to generate the light required for probing the desired transition, Nd:YAG

lasers are often used in combination with dye lasers; both are described below.

2.6.1 Nd:YAG Laser

Nd:YAG lasers are comprised of neodymium ions (Nd**) hosted inside an yttrium
aluminium garnet (YAG; Y3AlsO12) crystal lattice. The host lattice influences the energy
levels in the neodymium ions, where the laser action transitions take place. Originally

degenerate, the energy levels are split by the influence of the crystal field, and laser



39

emission occurs after stimulated emission from the *Fs;» level to the *Ij1» level; a
transition formally forbidden without the crystal lattice interaction. The active medium is
located as a rod within the laser, with a flashlamp providing the initial excitation to higher
energy levels than the *F3; level. Radiationless decay populates this level. The existence
of a *Io/» ground state below the lowest level of the lasing transition means the Nd:YAG

level operates essentially as a four-level laser.

Nd:YAG lasers can operate with pulse energies up to 100 Joules, but also down
to a fraction of 1 Joule. Frequency conversion can also enable access to wavelengths other

than the typical 1064 nm, such as 532, 355 and 266 nm through harmonic generation.

In this thesis, a Nd:YAG-pumped dye laser was employed. The pump laser light
was obtained from the output of a Continuum Precision II laser at 532 nm, after frequency

doubling the fundamental 1064 nm output.

2.6.1.1 Frequency Conversion

The wavelength output characteristic of the active medium in the laser can be
modified, and in this work, the Nd:YAG 1064 nm light underwent frequency doubling to
532 nm. Frequency doubling, also known as second harmonic generation, involves two
photons of frequency v being absorbed by a substance in its ground state, and a photon of
frequency 2v being emitted upon return to the ground state. Energy levels at 4v or 2Av are
not required, as there is no excited state with a measurable lifetime. Crystals are required
for this process, as there must be no centre of symmetry in the medium. Third harmonic
generation to produce 355 nm light from a Nd:YAG laser is also possible, as are using

multiple doubling crystals in series to achieve even shorter wavelengths.

2.6.1.2 Q-Switching

Q-switching is used to achieve pulsed operation of a Nd:YAG with higher
energies and shorter pulse durations. By placing a shutter within the optical cavity, the
loss is increased, and a large population inversion can be established with very little
stimulated emission occurring. Once the shutter is opened, the cavity releases the energy
stored by the medium as a single pulse of intense light. The Q in Q-switching refers to
quality, or Q-factor, where the process of Q-switching involves a sudden reversal in high

loss (low Q-factor), to low loss (high Q-factor). Two common methods deployed to
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achieve Q-switching involve using a high-speed rotating end-mirror to only briefly let out
light or electro-optical shutter actions, such as a Pockels cell and polariser (Figure 2-7),

where the light rotates 90° and is cut out by the polariser.

Polariser Pockels cell
(cuts out rotated light) (rotates light 90°)
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Figure 2-7: Schematic example of a Q-switch (Pockels cell type).

2.6.2 Dye Laser

Dye lasers operate using an organic dye solution which has a broad fluorescence
spectrum and absorption in the visible region [117]. A common dye utilised is Rhodamine
6G, which is typical of dye molecules, where a large conjugated structure allows for
considerable electron delocalisation, and a high number of distinct vibrational modes
arising from the large number of atoms. As a liquid solution, the energy levels are
broadened due to strong molecular interactions, and so for each electronic state, an energy

continuum is formed where the broadened energy levels overlap.

Typically a dye will absorb visible light causing a transition from the ground
singlet state So, transitioning to the S first excited singlet state energy continuum. This
state has a short lifetime, and rapidly undergoes radiationless decay to the lowest level of
the S continuum. Transitions down to So continuum levels result in fluorescent emission,
and are followed by further radiationless decay. A pseudo-four level system ensures a
population inversion between the two levels involved in the lasing emission. Due to
reduction in photon energy, fluorescence occurs at a longer wavelength than the initial
excitation. For example, in this work, the frequency-doubled Nd:YAG laser light at
532 nm is retuned to 616 nm by the dye laser, before further frequency doubling to give
the required probe light at 308 nm.

Laser efficiency is reduced (often to approximately 5%) within the dye as a result

of processes such as intersystem crossing from a singlet state to a triplet state, where slow
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phosphorescence can repopulate the lower So levels. Intersystem crossing from the triplet
states to So, or absorption of radiation to higher triplet states, also contribute to the process
of reducing efficiency. Similarly, the S; state can undergo radiationless decay to So, or

transition to S states through absorption.

Diffraction gratings are used to tune the wavelength of the laser output, where
rotation of the grating changes the monochromatic emission, and is placed between the
two end mirrors of the cavity, where a cell is also placed containing the flowing dye
liquid.

In this thesis, OH radicals were probed at ~308 nm, corresponding to the energy
of the OH Qi(2) rotational line of the A?Z"(v' = 0) «— X?ITi(v" = 0) transition. The
Nd:YAG-pumped dye laser used (Sirah PRSC-DA-24) generally operated at 10 Hz,
where the pulse energy was <0.1 mJ pulse’!. The dye laser operated using DCM
(4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran) Special dye, the
beam diameter was approximately 3 mm, and light output at ~616 nm was doubled to
output ~308 nm light for the OH detection. Orientation of the tuning crystal used for
frequency doubling was crucial, and the temperature dependence of the refractive index
necessitated the use of a controlled heating cell held at a stable temperature to ensure
maximum efficiency. When this heating cell was not reliable, manual tuning of the crystal
was required, and regular checks were necessary, as the crystal was subject to temperature

fluctuations in the laboratory.

2.7 Apparatus Used in this Work

This section describes the experimental setup (other than the lasers that have
already been discussed) used for the majority of the experiments that comprise this thesis,
and provides an example of typical data analysis, and some data used to calibrate the

temperature of the reaction cell.

2.7.1 Gas Flow

Reactants were flowed using calibrated mass flow controllers (MFCs) in order to
control and monitor the concentration of reagents (Figure 2-8). The fuel (DME, DEE,
DBE, MTBE, or TMOF) was typically flowed from a bulb diluted with nitrogen, normally

to 0.5 — 20% ether concentration. The exact concentration of a bulb was calculated using



42

the relative pressures after addition of ether and then nitrogen, and bulbs were left
overnight before use, in order to ensure thorough mixing of the gases. Nitrogen (oxygen-
free) was also flowed through a separate mass flow controller, as was oxygen (when
required), and the hydroxyl radical precursor. Early experiments used --BuOOH as an OH
radical precursor, however this was later replaced by hydrogen peroxide (H202/H>O).
Both hydroxyl radical precursor compounds were delivered using a bubbler under
nitrogen flow, with the bubbler situated upstream of the MFC. Slight variations in the

delivery of reactants and precursors employed are outlined in the relevant chapters.

Ether/N, ® N, 0, N,
P gauge
H,0,
< Gas flow to cell Mixing manifold

Figure 2-8: Gas delivery line used in the experimental setup. Red circles represent
taps.

Taps were used to isolate the flow of different gases (red circles, Figure 2-8), and
allow facile re-routing of gas flows where required (i.e. oxygen was sometimes delivered
through a high flow MFC (~100 — 4000 sccm (standard cubic centimetre per minute)), or
a MFC that allowed very low flows (~1 — 20 sccm), depending on the experiment being
undertaken. Mass flow controllers were arranged so the larger volumes of gas were
delivered at the rear of the mixing manifold, and small flows at the front of the mixing
manifold, to encourage mixing and ensure low amounts of gases flowed were carried into

the reaction cell efficiently.
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Owing to the placement of a pressure gauge on the gas delivery line, bulbs were
generally prepared on the same system used for experiments. Occasionally, for low
concentration bulbs, or where ethers possessing low vapour pressures (such as DBE) were
used, bulbs were made up on a separate, but similar line, that featured a wider range of
pressure gauges, to enable more precise bulb concentration calculations. Leak testing was
routinely carried out on the gas delivery line in Figure 2-8 to minimise loss of gases to
the atmosphere, and the introduction of atmospheric O> into the mixing manifold.
Generally this was carried out through systematic monitoring of gas line pressure changes
when the system was sealed, or through identifying sudden pressure changes around loose
joints or taps when the line was sprayed with ethanol. Joints were tightened, and tap o-
rings replaced where necessary, and for leaks that were particularly difficult to identify,

a Mass Spectrometer Leak Detector was used, with helium as the trace gas.

Two issues arising from the use of H2O2 and +~BuOOH precursors should be
highlighted. The first, is a result of decomposition of H>O, within the MFC and/or gas
delivery lines, resulting in the presence of oxygen in the reaction cell at all times. The
concentration of oxygen present varied depending on the total amount of hydrogen
peroxide delivered, and the method used to ascertain this concentration is outlined in
detail in Chapter 4. H>O; is known to decompose at higher temperatures to H>O and O>
[120, 121], and iron (which will be present in the stainless steel pipes used to flow gases
in experiments) acts as a catalyst for its decomposition. In general, knowing the amount
of oxygen present allows experimental conditions to be set up to account for this in the
best possible way, but its presence can make the extraction of kinetic parameters prone to

greater uncertainty.

The second issue is decomposition of -BuOOH, resulting in the formation of OH.
Data for the OH + DEE reaction manifested itself as biexponential decays in Chapter 3
when using this precursor. Acting as a photolysis-independent precursor to OH radicals
is unsurprising given the hydroperoxy group present in this molecule, and its instability
at ~311 K [122] meant -BuOOH was never used at higher temperatures (approximately
450 K) where it begins to interfere severely with kinetic decays, and ultimately wasn’t

relied on for the large majority of experiments in this thesis.
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2.7.1.1 Flow Correction

For the fuel/N: bulbs, experiments were conducted that identified it was necessary
to adjust flow rates using a correction factor (equation E 2-5), for a specific reactant
molecule and bulb concentration. This was discovered after identifying a discrepancy
between the flow of nitrogen through a MFC (used for the calibration of the MFCs), and

the actual flow rates measured when an ether/N» bulb was used.

100

[ether] . 100 — [ether] E2-5
a 1

The factor, a, in equation E 2-5 changes for each ether. For DME, o = 0.39, and
for DEE a was approximated to be 0.3, based on the correction factor for butanol. This
was confirmed by calibrating the MFC with the actual DEE/N> mixed bulb, rather than
pure nitrogen, to check that the a value corrected the pure nitrogen flow to match the
measured bulb flow. The correction factor for nitrogen is 1. DBE, MTBE and TMOF
were assigned approximate correction factors of 0.1, 0.20 and 0.15 based on their
molecular masses. The correction factors are related to the specific heat capacity, and
therefore mass, of the gas molecule in question, where a larger molecule can typically
store more heat energy as a result of the greater number of degrees of freedom (vibrational
and rotational modes). Heavier molecules will have lower a factors, and therefore a

greater reduction in flow must be accounted for.

2.7.2 Reaction Cell

Reactants entered a mixing manifold, before the stainless steel reaction cell
(~1000 cm® volume, Figure 2-9), where a needle valve before a vacuum pump
(Edwards RV 5), and total gas flow rate, were used to control the pressure in the cell, and
to control flow rates over a range of approximately 100 — 6000 sccm. Low pressures were
used (generally 5 — 500 Torr) to minimise quenching of the fluorescence signal for

detection.
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Figure 2-9: Schematic of the reaction cell used for the majority of experiments in
this thesis.

Approximate flow rates can be calculated for a typical experiment at 298 K, 2000

sccm and 40 Torr as below in equation E 2-6:

p standard
Qactual - Qstandard E 2-6

p actual

where Q = flow rate, and p = density. Typically over 95% of the flow is that of the bath
gas (and the majority of the remainder would be O», which is of similar density to N>), so
the density is assumed to be equal to nitrogen’s (Pstandard = 1.2506 kg m~). The ideal gas
law (equation E 2-7) is used to calculate the actual density to be 0.0603 kg m™>.

P
RT

E 2-7

<I=
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From here, the actual flow rate can be calculated, and subsequent division by the
volume of the cell in equation E 2-8 can be converted to give the total time required to
flush the cell as 1.45 s. This is the total residence time within the entire cell, but the gas

spends less time within the region where the two laser beams overlap.

41500 cm3 min~'

1000 o —41.5min" E 2-8

By the time gas entering the cell has reached the observation zone, it should not
have been subject to many repeated photolysis pulses, as the gas flow does not enter along
the photolysis laser axis (see Figure 2-13). However, the flow is not laminar, and the
reactor is not linear, so the flow of gas will be complex. Consequently experiments
determining pseudo-first order rate coefficients at varying laser repetition rates can be

used to rule out any interfering effects, and were often carried out (see Chapter 3).

2.7.3 Pressure Monitoring

Pressure in the reaction cell was monitored using a capacitance manometer (MKS
Baratron, 0 — 1000 Torr) situated at the entrance to the reaction cell. Throttling of the

rotary pump (Edwards RV 5) by a needle valve was used to control the pressure.

2.7.4 Detection of OH

Fluorescence from the OH radicals at ~308 nm was detected by a photomultiplier
tube (Electron Tubes), after passing through a filter ((308 £+ 5) nm, Barr Associates). A
digital oscilloscope (LeCroy LT 372) integrated the fluorescence signal, before
transferring the output to the personal computer for collection and analysis, where the
fluorescence signal was normalised for probe laser power. Probing on-resonance
necessitated the use of a delay (~30 ns) before analysing the fluorescence, to avoid

detecting the scatter pulse from the probe laser.

Photomultiplier tubes (PMTs) used in this thesis operate on the photoelectric
effect, where photons from the detectable light source hit a photosensitive cathode within
a vacuum tube, releasing electrons. These electrons are received by the anode, and, using

a series of electrodes (metal channel dynodes), multiplied by up to a factor of 10°,
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achieving great sensitivity to weak fluorescence signals. The PMT was situated at a right
angle to the reaction cell in order to reduce the amount of scattered light hitting the
cathode, and the filter was used to ensure only light of the target wavelength was

collected.

To build up a time-dependent trace of OH fluorescence signal, the delay time
between the photolysis and probe lasers was varied using a delay generator, with a typical
decay trace consisting 220 points, each averaged 3 — 30 times, over approximately 0.1 —

25 ms, depending on the experiment.

2.7.5 Typical Data Analysis

During experiments, pseudo-first order conditions were used, where the
concentration of the ether was in excess of the OH radicals (typical OH concentrations of
1 x 10" molecule cm™ and typical ether concentrations of 5 x 10'* molecule cm™). Using
rate laws, it can be shown that an excess of ether allowed the reaction between OH and
ether to be studied. Additionally, the high concentration of ether ensured that the reaction
between ether and hydroxyl radical dominated, rather than the reaction between OH and
the peroxide precursor in reaction R 2-4. OH self-reactions were also negligible due to

the even lower concentration of OH radicals compared with H>O».

OH + Hzoz — HOZ + Hzo R2-4

After the collection of the fluorescence signal, the data were transferred to a
personal computer, and normalised for probe laser power measured by a photodiode
placed behind the exit window of the cell. An example of this is shown in Figure 2-10.
There is no statistical difference between the pseudo-first order rate coefficients returned
before and after normalisation, and only a marginal reduction in the rate coefficient

uncertainty (there is not a great deal of fluctuation in laser power).
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Figure 2-10: Typical OH decay trace showing pre- and post-normalisation for probe
laser power. Pseudo-first order parameters for raw signal and normalised signal

respectively: £’ = (9290 + 370) s! and (9280 + 330) s~!. Uncertainties are statistical
at the 20 level.

For a typical OH + ether kinetic single exponential decay, the following rate
equations were used to analyse the data based on reaction R 2-5, in order to obtain the
bimolecular rate coefficient. More complex analysis required for biexponential traces as
a result of more convoluted reaction schemes was often necessary, and these analyses are

described in their relevant chapters.
OH + ROR'H — ROR’ + H2O R 2-5

The rate of reaction R 2-5 can be expressed as the rate of removal of a species
(OH in this case) with time. This is equal to the product of the concentration of both
reactants (ether and hydroxyl radical) multiplied by a rate coefficient for a specific
temperature (equation E 2-9). The reaction between OH and the photolytic precursor
(reaction R 2-4, kon) will also contribute. This is measured as a kinetic decay in the

absence of ether, although diffusion (kqitr) likely also contributes to the rate in this case.
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~d[OH]
dt

= kyim[OH][ether] + ko [OH][H,0,] + kgir[OH] E2-9

By keeping the ether in large excess of the hydroxyl radicals, it can be assumed
that the ether concentration remains constant throughout the reaction time. Now the rate
law can be approximated as equation E 2-10, where £’ is referred to as the pseudo-first

order rate coefficient (equation E 2-11).

—d[OH
[OH] = k'[OH] E 2-10
dr
k' = kpim[ether] + ko [HyO5] + kgigr E 2-11

From the relationship between the parameters in equation E 2-11, it can be seen
that a plot of the observed pseudo-first order rate coefficient against ether concentration
will yield the bimolecular rate coefficient as the gradient of the plot, with the intercept =
kou[H20:2] + kdifr. In order to extract the pseudo-first order rate coefficient from a kinetic
trace, the integrated rate law is used [123]. Equation E 2-10 can be rearranged to equation
E 2-12, which in turn can be integrated between ¢ = 0, and the final time, #, as in equation

E 2-13, yielding equation E 2-14.

dioH] _ —k'dt E 2-12
[OH]
f [OH]@ =K tdt E 2-13
[OH], OH] 0
In[OH] — In[OH], = k't E 2-14
[OH] = [OH] ¢ " E 2-15

Equation E 2-15 is obtained from equation E 2-14. This equation allowed analysis
of single exponential kinetic traces obtained from the laser flash photolysis — laser-
induced fluorescence experiments conducted in this work. The actual equation used does
not rely on [OH], but I, which is the intensity of the OH fluorescence. Pseudo-first order
conditions do not require absolute concentrations to be known, as Iy is proportional to
[OH], and the pseudo-first order rate coefficient determined is dependent on time, and the

relative change in the fluorescence intensity.
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Ir, = Iroe™ E 2-16

An example of a typical kinetic decay is shown in Figure 2-11. Data points present
pre-time zero were recorded before the photolysis laser fire, in order to establish a
baseline of fluorescence signal. This average baseline could be incorporated into the
exponential equation, or the trace could be corrected to have a baseline of zero. In this

example case, the decay has been corrected so the pre-trigger baseline has a mean value

of zero.
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Figure 2-11: Typical single exponential kinetic decay trace for the OH + DEE
reaction, with a fit of single exponential decay (red line). Trace was obtained at
298 K, in 47 Torr N2, where [DEE] = 7.7 x 10'* molecule cm=. The exponential fit
yielded k' = (9320 + 340) s where the error was statistical, calculated at the 2c level.
The inset shows the residuals of the fit to the data.

The bimolecular rate coefficients were obtained from the slope of the plot of the
phenomenological rate coefficient £’ as a function of [ether], where the intercept, k4, was
the rate coefficient for loss of OH in the absence of ether, primarily from the OH + H>O»
reaction. An example bimolecular plot for the OH + DBE reaction is shown in Figure

2-12.
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Figure 2-12: Example bimolecular plot to determine the OH + DBE bimolecular rate
coefficient at 7 = 298 K and 29 Torr Nz. Slope, kbim = (3.99 + 0.09) x 107" cm?

molecule™! s7!, where the error is statistical, calculated at the 26 level. The grey
shaded area represents the bounds of the 95% confidence limits.

2.7.5.1 Treatment of Data and Weighting

Not all the data collected were of equal precision, due to varied signal quality as
a result of laser alignment, excimer power, temperature, pressure, and hydrogen peroxide
purity. These factors often led to a difference in the quality of a kinetic trace. To weight
the values of pseudo-first order rate coefficients used in bimolecular determinations,
instrumental weighting in OriginPro was used. This weight factor, wj, is defined in

equation E 2-17:

1 E 2-17
W; = )
O

here, ;i refers to the size of the uncertainty on the data point. Instrumental weighting was
also used for other data fitting regimes, such as Arrhenius parameterisations (Chapter 3),

and mean OH yield calculations (Chapter 6).

One exception, where an instrumental weighting factor was not used, was in the

use of globally analysed data. Global analysis uses multiple kinetic traces at once, sharing
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some parameters (i.e. kvim for a set of traces at a given pressure and temperature), and not
sharing other parameters (i.e. k" and [ether] will be unique to each trace across a set for
bimolecular determination). This technique allows a more robust determination of kinetic
parameters, but does not allow for suitable weighting factors. Uncertainties on each data
point in a kinetic decay were not readily available, and a weighting factor based on the
magnitude of the signal will only serve to weight each trace in favour of the early or later

points in a trace.

Global determinations of rate parameters typically returns much smaller
uncertainties than single trace analysis (shown above in Figure 2-11 and Figure 2-12),
and so uncertainties from global analysis, such as those for the determination of kon+mTBE
in Chapter 3, were often propagated with an extra uncertainty factor if the errors appeared
unreasonably small. Further discussion of the global fitting method can be found in

Chapter 4.

2.7.6 Temperature Control and Monitoring

The reactor was heated up to maximum temperatures of approximately 750 K,
using a ceramic oven. A variable autotransformer was used to control the voltage of the
heater, and calibration curves were constructed, allowing the prediction of the voltage
setting required to give the desired cell temperature, for a given flow rate. For early
experiments, one Type K thermocouple was situated near the inlet of reactant gas, and
for later experiments two more thermocouples were inserted at different positions, as it
became apparent there was a discrepancy between the thermocouple readout and the true

temperature of the reaction region.

2.7.6.1 Temperature Calibration

Placement of three Type K thermocouples within the reaction cell (Figure 2-13)
showed there was some disagreement between the temperatures recorded in each of the
positions. The difference between these temperatures was sometimes greater than 50 K,
and varied greatly with different flow rates of gas. Kinetic parameters measured in this
work were often temperature dependent, and thus required accurate knowledge of the
temperature of the gases where the reactions took place. Characterisation of the

experimental setup was necessary to achieve this.
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Figure 2-13: Diagram of approximate thermocouple placement in reaction cell.
Round-headed arrows indicate the ends of the thermocouples.

In order to ascertain the temperature of the reaction cell when heated, the well-
known reaction between methane and the hydroxyl radical was used (reaction R 2-6).
This reaction was suitable due to its particularly strong dependence on temperature, and

therefore sensitivity as a chemical thermometer.

OH + CHs — CH3 + H2O R 2-6

Bimolecular plots were produced by measuring the decay of OH in the presence
of methane, and using the Arrhenius parameters reported by Dunlop and Tully [124], an
implied temperature could be determined. A bimolecular rate coefficient for OH + CH4
in a given experiment was initially calculated using the temperature reading given by the
thermocouple. The true temperature was implied by the measured kon+cns value.
However, calculated reactant concentrations were changed when the temperature was
corrected, which in turn adjusted the value of the experimental bimolecular plot, leading

to a new implied true temperature (Figure 2-14 demonstrates this iterative process).



54

2500 T T T T

T=1434.8 °C, Implied 7= 411 °C
T=411 °C, Implied T= 405 °C

20001 7= 405 °C, Implied 7= 403.5 °C
T=403.5 °C, Implied 7= 403 °C

1500 1

ks

1000

500 ;

0.0 2.0x10" 4.0x10"

[CH,] / molecule cm™>
Figure 2-14: OH + CH4 bimolecular determination plot, iterating towards the final
calibrated temperature, 403 °C. This temperature would be assigned an uncertainty

of 8.2 °C (twice the 4.1% uncertainty of the bimolecular plot slope, discussed in the
text).

To iterate towards the solution efficiently, a simple command within the
experimental spreadsheet can be set up, which calculates the difference between the rate
coefficient predicted by Dunlop and Tully [124], and the experimental kon+cus. The
difference between the two can then be minimised using the ‘goal seek’ command in
Microsoft Excel, by adjusting the temperature used in both the calculation for Dunlop and

Tully’s expression, and the experimental measurement.
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Figure 2-15: Correction curves for temperature, based on the Dunlop and Tully
[124] study of the OH + CHj4 reaction. Corrections at flow rates of 1000, 2000 and
4000 scem N2 (black, red, green respectively). Fits are second order polynomials.
Anomalous data points (purple data) in 2000 sccm flow calibration curve were
omitted from the polynomial fitting expression. All corrections are based on the
measurements using thermocouple A.

A significant number of experiments have been conducted so that the temperature
can be assigned with reasonable confidence for reactions at flow rates of 1000, 2000 and
4000 sccm, at temperatures between approximately 150 and 550 °C (as measured by the
thermocouple). These experiments were conducted over a period of months, rather than
back-to-back in a short time period, resulting in greater scatter. Degrees Celsius are used
here (Kelvin are generally used in the rest of this thesis), simply as a result of the units
used by the thermocouple readouts. Simple second order polynomial equations were used

to fit the correction curves (Figure 2-15), in the form y = ax + bx?.

Error bars were assigned simply by doubling the percentage error of the OH +
methane rate coefficient measured. For example, the 4.1% uncertainty in the bimolecular
plot in Figure 2-14, would result in an uncertainty value of 8.2 °C for the corresponding
correction factor. The uncertainties’ absolute values, and magnitudes, are not that
important, they are primarily used to weight the parameterisation towards the better
quality bimolecular determinations, based on statistical uncertainties. Doubling of the

percentage uncertainty was used so all error bars could be clearly seen. Calibrations are
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shown in Figure 2-16 for both 2000 sccm and 4000 sccm flow rates, where the total
pressures of the measurements are specified. No significant effect on the temperature
correction calculated was caused by varying total pressure, reinforcing the theory that the

temperature deviations arose from changes in the gas flow rate.
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Figure 2-16: Temperature correction measurements as a function of total pressure.
2000 sccm (left) and 4000 sccm (right).

The three thermocouples placed in the system were positioned in different
locations (Figure 2-13), and though the reasons behind their different readings is not fully
understood, the positions likely account for the observed behaviour. For example,
thermocouple A is located very close to the inlet of reactant gases entering the cell, so at
higher flow rates is likely to feel a greater decrease in temperature due to gas rapidly
passing across the thermocouple. Thermocouple C may read higher temperatures due to
its location next to the wall, where it is ultimately closer to heaters, and should experience
the flow of better-heated gases. Placement of thermocouple B is closest to the centre of
the cell, where the photolysis and probe lasers intersect, however thermocouple A was
used to generate the calibration curves. In practice it shouldn’t matter which thermocouple
is used, but measurements carried out prior to all three thermocouples being present were
measured using thermocouple A, so basing the temperature corrections on this
thermocouple allowed the same correction factors to be applied to all experiments,

maintaining relative consistency.

Below 150 °C, no OH + CHy4 rate coefficient measurements were made in this
work, as the reaction becomes too slow for the experimental method to measure

accurately. The calibration curves cannot necessarily be extrapolated directly back to
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room temperature, as the difference between measured and implied temperatures should
be zero at 298 K, but it is clear to see the polynomial curve extrapolations could give
extreme corrections close to room temperature if not constrained (1000 sccm curve,
Figure 2-15). A suitably sensitive and fast reaction that can be studied at temperatures
below 200 °C would enable future measurements to identify accurate correction factors
closer to room temperature. For this reason, reactions close to room temperature were not
corrected. Flows approaching 500 sccm and below were also not corrected, as it was
assumed the slower-flowing gas had less of an effect on the system. As the flow rate was
reduced, the three thermocouples gave closer temperature readings to one another,

supporting this theory.

Figure 2-15 shows significant scatter in the measurements at all flow rates, and as
such, it is clear that there is always a degree of uncertainty when assigning temperatures
to heated reactions, even when using a calibrated thermocouple. Ideally, further
experiments would use a thermocouple that behaves as expected at all flow rates;
essentially following the shape of the 4000 sccm calibration graph (green curve, Figure
2-15), where the temperature correction required does not switch from positive to
negative (black and red curves, Figure 2-15). It is not clear what causes this behaviour,
and the extreme difference between the calibration curve shape at different flow rates. A
wider range of flow rate calibrations, and a thermocouple with more predictable
measurement behaviour, would allow a parameterisation that interpolates the correction

for any given flow rate.

Ultimately, calibration of the experimental setup allowed kinetic studies of biofuel
ethers to be carried out with greater certainty, and was necessary to ensure the true
temperature was known, where previously the thermocouple was able to give an incorrect
reading of up to 60 °C above or below the true temperature at the location of the reaction.
In this thesis, typically all data above room temperature that require a temperature
correction (i.e. flow rates >1000 sccm) are subject to approximately an uncertainty of
+10 °C as a result of the calibrations presented here. This work highlights a need to
rigorously check the experimental setup used for laser-based kinetic studies, and
demonstrates that trust in one thermocouple may be misplaced. Furthermore, an incorrect
temperature reading would be difficult to notice if a reaction that is not particularly
temperature dependent was being studied, although this would likely mean a well-

characterised temperature reading is not crucial. Experiments using thermocouples to
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measure temperatures of fast flowing gases, particularly at higher temperatures, are likely

to be subject to greater correction factors.

2.8 Other Experimental Techniques

This section outlines some techniques used to study the kinetics of gas phase
reactions, and they are contrasted with the methods employed throughout this thesis. Most
of these techniques have been used to study the reactions of OH + hydrocarbons, but some

are relevant to the detection of intermediate species in low temperature combustion.

2.8.1 Shock Tubes

In a shock tube experiment, an inert gas shock wave is passed through a pierced
diaphragm along a metal tube, which contains a well-mixed reaction mixture, raising the
temperature of the reactants as it passes [86, 125]. Precursor dissociation takes place
inside and behind the shock wave, before the transient species goes on to react. Normally
the shock front is detected by observation of the large change in pressure, temperature, or
density. The reaction within this front can be followed by observation of a reactants’
absorption spectrum in order to monitor its concentration. Mass spectrometry has also

been used, which allows several species to be monitored at once.

Species
7 monitoring system ) o
Diaphragm after piercing
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' wave High pressure inert gas

front
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Figure 2-17: Schematic of a typical shock tube experiment setup.

Shock tubes allow the study of reactions at high temperatures (800 — 2500 K), and
have become more sensitive with advances in detection techniques, however

disadvantages to this technique include dissociation of undesired reactants, which will
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lead to unexpected reactions perturbing the measured kinetics, although decomposition
of precursors at high temperatures is also an issue for the flash photolysis technique.
Additionally, only one decay trace is obtained for each experiment, which leads to many
measurements being required in order to improve the signal-to-noise ratio satisfactorily.
The laser flash photolysis — laser-induced fluorescence technique employed in this thesis
can obtain many measurements in a short space of time in comparison. The high
temperatures accessible using shock tubes are well complemented by the lower
temperatures (<800 K) that are typically studied using the technique in this thesis, and the
technique has been used to study the reactions of OH with MTBE and DME [126, 127].

Developments improving shock tube experiments have allowed lower
temperature studies by using a tailored shock wave mixture to minimise the heating effect
caused by backward propagating waves after wall contact, and by using longer driver
sections in order to increase the test times accessible [128]. This is necessary as a result
of the slower reactions in low temperature chemistry when compared with higher
temperatures. Aerosol shock tubes have also been developed to allow the study of fuels

with low vapour pressures.

2.8.2 Relative Rate Determinations

When isolation of an elementary reaction is not possible, relative rate methods
can be used to study the reaction, and have been used to report rate coefficients for many
of the OH + ether reactions studied in this thesis [129-132]. Known concentrations of two
reactants, one a reference compound with a known bimolecular rate (RH), and the other
the compound of interest where the rate coefficient is unknown (SH), are introduced to a
reaction vessel with a photolytic precursor (in this example a precursor to OH). When
photolysis lamps are turned on, a small constant concentration of OH radicals is

generated. Reactions R 2-7 and R 2-8 will be taking place in the vessel.

OH+RH — H,O+R R 2-7
OH+SH — H,O+S R 2-8

At multiple times, gas samples are taken from the reaction cell and analysed by a
technique such as gas chromatography (GC), to determine [RH]; and [SH]. Initial

concentrations of RH and SH can be low to allow plenty of time to sample over a long
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reaction time. Rate laws for reactions R 2-8 and R 2-7 can be expressed as equations E

2-18 and E 2-19 respectively.

d[SH]

—g— &[OHIISH] E2-18
d[ﬁtH] = kOH][RH] E2-19

Integrating equations E 2-18 and E 2-19 under the assumption [OH] is constant
([OH]ss, steady-state), yields equations E 2-20 and E 2-21, which when combined, give
equation E 2-22.

In <[SH]’> = k,JOH]_¢ E 2-20
[SH]O ss
In <@> = k. [OH]_¢ E2-21
[RH]O ss
In (@) ko (@) E2.00
[SH],) %  \[RH],

Plotting In([SH]#/[SH]o) against In([RH]/[RH]o) should produce a straight line,
where the gradient = ks/k:. Disadvantages of this analytical method are the requirement
for a well-known reference reaction rate coefficient, which will rely on other experimental
techniques. Should this rate coefficient change, previous relative rate measurements will
adjust, giving new results, although this could also be regarded as an advantage. It is less
likely that a measurement using an absolute method will be able to undergo readjustment.
Impurities in the compound of interest do not necessarily matter in a relative rate
experiment, as long as the removal of the compound is measured. However, if impurities
reacted with SH, this would affect the measured concentration of the compound with
time. SH must only be removed by OH. Flash photolysis may be subject to issues arising
from impurities if they react with OH, whereas the reaction of impurities with the
compound of interest is less important (as it is likely to cause a negligible change in the
compound concentration). Efficient detection of OH can be difficult, and this can make

flash photolysis difficult, but is not a consideration for a relative rate experiment.
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2.8.3 Discharge Flow

Discharge flow is a fast experimental method that allows study of gas phase
reaction kinetics. It works on the principle that the time between initiation of a reaction

and the detection can be calculated, and is varied across an experiment [86].

Microwave discharge of molecular hydrogen in helium produces H atoms, which
are injected into a flow tube. In the flow tube is an excess of NO,, which reacts with all
H atoms to produce OH and NO. At a known point along the flow tube, at which point
all H has been converted, a movable injector introduces the reactant to be studied. This
reactant is in excess of the OH atoms, and thus the relative concentration of OH atoms
can be detected at a known point by a technique such as LIF. Due to knowledge of the
flow velocity (V), and distance (X) between initiation and detection, the reaction time (¢)
can be calculated (equation E 2-23), so as to obtain relative OH concentration over time

as an exponential decay.

t= XV E 2-23

Mixing time is an issue in discharge flow experiments, as an ideal uniform
concentration of reactants after injection is not instantly achieved. Faster reactions are
affected more adversely by slow mixing times, as more of the reaction will have taken
place before the uniform concentration is reached. As a result of this, discharge flow is
limited to reactions that take place on the order of milliseconds. Flash photolysis
experiments specifically enable well-mixed reactants as a result of the photolysis
technique, hence much faster reactions can be studied. The upper limit of pressure is also
around 1000 Pa, as uniform flow requires lower pressures. Wall reactions are a
consideration, and often the walls require a coating such as Teflon to deactivate the
surface the reactants will contact. The main advantage of discharge flow is that, provided
the distances between injector and detector are measured accurately enough, it can be an
effective technique coupled to a variety of detectors. Previously, this technique has been
coupled to LIF in order to study R + O reactions [ 133], relevant to the material in Chapter
4 and Chapter 5.
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2.8.4 Detection Techniques

2.8.4.1 Resonance Fluorescence

Resonance fluorescence involves passing helium gas with a trace of atomic
precursor (e.g. Ho, O> or Bry) through a microwave discharge, where a portion of the
molecules are dissociated. Collisional excitation of some of the atoms formed, by He or
electrons, is followed by fluorescence when they return to the ground state. The frequency
of the light is specific to the atoms in the discharge lamp, and the light is filtered and
passed into the reaction cell. The light is absorbed in the reactor by atoms of the same
species, and these undergo the same process of excitation and fluorescence. A PMT
positioned at a right angle to the lamp collects the fluorescence, which is proportional to
the small atomic concentration, and rises rapidly after photolysis, before decaying as the

reactant is removed.

This technique can be used to monitor the relative concentration of atomic species,
but only a few molecular species. It is very specific, and low cost, but LIF is
predominantly used to monitor reactions where molecular species are targeted.
Resonance fluorescence has been used to monitor the reaction of OH with DEE, DBE,

MTBE, and DME [134-136].

2.8.4.2 Absorption Spectroscopy

Absorption spectroscopy can be used to follow transient species in a flash
photolysis experiment by probing the reaction cell with light of a frequency
corresponding to a vibrational or electronic absorption for the species. The radical’s
absorption signal increases immediately then decays away as it undergoes reaction, and
this signal is recorded by a detector. The Beer-Lambert Law relates absorption to

concentration in equation E 2-24:

1= lexp(—ecl) E 2-24

where / = light intensity, /o = initial intensity, ¢ = species concentration, / = path length,
and ¢ is the absorption coefficient. If ec/ is very small, the equation becomes equation E
2-25, where Ius is the change in light intensity measured. Under pseudo-first order

conditions, the absorption coefficient does not need to be known.
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]abs/IO =—¢gcl E 2-25

The possibility for monitoring direct concentrations of reactants using absorption
spectroscopy is a major advantage over the LIF technique, and an entire trace is recorded
for every time the photolysis laser initiates the reaction, which is particularly efficient.
Potential issues arise where multiple species may absorb at the wavelength used to
monitor the reaction, however tunable lasers do help alleviate this problem by allowing
selection of a specific transition in the reactant molecule. Nelson et al. [137] used

absorption spectroscopy to monitor the reactions of OH with DEE, DBE, and DME.

2.8.4.3 Proton Transfer Reaction-Mass Spectrometry

Proton transfer reaction-mass spectrometry (PTR-MS) is a technique developed
by Hansel et al. [138] which enables the detection of species at very low concentrations.
The sensitivity of the technique has improved from as low as one ppb (parts per
billion) [139], to a few ppt (parts per trillion) [140], up to its current state where it can

detect analyte at concentrations <1 ppt [141].

PTR-MS uses soft ionisation to detect species present, by employing H3O" to
transfer protons to analyte compounds which have a higher affinity for protons than
water [ 142]. General air components (N2, O2, Ar and CO») do not get ionised by the beam
as they have proton affinities lower than water. It will, however, ionise volatile organic
compounds without causing fragmentation. The only source of H3O" ion loss is the
association reaction, forming H3O".HxO, after collisional stabilisation of the excited
(H30".H20)* complex [138]. The use of H3O" ions is the key to achieving such high
sensitivity, as a higher ion count rate per unit density can be achieved when using air,

rather than diluting with a buffer gas [140].

The hydronium beam is generated by a hollow cathode glow discharge, which is
injected into a transfer reactor at approximately 1 mbar pressure [142]. Under the
influence of an electric field and viscous gas flow, the ions travel through the reactor.
Once the analyte is injected into this reactor, they will collide with the hydronium ions
(reaction R 2-9 from [138], where M can be C, O, N or S atoms). Ionised molecules leave
the reactor, into a 1 x 10~* mbar low pressure region, where flow becomes molecular, and
is no longer viscous [142]. Here, conventional electrostatic ion optics are used to extract

the divergent ion beam, focussing the ions into the mass spectrometer. The continuous
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ion beam is converted into a pulse of ions, suitable for the time of flight MS method. A
high performance time-to-digital converter initiates extraction pulses, where the pulse
travels in and out of a reflectron analyser to an ion detector, and arrival time is converted

to mass/charge ratio to generate spectra.

H;0" + M;H; » M;H;}; + H,0 R 2-9

Further advantages of PTR-MS over other detection techniques, such as gas
chromatography, are the lack of sample preparation required, no pre-separation
necessary, and trace gas analysis being possible in situ [141]. Other mass spectrometry
techniques exist, and one major advantage they possess over LIF, is the ability to detect
any species (in theory). This has been put to good use for detecting important combustion
intermediates in the DME oxidation system [87, 88], and mass spectrometry has been

used to aid the study of gas phase kinetics previously [143-146].
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Chapter 3 Kinetic Study of OH + Ether Reactions

3.1 Abstract

The reactions of OH with five potential biofuel ethers (dimethyl-, diethyl-, methyl
tert-butyl-, and di-n-butyl- ether, and trimethyl orthoformate) have been studied from 298
to 744 K, in 13 — 190 Torr N> using laser flash photolysis and laser-induced fluorescence

detection of the OH radical.

This represents the first study of the temperature dependence of OH + trimethyl
orthoformate ((CH30)3CH), and extended temperature dependences for di-n-butyl ether
(C4HoOC4Hpy) and diethyl ether (CoHsOC2Hs). For dimethyl ether (CH3OCH3) and methyl
tert-butyl ether (CH30C(CHj3)3), the studies were primarily used to validate the
measurements, thereby ensuring any observations of more complex chemistry (OH
regeneration, observed in Chapter 4, Chapter 5, and Chapter 6) were reliable, and not
subject to any major issues. Thus, the focus of this chapter is on the novel measurements,
and less so on the measurements of OH + DME, where significant previous work has

been conducted.

The temperature dependences of the rate coefficients for OH + ether (all in units

of cm® molecule™! s7!) can be parameterised by:

Korsmmor(298-744 K) = (8.0 + 12.2) x 107 [(T/298)3-651) + (T7298)($1246)] x (2 T£3.9)RT,
kon+pEp(298—727 K) = (1.28 £ 0.21) x 107! x C0-11=059)/RT

kon+pae(298—732 K) = (3.05 + 7.13) x 1072 (7/298)!3+1:6 x g®A4=38)/RT
kowsmtee(298—680 K) = (9.8 + 21.6) x 10713 (7/298)> 7! x ¢25+50/RT 'apnd

kor+pME(298—656 K) = (1.22 + 2.83) x 10715 (7/298)6:9:05 x o(19-143.8)RT

3.2 Introduction

OH + ether reactions (reaction R 3-1) are the important first steps in the low
temperature combustion of ethers as potential biofuels, and in order to best understand
the conditions required for novel engines, and generate accurate kinetic models, accurate
measurements of these reaction rate coefficients are required below 1500 K. Often, there
exists gaps in the knowledge of rate coefficients, kon-+ether, OVer this temperature range,

particularly between approximately 450 K (the upper temperature of many literature
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relative rate and flash photolysis experiments) and approximately 900 K (the lower limit

of many higher temperature shock tube studies).

ROR'H + OH — ROR' + H,0 R 3-1

For simple hydrocarbon fuels, the preliminary reactions for their low temperature
combustion are well-documented [147], with the initial propagation step consisting of
hydrogen atom abstraction by a small radical, such as O or H. Here, OH is the example
used; it is generally considered the most important abstraction agent, as it exhibits a much
faster reaction with hydrocarbon fuels [103] than O and H, and is present at the high
temperatures used in engines [102]. The reactions of the OH radical with TMOF, DEE,
DBE, MTBE, and DME are presented in this chapter and compared with previous

literature measurements in the discussions.

3.3 Experimental

The typical slow flow laser flash photolysis instrumentation used throughout this
thesis was combined with laser-induced fluorescence to monitor OH. The reactants used
are listed in Table 3-1. Also used were OH precursors (hydrogen peroxide, H>O, Sigma-
Aldrich, 50% or 70% (w/w) in H20O; some early DEE experiments used ~-BuOOH (Sigma-
Aldrich, 70% (w/w) in H20)), and a buffer gas (N2, BOC, oxygen-free).

Generally experiments in this work were carried out at an approximate flow rate
of 1000 sccm and 30 — 60 Torr of nitrogen, or 2000 sccm and 120 Torr, and as such,
temperatures above 298 K are subject to an uncertainty of =10 K, based on the calibration
discussed in Chapter 2. The full range of flow rates and pressures explored was 100 —
4000 sccm and 13 — 208 Torr. Photolysis was carried out using 248 nm or 266 nm laser

light, and OH radicals were probed by on-resonance LIF at 308 nm.
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Table 3-1: Reactants used, with concentration ranges.

TMOF Sigma-Aldrich, 99.8% (0.3 —7.9) x 10'* molecule cm™
DEE Sigma-Aldrich, >99% (0.8 —30.4) x 10 molecule cm™
DBE Sigma-Aldrich, 99.3% (0.5—41.8) x 10" molecule cm™

MTBE Sigma-Aldrich, 99% (1.6 — 11.6) x 10" molecule cm™
DME Argo International Ltd, 99.8% (1.1 — 14.2) x 10" molecule cm™

Hydrogen peroxide (or ~-BuOOH when used) was delivered with N> using a
bubbler placed before a MFC, to ensure the amount of gas being delivered was known.
Contact of hydrogen peroxide with the metal in the MFC and consequent decomposition
results in some oxygen always being delivered to the system, which was estimated to be
approximately 10'°> molecule cm™, but this varied depending on pressure and flow. Under
typical conditions of 298 K, 30 Torr N2, 1000 sccm flow, the estimated amount of H20O
(from the hydrogen peroxide precursor) delivered was approximately 1.5% of the total
gas density (~10'"® molecule cm™), and thus we expect H.O to make a negligible

contribution to the total gas density, acting as a carrier gas.

A bubbler delivery method was also used for the reactant in the di-n-butyl ether
experiments, as a result of the low vapour pressure exerted by DBE in comparison to the
other ether fuels (approximately 4 — 6 Torr at room temperature) [ 148, 149]. The result
of this was particularly low bulb concentrations, and therefore slow pseudo-first order
rate coefficients in comparison to other losses of OH. Some experiments showed
recycling of OH due to O; present in the system, which also contributed to the need for a
faster OH + DBE pseudo-first order loss (see section 4.5 in Chapter 4). For these
experiments, the bubbler was placed before a calibrated mass flow controller, and
nitrogen was flowed across the surface of DBE in the bubbler. The concentration of ether
delivered by the bubbler was estimated using the measured bath gas (N3) pressure within
the bubbler, and the estimated vapour pressure of DBE. Antoine parameters were used to
determine the vapour pressure of the DBE, where the bubbler was surrounded by a Dewar
flask filled with room temperature water to reduce temperature fluctuations. The water
was kept in the flask overnight before use, to stabilise at room temperature, and a
thermometer was used during experiments to measure the water temperature. The Antoine

equation used is shown below (equation E 3-1) [150].
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B
IOg(P/ TOI‘I‘) =A- m E 3-1

Here A = 6.92032, B = 1064.07 and C = 228.8 for the temperature range 212.15 —
293.15 K [151], therefore the equation has been extrapolated in this work, and may
explain the need for a reasonable correction between bubbler and bulb experiments. The
correction factor for mass flow was still applied (described in Chapter 2). A correction
factor between bubbler and bulb experiments was required, and determined at room

temperature (described in full in section 3.6.1).

Generally, OH kinetic traces exhibited single exponential behaviour, and were
analysed as described in Chapter 2. An example for OH + dimethyl ether is presented in

Figure 3-1.

Time /ms

Figure 3-1: Single exponential decay, [DME] = 1.0 x 10'S molecule cm=. The
exponential fit yielded £’ = (2970 + 100) s”'. The uncertainty on the returned
parameter is 26 and purely statistical. The experimental conditions were 298 K, in
59 Torr Na2.

Kinetic traces measured at higher temperatures in the presence of Oz often
exhibited biexponential behaviour (examples are presented for each ether in

Appendix A), rather than a single exponential decay. Diethyl ether experiments using the
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t-BuOOH precursor also resulted in biexponential kinetic traces. The initial fast decay in
the biexponential traces is the reaction between OH and the ether ('), and the second,
tail portion of the decay, contains information about the regeneration of OH (kv and k)
(thus the decay is slower in the tail). These more complex traces were analysed by fitting

to an equation derived from the scheme shown in Scheme 3-1.

k,! +0, ki,
RH+OH ——> R+ —> RO, —> OH
kd kc
loss loss

Scheme 3-1: Simplified reaction scheme for biexponential analysis equation
parameters.

The OH traces were fitted with the following equation (E 3-2) derived from
Scheme 3-1:

(kg + k") — 4,
A=Ay

[OH] = [OH]O X I( ) X (e/llxt _ elle) + ehoxt E 3-2

here, ka' = pseudo first-order rate coefficient for OH + ether reactions, kq = rate coefficient
for OH loss in the absence of ether, and the terms A1 and 4, are expanded fully in equations

E 3-3 to E 3-6:

(—Ml +y/M12 —4M2) 33

},1 = 2
2
. (-M1-VMI>-4m2) E 34
) =
2
Mlzkd‘*'ka"i‘kb‘*'kc E3-5
M2 = (kd + ka') x (kb + kc) - (ka'kb) E 3-6

The terms Ay (first order rate coefficient for OH regeneration from the R radical)

and k. (first order rate coefficient for R radical reacting without producing OH) are both



70

present in the 11 and A2 terms. This equation can be used to determine the parameters from
single trace analysis, where parameters are best defined when [ether] is sufficiently high
that &' is faster than the sum of k. and kv. Parameters are even better defined/more robust
when using global analysis, as the information is taken from many traces. The equation
will be referred to as a biexponential equation (despite there being three exponential terms
present), because of the two distinct portions of the biexponential traces (the initial fast

decay, and the slow tail).

For robust parameter retrieval, global fitting was used to analyse several
biexponential traces at once (ka' = kowu+emer[€ther] for each trace), and share the
bimolecular rate coefficient between decays. In this process the initial signal intensity,
ki, kv and ke are local parameters for each trace and rate coefficient kow+etmer 1S shared
globally across all traces in the fit. This allows a well-defined, robust bimolecular rate
coefficient for each temperature to be obtained from kinetic traces, which contain

information on k.’ in the earlier part of the trace.

Global analysis was used for the bimolecular rate coefticients obtained for OH +
DEE, MTBE, and TMOF, and single trace (non-global) analysis was used for

measurements using DME and DBE.

3.4 OH + Trimethyl Orthoformate

Trimethyl orthoformate bears structural similarities to DME (Scheme 3-2), and
can be synthesised using methanol (and therefore bio-methanol) [81], making it a
potential alternative bio-derived fuel or fuel additive. TMOF has been investigated for its
use in fuel cells [37, 83-85]. Few studies exist on the low temperature oxidation
mechanism of TMOF. TMOF possesses two distinct sites that the hydroxyl radical can
abstract from; primary (reaction R 3-2) and tertiary (reaction R 3-3) a sites shown in
Scheme 3-2. The products of these reactions are H2O and a radical, R. This first step has
been measured in this work, with a non-site-specific approach, thus reported values

kou+t™mor refer to the sum of the rate coefficients for reactions R 3-2 and R 3-3.
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Scheme 3-2: Potential abstraction sites in the OH + trimethyl orthoformate reaction,
and R radical products formed.

~

(CH;0),CH + OH — CH,0(CH;0),CH + H,0 R 3-2
(CH;0),CH + OH — (CH;0),C + H,0 R 3-3

Trimethyl orthoformate and hydroxyl radical kinetics have only been studied once
prior to the experiments presented here, by Platz et al. [152] using pulse radiolysis and
UV absorption, finding kon+tvor = (6.0 £ 0.5) x 10712 cm® molecule ! s™! at 295 K, which
they compared to OH + DMM (dimethoxymethane, CH;OCH>OCHj3), a similarly
structured molecule, where kon+pmm = 5.2 X 10712 cm?® molecule ! s™! as an average of two

measurements [153, 154]. No measurements were made above room temperature.

Since the measurements in this work were published in Potter et al. [155], a
theoretical study of OH + TMOF has been carried out by Du and Zhang [116], including
ab initio calculations of the extended TMOF low temperature oxidation system, with a
focus on the agreement between their calculated kon+tmor and the measurements from
this thesis that were presented in Potter et al. At room temperature, 71% of the abstraction
is predicted to occur on the tertiary site (reaction R 3-3), and the remaining 29% at the

primary sites (reaction R 3-2).

3.4.1 OH + (CH30);CH Temperature Dependence

The bimolecular rate coefficient for the reaction between trimethyl orthoformate

and the hydroxyl radical has been measured under pseudo-first order conditions, where
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the concentration of OH was controlled by reaction R 3-4. Analysis of the OH decay rate
at varying concentrations of trimethyl orthoformate to give k'on+t™mor, and least squares
linear fitting of these pseudo-first order rate coefficients as a function of [TMOF], for a
given temperature and pressure, provides the bimolecular rate coefficient kon+rmor. Three
example bimolecular plots are displayed in Figure 3-2. An example single exponential

decay is shown in Appendix A.

C4H1()O3 + OH — C4H903 + Hzo R 3-4

Rate coefficients for the abstraction of hydrogen by OH, from trimethyl
orthoformate (kon+tmor), were measured as a function of temperature using hydrogen
peroxide as the OH photolytic precursor, in the ranges 298 — 744 K and 37 — 68 Torr
(Table 3-2). The uncertainties in the rate coefficients in this work are 2¢ with an extra
10% of the measured rate coefficient propagated, to allow for the systematic errors
associated with the experimental method, and avoid weighting the data towards the small
errors produced by global analysis of biexponential decays. Measured rate coefficients
did not vary significantly with laser power or laser repetition rate (7.0% maximum

variation between 10, 5 and 2 Hz, and no variation within uncertainties).

The reaction of OH with TMOF showed similar behaviour to most ethers in this
chapter, in that low temperature OH decays were single exponential, and higher
temperature decays were biexponential. The OH + TMOF reaction exhibited
biexponential behaviour at a relatively low temperature, where the nature of the decays
changed at ~489 K, indicating recycling of OH radicals, where the initial fast portion of
a decay contains information about the initial hydrogen abstraction (reaction R 3-4) and
the tail of the decay contains information about OH recycling and yields. Oxygen present
in the system due to decomposition of hydrogen peroxide (discussed in Chapter 4, and
Potter et al. [156]) is the probable source of this OH, where it combines with TMOF-

derived R radicals (reaction R 3-5).
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Figure 3-2: Example bimolecular plots for OH + TMOF at 298 K and 68 Torr N2
(black), 336 K and 68 Torr N2 (red), and 489 K and 64 Torr N2 (green). kon+T™MOF =
(4.73 £ 0.84) x 10°'2 cm? molecule! s, (3.34 £ 0.15) x 102 ¢cm?® molecule! s7!, and
(6.00 + 0.57) x 1072 cm® molecule™ s respectively. Shaded areas represent the 95%
confidence limits, and error bars are statistical at the 1o level. Uncertainties on rate
coefficients are statistical at the 2¢ level. The intercepts are (-210 + 30) s! (black),
(=290 +20) s! (red), and (—40 + 100) s”! (green).

C4H9O5; + O, — products R 3-5

Observations discussed later (Chapter 6) demonstrate the potential for TMOF to
act as a precursor for OH even when isolated from other reactants or precursors (reaction
R 3-6), so it is possible this is the sole cause of OH regeneration in the TMOF system,

rather than the R + O reaction (reaction R 3-5).

hvorA _
C4H;(05 = OH+ products R 3-6
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Table 3-2: Bimolecular rate coefficients obtained for OH + TMOF. Uncertainties
are 2¢ with an additional 10% of the measurement value added to account for
systematic errors.

T/K 10" kon+tmor” n 10 [TMOF7 P/ Torr
298 | 469:083 | 9 T 08-79 | 37
298 0 473084 ¢ 10 i 09-73 | 68
298 i 453+092 | 7 . 14-63 i 6l
336 | 3344049 . 10 . 08-65 . 68
338 1 3754056 | 8  12-56 i 6l
380 0 4654098 | 7 . L1-52 | 64
451 | 526£070 12 L 03-35 | 37
489 | 571067 | 6 o 09-41 1 o4
540 | 7.05+08° | 10 | 08-39 | 6l
598 | 7.75+097¢ | 5 o 06-22 1 60
642 | 9.88+1.14° 6 06-25 i 6l
675 | 1045+120° | 7 05-23 | 60
704 | 1188133 4 05-18 | 60
734 | 1401+1.67° | 4 . 05-16 59
744 1467186 | 4 o 05-17 1 62

Units of cm® molecule™! s7!. ®Units of molecule cm™. ‘From global analysis. n refers
to the number of experiments comprising a bimolecular determination.

Biexponential decays were fit by the biexponential equation rather than the single
exponential equation. An example biexponential decay with fitting is shown in Figure
3-3, and the green data in Figure 3-2 demonstrate the extraction of kou+tmor from
biexponential analysis. Biexponential traces were analysed globally, where several traces
generated at a given temperature and pressure were analysed simultaneously to obtain a
kon+tMor shared across the traces (and other parameters analysed in Chapter 6, such as
OH yield). As a result of the well-defined nature global fitting possesses, uncertainty

ranges on these data are particularly small.
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Figure 3-3: Example OH + TMOF biexponential decay with a good fit to the
biexponential equation (red line), and a poor fit to the single exponential equation
(blue line), measured at 675 K and 60 Torr N2. The inset shows the residuals for the
biexponential fit. Parameters from the biexponential fit: k.’ = (2560 + 100) s, k» =
(110 £ 50) s, ke = (380 + 240) s, and ka was fixed at 200 s”!. Parameters from the
single exponential fit: k' = (2500 + 70) s~!. [TMOF] = 2.28 x 10' cm® molecule™! s71.
Uncertainties are statistical at the 2o level.

Examining the temperature dependence of the bimolecular rate coefficient for the
OH + TMOF reaction (Figure 3-4), there is a clear positive temperature dependence above
approximately 340 K, and a small negative temperature dependence region below this

temperature. The temperature dependence of the data can be parameterised by

2 i3.9:| 3
cm
RT

molecule™! s~!, where a weighted fit was used, and the uncertainty in the parameterisation

2.6£12 8.1+4.6
kon+tMor(298—744 K) = (8.0 £ 12.2) x 107" [(2;) + (%) ] 8

is 12%, taken as the maximum magnitude of the 95% confidence limit.
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Figure 3-4: kon+rmor measured in this work (e), as a function of temperature. Errors
are 2o with an additional 10% of the value to account for systematic errors. The
only available literature measurement, by Platz et al. [152], is included (w). The
temperature dependence of kon+tmor from this work can be described by
kon+tMOF(298-744 K) = (8.0 &+ 12.2) x 10713 [(7/298)2-6£1-2) + (7/298)8-1:4.6)] ¢(2.7+3.9)RT
cm?® molecule™ s7!, where the 95% confidence bounds are shown in grey shading.
Two theoretical Arrhenius parameterisations by Du and Zhang [116] are shown;
blue line: kon+tmMor(336—744 K) = 4.2 x 10713 [(7/298)*¢ + (7/298)%1] &>7RT ¢m?
molecule! s71, and the green line is described in Table 3-3.

Comparison with experimental measurements is only possible at room
temperature, where we measure an average komrtmor = (4.65 + 0.50) x 1072 cm?
molecule™' s™!, approximately 25% slower than the only reported rate coefficient, by Platz
et al. [152] (Figure 3-4 and Table 3-3), who found kou+tmor = (6.0 = 0.5) x 1072 cm?
molecule™! s7!' at 295 K using pulsed radiolysis. The uncertainty on the measurement in
this work is the propagated 26+10% uncertainty. There is no overlap of the two values’
uncertainty ranges. Pulsed radiolysis can involve much higher radical concentrations, and

hence fast radical-radical reactions, causing increased OH loss, may have affected the

Platz et al. measurements.

Figure 3-4 shows what is possibly the onset of a negative temperature dependence

region for kon:tmor, at temperatures below approximately 340 K. Low temperature



71

studies have shown that a negative temperature dependence of the rate coefficient for OH
+ hydrocarbon reactions can occur below ~200 K. DME and acetone have both
demonstrated this behaviour arising from the formation of a hydrogen-bonded pre-
reaction complex, in which an H atom can subsequently quantum tunnel through the
reaction barrier to form water [157, 158]. The result is a rapid increase in rate at low
temperatures. Measurements of kon+tmor at ~340 K and room temperature were both
repeated to ensure the exhibited temperature dependence was unlikely to be the result of
anomalous measurements. Further studies of ethers at sub-ambient temperatures would

be of mechanistic interest, and potentially relevant to planetary atmospheres.

Since the publication of the data presented here in Potter et al. [155], Du and
Zhang [116] undertook a theoretical study of the reaction between trimethyl orthoformate
and the hydroxyl radical, carrying out ab initio calculations for the extended low
temperature oxidation surface of TMOF, and compared their data to our results.
Molecular structures for the OH + TMOF surface were optimised at the M06-2X-GD3/6-
311++G(d,p) level, with vibrational frequencies computed using the same method and
basis set. The single point energies of each optimised structure were calculated using the
QCISD(T)/6-311++G(d,p) method, and conventional transition state theory was used to
calculate the OH + TMOF rate coefficients for each abstraction site, allowing the total
bimolecular rate coefficient to be calculated at different temperatures. The reported 298 K
calculated kon+tvor was 5.48 x 10712 cm® molecule™ s7!, 6% faster than the upper limit
of our measurement when considering the uncertainty range (4.65 + 0.50 x 1072 cm?

molecule™! s7!), however this assumes there is no uncertainty associated with the ab initio

calculation method, and overall shows a good level of agreement.

Table 3-3: Comparison of the rate coefficient obtained for kon+rmor with
literature measurements and calculations.

Reference Technique k(298 K)* T/K k(T)"
Platz et al. Pulsed 6.0 +0.5¢ 295 —
radiolysis
‘Duand Zhang ~ Theory 548 298 —  1.02x10° (1298
(QCISD(T)) 1500 e 8IRT
‘This work PLP-LIF  4.65+0.50 298—744 (8.0+122)x10°

((T/298)*%*1-2 + (T/298)"
8.164.6) o273 9)RT

2Units are 1072 cm?® molecule™ s7!. ®Units of 4 are cm® molecule™! s! and E, are kJ
mol . “Measured at 295 K.
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The Arrhenius parameterisation calculated by Du and Zhang is displayed in Table
3-3, along with their calculated room temperature rate coefficient for OH + TMOF. Figure
3-4 displays two fits reported by Du and Zhang, where the green line represents a full fit
to the temperature range 298 — 1500 K, and the blue line a less extensive parameterisation
from 336 to 744 K. Across the reduced range in the blue fit, Du and Zhang used the
temperature dependence exponential terms (2.6 and —8.1) from this study, and found a
pre-exponential factor approximately 50% lower (4.2 x 107!* cm® molecule™! s
compared to 8.0 x 107> cm?® molecule™! s7!), and an activation energy twice as low (—5.7
kJ mol™! in comparison to —2.7 kJ mol™'). As a result, their fit underestimates the rate
coefficient we observe at high temperatures, and over-predicts koun+tmor below
approximately 400 K. It is not clear why a temperature of 336 K was chosen as a lower

limit for this fit. The authors note their calculated rate coefficients fit to the full

temperature range using a linear least squares analysis, giving the modified Arrhenius

3.4
parameterisation konrmmor(298 — 1500 K) =1.02x 107" (%8) X exp [% em’

molecule™! s!. This full expression is just within the uncertainty range of the room
temperature data reported here, but underestimates the measured rate coefficient above
approximately 700 K by ~20%. From the upper limit of our data, it is not clear whether
the extrapolation up to 1500 K would greatly deviate from the calculated fit by Du and
Zhang. The reversal in the temperature-dependent behaviour at approximately 350 K is
reproduced reasonably well by the ab initio study reported by Du and Zhang, but has not
been extrapolated below room temperature, so the extent to which low temperature

complex formation will affect the rate coefficient is not explored.

3.5 OH + Diethyl Ether

Bio-derived diethyl ether is synthesised from bioethanol dehydration, and has
already been used as a cold-start aid in engines [55]. Its similarity to DME, high cetane
number (>125), good energy density (26.3 MJ L™!) and low self-ignition temperature
(363 °C) [24], make DEE a suitable candidate for diesel replacement. The reaction
between OH and diethyl ether is the most probable first step in the low temperature

combustion mechanism.

Waddington et al. [159] proposed a likely mechanism for the low temperature
gaseous oxidation of DEE. Initially the mechanism follows the same route as other

organic compounds, where abstraction of a hydrogen atom occurs. As the second most
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simple symmetrical ether, diethyl ether is slightly more complex than dimethyl ether, as
there are two unique abstraction sites (Scheme 3-3). Abstraction can occur at either the
a- or B-carbon, and was found to take place primarily on the a-carbon (reaction R 3-7),
based on products formed. Abstraction from the [ site is the minor channel (reaction R
3-8). Di Tommaso et al. [115] later postulated the same abstraction split, due to the more
stable product that is formed when the radical is centred on the secondary carbon. This
radical should be stabilised as a result of electron density donated by the neighbouring
methyl group, and the lone electrons situated on the adjacent oxygen atom. Oxygen was
the suggested abstraction agent, and is significant for initiation processes, however in low
temperature combustion, it is likely to be O, H or OH from propagation reactions that will

initiate the chemistry with DEE.

CH;CH,0CH,CH; + OH — CH;CH,0CHCH; + H,0 R 3-7
CH;CH,0CH,CH; + OH — CH;CH,0CH,CH, + H,0 R 3-8

Orlando [160] predicted that >80% of abstractions occurred at the secondary
carbon (a position) when the abstraction agent was a CI atom, and Eberhard et al. [161]
found that previous studies showed 95% of alkane hydrogen abstraction undergone by
OH initiated photo-oxidation will occur on the secondary carbon. In the measurements
here, kon+pek refers to the bimolecular rate coefficient for the total abstraction taking

place in reactions R 3-7 and R 3-8, where the measurements made were non-site-specific.

B NI

e PN

Scheme 3-3: Possible hydrogen abstraction sites, and subsequent R radicals formed
for the reaction between OH and diethyl ether.

Kinetics of the OH + DEE reaction have been investigated experimentally since
1976, initially by Lloyd et al. [162], with various techniques being employed [113, 129,
132, 136, 163-165], including flow reactors, smog chambers, and pulsed laser photolysis
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— laser-induced fluorescence. Results of the rate coefficient studies of this reaction
previously are summarised in Table 3-5. No pressure dependence is expected for this
reaction [163], and also for the reaction of Cl + DEE [166], which should show the same
pressure dependence as OH + DEE. Room temperature values are well-documented, and
up to approximately 440 K, the kinetics have been explored, however there is a large gap
between 440 K and the single relative rate measurement at 753 K, and no current studies
at temperatures above this. The work presented here measures kon+pee within this void of

experimental measurements.

3.5.1 OH + C;Hs0C:Hs Temperature Dependence

The bimolecular rate coefficient for the reaction between diethyl ether and the
hydroxyl radical has been measured under pseudo-first order conditions, where the
concentration of OH was controlled by reaction R 3-9. Analysis of the OH decay rate at
varying concentrations of diethyl ether to give k'on+peE, and least squares linear fitting of
these pseudo-first order rate coefficients as a function of [DEE], for a given temperature
and pressure, provides the bimolecular rate coefficient kon+pee. An example single

exponential decay can be found in Appendix A.

CZHSOCZHS +OH — C2H50C2H4 + Hzo R 3-9

An example of a bimolecular plot is displayed in Appendix A. It should be noted
that the analysis presented here is for illustrative purposes, and the actual values reported
were obtained from a global analysis of multiple traces at once for a given temperature

and pressure (more details of this method are given in Chapter 4 and Chapter 2).

Above room temperature (357 — 532 K) decays produced using the ~-BuOOH
photolytic precursor exhibited biexponential behaviour. This behaviour was not seen
when using the hydrogen peroxide precursor, so is likely as a result of +~BuOOH
decomposition (discussed in Chapter 2). For this reason, above 532 K OH radicals were
solely generated using the H>O» precursor. Biexponential decays were fit using the
biexponential expression in equation E 3-2, and an example biexponential decay with
fitting is shown in Appendix A. It is worth noting the loss of OH in the absence of DEE
in this figure (kq) is much higher than for the H>O> precursor, due to faster reaction with

-BuOOH.
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Rate coefficients for the abstraction of hydrogen by OH, from diethyl ether
(reaction R 3-9), have been measured as a function of temperature, using hydrogen
peroxide or tert-butyl hydroperoxide as photolytic precursors, in the ranges 298 — 727 K
and 13 — 190 Torr N2. The measured rate coefficients did not vary significantly with laser
power. A plot of the rate coefficient as a function of temperature is shown in Figure 3-5,
and all values of kon+pee are displayed in Table 3-4, where total uncertainties are
estimated as 2¢ with an extra 10% of the rate coefficient value propagated, to account for
the unrealistically small statistical errors on parameters returned by global analysis of

multiple traces.

Data obtained from different OH precursors have been identified in Figure 3-5,
where no significant difference between the rates measured using H>O> or ~-BuOOH
precursors was identified. At room temperature, the average measurement using H>O; is
15% lower than that of --BuOOH, however, considering the uncertainty ranges (~10% for
each measurement), the two values are in agreement. The mean values were calculated
from four hydrogen peroxide experiments, and eight --BuOOH experiments. The reported

uncertainties are statistical at the 2c level.
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Table 3-4: Bimolecular rate coefficients obtained for OH + DEE. Uncertainties are
26 +10% to account for estimated systematic errors.

T/K 10" kowspee® n 107" [DEE] range® P/ Torr Precursor
208 11234014 5 158-276 729 "BuOOH
298 11424016 11 |82-28.1 29 ' ‘BuOOH
298 1130015 17 |58-277 30 ' 'BuOOH
208 [ 119£017 |5 46-178 38  H0;
298 i114+0.17 {5 [73-285 38 | H0,
208 (116014 5 15-74 47 ' H:0
208 1096 £0.10 (7 62-241 48 ' H20,
208 11304017 6 43164 59 . ‘BuOOH
208 i115£0.17 4 43-167 ' 60 ' 'BuOOH
208 1342017 (4 43-167 60 ‘BuOOH
298 1125+0.17 (5 [78-154 60 ' ‘BuOOH
298 11374018 17 4.0-304 ' 60 . ‘BuOOH
357 1129+0.16 (5 41-197 30 ' 'BuOOH
361 11244026 17 13.9-19.0 30 ' ‘BuOOH
367 11424016 6 69-198 13 ' 'BuOOH
415 11194026 19 [34-166 30 ' 'BuOOH
494 11212014 (7 48-136 60 ‘BUOOH
500  1125+0.15 14 (33-129 35 . ‘BuOOH
531 {147+£018 18 (32-127 30 | 'BuOOH
532 11244017 (15 (38-147 29 ' ‘BuOOH
620  1096+0.12 5 i38-15.1 47 ' H:0»
632 1125+0.14 8 (33132 40 ' H0
642 {11803 14 | 17-66 57 .0
663 1314020 (5 i14-53 190 ' H0,
669 1132+ 016 {7 1.6-65 57 | H0,
670 11294019 4 1.1-41 150 ' H,0
682 11774021 4 17-65 ' 59 ' H20,
636 1130016 4 1.6-63 57 ' H,0
61 1214015 5 16-6.1 57 ' H:0,
714 {133£006 |5 | 15-6.1 57 H0;
727 1125+015 {5 (08-59 57 ' H:0,

2Units of em® molecule™! s7'. ®Units of molecule cm™. n refers to the number of
experiments comprising a bimolecular determination.
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Figure 3-5: Measured kou+pee(298 — 727 K) = (1.26 £ 0.11) x 10711 x e(O-0120.80/RT) ¢py3
molecule™! s7!, uncertainties are 26 and statistical, and the grey shaded area
represents the bounds of the 95% confidence limits. Precursors were H20: (®) and
t-BuOOH (m). Note the room temperature data are averages with propagated 2¢
uncertainties (H202, n=4; --BuOOH, n=8).

Plotting kou+peE against temperature, shown in Figure 3-5, shows a clear lack of
temperature dependence, where the rate coefficient is statistically invariant from room

temperature to approximately 730 K. An Arrhenius fit has been performed, where the

data can be described by korper(298 — 727 K) = (1.26 £ 0.11) x 10! x exp [M]

RT
cm® molecule™ s7!. The uncertainties reported are statistical at the 2o level, and the
maximum uncertainty of the 95% confidence limits across the temperature range valid
for this parameterisation is 14%. Given the uncertainty in the activation energy, a
temperature independent value of (1.26 = 0.11) x 107'' cm® molecule! s is
recommended. A weaker temperature dependence compared with DME (see section
3.8.1) can be rationalised by the more facile abstraction from the a C—H bond in DEE,
where the adjacent CH3— group weakens the bond by donating electron density. DME

lacks this adjacent methyl group.
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Figure 3-6: kon+pee measured in this work (@) as a function of temperature, with the
modified Arrhenius fit described in the text, where the bounds of the 95%
confidence limits are shaded grey. Error bars are 2¢ with another 10% of the
measured value added to account for estimated systematic errors. Dashed lines
represent the respective Arrhenius parameterisations extrapolated past the
experimental data. Literature measurements and their temperature dependences
are shown for Tranter and Walker (2001) (®), Mellouki et al. (1995) (*), Semadeni
et al. (1993) (¢), Bennett and Kerr (1990) (<), Nelson et al. absolute (1990) ( ), Nelson
et al. relative (1990) ( ), Bennett and Kerr (1989) ( ), Wallington et al. (1989) (V),
Tully and Droege (1987) (&), and Lloyd et al. (1976) (m).

Measurements of kon+pee made in this work occupy the gap previously present in
the literature between those made by Tully and Droege [165] and Tranter and
Walker [147]. Agreement within uncertainty ranges with all other studies at room
temperature is seen here, although there is variability of ~15% in our data given the two
photolytic precursors used at this temperature, and the previous room temperature values
range from (0.93 — 1.36) x 107! cm® molecule™ s7!, all details of previous studies are
displayed in Table 3-5. The majority of previous studies used relative rate techniques.
Bennett and Kerr [129] initially studied the reaction in a smog chamber, relative to the
reaction between OH and iso-butene, using 350 — 450 nm photolysis of nitrous acid
vapour. There is no significant difference in the updated reference rate coefficient

recommended by IUPAC (international union of pure and applied chemistry) [167]
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(ko tiso-butene = 5.24 x 107! cm® molecule™! s™! compared to the authors’ value kom+iso-butene

=5.26 x 107! cm® molecule™! s7).

A later study by Bennett and Kerr [163] used methyl nitrite photolysis and a
reference compound of 2,3-dimethyl butane, where their data are in agreement with our
measurements. An update to the temperature-independent reference rate coefficient used
(konrpmp = 6.20 x 1072 cm® molecule™ s7!) to the latest recommended by Atkinson [168]
(kowpms = 5.78 x 1072 cm® molecule™! s™! at 298 K) which is dependent on temperature,
reduces the rate coefficients by approximately 15% at the lower temperatures, and ~1%

at the highest temperatures reported.

Agreement was found with the relative rate study by Semadeni et al. [164], where
2,3-dimethyl butane was the reference compound used, after ethyl or methyl nitrite
photolysis using a Xe arc lamp. The same adjustment to the reference reaction rate
coefficient as described above reduces the lowest temperature rate coefficients by
approximately 15%, and increases the highest temperature rate coefficients by 11%,
giving a less pronounced temperature dependence, which is in better agreement with this

work.

Lloyd et al. [162] used a similar technique, with OH + iso-butene as the reference
reaction, and photolysis of HONO in a smog chamber to measure kon+pee = (9.30 = 1.83)
x 107!2 cm?® molecule™! s7!, just in agreement with our 298 K measurement. Updating the
kou+iso-butene vValue used (4.99 x 107" cm?® molecule™ s™') to the most recent IUPAC
recommendation [167] (4.92 x 107! cm3 molecule™ s™! at 305 K) yields a corrected value
of kompee = (9.17 £ 1.83) x 10712 cm® molecule™ s™!, marginally lower than our value

when considering uncertainty ranges.
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Table 3-5: Comparison of the rate coefficient obtained for kon+per with previous
measurements.

Reference Technique k(298 K)* T/K K(T)"
Mellouki et al. (1995) LFP-LIF 1.36 £0.11° 230-371 9.07x1071% (77298)*°
e6A63/RT
‘Semadeni et al. Relativerate  1.3+0.11  250-373 5.2x10712 x 2 ISR
(1993) (1.21%0.11)
‘Nelsonetal. (1990) Pulse 1.13+0.01 298 -
radiolysis —
UV spec.
‘Nelsonetal. (1990)  Relativerate  1.28+0.06 29—
(1.19+0.36)
‘Bennett and Kerr Relativerate  1.05+0.102  242-328 3.5%10712 % 2 7R
(1990) (1.00+0.10)
‘Bennett and Kerr Relativerate 1.20+0.11 24—
(1989)
‘Wallington et al. uv 136+0.099 240440 5.6x10712 x 225RT
(1988) photolysis —
OH RF
‘Lloyd etal. (1976) Relativerate  0.93+0.18° 305 =
(0.92+0.18)

Tully and Droege  LFP-LIF 1.34+0.06" 295 —442 9.3x10712 x 09T
(1987)

Tranter and Walker Relative rate na 753 2.04 +£0.38
(2001)
“This work LFP-LIF 125+0.13  298-727  (1.28%021) x 10711

x @011 % 0.59/RT

@Units are 107" ¢m® molecule™ s7!. ®Units of 4 are cm® molecule™! s and E, are kJ

mol!. “Measured at 293 K. “Measured at 296 K. “Measured at 305 K./Measured at 295
K. 8Measured at 304 K. "Measured at 294 K. RF = resonance fluorescence discharge
lamp. Rate coefficients in italics are based on updated reference reaction rates from
references [167, 168].

Nelson et al. [137] measured a relative rate value using a photolytic method, where
methyl nitrite was photolysed at wavelengths longer than 300 nm, or H2O> (A = 254 nm),
to act as the OH precursor. OH + cyclohexane was used as the reference reaction. The
reported rate ((1.28 = 0.06) x 107'! cm® molecule™ s7!) lies within the uncertainty ranges
of the average room temperature measurement made here, as does their rate coefficient
from an absolute determination. For the absolute determination, pulse radiolysis—UV
spectroscopy of H>O/Ar mixtures was used to generate OH radicals, and it was found that

konspee = (1.13 £ 0.01) x 107" cm® molecule™ s'. The small errors here account purely
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for statistical 2¢ uncertainties, and the authors suggest an estimated total uncertainty for
the absolute measurements of 20%, based on reactant concentration accuracies. Relative
rate experiments would be subject to 25% of the value propagated into the error, to
account for the OH + c-CgH1> reference reaction. With an updated value for the reference
reaction to the latest value recommended by Atkinson [168] (kom+cyclohexane Value used =
7.49 x 1072 cm® molecule™ s7!, corrected komeyciohexane = 6.97 % 107'? ¢cm?® molecule™
s1), konrpee at 298 K = (1.19 £ 0.36) x 107! cm® molecule™! s™!, in good agreement with

the measurement in this chapter.

Flash photolysis — laser-induced fluorescence studies by Mellouki et al. [113] and
Tully and Droege [165] are both in agreement with this work at room temperature.
Mellouki et al. used 248 nm photolysis of H>O», whereas Tully and Droege photolysed
N0 at 193 nm to produce O('D) atoms, which produced OH radicals in the presence of
H>O. Finally, the study by Wallington et al. [136] also used flash photolysis, coupled to
resonance fluorescence with photolysis of HoO at 165 nm, which produced a result in
agreement with the other room temperature studies here. Previous work by Wallington et
al. [136], Mellouki et al. [113], Tully and Droege [165], Bennett and Kerr [163] and
Semadeni et al. [164] all undertook temperature-dependent measurements of the reaction
between diethyl ether and the hydroxyl radical, where the ranges explored were, in
Kelvin, 240 — 440, 230 — 370, 294 — 442, 242 — 328 and 247 — 373 respectively. At lower
temperatures, virtually all of these more extensive studies overlap with our work, within
error. Figure 3-7 shows the 95% confidence limits of all temperature dependent study fits,
where the only significant deviation from this work is the behaviour of kon+pee with
temperature observed by Bennett and Kerr [163] above 300 K. Above ~360 K, the
Arrhenius parameterisation by Semadeni et al. [164] also starts to fall outside the 95%
confidence limits of the rate coefficients measured in this work. This trend is similarly
seen for the data fits by Wallington et al. [136] and Tully and Droege [165] above
approximately 450 K, although it could be argued the data show signs of plateauing,
similar to the behaviour observed in this work. It is possible that the upper limit of
previous studies (~440 K) can account for this, where the studies simply did not extend
to high enough temperatures to observe the plateau of the rate coefficient. Additionally,
there was no hint of the strong negative temperature dependence seen by previous studies
in the data obtained here. Once again, these may be as a result of the 298 K lower limit
on temperature explored here, where the temperature dependence only becomes

particularly strong below this threshold. Furthermore, it is feasible that certain
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experiments may have been subject to photolysis of DEE, such as those by Tully and
Droege, and Wallington et al., where wavelengths as short as 193 nm and 165 nm were
used to initiate chemistry, potentially resulting in interfering reactions. This effect would
become more pronounced at higher temperatures where the cross section of diethyl ether
(at 165 nm and 193 nm, 295 K, 8.5 x 10" and 3.9 x 10" cm? molecule™
respectively [169]) would typically be expected to increase, resulting in greater loss of
reactant. Tully and Droege did observe non-exponential decays at high temperatures,
where the initial decay portions were weakly dependent on laser energy. These decays
were not reported however, but the dependence on laser energy suggests some photolysis
may have occurred. This explanation would not account for the discrepancy with the
negative temperature dependence for OH + DEE seen in studies using smog chambers or

longer flash photolysis wavelengths.
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Figure 3-7: kon+pee comparison with literature determinations showing the 95%
confidence bounds of the studies. Black data represent this work’s fit and 95%
limits. Literature studies are Mellouki et al. (1995) (*), Semadeni et al. (1993) (e),
Bennett and Kerr (1990) (<), Nelson et al. (1990) absolute ( ), Nelson et al. relative
(1990) ( ), Bennett and Kerr (1989) ( ), Wallington et al. (1989) (¥), Tully and
Droege (1987) (&), and Lloyd et al. (1976) (m).



&9

At higher temperatures, the modified Arrhenius parameterisation by Mellouki et
al. [113] predicts a positive temperature dependence above approximately 400 K (Figure
3-6), however this is an extreme extrapolation beyond their experimental conditions, and

as such shouldn’t be held to any degree of certainty.

There is only one study that suggests there may be a positive temperature
dependence above 400 K, by Tranter and Walker [132], who used a relative rate
technique, where the reaction between H, and OH was the reference used. Although
measurements in this work are not in agreement with theirs, considering the extremes of
the uncertainty bounds, there is only a ~20% difference in the rate measurement. The
most comparable temperature to Tranter and Walker’s measurement in this work is 727 K,
which is 26 K lower than theirs. A strong positive temperature dependence would need
to appear between 727 and 753 K for the gap between measurements here and the highest
temperature literature measurement to be consistent, which is unreasonable given the lack
of temperature dependence seen throughout the study of kou-+pek presented here. We note
the presence of one data point at 682 K, where a rate coefficient measured was in
agreement with Tranter and Walker’s value, however we consider this to be an anomalous

result, potentially as a result of a mis-reported bulb composition.

Because of the considerable uncertainty between previous literature
measurements, negative temperature dependences, and the fast rate coefficient previously
observed at 753 K, a combined modified Arrhenius parameterisation was performed,

fitting to all available data in the literature and this work. The data can be described by

m ] cm® molecule™ 57,

2.340.8
kor+pEE(230 — 753 K) = (5.8 £ 5.4) x 1073 x (%8) [7.5:!:2.3

where the uncertainties quoted are the bounds of the 95% confidence limits from the fit.
The maximum percentage uncertainty of the 95% confidence limits is 23%, at the highest

temperature.
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Figure 3-8: OH + DEE modified Arrhenius combined fit, described by = kon+per(230
— 753 K) = (5.8 £ 5.4) x 10713 x (7/298)?3*08 ¢(7-5:23)/RT ¢m3 molecule! s~!. The grey
shaded area represents the 95% confidence limits of the fit.

3.6 OH + Di-n-butyl Ether

Di-n-butyl ether is a straight chain symmetrical ether, with four saturated carbons
on both sides of the oxygen atom. It is of relatively recent interest as a potential
replacement fuel, where it can be produced from pulping of biomass [14]. Desirable
properties such as reduced soot [39, 66, 67], good spray characteristics [65], high cetane
rating (100 — 115) [14, 39], and short ignition delay times [68], suggest it may be a suitable

alternative fuel for low temperature combustion.

Laminar flow studies have been carried out using DBE [170, 171], and radical chain
branching was shown to dominate the low temperature ignition of DBE, suggesting that
a similar reaction mechanism to that of DME and DEE, and typical low temperature
hydrocarbon combustion, should be expected. In contrast to the two smaller linear ethers,
DBE has four potential unique sites for the OH abstraction reaction. As a result of its
proximity to the oxygen atom, the a site has been shown to be the dominant location for
H abstraction to take place [170, 172]. All possible sites are shown in Scheme 3-4 and
reactions R 3-10 to R 3-13.
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Scheme 3-4: Potential hydrogen abstraction sites on di-n-butyl ether for its reaction
with the OH radical, and the R radicals formed.

C4HyOCH,CH>CH,>CH3 + OH — C4HyOCHCH,CH>CH3 + H,O R 3-10
C4HyOCH,CH>CH,CH3 + OH — C4HyOCH,CHCH,CH3s + H,O R 3-11
C4H9OCH,;CH>CH,CH3 + OH — C4H9OCH,CH>,CHCH3 + H,0 R 3-12

C4HyOCH,CH,CH,CH3 + OH — C4HyOCH,CH,CH,CH; + H,O R 3-13

In this work, a non-site-specific approach has been used to measure the
bimolecular rate coefficient, and as such, values for kou+pge reported refer to the total rate

coefficient for OH + DBE in reaction R 3-14.

C4HoOC4Ho + OH — C4sHoOC4Hg + H,O R 3-14

In this chapter, reaction R 3-14 has been studied, and generally found to be in
qualitative agreement with the negative temperature-dependent behaviour observed in
other studies over the temperature range 298 — 372 K, but with some disagreement over
the absolute values of the rate coefficient. Beyond 500 K, no temperature dependence
was seen. Such a lack of temperature dependence has not been seen before. Previous
studies on the kinetics of reaction R 3-14 have employed the use of various techniques,
the majority of which were relative rate studies within smog chambers, but there have
been other studies using flash photolysis initiation methods coupled to fluorescence

detection [113, 129, 130, 135, 137, 164, 173, 174].

3.6.1 OH + C4HyOC4Hy Temperature Dependence

The bimolecular rate coefficient for the reaction between di-n-butyl ether and the
hydroxyl radical has been measured under pseudo-first order conditions, where the

concentration of OH was controlled by reaction R 3-14. An example single exponential
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decay is included in Appendix A. Analysis of the OH decay rate at varying concentrations
of di-n-butyl ether to give k'on+pBE, and least squares linear fitting of these pseudo-first
order rate coefficients as a function of [DBE], for a given temperature and pressure,
provides the bimolecular rate coefficient kon+pe. Two example bimolecular plots are

included in Appendix A.

At higher temperatures, where the rate coefficient became slower, the low vapour
pressure (and therefore low DBE/N> concentration bulbs) became a prohibiting factor in
measuring accurate rate coefficients, where pseudo-first order conditions would become
harder to maintain. To circumvent this issue, a different method was used, where a glass
bubbler was used to deliver higher quantities of fuel, by flow of nitrogen carrying DBE
vapour into the mixing manifold. At room temperature, several measurements using both
a bulb and a bubbler allowed the bubbler measurements to be multiplied by a correction
factor to account for any discrepancies between the estimated [DBE] delivered by the
bubbler and the actual amount delivered. Full discussion of this method is presented in
section 3.3. An estimated 10% uncertainty was applied to all bubbler measurements after

correction.

At 483 K and higher temperatures, some decays exhibited biexponential
behaviour, indicating recycling of OH radicals. Oxygen present in the system due to
decomposition of H>O» is likely the source of this OH, combining with n-butyl butoxy
radicals (reaction R 3-15).

CH;(CH,),0CH(CH,),CH; + O, — products R 3-15

Observation of biexponential decays is highly dependent on temperature and
concentrations of oxygen and fuel. As such, biexponential decays were subtle, and not
seen when the bubbler delivery method was employed (a very slow recycling rate is well
hidden when the initial decay is too fast), as a result of the more concentrated amounts of
DBE delivered. Despite their subtlety, biexponential decays were fit marginally better by
the biexponential equation (Scheme 3-1) compared to the single exponential equation. An

example biexponential decay with fitting is shown in Appendix A.
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Table 3-6: Bimolecular rate coefficients obtained for OH + DBE. Uncertainties
are 2¢ for bulb measurements, and 10% of the kon+pse value for corrected
bubbler measurements

T/K 10" kon+pre®

n 103 [DBE] range” P/ Torr
208 73.86 033 6 45-93 29
298 3,99+ 0.09 7 ' 1.5-103 29
298 13574047° 4 182418 30
298 4344042 9 1 7.9-262 30
298 13874037 7 48148 30
363 3.12+045¢ 15 43133 29
483 29120.63 7 23-95 28
550 1275+038° 7 12.5-8.1 29
572 270027 8 1 0.5-4.0 28
613 2774036° 16 1 2.5-82 29
663 268+026° |5 34-128 30
704 13314035 |10 27-113 30
732 254+£029¢ 11 2.6-9.9 30

“Units cm® molecule™! s™!. ®Units molecule cm™. “Value obtained and corrected using
the bubbler delivery method. n refers to the number of experiments comprising a
bimolecular determination.

The temperature dependence of reaction R 3-14 has been investigated, with rate
coefficients measured between 28 and 30 Torr of pure nitrogen, and between 298 and
732 K. Hydrogen peroxide was the photolytic precursor, and the measured rate
coefficients did not vary significantly with laser power. A plot of the rate coefficient as a
function of temperature is shown in Figure 3-9, and all values of kon+pgE are displayed in
Table 3-6. Previous measurements by other studies are included in Figure 3-10. The mean
room temperature rate coefficient taken from two bulb measurements was (3.92 + 0.13)
x 107" cm?® molecule™ s7!, where the uncertainty in the measurement refers to a purely
statistical range at the 2o level. This average value is shown in Figure 3-10, but the two
individual bulb measurements, and three measurements made with the bubbler, at room

temperature, are all displayed separately in Figure 3-9.
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Figure 3-9: Bimolecular rate coefficient kon+pse measured in this work as a function
of temperature. Data shown are rate coefficients measured using the bulb delivery
method (M), bubbler delivery method corrected (®), and the uncorrected values
obtained with a bubbler (a). Uncertainties on bulb and original bubbler data are
statistical at the 2o level. Corrected bubbler error bars represent 10% of the value
to account for uncertainty in the correction factor. The shaded area represents the
95% confidence limits of the fit to the data (uncorrected bubbler values not
included). The data can be parameterised as (3.05 £ 7.13) x 10712 (77298)(1-31+1.62)
e(@-355583)VRT ¢ 3 molecule™ s~!. All measurements at 298 K are shown here, rather
than the mean reported in the text.

The modified Arrhenius fit to the data can be described by kon+pae(298 — 732 K)

T )(1.31i1.62) (6.35+5.83)

=(3.05+7.13) x 102 (ﬁ xe & cm’ molecule! s!. The uncertainties

reported are statistical at the 20 level, and the maximum uncertainty of the 95%
confidence limits across the temperature range valid for this parameterisation is 12%, at
approximately 450 K. A weighted fit to the bulb and corrected bubbler measurements was

used to describe the temperature dependence of the rate coefficient.
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Figure 3-10: Comparison of koun+pBe measured in this work (®) with previous
studies. Literature studies are Wallington et al. (1988) (=), Bennett and Kerr (1989)
(v), Wallington et al. (1989) (4), Nelson et al. absolute (1990) ( ), Nelson et al.
relative (1990) (<), Mellouki et al. (1995) (»), Semadeni et al. (1993) (DMB ref.) (®),
Semadeni et al. (1993) (DEE ref.) (*), Kramp and Paulson (1998) (®), and Harry et
al. (1999) (9). Orange fit is from Semadeni Arrhenius parameters, reported as an
average of the DMB- and DEE-relative rate measurements.

At room temperature (Figure 3-10 inset), the majority of the previous
measurements in the literature are approximately 25 — 30% slower than the measured rate
coefficient in this work (Table 3-7). Bennett and Kerr [ 129] used a relative rate technique
to measure kon+pse With iso-butene as the reference compound within a smog chamber,
employing photolysis of nitrous acid as the OH precursor (A = 350 — 450 nm). Their
reported rate and suggested 26+10% error, (1.71 £ 0.26) x 107! cm?® molecule™ s7, is
significantly lower than the values reported in this work and the remainder of the
literature. The latest recommended rate coefficient by IUPAC [167] for kon+iso-butene
makes no significant change to the rate coefficient. In general, the smog-chamber

approach is less precise, and this is acknowledged by the authors.

Room temperature measurements reported by Wallington et al. [136], Nelson et

al. [137], Wallington et al. [174], and Kramp and Paulson [173] are slower than the mean
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measured rate coefficient at room temperature in this work ((3.92 + 0.13) x 107! cm?

molecule™! s1), by approximately (17 — 27)% when uncertainties are considered.

The first study conducted by Wallington et al. [136] used flash photolysis —
resonance fluorescence to study reaction R 3-14, where the source of OH was photolysis
of H>O at wavelengths greater than 165 nm. Their reported rate coefficient for the reaction
between OH and di-n-butyl ether was (2.78 = 0.36) x 107! cm® molecule™ s™'. As such,
their experiments may have been subject to reagent photolysis at such short wavelengths,
potentially introducing unwanted radical-radical reactions, or simply resulting in less
DBE delivered than expected. No absorption cross-sections for DBE have been reported,
but a comparable value to those of DME and DEE at 165 nm already discussed could be
expected. Despite this, the later room temperature study by Wallington et al. [174]
measured the rate coefficient again, to an almost identical value (2.74 £0.32) x 10! cm?
molecule™! s7! via a relative rate study using OH + diethyl ether as the reference reaction.
There, photolysis of methyl nitrite in synthetic air would have used longer wavelengths,
and therefore would not have subjected the ether fuel to any photolysis effects. There is

no new recommended rate coefficient for the reference, kon+pee, to update their reported

rate coefficient.

Measurements made by Nelson et al. [137] provide both a relative rate value, and
an absolute determination ((2.88 = 0.12) x 107! cm?® molecule™! s™! and (2.72 + 0.03) x
10" cm® molecule™ s™') which are only just outside agreement of each other’s
uncertainty ranges. The relative rate determination employed a photolytic method, using
methyl nitrite (A > 300 nm) or H2O> (A = 254 nm) as hydroxyl radical precursors. The
reference reaction rate coefficient used, ko cyclohexane = 7.49 % 10712 cm® molecule™ s7/,
when updated to the latest recommendation by Atkinson [168] (koH+cyclohexane = 6.97 X
1072 cm® molecule™ s7!) provides a corrected measurement of, kon+ppe = (2.68 + 0.79)
x 107! cm? molecule™ s7!, in worse agreement with the rate coefficient observed in this
work. Pulse radiolysis coupled to UV spectroscopy was used to make the absolute
measurement, where mixtures of H>O and Ar were irradiated (2 MeV) to induce reaction
between Ar* and H>O, producing OH. The authors note that the absolute measurements
only report the statistical uncertainties at the 2c level, but a realistic estimate of the total
uncertainty from reactant concentrations would be 20%. Similarly, for the relative rate
experiments, a further 25% of the value would be a reasonable estimate to add to the
statistical uncertainties, as a result of the uncertainty in the cyclohexane + hydroxyl

reaction rate coefficient. With these considerations, the absolute and update relative
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values reported by Nelson et al. would put their measurements 14% and 8% slower than

koun+pBE 1n this work respectively.

Further relative rate measurements were made using UV photolysis of methyl
nitrite and NO in a smog chamber, by Kramp and Paulson [173] who determined a mean
bimolecular rate coefficient = (2.89 + 0.23) x 107! cm? molecule™! s7! at 296 K, using n-
nonane, methylcyclohexane and butadiene as reference compounds for the three
contributing measurements. Newer recommended rate coefficients are available for n-
nonane (at 296 K), and methylcyclohexane (at 298 K) from Atkinson [ 168], but no update
exists for butadiene. Taking into account the updates possible, a new mean rate coefficient
kowpee = (2.73 £ 0.23) x 10" cm® molecule™! s7! is in slightly worse agreement with

this work.

Of the previous work carried out, the room temperature measurement by Harry et
al. [130] is the most recent, and closest to the value in this work, reporting kou+pse = (3.30
+0.25) x 107! cm® molecule™! s™! (~6% slower when considering the quoted uncertainty
ranges). Methyl vinyl ketone was employed as the reference compound in their relative
rate experiment, using a smog chamber and photolysis of methyl nitrite and NO at >300
nm. The value konMv-ketone = 2.06 % 107! cm?® molecule™ s! used can be updated to the
latest recommendation by IUPAC [167] where ko mv-ketone = 2.04 x 107! cm® molecule™
s, This makes the updated rate coefficient of konpee = (3.27 £ 0.25) x 107'! cm?

molecule™! s~! in marginally worse agreement with rate coefficient measured in this work.
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Table 3-7: Comparison of the rate coefficient obtained for kon+psr with previous
measurements. Uncertainties for this work are 2c.

Reference Technique k(298 K)* T/K K(T)"
Wallington et FP-resonance  2.78 +0.36 298 -
al. (1988) fluorescence

‘Wallington et Relativerate ~ 2.74+032° 295 -
al. (1989)

‘Bennett and  Relativerate  1.71+£0267 294 -
Kerr (1989)

‘Nelson et al. Relativerate ~ 2.88+0.12 298  —
(1990) (2.68%0.79)

‘Nelson et al. Pulse 272003 208 -
(1990) radiolysis

‘Mellouki et al. ~ PLP-LIF  2.69+0.08° 230-372  63x10®x 729 x
(1995) e TRT

‘Semadeni etal. Relative rate/  3.09+0.09 251-353 5.5x10° 12 x 7R
(1993) (2.91 % 0.09)

‘Kramp  and Relativerate  2.89+023 296 -
Paulson (1998) (2.73+0.23)

‘Harry et al. Relativerate 3.30+025 296 -
(1999) (3.27 % 0.25)

‘Thiswork ~ PLP-LIF 3.92+0.13 298732 (3.1+7.1)x1072

(T/298)!-3+16 (6:4+58)RT

Units are 107" cm? molecule™ s7!. *Units of 4 are cm® molecule™! s™' and E, are kJ
mol™!. “Measured at 295 K. “Measured at 294 K. “Measured at 296 K. /Arrhenius
parameterisation and A(298 K) are both the averages of experiments using OH + diethyl
ether and OH + 2,3-dimethyl butane as reference reactions. Rate coefficients in italics
are based on updated reference reaction rates from references [167, 168].

Two temperature-dependent investigations of the OH + di-n-butyl ether rate
coefficient exist (Figure 3-10), and as with the single room temperature measurement
studies, their reported rate coefficients are lower than this work’s. Semadeni et al. [164]
made measurements using a relative rate method using 2,3-dimethyl butane and diethyl
ether as reference compounds, and the photolysis of ethyl or methyl nitrite in the presence
of NO provided the hydroxyl radicals required for the reactions. A Xe arc lamp was used
as a solar simulator for photolysis. Mellouki et al. [113] employed pulse flash photolysis
— laser-induced fluorescence to study the reaction using 248 nm photolysis of H2O»,
similar to the work carried out here. The reported room temperature values for kon+pBE

are (2.69 £ 0.08), (3.12 £ 0.16), and (3.05 £ 0.09) x 10! cm® molecule™ s™! respectively
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for Mellouki et al., and Semadeni et al. using DMB and DEE. Semadeni et al. used a

modified Arrhenius expression to yield an average parameterisation of all their relative

9.7+0.3

rate experiments where kon+pe(248 — 353 K) = (6.3 +0.74) x 108 x P xerr cm?

molecule™! s7!'. The fit to the data by Mellouki et al. yielded the expression kouppe(248

4.2+1.2
~ 353 K)=55%x10"%x¢ & cm’® molecule” s™'. In comparison with the modified

Arrhenius expression in this work, konpse(298 — 732 K) = x (3.05+7.13) x 10"

7 \(131£1.62)  (6354583) . . .
(ﬁ) xe rr , the fit by Semadeni et al. predicts a shallow negative

temperature dependence when extrapolated past their experimental temperature range,
whereas the data in this study shows a lack of temperature dependence above
approximately 500 K. Extrapolating the fit by Mellouki et al. past their experimental
conditions almost identically predicts the temperature dependence we observe. An update
to the temperature-independent reference rate coefficient used by Semadeni et al.
(kom+pme = 6.20 x 10712 cm?® molecule™! s7!) to the latest recommended by Atkinson [168]
(kom+pms = 5.78 x 1072 cm? molecule™! s™! at 298 K) which is dependent on temperature,
reduces the rate coefficients by approximately 15% at the lower temperatures, and results
in an increase of ~6% at the highest temperatures reported. No update to the

recommended OH + DEE rate coefficient exists.

Given the disagreement with the majority of the literature by approximately 25%
across all temperatures, it is possible there is a systematic error associated with the
preparation of the di-n-butyl ether bulbs that the bubbler experiments were calibrated
with. The low vapour pressure of DBE results in a more difficult bulb composition
process, and inherently increases the percentage error of any discrepancy between the
pressure of DBE in the bulb, and that of the pressure read from the manometer. Similarly,
any slight leaks on the vacuum line will contribute to the uncertainty, however these were
negligible. Loss of DBE to the walls will be greater over time, as a result of the low
vapour pressure. It is possible that these issues affect the ability to deliver the reactant in
this work, but also in the previous literature studies. Nelson et al. [137] also noted the
discrepancy between their work and Bennett and Kerr and Wallington was not clear, as
they were in agreement on shorter chain ethers. This suggests there can be systematic

issues with higher member ethers.

The negative temperature dependence seen for the reaction between OH and DBE
in this work, and previous literature, may indicate similar behaviour to that observed for

the OH + TMOF reaction in section 3.4.1. Occurring at approximately 350 K for the OH
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+ DBE reaction indicates that the complex formation may become more facile with a
larger molecule, where the larger number of degrees of freedom makes the configuration
required to form a complex between the ether molecule and OH more probable. Similarly,
the temperature where this behaviour has been observed to begin in previous studies for

OH + DEE is between that for DME and for DBE.

Despite the overall disagreement, qualitatively this work has corroborated the
temperature dependence seen in other studies from room temperature to approximately
370 K, and therefore confidence should be afforded in the higher temperature (<732 K)

behaviour of kon+pBE, Where a lack of temperature dependence is clear.

3.7 OH + Methyl Tertiary Butyl Ether

MTBE bears structural similarities to DME, and can be synthesised using
methanol (and therefore bio-methanol) [72]. MTBE has been used as an additive to
improve the octane rating of fuels [73], but few studies exist on the low temperature
oxidation mechanism of MTBE relevant to its use as a biofuel additive. MTBE possesses
two distinct sites that the hydroxyl radical can abstract from; a (reaction R 3-16) and 3
(reaction R 3-17) primary sites (Scheme 3-5). The products of these reactions are H.O
and a radical, R. This first step has been measured in this work, with a non-site-specific
approach, thus reported values for kon+mtse refer to the sum of the rate coefficients for

reactions R 3-16 and R 3-17.

(CH;),COCH; + OH — (CH;),COCH, + H,0 R 3-16
(CHs),COCH; + OH — H,C(CH3),COCH; + H,0 R 3-17

Scheme 3-5: Possible hydrogen abstraction sites for MTBE, and the resulting R
radicals formed.
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Previous research has not covered kon+mtee comprehensively, with few extensive
temperature dependent studies conducted. The majority of studies focused on lower
temperatures, often using relative rate or flash photolysis methods [131, 132, 135, 163,
174-179]. A full summary of past work on kon+mTBE is presented in Table 3-9. Only two
studies have been undertaken across large temperature ranges comparable to our
measurements [175, 176]. All other studies were carried out at 440 K and below. There
has been some discussion in the literature of the two possible MTBE sites for hydrogen
abstraction, but no direct experimental measurements of the site-specific rate coefficients.
Arifetal. [175] predicted ~80% and ~20% abstraction from the o and [ sites respectively,
based on previous product analysis from smog chamber experiments [180, 181]. The
dominance of abstraction from the methyl site rather than the #-butyl site was expected
due to the weaker C-H bonds on the a carbon. Theoretical studies by Iuga et al. [182],
Zavala-Oseguera et al. [183] and Atadinc et al. [184] have all indicated similar branching

ratios for H abstraction (~75%, 74% and 63% abstraction from the a site respectively).

3.7.1 OH + (CH3);COCH3 Temperature Dependence

The bimolecular rate coefficient for the reaction between methyl fertiary-butyl
ether and the hydroxyl radical has been measured under pseudo-first order conditions,
where the concentration of OH was controlled by reaction R 3-18. Appendix A includes
a typical single exponential decay. Analysis of the OH decay rate at varying
concentrations of MTBE to give k'on+mtBE, and least squares linear fitting of these
pseudo-first order rate coefficients as a function of [MTBE], for a given temperature and
pressure, provides the bimolecular rate coefficient kon+mtBe. Three example bimolecular

plots are displayed Appendix A.

C5H120+OH—>C5H110+H20 R3-18

Rate coefficients for the abstraction of hydrogen by OH from methyl ferz-butyl
ether (kon+mTBE) Were measured as a function of temperature, using hydrogen peroxide
as a photolytic precursor, in the ranges 298 — 727 K and 29 — 67 Torr N». The details of
all rate coefficients measured are displayed in Table 3-8. The measured rate coefficients
did not vary significantly with laser power or laser repetition rate (5.9% maximum

variation between 10, 5 and 2 Hz, and no variation within uncertainties). Additionally,
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varying the photolysis wavelength between 248 and 266 nm produced no significant
variation in the bimolecular rate coefficient. Although there are no reported UV cross
sections for MTBE, this lack of variation with photolysis wavelength is consistent with

the insignificant cross-sections for smaller ethers at 248 nm and 266 nm [169].

Table 3-8: Bimolecular rate coefficients obtained for OH + MTBE. Uncertainties
are 2¢ with an additional 10% of the measurement value added to account for
systematic errors.

T/K 10'? kons+mTBE

104 [MTBE]" P/ Torr

n
298 | 2812037 6 16-77 29
298 | 2.80+0.53 5 27-108 | 39
354 1 3.00+0.70 5 28-96 | 37
395 | 4.18+0.76 6 25-85 | 37
41 | 615+119 5 22-77 37
495 | 7274168 6 21-102 | 63
510 | 843145 | 6 23-99 | 45
568 | 10.62+1.18° | 6 24-102 | 52
604 | 1042+123° | 11 17-83 | 62
605 | 10.76+1.22¢ | 6 20-83 | 45
624 i 11.18+132° | 8 16-69 | 38
646 | 1255 145° 6 19-79 | 45
653 | 1346+ 1.57¢ | 5 27116 | 67
680 | 1435+1.71°¢ | 5 18-75 | 45
707 i 13.13+2.13¢ | 7 . 17-98 46
727 1244+157¢ | 5 16-69 | 46

Units of cm® molecule™ s7!. ®Units of molecule cm™. “From global analysis. n refers
to the number of experiments comprising a bimolecular determination.

At temperatures greater or equal to 568 K, the OH signal could no longer be
represented as a single exponential, rather, the OH signal decay was biexponential. The
presence of some oxygen when delivering hydrogen peroxide by a mass flow controller,
allowed OH regeneration to occur via reaction R 3-19, where the O, combines with the

MTBE-derived R radicals.
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CsH;;0 + O, — products R 3-19

The biexponential decay in Appendix A (Figure A 10) demonstrates the poor fit
of a single exponential decay equation to the data obtained at 568 K and above, and the
good fit by the biexponential equation. Biexponential traces were analysed globally,
where several traces generated at a given temperature and pressure were analysed
simultaneously to obtain a kon+mtBe shared across the traces (and other parameters
important for Chapter 6). As a result of the well-defined nature global fitting possesses,
uncertainty ranges on these data are particularly small. A bimolecular plot derived from

biexponential data is shown for illustrative purposes only in Appendix A.

The Arrhenius plot for kon+mtae is shown in Figure 3-11 and kon+mtBe(7) can be

7 \27*13 252+5.63] 1
—_— X Xp

described by konmer(298—680 K) = (9.8 £21.6) x 10" (298 RT

molecule™ s7!. Across the temperature range relevant to this work (298 — 680 K), the
uncertainty of the Arrhenius parameterisation is 13% — the maximum size of the 95%
confidence limits. A weighted fit was used to describe the temperature dependence of the
data obtained, and the highest two temperature measurements were omitted, as a result of
the apparent decrease in rate coefficient, which was attributed to decomposition of the

MTBE at high temperatures.

The mean room temperature value for the bimolecular rate coefficient for reaction
R 3-18 measured in this work is shown in Table 3-9, along with a summary of literature
measurements and their room temperature measurements. The uncertainty in the room
temperature rate coefficient from this work is 2c with an extra 10% of the measured rate
coefficient propagated, to allow for the systematic errors associated with the experimental
method, and avoid weighting the data towards the small errors produced by global
analysis of biexponential decays. Our value for kon+mree ((2.81 £ 0.32) x 1072 cm?
molecule™ s7)is in good agreement with previous measurements. Considering only the
statistical uncertainty (+ 0.12 at the 26 level), we measured a slightly lower rate than the
majority of the literature values, but are in agreement (within errors) with measurements

made by Arif et al. [175], Picquet et al. [178], Teton et al. [179], Smith et al. [131], Cox
and Goldstone [177], and Bennett and Kerr [163].
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Figure 3-11: This work kon+vrse dependence on temperature. Red = 266 nm, black
= 248 nm, green data are also 248 nm, but omitted from the Arrhenius

parameterisation. kon+MTBE(298—680 K) = (9.8 +21.6) x 10713 (7/298)%7*1-5 ¢(2-52+5.63)/RT
cm? molecule™! s,

The studies by Picquet et al. [178], Smith et al. [131], Cox and Goldstone [177],
and Bennett and Kerr [163] all used relative rate techniques, employing reference
reactions of the hydroxyl radical with n-pentane, n-butane, n-hexane, and iso-butene
respectively. Smog chambers were used by Picquet et al., Smith et al., and Bennett and
Kerr, where methyl nitrite photolysis was the precursor for OH in the studies by Picquet
et al. and Smith et al. Photolysis of hydrogen peroxide at 254 nm and 310 nm was also
used by Picquet et al., and Bennett and Kerr photolysed nitrous acid at wavelengths
ranging from 350 to 450 nm. Teton et al. [179] reported a bimolecular rate coefficient of
(3.13 £ 0.36) x 1072 cm® molecule™! s™!, measured using flash photolysis — laser-induced
fluorescence, where HoO» was the photolytic precursor, and 248 nm the wavelength used.
Given the similarity to the technique used in this work, agreement is to be expected,
although their absolute value is 11% higher. An updated rate coefficient for the study by
Picquet et al. can be calculated based on the latest recommendation for koH+x-pentane by
Atkinson [168] (kot+n-pentane used = 3.96 x 107! cm?® molecule™ s™!, updated kor+n-pentane

= 3.80 x 107!2 cm® molecule™! s'), where the new room temperature rate coefficient
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kowmtee = (2.86 £ 0.06) x 1072 cm® molecule™! s7!, is in better agreement with this work.
The relative rate study by Smith et al. also sees improved agreement after updating their
measurements. The value for kom+n-butane used was 2.54 x 1072 cm® molecule™! s7!. The
latest recommendation by Atkinson [168] yields an updated rate coefficient of koH-n-butane
=2.36 x 1072 cm® molecule™! s7!, giving an updated measurement of koumrse = (2.78 +
0.12) x 107'2 cm?® molecule™! s~!. Bennett and Kerr’s work sees slightly worse agreement
with the measurements in this chapter, where the temperature-independent reference rate

coefficient kompme = 6.20 x 1072 ¢m® molecule™ s!

is updated to the temperature
dependent recommendation by Atkinson [168], seeing a decrease in OH + MTBE rate

coefficients of approximately 15% at the lowest temperatures, and 5% at the highest.

A relative rate study by Wallington et al. [174] does not agree with our measured
kon+mTBE When considering only the statistical uncertainties, and is just outside agreement
of the full uncertainty range estimated here. Methyl nitrite photolysis was used to generate
the OH radicals, and MTBE was measured relative to the reaction between OH and n-
butane. Using the updated value for kon+x-butane(295 K) recommended by Atkinson [168]
since, a value of konrmtee = (2.97 + 0.08) x 1072 cm? molecule™! s™! puts the relative rate
measurement by Wallington et al. in good agreement with this work. The earlier study by
Wallington and co-workers [135] used UV photolysis of H O at 165 nm coupled to
microwave OH resonance to study the reaction, and their reported rate coefficient
kowsmtee = (3.09 £ 0.15) x 10712 cm?® molecule™ s7! is less than 1% away from our value

when statistical uncertainties are accounted for.

Figure 3-12 shows a comparison between kon+mTBE as a function of temperature
in this work, with previous studies. Below approximately 400 K, the values of kon+mMTBE
from this work overlap with the measurements of Arifet al. [175] and Bonard et al. [176],
however above this temperature higher rate coefficients were measured. Biexponential
decays were not observed prior to this work, despite Bonard et al. using H>O» as their OH
precursor, meaning their experiment potentially contained oxygen. The small number of
data points (~8 per trace), may have been insufficient to reveal biexponential behaviour.
Any unaccounted biexponential behaviour would have resulted in extraction of their
pseudo-first order rate coefficients lower than the actual values. An example of the lower
value of £’ extracted from a single exponential fit to biexponential data can be seen in the

reported &' and k.’ values in Appendix A.
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Table 3-9: Comparison of the rate coefficient obtained for kon+mr1BE With previous
measurements.

Reference Technique k(298 K)* T/K k(T)°
Bonard et al. PLP-LIF 3.05+0.03°¢ 297-616  5.7x10°1  (7/298)**
(2002) o ISRT

‘Picquet et al. Relative rate - 298+0.06 298 -
(1998) (2.86 £ 0.06)

Arif et al. LP-LIF  298+0.117 293-750 1.3x102 (7/298)*"
(1997) Q2 2VRT

‘Teton et al. PLP-LIF 3.13+036  230-371 5.0x102x g LIRT
(1996)

‘Smith et al. Relative rate 299+0.12 298 -
(1991) (278 +0.12)

‘Bennett and Relative rate - 2.84+028  242-328 4.0x102x ¢ O8KT
Kerr (1990) (2.64+0.28)

“Wallington et Relative rate  3.24+0.08° 295 -
al. (1989) (2.97 £ 0.08)

“Wallington et UV photolysis— . 3.09+0.15  240-440 5.1x102x g L9RT
al. (1988) microwave OH

resonance

“Cox and Relativerate  2.51 £0.50° 295 -
Goldstone
(1982)

‘Tranter and  Relative Rate na 753 (1.48+0.22) x 10711
Walker
(2001)

‘This work PLP-LIF 2814032  298—727 (9.8+21.6)x103

(T/298)27215 g2 545.6RT

@Units are 1072 ¢m® molecule™ s7!. ®Units of 4 are cm® molecule™! s and E, are kJ
mol!. “Measured at 297 K. “Measured at 293 K. “Measured at 295 K. Rate coefficients
in italics are based on updated reference reaction rates from reference [168].

Measurements made by Arif et al. [175] were made using photodissociation of
N20 at 193 nm, and subsequent reaction of O('D) with H2O to generate OH radicals.
Lower rate coefficients measured by Arif et al. in comparison with this work may be as a
result of photolysis of their reactant at the lower wavelength used, or relaxation of excited
OH radicals over the duration of a kinetic decay. On the basis of the absorption cross-
section of diethyl ether, at room temperature and 193 nm (3.9 x 107" cm?
molecule ! [169]), the estimate of 107! cm? molecule™! for the cross-section of MTBE

used by Arif et al. may underestimate the degree of reagent photolysis, particularly at
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high temperatures, as cross-sections generally increase with temperature. The degree of
MTBE photolysis (<0.5% for a cross-section of 3.9 x 107" cm? molecule ™) will not cause
significant MTBE depletion in a single photolysis pulse. However, if the reaction mixture
is subject to several photolysis pulses and/or the cross-section is larger at higher
temperatures, then MTBE depletion could be significant. Additionally, there would be a
significant extra radical pool from MTBE photolysis and there may therefore have been
radical-radical reactions present that could have affected the OH kinetics. However, Arif
et al. reported no variation in rate coefficients as the photolysis laser intensity was
changed, suggesting that such effects were not present, although the temperatures at

which such checks were made was not stated.
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Figure 3-12: kon+mTBe measured in this work (®, hollow=masked in fit), with a
modified Arrhenius fit (excluding the highest two temperatures), where the 95%
confidence bounds are shown in grey shading. The black dashed line shows the
Arrhenius parameterisation extrapolated past the experimental conditions of this
work. Uncertainties are 2o with an additional 10% of the value to account for
systematic errors. The literature studies, and their Arrhenius parameterisations
where relevant, are Cox and Goldstone (1982) (m), Wallington et al. (1988) (&),
Wallington et al. (1989) (¥), Bennett and Kerr (1990) ( ), Smith et al. (1991) (<),
Teton and Mellouki (1996) ( ) (only fit and room temperature data provided in
paper/SI, no temperature dependent data), Arif et al. (1997) (®), Picquet et al. (1998)
(*), Tranter and Walker (2001) (®), and Bonard (2002) (9).
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Explorations of the temperature-dependent behaviour of the OH + MTBE reaction
over ranges less comparable to this work were presented in the studies already described
by Teton et al. [179], Wallington et al. [135], and Bennett and Kerr [163]. Figure 3-12
shows the Arrhenius parameterisations of these studies, extrapolated to higher
temperature comparable with this study. All three temperature dependences exhibit
remarkably similar behaviours, where the rate coefficient is under predicted as a result of
the lack of a modified exponential temperature term (Table 3-9). This is not surprising
given the limited temperature ranges explored (230 — 371, 240 — 440, and 242 — 328 K

respectively).

A value of konrmree = (1.48 £ 0.22) x 107! cm® molecule™! s™!' at 753 K was
determined by Tranter and Walker [132] using relative rate methods, with the OH + H»

reaction as a reference. This value is in good agreement with the current work.

There is slight evidence of a negative temperature dependence around room
temperature for kon+mtBe measured here, but not so pronounced as for the DBE and
TMOF systems. Bennett and Kerr [163] studied reaction R 3-18 using a relative rate
technique from 246 — 314 K finding a slight positive temperature dependence (E. = 0.85
+ 0.59 kJ mol™!) although for diethyl ether and several other larger ethers, a negative

temperature dependence was observed.

Presented in Figure 3-13 is the modified Arrhenius expression for OH + MTBE
hydrogen abstraction employed by Yasunaga et al. [127] to validate data on MTBE
oxidation from their shock tube measurements. To our knowledge, these are the only data
on reaction R 3-18 above ~750 K. Yasunaga et al. used group additivity rate coefficient
estimates based on H abstraction from other molecules, such as DME, ethyl methyl ether,
iso-propyl methyl ether, and methyl cyclohexane. Although this expression was only used
to validate experiments over the range 900 — 1600 K, when it is extrapolated back over a
relatively short temperature range to the highest temperatures of this work and Arif et
al. [175], the extrapolated values are approximately a factor 2 lower (Figure 3-13).
Yasunaga et al. report that unimolecular decomposition reactions of MTBE dominate the
chemistry and hence an underestimation of kon+mTBE Will have a limited effect on their

model:measurement comparison.
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Figure 3-13: Comparison of measured kon+mtBe with Yasunaga et al. [127], red line
as they report their Arrhenius parameterisation. The modelled modified Arrhenius
expression used by Yasunaga et al. is shown for their validated temperature range
(red) and extrapolated to lower temperatures (red dashed). The green line
represents the Arrhenius expression if the gas constant used in the fit is J mol~! K™!
rather than cal mol~! K.

A second Arrhenius expression is present in Figure 3-13, where the green line
represents the fit reported by Yasunaga et al. [127] if the gas constant used in the fit is
expressed in J mol™! K™!, rather than the units of cal mol! K™! suggested in their model.
This correction causes their expression to line up remarkably well with our data and other
studies, so it is possible this was intended. It is not certain whether this is the case, or it is

merely coincidental.

3.8 OH + Dimethyl Ether

There has been considerable interest in the use of dimethyl ether as a biofuel
additive and standalone fuel, owing to its good cetane rating [34, 38] and lack of soot
emissions [38]. The reaction between the hydroxyl radical and DME (reaction R 3-20) is
the initial step in its low temperature combustion mechanism (when initiated by OH,

rather than another small molecule) which gives rise to the autoignition of the fuel in a
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low temperature engine. Further reactions involving the addition of Oz will ultimately
lead to chain-branching and combustion (see Chapter 6 for further details and

experiments).

CH;0CH; + OH — CH;0CH, + H,0 R 3-20

As the simplest ether, possessing only one unique abstraction site (Scheme 3-6),
two methyl groups, and one oxygen, OH + DME was a good reaction to study initially,
for later comparison with higher ethers. Reaction R 3-20 has been studied over an
extensive temperature range previously in the literature, where techniques, the majority
of which are flash photolysis or relative rate studies [113, 132, 134, 136, 137, 165, 174-
176, 185-187], have characterised the temperature dependence up to 800 K, and a shock
tube study has been used to observe the reaction at higher temperatures (923 —
1523 K) [126]. All previous studies are summarised in Table 3-11. In this chapter,
reaction R 3-20 has been measured, and is generally in reasonable agreement with the
previous studies. Thus, work in this section was able to verify that the experimental setup
possessed no major issues, allowing the study to proceed with reactions involving higher,

lesser studied, ethers, and more complex reactions.

H o H o
HX W<H — .
H H

Scheme 3-6: Identical hydrogen abstraction sites possible for dimethyl ether
reaction with OH, and the R radical formed.

3.8.1 OH + CH3OCH3 Temperature Dependence

The bimolecular rate coefficient for the reaction between dimethyl ether and the
hydroxyl radical has been measured under pseudo-first order conditions, where the
concentration of OH was controlled by reaction R 3-20. A typical pseudo-first order decay
was presented in the kinetic trace in section 3.3 in Figure 3-1. Analysis of the OH decay
rate at varying concentrations of dimethyl ether to give k'on+pme, and least squares linear

fitting of these pseudo-first order rate coefficients as a function of [DME], for a given
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temperature and pressure, provides the bimolecular rate coefficient kon+pme. Three

examples of typical bimolecular plots are displayed in Appendix A (Figure A 11).

At 523 K to 634 K, kinetic decays exhibited biexponential behaviour, indicating
recycling of OH radicals. Oxygen present in the system due to decomposition of H202 is

likely the source of this OH, combining with methyl methoxy radicals in reaction R 3-21.

CH;0CH, + O, — products R 3-21

Observation of biexponential decays is highly dependent on temperature and
concentrations of oxygen and fuel. As such, there were occasionally traces within the
temperature range quoted above that exhibited normal exponential behaviour, rather than
biexponential. Similarly, the highest two temperatures explored in this study — 671 K and
673 K — were single exponential decays. Regardless, this should have no effect on the
ability to extract the pseudo-first order rate coefficient from a kinetic trace. An example

biexponential decay with fitting is shown in Appendix A.

The temperature dependence of reaction R 3-20 has been investigated, with rate
coefficients measured between 25 and 57 Torr of pure N, between 298 and 673 K, and
hydrogen peroxide was the photolytic precursor. A plot of the rate coefficient as a
function of temperature is shown in Figure 3-14, and all values of kon+pme are displayed

in Table 3-10. Previous measurements by other studies are included in Figure 3-15.

The mean room temperature rate coefficient taken from three measurements was
(2.66+0.09) x 1072 cm? molecule™! s7!, where the error quoted in the measurement refers
to a purely statistical uncertainty at the 2c level. The fit to the data as a function of
temperature in Figure 3-14 used the three individual room temperature kon+pme values,

rather than the calculated mean.
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Table 3-10: Bimolecular rate coefficients obtained for OH + DME. Uncertainties
are purely statistical at the 26 level.

T/K 10'? kom+pme? n 1074 [DME] range” P/ Torr
298 2.63£0.13 6 3.6-142 750
298 ' 2.71+0.09 5 34-118 57
208 ' 2.65+0.23 5 27120 57
419 318+0.15 6 21-101 57
475 ' 3.46+0.19 6 ' 1.8-8.7 57
523 5,19+ 1.49 4 ' 1.7-638 57
543 5364072 5 17-6.7 57
545 | 5.86+0.85 7 2389 38
546 673114 4 1 19-72 57
574 628124 (4 16-64 57
590 16414030 4 12.9-10.8 57
590 7.06+0.93 4 1.7-6.5 57
594  6.41£0.11 6 1.6-6.4 57
605 7224050 4 11-8.1 25
629  8.64+ 13 4  1.6-6.0 57
634 8.11+0.72 4 1456 57
656 841219 4 14-55 57
671 1 647+0.54 08 1454 57
673 16.89+070 {6 1.5-53 57

2Units of em® molecule™! s7'. ®Units of molecule cm™. n refers to the number of
experiments comprising a bimolecular determination.

Plotting the obtained bimolecular rate coefficients for the reaction between DME
and the hydroxyl radical as a function of temperature shows a strong positive temperature

dependence above approximately 450 K. The modified Arrhenius fit to the data in Figure

T )(6.88i1.08)

3-14 can be described by kon+pme(298 — 656 K) = (1.22 + 1.83) x 10" (ﬁ

X

(19.07+3.82)
e & cm’ molecule™' s7'. The uncertainties reported are statistical at the 2c level, and

the maximum uncertainty of the 95% confidence limits across the temperature range valid
for this parameterisation is 7%. The two hollow data points in Figure 3-14 were omitted
from the fit to the data, where unusually slow rate coefficients were measured. It is
possible this was a result of decomposition of the fuel in the reaction cell at high

temperatures, resulting in lower DME concentrations than calculated, and therefore a
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slower observed removal rate of OH radicals. This was seen by Arif et al. [ 175] studying
the same reaction, at approximately the same temperature, and their suggestion was also

decomposition of their fuel.
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Figure 3-14: Measured bimolecular rate coefficient (®) for the OH + DME reaction
as a function of temperature. The black line represents the best fit of a modified
Arrhenius parameterisation where kon+pmMe(298 — 656 K) = (1.22 + 1.83) x 10715
(77298)5-88+1.08 o(19073.82)RT cim3 molecule™ s~!. Hollow data at high temperature are

omitted from the fit, the grey boundaries are the 95% confidence limits, and error
bars represent statistical uncertainties at the 2o level.

Figure 3-15 compares the temperature dependence of the OH + DME rate
coefficient measured in this work with previous studies, and all previous works are
summarised in Table 3-11. Relative rate studies by Wallington et al. [174] and Nelson et
al. [137] found room temperature rate coefficients (highlighted in Figure 3-16) kon+pmE
= (2.32+0.23) and (3.19 £ 0.70) x 1072 cm® molecule™! s7! respectively, both in, or very
close to, agreement with the rate coefficient measured in this work. Wallington et al. used
methyl nitrite photolysis, and made measurements relative to the reaction between OH
and n-butane. Updating the reference rate coefficient used (komn-butane = 2.53 % 10712 cm?

molecule™! s7) to the latest recommended by Atkinson [168] (kow-n-butane = 2.32 x 10712
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cm?® molecule™! s™1), gives a new value of kom+pme = (2.13 £ 0.23) x 10712 cm® molecule™
s~! placing their measurement further from agreement with this work’s. Nelson et al. used
the same photolytic precursor, as well as H>O> (A = 254 nm), and employed OH +
cyclohexane as the reference reaction. The uncertainty quoted and included in Figure 3-15
includes the extra 25% suggested by the authors. An update to the reference rate
coefficient used (koHtcyclohexane = 7.49 x 10712 cm® molecule™! s!) to the latest
recommended by Atkinson [168] (kom+cyclohexane = 6.97 % 10712 cm? molecule™ s™!), gives
anew value of kon:pme = (2.97 £ 1.44) x 107'2 cm® molecule™ s7!, still in agreement with
this work. Nelson et al. also made an absolute measurement of kon+pme ((2.35 + 0.24) x

1072 ¢cm® molecule™ s7!) using pulse radiolysis of Ar/H>O mixtures coupled to UV

SpGCtI‘OSCOpy.
1000/T/K!
5.0 25 17 13
2.0x10"! o : : _ . ' .
1000/7/ K
T T 3.0x10
” P
n 11 | 2sxi0 i g
‘2 15X10 é2010*”- | g
8 B ] // v
O = 1.5x10 g
° E L0x10 |} ] // .
E < 5.0x10°'2 i ‘T%;H L7
g 1.0x107 = coERERERES 4 1
) 200 400 600 800 1000 1200 1400 l
~
4]
=
)
E 5.0x107"2
«O .UX
T T I ! | i |
200 400 600 800

T/K

Figure 3-15: Comparison of kon+pme measured in this work (®) with previous
literature measurements. Symbols represent Perry et al. (1977) (m), Tully and
Droege (1987) (4), Wallington et al. (1988) (¥), Wallington et al. (1989) ( ), Nelson
et al. (1990) absolute (<), Nelson et al. (1990) relative ( ), Mellouki and Teton (1995)
(®), Arif et al. (1997) (), DeMore and Bayes (1999) (®), Tranter and Walker (2001)
(9), Bonard et al. (2002) (+), Bansch and Olzmann (2013) (%), Carr et al. (2013) ().
The inset shows the full range at high temperature including Cook et al. 2009 (X).
Uncertainties in this work represent statistical errors at the 2o level, and literature
uncertainties are as reported/suggested by the authors.



115

1000/7 /K™
" 34 34 34 34 34 34 33 33
6.0x10™ g T T T —
B Perryetal. (1977)
5.5X10-12 7 A Tully and Droege (1987) -
- { WV Wallington et al. (1988)
7o) -12 | Wallington et al. (1989) -
n 5.0x10 « Nelson et al. (1990) abs.
<L A Nelson et al. (1990) rel.
5 4.5%x10712 4 ® Mellouki and Teton (1995) .
= 1 e grlledet v (119137) (1999)
} eMore and Bayes
g 4.0x10 124 @ Tranter and Walker (2001) 7]
= 12] 3 Bamsehand Olsmann 2013
-12 ansch and Olzmann -
Qo 35X1O Carr et al. (2013)
= ]
23.0x10'29 £ A T -
=) ] ¢ @ Q I |
= 12 ¥ i
52.5x10 ]
=~ ] i
2.0x107'% 1 -
1.5x107"?

203 294 295 296 297 298 299 300
T/K
Figure 3-16: Comparison of kon+pme rate coefficients measured in the literature

(legend) with this work (@), ~298 K. Uncertainties in this work represent statistical
errors at the 2o level, and literature uncertainties are as suggested by the authors.

Narrow temperature ranges up to approximately 440 K were explored in studies
by Perry et al. [134], Tully and Droege [165], Wallington et al. [136], Mellouki et
al. [113] and DeMore and Bayes [187]. The flash photolysis — resonance fluorescence
technique used by Wallington et al. involved photolysis of H2O to generated OH radicals,
where the wavelength used was >165 nm. The room temperature measurement reported
in their study was kon+pme = (2.49 £ 0.22) x 1072 cm® molecule™! s7!, in good agreement
with this work’s, and the positive temperature dependent behaviour appears to align well
with that reported here. These studies by Perry et al., Tully and Droege, Mellouki et al.
and DeMore and Bayes all exhibited higher rate coefficients across their studied
temperature ranges in comparison to our study, barring the room temperature kou+pDMmE
reported by Mellouki et al. which shows agreement within uncertainties. Perry et al. used
flash photolysis — resonance fluorescence with photolysis of H2O (A > 105 nm) to study
the reaction across the temperature range 299 — 427 K. Wavelengths this short could
certainly subject dimethyl ether to some degree of photolysis, particularly at high
temperatures, (DME ¢ = 5 x 1077 ¢cm? molecule™! at 105 nm [188], 9.8 x 107'* cm?

molecule! at 165 nm [169], both at room temperature. Typically absorption cross
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sections increase with temperature), which may have been the source of unwanted radical-
radical reactions interfering with the removal of OH. However, Perry et al. reported no
variation in rate coefficients when the photolysis laser energy was varied by a factor of
two. Similarly, the photolysis of N>O to O('D) in the presence of water was employed as
the photolytic OH generation method by Tully and Droege, where the laser wavelength
needed was 193 nm. In the flash photolysis — laser-induced fluorescence experiment used,
this likely also contributed to reactant photolysis and potential extraneous reactions,
resulting in a faster rate coefficient. At higher temperatures, the authors saw non-
exponential decays, where the initial decay portions were weakly dependent on laser
energy. These decays were not reported, but the dependence on laser energy may suggest

some photolysis took place.

Despite the potential for issues with the studies described above, the work by
Mellouki et al. [113] also observed a faster rate coefficient than reported here above room
temperature, however the technique used was identical to this work; pulsed laser
photolysis — laser-induced fluorescence, with 248 nm photolysis of the hydrogen peroxide
photolytic precursor. As such, there is no obvious reason for a discrepancy between the
two studies. Finally, DeMore and Bayes [187] studied reaction R 3-20 from 263 K to
364 K, using a relative rate technique where n-butane, n-pentane and cyclohexane were
all employed as reference compounds, and ethane was the ultimate reference used for
those. Photolysis of H>O at 254 nm provided the source of OH radicals at temperatures
comparable to this chapter, so no significant photolysis of DME is expected to have
occurred. Adjustment of the reference rate coefficient used (at 298 K kon+ethane = 2.54 X
10" ecm?® molecule ™ s7!) to the latest recommended by Atkinson [168] (at 298 K kom+cthane
=2.48 x 107"* cm? molecule™! s7'), yields a new value of kon+pme = (2.79 £ 0.14) x 1072
cm® molecule™! s™! placing their measurement just in agreement with this work’s. The

updated values make only a minor adjustment across the entire temperature range.

Between 400 and 500 K, the limited number of rate coefficients measured in this
work are noticeably slower than the data available in the literature. It is possible that a
significant recycling of OH could yield single exponential decays (rather than
biexponential), where the returned pseudo-first order rate coefficient is significantly
slower, and the difference between the true rate and the measured rate would give the OH
yield (see section 5.4 in Chapter 5 for a detailed description of this method). However, it
is not immediately clear why such an extreme recycling rate would occur at such

temperatures and low oxygen concentrations, so this is unlikely.
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Table 3-11: Comparison of the rate coefficient obtained for kon+pme with previous
measurements.

Reference Technique k(298 K)* T/K k(T)°
Mellouki et al. LFP-LIF 2.82+0.07° 230-372 6.38x10712 x g 19¥RT
(1995)
‘Arifetal. LP-LIF 295+ 021 295-650 1.05x107'7 x 72 x 27T
(1997)
‘Nelsonetal. Pulse radiolysis—  235+024 298 -
(1990) UV spec.
‘Nelsonetal. Relative rate . 319070 298 -
(1990) (2.97 £ 1.44)
‘Wallingtonetal.  Relativerate 232+023 295 -
(1989)
(2.13+£0.23)
‘Wallington etal. UV photolysis- 249 £0.22° 296-440  6.7x107 12 x ¢ 2%RT
(1988) microwave OH
resonance
Perryetal. Flash photolysis-  2.95+0.127 299 —424  1.29x10°'" x g 077RT "~
(1977) resonance
fluorescence
Tullyand LFP-LIF 2.95+0.06° 295-442  1.04x1071 x g3
Droege (1987)
‘Tranterand Relative rate - na 753 (9.56£1.32)x 10712
Walker (2001)
‘DeMoreand Relative rate 2.86+0.14 263-364 151 x 10711 x g *12ZRT
Bayes (1999) (2794 0.13)
‘Bonardetal. PLP-LIF 267+£0.07 295-618 459 x 109 2%x
(2002) @3 96/RT
‘Cooketal. Shock tube na 923-  na
(2009) 1523
Carretal. LFP-LIF  3.00=£0.06 195-800 1.23 x 1072 (7/298)2% x
(2013) o2 14RT
‘Banschand LFP-LIF 2.68+022 292-651 450 x 107X
Olzmann (2013) g0->3RT
“This work LFP-LIF 2.66+0.09 298656  (1.22£2.83)x 1075

(T/298)(6.88i0.50) X

e(19A07i3.82)/ RT

Units are 102 cm® molecule™ s7'. ?Units of 4 are cm® molecule™ s™! and E, are kJ
mol™'. “Measured at 296 K. “Measured at 299 K. “Measured at 295 K. /Measured at
293 K. Measurements in italics are based on updated reference reaction rates from
reference [168].

Most pertinent for comparison to our measurements are the studies with fitted

Arrhenius parameterisations included in Figure 3-15, where the full temperature ranges
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explored were similar to that of this work. Fits to the narrower previous temperature
explorations discussed above were not included, for clarity’s sake in the figure. The
following studies all used laser flash photolysis — laser-induced fluorescence to explore a
wide range of temperatures. In these studies, Bansch and Olzmann [185] employed
photolysis of HNO: at 248 nm to generate OH radicals at 292 — 651 K. Arif et al. [175]
photolysed N>O at 193 nm in the presence of H,O from 295 — 650 K. Bonard et al. [176]
used photolysis of H>O» across the temperature range 295 — 618 K, where the photolysis
wavelength was 266 nm. Carr et al. [186] previously studied OH + DME at the University
of Leeds from 195 to 850 K, and made use of three photolytic precursors: -BuOOH (A =
248 nm), acetone/O2 (A= 248 nm), and N>O/H>0O (A= 193 nm). All studies described here
are in qualitative agreement with the positive temperature dependence of kon+pMmE
reported in this work, but generally exhibited a faster rate coefficient below ~500 K.
Bonard et al. and Bansch and Olzmann, however, were both in agreement with our
measurement at room temperature, whereas Carr et al. and Arif et al. both measured
approximately 10% faster rate coefficients. Between this temperature and approximately
500 K, the two rate coefficients reported here underestimated all four extensive literature
studies, but above this temperature, agreement is found again when considering the error
bars. Higher than 650 K, this work’s modified Arrhenius parameterisation appears to
begin exhibiting a much more pronounced positive temperature dependence than the
previous studies, however, it is not unreasonable to envisage how our fit could follow the
same trend observed by Bonard et al. and Carr et al., and an extrapolation would be
subject to large uncertainties. There is likely to be some error in the measurement of
temperature, particularly with the experiments conducted by Carr et al., where a very
similar setup was used to that in this work. Since their study, we have demonstrated that
correction factors are required to compensate thermocouple readings for flow within the
reaction cell (see Chapter 2). However, the flow rates used are not known, and their
experiments were carried out in He, so a temperature correction may not be significant.
Tranter and Walker [132] used a relative rate method, with H> + OH as the
reference reaction to study kou:pme at 753 K, measuring (9.56 + 1.32) x 1072 cm?
molecule™ s!. There is no updated recommended rate coefficient for the H, + OH
reaction at the relevant temperature. Considering the error bars, an extrapolation of this
work (Figure 3-15) would be approximately 15% faster at this temperature. One shock
tube study has been carried out by Cook et al. [126], where --BuOOH was used as the

source of OH radicals, and the reaction was monitored at 307 nm from 947 — 1423 K. The
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data from this study are shown in the inset to Figure 3-15. The error bars represent 40%
of the values, which was estimated by the authors to be a reasonable consideration of the
overall uncertainty in the measurements. As a result, all studies could conceivably pass
through the data reported by Cook et al. at these temperatures, and no real confidence
could be placed in an extrapolation of the measurements made in this work to such high

temperatures.

3.9 Comparison of Ethers

Comparisons between the five ethers studied in this chapter can be drawn, where
Figure 3-17 displays the behaviour of all OH + ether rate coefficients as a function of
temperature. A straightforward comparison for the different molecules, are the rate
coefficients at room temperature. As expected, with increasing chain length, the three
straight-chained symmetrical ethers exhibit an increasing OH + ether rate coefficient as
more sites are available for hydrogen abstraction. Thus, the slowest rate coefficient is that
of OH + DME; OH + DEE is approximately five times faster, and DBE is three times as
fast again (koether = (2.66 £ 0.09), (12.6 £ 1.1) and (39.2 £ 1.3) x 107'? cm® molecule™!
s~! respectively). Evidently, the increase in rate coefficient magnitude is not proportional
to the changing number of potential abstraction sites, where they double from DME to
DEE, and again to DBE. An extension of the activation effect the ether —O— group exhibits
over at least three —CH»— groups likely gives rise to this behaviour [189].

MTBE and TMOF show different behaviour, with more marginal increases on the
OH + DME rate coefficient being apparent. Despite possessing the same number of
carbon abstraction sites as diethyl ether (4), MTBE’s ¢-butyl groups’ hydrogens are not
activated through close proximity to the oxygen. Only the single methyl site adjacent to
the oxygen will benefit from the donated electron density. As a result, the rate coefficient
for OH + MTBE at 298 K is very similar to that of the dimethyl ether system (2.81 +
0.32) x 1072 cm® molecule™! s7!. Trimethyl orthoformate has the same number of
abstraction sites available, but exhibits a faster reaction rate coefficient ((4.65 + 0.50) x
10712 cm?® molecule™! s') as a result of the increased number of oxygen atoms. Three
methyl groups are adjacent to O atoms, and the lone hydrogen attached to the central

carbon is activated through proximity to all three O atoms.

A comparison of the temperature dependence of the straight chain ethers shows

the progression of a positive dependence, to flat, to negative, from DME to DEE to DBE
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respectively. Mellouki et al. [189] noted that the temperature dependence of mono ethers
becomes negative as the reactivity increases. The positive temperature dependence of the
more complex MTBE and TMOF molecules is possibly as a result of the sites not
favoured at room temperature (the (CHz); and (CH30)3 groups respectively) becoming

more reactive as the temperature is increased.
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Figure 3-17: Temperature dependent behaviour of the reactions between the
hydroxyl radical and DME (m), DEE (®), DBE (4), MTBE (¥), and TMOF (#).

Figure 3-18 presents a comparison of the data presented in this chapter with
temperature dependent predictions of komn+ether using the structure-activity relationship
(SAR) parameters reported by Kwok and Atkinson [190] to predict the reactivity of gas-
phase organic compounds. For DME and MTBE the SAR calculated rate coefficients
reproduce the qualitative behaviour of the temperature dependences well, and for DEE
there is a slight negative and positive temperature dependence which were not seen in this
work’s measurements. The prediction for DBE under-predicts the rate coefficient
measured here close to room temperature, and then over-predicts kon+pee above 550 K as
a result of the positive temperature dependence arising from the calculations, which

should be valid from 250 — 1000 K. Porter et al. [153] attributed the deviations of OH +
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ether reactions from a simple SAR to the long-range activating effects that ether groups
exhibit. The largest discrepancy between the SAR parameterisation and the experimental
measurements is for the reaction between OH and TMOF, where the inset to Figure 3-18
shows a large over-estimation of kon+tmor at room temperature, and the opposite
temperature dependence to that observed here. The presence of three oxygen atoms causes
this poor agreement, where Kwok and Atkinson noted poly-ethers have particularly bad
agreement, and poor agreement for di-ethers has also been observed previously by Porter
et al. [153] through the study of dimethoxy methane. As a tri-ether, the issue is
exacerbated with TMOF.

1000/T/K!
33 2.5 2.0 1.7 1.4
SXIO_“ T T | . T T | T T
e = § = OH +DME
;,. 5x101° = = OH + DEE
B 501 L —— OH + DBE
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'O -OH+DBESAR . =
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o
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T/K

Figure 3-18: Comparison of OH + ether temperature dependences measured in this
work with SAR predictions by Kwok and Atkinson [190]. Inset shows the full range
of kon+ether to incorporate the SAR prediction for OH + TMOF.
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3.10 Conclusions

The first temperature-dependent study of the rate coefficient for OH + TMOF has
been carried out between 298 and 744 K. A similar study between 298 and 727 K was
conducted for OH + MTBE, and OH + DEE, where the study of DEE provided new
measurements of the rate coefficient between approximately 450 to 750 K. Similarly, new
rate coefficients were provided for the reaction between OH and DBE at temperatures
from ~370 to 732 K. A study of the simplest ether, DME, and its reaction with OH, was
also carried out from 298 — 673 K, and validated through comparison with previous
studies, where reasonable overall agreement was found. For DEE, reasonable agreement
with the literature was observed, although no temperature dependence was measured over
the temperature range studied, whereas previous studies carried out over lower
temperature ranges reported a negative temperature dependence. Measurements carried
out at an early stage of this thesis, for the DME and DEE reactions, were subject to a less
well-optimised experimental setup, where lower quality signal and a less leak-tight
experiment all likely contributed to lower quality data. These experiments were not
deemed important enough to revisit at the time, rather, chemistry that is more complex
was explored (in later chapters). Future work revisiting these reactions, in particular the

novel temperature range explored for DEE, may be of interest.

In general, the rate coefficients measured for OH + MTBE displayed reasonable
agreement with previous studies, although they were slightly faster at higher
temperatures, for which a rationale was provided. Across the whole temperature range for
which the reaction between OH and DBE was studied, the rate coefficients reported here
were faster than those previously measured, and this was attributed to possible difficulties
with bulb composition accuracies as a result of the ether’s low vapour pressure. Finally,
the study of OH + TMOF displayed good agreement with the limited data available for

comparison.

Signs of increasing rate coefficient at lower temperatures were also observed for
TMOF, and possibly the onset of this for MTBE, where these effects have already been
measured for DME and DEE, indicating pre-reaction complex formation. OH + DBE

displayed this behaviour very clearly below ~350 K.
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Chapter 4 A Generic Method for Determining R + O, Rate Parameters
via Measurements of OH Regeneration using the CH;:0CH: + O

Reaction

4.1 Abstract

This chapter reports a new method for determining rate parameters from chemical
activation using an OH precursor and the fuel, circumventing the need for a photolytic R
radical precursor. Using analysis of the biexponential decays generated by OH
regeneration that follows initiation via OH + RH, rate coefficients and OH yields are
determined for the R + O; reaction, where the CH30OCH; + O; reaction in the DME low
temperature oxidation mechanism is the example studied here.

The rate coefficient kcuzoch2+o2 is reported at 291 — 483 K, in 4.1 — 32.6 Torr of
nitrogen. At room temperature, kcusoctz2+02 = (0.94 + 0.04) x 107! cm® molecule™ s7/,
where the errors represent the statistical uncertainty at the 2c level. The rate coefficients
and OH yields obtained are validated through comparison with other methods, and
previous measurements. Numerical integration simulations have also been used to
demonstrate the sensitivity of the new method to experimental conditions, and the

limitations of the method are discussed.

4.2 Introduction

Fuel derived radicals, R, produced by abstraction of a hydrogen by a radical species,
X (X = OH, O, H, HO; etc), are an integral species in low temperature combustion
chemistry (reaction R 4-1). In a typical low temperature oxidation mechanism, the
reaction of R with molecular oxygen leads to formation of the RO, radical (reaction R
4-2), which can undergo internal rearrangement to form the QOOH radical (reaction R
4-3) where the radical centre is now located on a carbon atom. Decomposition of this
QOOH radical (reaction R 4-4) in a chain-propagating reaction, is in competition with a
second oxygen addition, to form a QOOH-peroxy species (reaction R 4-5). Under the
appropriate conditions, this O,QOOH species can undergo internal rearrangement,
followed by decomposition to ultimately produce two OH radicals (reaction R 4-6). This
chain-branching step is believed to be key to the autoignition of fuels [90, 191, 192].
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X+RH—HX+R R 4-1
R+ 0O, & RO, R 4-2

RO, < QOOH R 4-3
QOOH — OH + carbonyl R 4-4
QOOH + 0, — 0,QO0OH R 4-5

0,Q00H — HO2Q'OOH — OH + OQ'OOH — chain branching R 4-6

Understanding the details of this mechanism is important in determining the
autoignition properties of a fuel. The recent development of HCCI and related engines,
whose operation depends on autoignition, provides added impetus for unravelling the

chemical details of these mechanisms for both fossil fuels and biofuels [193, 194].

As the next step towards autoigniton after reaction R 4-1 studied in Chapter 3,
reaction R 4-2 is similarly important, and has been studied for the R radicals generated in
the DME system in this chapter. Without measurements of this rate coefficient, and the
OH yields arising from the reaction, any measurements of chain-branching OH recycling

would be very difficult to analyse.

Studies on R + O reactions have been conducted previously, such as CH3; + O
by Pilling and Smith [195] using flash photolysis and absorption spectroscopy, and
several R + O, reactions via photoionisation mass spectrometry (PIMS) [196-198], and a
correlation between kr+o2 and the ionisation potential of the R radical has been
demonstrated [199], showing that rate coefficients for reaction R 4-2 decrease with

ionisation potential.

Here, a method for measuring both R + Oz rate coefficients and OH yields using an
OH precursor is presented. This is universal for all fuels, provided they possess the ability
to well-skip sufficiently at low pressures (previous studies show this technique should be
applicable for systems such as OH + ketones [200], aldehydes [133, 200-205],
dialdehydes [206, 207], and esters [208]).

4.2.1 The Dimethyl Ether System

The methoxy methyl radical (CH30CH>»), is the R radical formed in the low
temperature oxidation system for DME (CH3OCH3) (reaction R 4-7), a potential biofuel,
and a comprehensive understanding of its reactivity is therefore crucial for the elucidation

of DME’s combustion behaviour. Its reaction with O (reaction R 4-8) ultimately leads to
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chain-branching, by reformation of OH through various routes. The integral role R + O2
chemistry plays in DME low temperature oxidation is evidenced by the various fates of
its product (Figure 4-1). Oxygen addition in reaction R 4-8 leads to an energetically
excited RO2* peroxy radical, which can undergo pressure-dependent stabilisation to the
relatively stable RO; radical (reaction R 4-9). Alternatively, the RO>* radical has two
other competing pathways. These are re-dissociation to reactants (competitive at high
temperatures), or formation of QOOH* (via an internal hydrogen abstraction) followed
rapidly by decomposition to OH and formaldehyde (reaction R 4-10), the process referred
to as well-skipping. Stabilisation of QOOH* is not considered, as the QOOH energy well
is significantly higher than that of RO, thus the equilibrium of reaction R 4-10’s initial
step is shifted towards the RO>* species.

CH;0CH; + OH — CH;0CH, + H,0 R 4-7
CH;0CH, + O, «» CH;0CH,0, R 4-8

« M
CH;0CH,0, - CH;0CH,0, R 4-9
CH;0CH,0,* < CH,0CH,00H* — 2CH,0 + OH R 4-10

CH,OCH,0,* CH,OCH,00H*

CH,OCH, + O,

CH,0CH,00H

CH,OCH,0,

OH + 2HCHO

Figure 4-1: Potential energy surface showing the competition between RO:2*
stabilisation into RO2/QOOH wells at high pressures (orange thick/thin line), and
formation of OH at low pressures (blue line) for dimethyl ether.

Previously, in order to measure the rate coefficient for reaction R 4-8

(kcmzocH2+02), a brominated molecule of DME was used [209]. Using this method to
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measure the R+ O rate coefficient and OH yields from chemical activation is not
possible for other potentially important fuels, such as diethyl ether, where the brominated
version of the dominant DEE-derived R radical is not readily available. Eskola et al. [89,
209] studied the kinetics of reaction R 4-8 using this method, and LFP-LIF, obtaining
kcnzocm2+o2 and OH yields in nitrogen and helium, by an absolute and relative method.
Generation of the R radical by Cl + DME was also used, but subsequent reactions of
(COCl)2 photolysis products can interfere with measurements. A similar problem exists
when using #-butyl hydroperoxide to generate OH radicals, a precursor Eskola et al. used.
More importantly, the absolute determinations of the OH yield using Cl + DME or OH +
DME previously conducted in this laboratory offer no information on the R + O» rate

coefficient.

Other studies on CH30CH; + O, rate parameters have been carried out by
Sehested et al. [210] (Fourier transform infrared smog chamber, FTIR), Maricq et al.
[211] (transient infrared and UV), Masaki et al. [212] (laser photolysis — mass
spectrometry), and Rosado-Reyes et al. [213] (transient infrared), yielding a combination
of branching ratios, product yields, and rate coefficients. The data measured in this section
are validated by comparison with the previous method employed in the work of Eskola et

al. [89].

4.3 Experimental

The experimental setup used in this chapter is largely the same as the throughout
the rest of this work, with the major difference being the experimental conditions required.
The same conventional slow flow laser flash photolysis setup was combined with laser-
induced fluorescence to monitor OH. The reactants were DME (Argo International Ltd,
99.8%); CH30OCH:Br (Sigma-Aldrich, technical grade 90%); DBE (Sigma-Aldrich,
99.3%); MTBE (Sigma-Aldrich, 99%); and TMOF (Sigma-Aldrich, 99.8%), OH
precursor (generally hydrogen peroxide, H>O> (Sigma-Aldrich, 50% (w/w) in H:0)). Urea
hydrogen peroxide (CO(NH2)>-H>0») was also used for comparison (Sigma-Aldrich,
97%), buffer gas (N2, BOC, oxygen-free), and O, (BOC, 99.5%).

On average, experiments were carried out at lower pressures than the majority of
the work in this thesis, between 4 and 33 Torr of nitrogen. At even lower pressures,
diffusion became so pronounced as to interfere with experiments, and at higher pressures

chemical activation OH yields were too insignificant to be measured with any true
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certainty. In order to achieve low pressures, in combination with more efficient vacuum
pumping of the reaction cell, lower flows were often used. For the extensive investigation
using DME, the flows were typically 100 — 1000 sccm, and temperatures reported above
room temperature have an associated uncertainty of approximately +10 K, due to the
calibrations presented in Chapter 2. Only preliminary checks were conducted using the

MTBE, TMOF, and DBE compounds.

Contact of hydrogen peroxide with the metal pipes and consequent decomposition
results in some oxygen always being delivered to the system, which was estimated to be
approximately (0.6 — 2.9) x 10 molecule cm™> (the method for estimating O
concentration is discussed in section 4.4), and varies depending on pressure, flow and
precursor. Photolysis of the hydrogen peroxide at 248 nm was used to generate the
hydroxyl radicals, as described previously, and was the source of OH for the majority of
experiments in this work. Urea hydrogen peroxide (CO(NHz)2-H20.) (reaction R 4-11)
was also used as a known OH precursor [214, 215] for comparison. Reactions were
studied under pseudo-first order conditions where [ether] >> [OH], and extensive details

of the analyses of kinetic traces in this chapter are presented in section 4.4.

(CO(NH2)2-H202) — H:0s + hv (\=248 nm) — 20H R4-11

CH:OCH:Br (reaction R 4-12) was employed as a photolytic precursor to measure
CH30CH: + Os rate coefficients using the same method as Eskola et al. [89] for the DME
system. Photolysis of this compound generates the DME R radical directly, and the rate

of formation of OH can be used to measure kcuzocmz+o2.

CH3OCH:2Br + hv (A=248 nm) — CH30OCH> + Br R 4-12
CH3OCH;Br + Av (A=248 nm) — other products R 4-13

This method was used as further validation of the experimental setup used to
measure rate coefficients of the reaction between O» and R radicals in this chapter.
Equation E 4-1 was used to analyse kinetic traces, an example of which is presented in
Figure 4-2, and a plot the OH growth pseudo-first order rate coefficient as a function of

oxygen concentration (Figure 4-3) yields the bimolecular rate coefficient.
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Figure 4-2: Example trace obtained wusing the CH3OCH:Br precursor.
[CH30CH:Br] = 1.1 x 10'* molecule ¢cm=3. Parameters were k'grow = (13230 + 660)
s, k'aecay = (310 £ 40) 57!, where uncertainties are statistical at the 2¢ level.
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Figure 4-3: Example bimolecular using the bromo precursor method at 294 K, in 7
Torr N2, and kcusocHz+o2 = (7.43 £ 0.98) x 1012 ¢cm® molecule™! s~!. Uncertainty on
the bimolecular rate coefficient is statistical at the 2o level. Here £’ is equivalent to
the k'grow parameter in equation E 4-1.
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4.4 Treatment of Chemical Activation Data

Decays showing chemical activation in the presence of low oxygen ([O2] = (0.2 —
26) x 10" molecule cm™) require complex analysis. Regeneration of OH results in
biexponential kinetic decays, where the initial fast decay is the reaction between OH and
the ether, and the tail portion of the decay contains information about the OH formation.
An equation derived from Scheme 4-1 was used to analyse these traces. DME is used as
the example system for the purpose of explaining the complex data analyses. For the DEE
experiments presented in Chapter 5, the same will apply for the equivalent radicals (i.e.

R, RO; etc., see Scheme 4-1).

(ROy)
CH;0CH,0,
k.| [M], Oy
(RH) k! . 0,
CH;OCH} CH;OCHz —'> 2CH20 + OH
7N (R) o
OH H,0
I
loss loss

Scheme 4-1: Reaction scheme for analysis of OH regeneration traces. This scheme
represents the route following initial H abstraction from DME. Parameters used in
the biexponential equation are in blue. Bracketed red species show the generic
equivalent.

Here, the only routes considered for the fate of the R radical are reaction with O>
followed by stabilisation to RO (reaction R 4-9), reaction with O; followed by formation
of OH (chemical activation) (reaction R 4-10), and another minor loss process for the R
radical, potentially self-reaction. The total rate for R + O, is the sum of reaction R 4-9

and reaction R 4-10, and can be generalised as reaction R 4-14.

R + O2 — products R 4-14
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The following equations (equation E 4-2 — E 3-6) were used to fit the traces:

(kg thy) — A ,
OH = OH, x KM> x (Mt — ) + e@*tl E 4-2
A =2
(-M1+VM1? - 4m2) E 43
. ]
: 2
2
. (-M1-VMI2-am2) Ead
-
2
M1 =kd+ka'+kb'+kc' E 4-5
M2 = (kg + &) > (k' + kD) — (k'K E 4-6

here, k." = pseudo-first order rate coefficient for reaction R 4-7, kq = rate coefficient for
OH loss in the absence of ether (fixed to the value measured when only OH precursor is
present), and the terms 41 and 4 are expanded fully in equations E 4-3 — E 4-6. The terms
kv' (pseudo-first order rate coefficient for OH regeneration from R + O») and 4.’ (pseudo-
first order rate coefficient for R radical reacting with O, and not producing OH) are both
present in 41 and A>. Reactions were studied under pseudo-first order conditions where
[ether] >> [OH].

For robust parameter retrieval, global fitting was used to analyse several kinetic
traces as a function of [ether] at once (k. = kon+eter[ €ther] for each trace), and share the
bimolecular rate coefficient for OH + ether (komsether) and R + O2 (kchsoch2+o2 or
kcansocona+oz in Chapter 5) between decays. Similarly, the k' and k' parameters have
been related to their bimolecular rate coefficient counterparts to globally share these
parameters across all traces. Additionally, O2x (O2x refers to unavoidable O, arising from
hydrogen peroxide decomposition) has been accounted for, and kx was introduced as a
small loss of the R radical to achieve good fits at the very lowest [O2] traces, where O2
addition was in competition with other possible processes (loss of R, R + R, R
decomposition). For single trace analysis using equation E 4-2, ky is not present, or even
obtainable, but this does not affect the measured value for kr+02, as the straight line in
Figure 4-6 would simply be translated down if kx was accounted for (kx is constant across
a range of [O2]). The intercepts, and therefore [O.x] will be slightly affected by the
exclusion of kx for single trace analysis, but these are compared to those from global
analysis in Figure 4-4. Ultimately, multiple traces are required to yield information about

kx. All parameters are listed below in Table 4-1.
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Table 4-1: Description of parameters used in the global analysis treatment of data.
Details on whether these parameters are fixed (input), and shared (across multiple
traces where pressure and temperature is constant) or local are included. The full
Origin C code is included in Appendix B.

Parameter Definition Relationship Share  Fix

ka' Pseudo-first order rate = koH+ether[€ther] No No

coefficient for OH + ether

kontemher OH + ether bimolecular rate Yes No
coefficient
[ether] ether concentration No Yes
k' Pseudo-first orderrate - =ko([02]+[02x]) No  No

coefficient for OH formation

ko R + O — OH bimolecular rate Yes No
coefficient
[02]  Oxygen concentration added No Yes
[O2x]  Oxygen concentration always Yes No

present in system

k' Pseudo-first order rate = k([O2]+[O2x]) No No
coefficient for R + O, not + kx
yielding OH

ke R + O; — RO; bimolecular rate Yes No
coefficient
fx First order rate coefficient for Yes No

loss of R radical

OH Yield of OH formed from R + = kv/kr+02 Yes No
yield 02
kr+o2 R+ O bimolecular rate _ (ke k) Yes No
) ([02]+[02x])
coefficient
"OHp Initial signal intensity No No
ks First order rate coefficient for Yes  Yes

loss of OH
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Figure 4-4: Comparison of O:x obtained from single trace analysis and global
analysis of H202/H20 experiments for the DME system.

Data analysis using equation E 4-2 allows the total rate coefficient for reaction R
4-14 (kr+o2) to be measured using a pseudo-first order bimolecular treatment of the total
removal of the RO, radical (kv + kc") as a function of [O2]. After the initial abstraction
(reaction R 4-7) occurs, the CH30OCH: radical concentration can be no higher than [OH]o
~ 10" molecule cm™, thus the addition of [O2] = (0.2 — 26) x 10'* molecule cm™ allows
kr+02 to be measured under pseudo-first order conditions, where R + O is the rate
determining step. Figure 4-5 shows an example biexponential decay, and a bimolecular

plot determining kcusochz+o2 is presented in Figure 4-6.
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Figure 4-5: Biexponential decay for determination of kb’ and k.’. The parameters

recovered were k' = (870 £ 190) s, k¢’ = (820 £ 200) s, ka = 400 s~! (fixed based on

[DME] = 0 decay), and ka’ = (4170 + 340) s, at [O2] = 1.8 x 10'* molecule cm3,

[DME] = 6.8 x 10'* molecule cm™, and experimental conditions were the same as for

the bimolecular plot. The green line compares a single exponential decay fit where
a’ = (2490 £ 150) s~!. Uncertainties are statistical at the 2¢ level.
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Figure 4-6: Bimolecular plot for the determination of the CH3OCH: + O: rate
coefficient, at (483 £ 5) K, 10.8 Torr N2, [DME] = (0.67 — 1.01) x 10'5 molecule cm3.
kcnsocHz+02 = (4.09 + 0.73) x 10712 cm?® molecule™ s7!. The shaded area represents the
bounds of the 95% confidence limits. All errors represent 2c¢ statistical
uncertainties.
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The intercept for a bimolecular plot of this nature can be related to the amount of
oxygen in the system by default (O2x) (H202 decomposes in the MFC to deliver some
0). Equation E 4-7 shows that [O2x] = intercept/k(R+0O5).

(ko' k") = K(R+02)[0,] + (A(R+0,) [O,x]) E4-7

Furthermore, from the biexponential analysis (using equation E 4-2), the OH yield
can be obtained through a relationship between k," and 4.’ (equation E 4-8), that is, the
ratio between R + Oz leading to OH, and the total removal of R by O> (see Scheme 4-1).

Loss of R is also accounted for.

!

ky,

v E 4-8
PRETEEra

OH yield % =

For this biexponential analysis method to work as precisely as possible, the
separation of the two time constants for the equation (A1 and A, (containing the
information on OH + ether and removal of R respectively)) should be pronounced, with
M > L2. Experimentally, a clear separation can be achieved by keeping [ether] as high as
possible (and thus k.’ fast), and [O2] low, in order to keep the total rate of removal of the
RO, radical (kv' + k") slow in comparison to ka'. As A1 and A2 become closer together, or
A2 becomes larger than A1, the OH decay becomes a less clear biexponential trace, and
tends towards a single exponential decay. Additionally, under high oxygen conditions, it
is possible that R + Oz is no longer the rate-determining step. Under non-ideal conditions,
analysing the data biexponentially yields poorer-defined parameters, with larger
uncertainties. This is especially problematic under conditions where [O>x] is high
initially, and therefore a reduced range of [O:] is available for determination of
kcnzocm2+o2 using a bimolecular plot. Kinetic parameters obtained using the H>O»/urea
precursor are presented, where the background O> was much higher compared with the

H>0,/H>0 precursor (Figure 4-7).

Oxygen has been detected as a major decomposition product of urea hydrogen
peroxide previously [214]. The concentration of O delivered to the system by
decomposition of the H2O2/H>O precursor in this work is reasonably consistently ~0.03%
of the total gas density delivered to the cell from the hydrogen peroxide bubbler (Figure
4-8).
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experiments for the DME system. Lines represent second order polynomial fits,
purely to aid visualisation of the overall trends — the fits themselves are meaningless.
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Figure 4-8: O2x from DME experiments as a percentage of total gas density delivered

from the H202/H20, given as a function of pressure and temperature.

The uncertainties on kcusocHz+o2 measured from urea experiments were larger,

and kcnsochz+o2 itself generally faster (Figure 4-9), even when the time constants did not

overlap, possibly indicating R + O, was no longer the rate determining step in OH
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regeneration (once the rate of OH regeneration becomes fast compared to OH loss via
reaction with ether, the decays will again become exponential). OH yields were always

measured reliably regardless of the photolytic precursor used (Figure 4-10).
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Figure 4-9: Comparison of kcniocnz+o2 measured in H202/H20 experiments and
H202/urea experiments. M = Na.
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Figure 4-10: Comparison of OH yields measured in H202/H20 experiments and
H202/urea experiments for the DME system.
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The bimolecular plots (Figure 4-6) are weighted fits to the data, to account for the
uncertainty in values of (k' + k"). All values reported in this work are from global
analysis, including kchzocH2+o02; Figure 4-6 is purely for illustrative purposes. For values
of kcusocmo+o2 measured using the H>Oo/urea precursor presented in Figure 4-9,
kcusocHz+o2 was obtained using the single trace analysis method in Figure 4-6, and then

fixed in the global determination of other parameters.

4.5 Analysis Simulations in Kintecus

A simple chemical model generated in the numerical integrator package
Kintecus [216] was used to demonstrate the poor ability to retrieve kr+o2 from data under
less-than-ideal conditions, using the DME system as an example. Here, the only
parameters simulated were kon:pme = 2.93 x 107! cm® molecule™ s™! (based on room
temperature kon+pme Arrhenius parameterisation by Carr et al. [186]), kcnzoch2+o2 = 1 %
10" cm® molecule™ s~! and OH yield = 70%. Kintecus was used to generate traces over
arange of [02] = (0 and 10" — 10'®) molecule cm™, for [DME] = 5 x 10'* molecule cm™
and [DME] = 5 x 10'* molecule cm™, in order to simulate a set of data under ideal (high
[DME]), and non-ideal (low [DME]) conditions. Figure 4-11 shows the bimolecular
determinations of kcuszocHz+o2 from both sets of simulated experiments, where the rate
coefficient returned at high [DME] was closer to the true value used for the simulated

data, and the uncertainty in the low [DME] determination is much greater.

Figure 4-12 and Figure 4-13 show the individual fits to each trace analysed in
Figure 4-11, where all fits appear good, and the low [DME] traces only demonstrate one
good biexponential decay (at [O2] = 10'* molecule cm™). Even at high [DME] conditions,
the trace becomes single exponential at the highest concentration of O». In order to extract
the parameters properly from these single exponential traces, a shorter timescale is
required, to reveal the two time constants of the decay (Figure 4-14). It is noted however,
that at timescales these short, there is a minimal change in [OH], and as such, noise (£(0
— 1)% generated randomly in Figure 4-15, or experimentally) will greatly perturb the
ability to analyse the decay.
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Figure 4-11: Weighted linear least squares fitting to bimolecular determinations of

R + Oz from data generated in Kintecus. Note the y-axis is log scale. True kcuzocuz+o2
=1 x 107! cm® molecule! s71.
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Figure 4-12: Biexponential fits to low [DME] OH decays generated in Kintecus. [O2]
increasing from black through light blue.
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Figure 4-13: Biexponential fits to high [DME] OH decays generated in Kintecus.
[O2] increasing from black through light blue.
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Figure 4-14: Short timescale OH decay generated in Kintecus for low [DME] (5 %
10'3 molecule ¢cm™3), high [02] (10 molecule ¢cm™) conditions, on a very short
timescale to properly retrieve parameters: ka' = (147 £ 1) s7!, k»' = (70005 + 19) s,
k' = (29995 £ 9) s,
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Figure 4-15: Short timescale OH decay generated in Kintecus for low [DME] (5§ x
103 molecule ¢m™3), high [02] (10'® molecule ¢cm=) conditions, on a very short
timescale, with (0 — 1)% random noise generated. Parameters are not properly
retrieved: ka' = (900 + 2600) s, kv’ = (576000 + 1335000) s!, k" = (27500 + 36300)
s

The Kintecus model was also used to investigate possible complexities from
radical-radical reactions. In our experiments, no variations in the kinetics or yields (based
on single trace analysis) were observed as laser power was varied by 50% (between
approximately 28 and 42 mJ cm2), suggesting a limited role for radical-radical reactions.
In the model, secondary chemistry such as CH;OCH2O> + OH was included with an
approximate rate coefficient of 1071° cm?® molecule™! s~! [217], but no significant change
was observed in the returned kinetic parameters when these reactions were included in

the model (Figure 4-16).
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Figure 4-16: Effect on modelled OH decays when the CH3OCH:0:2 + OH reaction is
included in the simulations. Parameters returned from the original model k." = (3560
+10) s, kv’ = (2490 £ 10) s7!, k' = (2010 + 10) 7!, when RO2 + OH is included k.’ =
(3580 £ 10) s, kv’ = (2570 £ 20) s, k' = (2220 + 10) s . Uncertainties are statistical
at the 20 level.

Further Kintecus simulations were used to demonstrate the deviation in returned
parameters from the true values as Ay/A; increases (Figure 4-17). Here, the same rate
parameters were simulated, but [O2] was constant at 10> molecule cm™, while a range of
[DME] ((1 — 2000) x 103 molecule cm™) was used to alter the degree of biexponential
behaviour the traces exhibited. To achieve a deviation in the removal of the R radical rate
comparable to those observed experimentally (~30 — 50%), A> needed to be approximately
ten times larger than the true value of A (dashed orange line, Figure 4-17), however,
experimentally we see large deviations in time constant ratios much smaller than this
(closer to 1:1). These data were generated with = (0 — 10)% random signal noise. With
no noise, parameter retrieval was significantly better, and an even larger value of A2/A

was required to mimic experimental deviation from true parameters (Figure 4-18).
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More accurate parameter recovery may be as a result of the perfect data produced
in Kintecus, compared to experimental data which is subject to signal noise, other
processes occurring (removal of R radical by other reactions, kx), and [O2x] present in the
system, which limits the effective range of oxygen concentrations explorable over a
bimolecular plot. OH loss in experimental data may also complicate parameter retrieval
further, particularly at the lowest pressures, where diffusion plays more of a role. The
same principle is demonstrated experimentally by consideration of the percentage
uncertainty of (ky' + k") increasing as a function of [O2] (Figure 4-19 and Figure 4-20) in

H>O»/urea precursor measurements.
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Figure 4-19: Increasing percentage uncertainty of (kv’' + k") from experimental data
at room temperature and 18 Torr N2 H202/urea experiment.
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Figure 4-20: Increasing percentage uncertainty of (ko' + k') from experimental data
at room temperature and 25 Torr N2 H202/urea experiment.

4.6 Temperature Dependent Measurements of the CH;OCH: + O,
Reaction

Measurements of the R + O» rate coefticient for DME made in this work (Figure
4-21), which are comparable to those made by Eskola et al. [§9] in He, and Maricq et
al. [211] in N, are presented in Figure 4-22. Additionally, kcuzochH2+o02 at all temperatures
studied here are reported in Table 4-2. It was observed that kchsocH2+02 in the current
work exhibits a negative temperature dependence, which is qualitatively consistent with
what would be expected from a barrierless addition reaction, and was seen in the previous
work. The Arrhenius parameterisation of this work’s measurements is shown in Figure
4-21 and can be described by kcuzocr2102(290 — 482 K) = (1.70 + 0.39) x 107!? x
e((#-0920-66/RD) o3 molecule™ s7!. It should be noted this fit omits measurements at the
lowest pressure for ~440 K, and rate coefficients at the lowest two pressures at ~480 K,

where measurements appear not to be at the high pressure limit.
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Figure 4-21: CH30CH: + Oz rate coefficient measured as a function of temperature.
The fit to the data yields 4 = (1.70 £ 0.39) x 10~'2 ¢cm® molecule™! s~! and Ea = (-4.09
+ 0.66) kJ mol~'. The total pressure range explored was 4.1 —32.6 Torr of N.

The lack of significant dependence on pressure at the lowest two temperatures
suggests the reaction is at the high pressure limit. Within uncertainties, measurements of
kcnzocn2+o2 are in agreement with those of Eskola et al. [89] at 295 K. Room temperature
measurements in the current work using the CH;OCH2Br precursor (solid black triangles
in Figure 4-22) agreed within uncertainties with those reported by Eskola et al., but were
generally (10 — 20)% slower than the method presented here. The lowest pressure
kensocmz02 measured at ~10'7 molecule cm™ using CH3OCH:2Br was significantly lower
than the most comparable H>O2/H,O measurement (~35%). The study by Maricq et
al. [211] primarily covered higher pressures, but the lowest two pressure measurements
are included in Figure 4-22. The two room temperature measurements made using
transient infrared detection of formaldehyde and UV detection of OH, have reasonably
large uncertainties, but fall within the range of measurements made in this work (~6—10"

cm® molecule™! s71).
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Figure 4-22: Comparison of R + O: rate coefficients measured in this work (filled
symbols) with Eskola et al. [89] (open triangles) and Maricq et al. [211] (upturned
triangles) as a function of pressure and temperature. For this work and Maricq et
al.,, M = Ny, for data from Eskola et al., M = He. Error bars for this work are
statistical at the 20 level. Uncertainties on measurements by Eskola et al. were
estimated to be 10% to take account of systematic errors (based on this work’s
approximate 2¢ uncertainties using the same CH3OCH:Br precursor method).

At 450 K, where Eskola et al. [89] made measurements in the fall-off region using
He as the bath gas, we also report a positive pressure dependence (442 K data, and 483 K)
in N2. Compared to the literature measurements at 450 K, we measure approximately 5%

faster at 442 K, but are in agreement within error at the highest total pressure.

Both this study and previous studies observe a negative temperature dependence
for kcmsocH2+02, and positive pressure dependence at higher temperatures over the
pressure range tested. The average room temperature kcuzocm2+02 = (0.94 £ 0.04) x 10711
cm® molecule™! s7!, is in agreement with previous measurements, and significantly faster
than other R + O; reactions, such as acetyl + Oz (~(0.5 — 0.6) x 107! cm® molecule™! s7)
[200, 205] and propionyl + Oz (0.54 x 107'! cm® molecule™ s7!) [200]. Previously, the
ionisation potential of the R radical has been correlated with the rate coefficient for R +
O, where an approximate ionisation potential for CH;0OCH; of 7 eV [218, 219] would
predict ~3 x 107" em® molecule™! s7! for kcuzocuz+02 [199]. This estimation is three times
higher than kchzoch2+o2 observed here, but is qualitatively in agreement with DME’s

system exhibiting a much faster rate coefficient than other R + O reactions.
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Table 4-2: Rate coefficients for the CH30OCH: + Oz reaction measured in this work
using H202/H20, H202/urea and CH3OCH:2Br precursors. Uncertainties are 2¢
and purely statistical.

T Precursor  [N2]  kcusocHz+02 T Precursor [N2]  kcusocHz+o2

290 H,0/HO 133 9.44=+0.51 : 298 Urea/H,0, 626  1.10+0.26
291 HxO0/H,O 2.05 9.24+0.71 298  Urea/H,O, 453 1.09+0.33
290 HxO/H.O 345 9.13+0.62 298  Urea/H,O, 735 0.83+0.36

292 H0/H,O0  4.44 10.04+ | 376 Urea/H:0» 095 0.66+0.15
1.43 :

291  Hx0o/H2 0  6.06 9.94+1.62 376  Urea/H.0, 1.76  0.47+0.24
367 HO/H O 129 6.12+0.32 376  Urea/H.O, 3.66  0.39+0.21
364 HO/HO 289 6.58+0.35 460  Urea/H.O2 0.60 0.56+0.23
364 H0./HO 832 6.08=+0.96 460  Urea/H.O0. 136 0.42+0.64
447 HO0/H,O 1.15 4.20+0.20 460  Urea/H.O> 5.04 0.47+0.95
439 HO0/H,O 4.13 525+0.26 495  Urea/H,O0> 1.09 035+0.13
439 HO02/H,O 692 5.89+0.59 495  Urea/H.02 328  0.43+0.06
486 HO./H,O 1.13 3.55+0.17 495  Urea/H:02  6.07 0.51+0.12
481 H0./H,O 2.16 3.90+0.41 495  Urea/H.02 9.81  0.60=0.20
482  HxO0/H,O  3.86 4.56+0.53 294 CH;OCH2Br 1.04  6.00 +0.37
482  HxO0/H.O  6.53 6.28+1.10 294 CHs;OCH2Br 2.25 7.43+0.98
298  Urea/H20, 1.16 1.43+0.24 294 CHs;OCH2Br 4.51  7.55+0.58
298  Urea/H202 227 1.31+0.48 294 CH;OCH2Br 7.39 6.96+1.94

Temperature units are Kelvin. Nitrogen density units are 10!’ molecule cm™. Rate

coefficient units are 1072 cm?® molecule™ s7!.

4.7 Experimental OH Yields for the CH;0OCH: + O; Reaction

OH yields from well-skipping in the DME system were obtained over 4.1 — 32.6
Torr of N2, and 291 — 483 K (thermal production of OH from stabilised RO radicals
begins above approximately 500 K). All OH yields measured are presented in Table 4-3.
Treating these data with a Stern-Volmer analysis (Figure 4-24) demonstrates an increase
in yield with increasing temperatures, and the suppression of yields at higher pressures.
This is consistent with what would be expected of OH yields from reaction R 4-10, a
process deactivated by the pressure-dependent stabilisation of the RO»* radical (reaction

R 4-9). At room temperature (black filled circles, Figure 4-24), yields were particularly
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low at higher pressures, which is reflected in the greater uncertainties due to the less

pronounced biexponential decays.

Table 4-3: Details of all OH yields measured for the DME system. Uncertainties
are 26 and purely statistical.

T/K [N2]* Yield/% Precursor T/K [N2]* Yield/ % Precursor

290 133 52+1  H:0/H0 298 1.6  55%1  Urea/H:0
201 205 47+2  HOJ/HO [298 227  40+1  Urea/HhOs
200 345 28+1  H0J/H0 {298 453 2651  Ura/thOs
202 444 26+2  H0J/H0 {298 626  19+2  Urea/H:0;
291 606 21+2  H:0/H0 1298 735 111  Urea/H0;
367 129 65+1  H0J/H0 (376 095  70£1  Urea/HhOs
364 289 4441 H0JHO (376 176 55+2  Urea/HhOs
364 832 211  H,0/H0 (376 366  40+4  Urea/H,0;
47 115 72+1  H0J/H0 [460 060  80+2  Urea/H:0;
439 413 421 HO0JHO (460 136  71£2  UreaHiO:
439 692 34+2  H,0J/H0 (460 5.04  58+14  Urea/H,0
486 113 7642 HO0J/HO0 [495 109  80+1  Urea/HhOs
481 216 65+3  HO0J/H0 {495 328  57£1  Urea/thOs
482 386 47+3  H:0/H:0 (495 607  43+£2  Urea/H:0;
482 653 3243 HOJHO (495 981  29+3  UreaHiOs

“Units are 107 molecule cm™.

Comparison with OH yields obtained by Eskola et al. [89] in nitrogen shows good
agreement with the relative measurements conducted using CH;OCH:Br photolysis at
room temperatures when considering quenching coefficient uncertainties (see Table 4-4).
The quenching coefficient is determined from the slope of the Stern-Volmer plots, where
the gradient km/kc 1s determined from the Stern-Volmer relationship in equation E 4-9. A
plot of reciprocal yield against [M] is used, and the intercept is either fixed at 1, or floated
to be determined by the data. Here km represents the quenching rate for N2, and Ac the
rate for OH yields in the absence of bath gas. At ~442 K, the quenching coefficient

uncertainty ranges measured in the current work and by Eskola et al. at 450 K are in
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agreement. Room temperature yields from Maricq et al. [211] were included, and are not

close to agreement with this work.

/o = km/kc[M] + 1 E 4-9

Reciprocal yields were fit using weighted linear analyses, and intercepts are fixed
at unity, imposing a 100% OH yield at [N>] = 0 molecule cm ™. Also presented are
Stern-Volmer plots with OH yield intercepts floated (Figure 4-25), where the intercepts
were still unity within uncertainties. A comparison of the yields from H>O2/H>,O and

H>O»/urea precursors was also presented in Figure 4-10 in section 4.4.

A pressure range as extensive as that explored by Eskola et al. [89] is not possible
using the current method, as the very low yields measured by Eskola et al. (<10%), are
difficult to extract from a biexponential decay. This does not affect the quality of the
Stern-Volmer plot however, as the lowest pressures obtainable allow [M] to be explored
over close to an order of magnitude, and the inset to Figure 4-24 shows the quenching
coefficients extrapolate well to pressures beyond the limitations in this work. At higher
temperatures (and therefore yields), this technique will successfully retrieve yields over

a wider pressure range.
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Comparison with other previous studies of OH yields in the DME system (Table 4-4) put
our measurements close to agreement with data obtained by Rosado-Reyes et al. [213] at
room temperature, but not at higher temperatures. The studies by Sehested et al. [210]
and Maricq et al. [211] agree poorly with this work’s quenching coefficients. The
discrepancy with these three studies may be a result of difficult products to detect in their
experimental methods, particularly formaldehyde, and the indirect nature of the previous

studies.
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Eskol al, relative method, 295 K
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Figure 4-24: Stern-Volmer plot of OH yields in nitrogen, comparing this work (filled
circles, solid lines) to Eskola et al. [89] (open triangles, dashed lines) and Maricq et
al. [211] (open stars, dash-dotted line). Inset shows full pressure range of Eskola et
al. data. The intercepts are fixed to unity. There were no uncertainties reported for
the Maricq et al. data, where they referred to another study for their best estimate.



152

Table 4-4: Comparison of quenching coefficients for CH3OCH: + O: obtained in
the current work with previous measurements. M = N2 for all measurements.

Reference Precursor Technique® 7/K P/ Torr k/kc®
Sehested et al. Cl+ DME FTIR 296 0.38-940 3.13+£0.51
[210]
‘Maricqetal. ~ CI+DME  TIR 295 49-803 43
[211]
350 50-50.0 29
‘Rosado-Reyeset CI+DME  TIR 295 10-200 7.15
al. [213]

Eskolaetal. [89] CH30OCH:Br LIF/RM 295 53-953 6.05+£0.54
LIF/RM 450 unknown  2.51 +0.48

Cl+ DME LIF/AM 295 5-25.01 471+0.14

LIF/AM 450 5-9998 236+0.12

This work OH+DME  LIF 291 4.1-18.8 6.66+1.06
LIF 365 49-313 434+047
LIF 442 53-31.5 3.32+0.66
LIF 483 5.7-32.6 2.86+0.35

“Initialisms: FTIR, Fourier transform infrared spectroscopy; TIR, transient infrared;
RM, relative method; AM, absolute method. ®Units are 107'® cm?® molecule™.
Uncertainties are statistical at the 2 level.

The current work does have some limitations, primarily higher pressures cannot
be explored using this technique, as a result of the ~10% lower limit on the ability to
detect yields (which decrease at higher pressures). Alongside pressure limitations, there
is a constraint concerning temperature, where this method will not work above the
temperature at which the fuel of interest begins to propagate by a thermal route (reaction
R 4-4) via QOOH decomposition. For DME this is approximately 230 °C. To make
measurements of well-skipping OH formation above this temperature would require
much more complicated analysis, as multiple OH regeneration processes can take place
concurrently. If only QOOH decomposition was occurring, then measurements of R + O»
rate coefficients would still be accurate using the method presented in this work, however
yields would be perturbed. If a second oxygen addition (O, + QOOH) was taking place,

then both yields and rate coefficients would not be accurately measurable using the
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current analysis method. DME is the simplest ether, but more complex fuels (such as
DEE), would have more than one possible initial abstraction site, and therefore isomers
of the R radical. The method presented does not differentiate between different R radical

isomers, and as such would present yields and rate coefficients as averaged values.
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Figure 4-25: Stern-Volmer plot of OH yields in nitrogen. Comparing this work
(filled symbols) to Eskola et al. [89] (open triangles) and Maricq et al. [211] (open
stars). The intercepts are floated. There are no uncertainties reported for the Maricq
et al. data, where they referred to another study for their best estimate.

Floated intercepts for the current work’s OH yield measurements in Figure 4-25,
gave the following OH yields at [M] = 0: (from low to high temperature) (105 + 23)%,
(107 £ 1)%, (97 £ 6)%, and (101 £ 5)%, where errors refer to the statistical uncertainty at
lo level. This suggests pinning the intercepts of the Stern-Volmer plots to unity is
suitable, and it is possible the yields at all temperatures do tend towards 100%, however,

more measurements of OH yields would clearly define the intercepts more robustly.
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4.8 Additional Experimental Parameters

For experimental data, global fitting was used to analyse traces grouped together
at the same temperature and pressure, but obtained over a range of [O2]. A wide variation
in DME concentration was not normally used across a group of traces, and as such,
obtaining kou+pMme from a narrow range of [DME] results in a poorly defined bimolecular
rate coefficient for OH + DME, however, Figure 4-26 demonstrates measurements in this
work are still mostly in agreement with kou+pme measured by Carr et al. [186] previously
in this laboratory, when uncertainties are considered. 15% is approximately the greatest
deviation of this work from the Arrhenius parameterisation given by Carr et al.
Regardless, the ability to ascertain kon:pme has no direct effect on the outcome of

kcnzocHz+02 and OH yield determinations.
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Figure 4-26: Comparison of kon+pme measured in this work from global analysis
(black), with Carr et al. [186] (red) where errors are 95% confidence limits.
Uncertainties in this work are 26 + 10% of measured kon+pme. Arrhenius fit for
Carr et al. data is the reported fit for their whole data set (195 — 800 K).

kx from global analysis are also presented in Figure 4-27, and are mostly negligible
(less than 200 s!, comparable to the loss of OH in the system). Further, when the error
bars are considered, the values determined for kx are even less significant, and there

appears to be no real trend with pressure or temperature. This suggests that any real rates
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determined by the kx parameter are likely not decomposition of the CH3OCH2 radical, as

this would be expected to increase with temperature.
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Figure 4-27: Rates obtained for kx from global analysis of H202/H20 experiments in
the DME system.

Comparisons between kcusoch2+02 retrieval by global analysis and single trace
bimolecular determination of kch3ocH2+02 at room temperature are shown in Figure 4-28,
and differ only slightly, likely as a result of global analysis being non-weighted. The
uncertainties on the globally determined parameters are reduced, which is expected as a

result of the constraints imposed upon the analysis using this method.
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Figure 4-28: Global weighted/unweighted analysis comparison with single trace
weighted/unweighted analysis for the DME system. Uncertainties on data are 2o
statistical, and the x-axis is arbitrary to allow visualisation of weighted average
values. Average values are (9.75 £ 0.63) and (9.38 = 0.42) x 10~'2, where uncertainties
are the 95% confidence limits. Data are for 291 K H202/H20 precursor experiments.

4.9 Methyl fert-Butyl Ether, Trimethyl Orthoformate, and Di-n-Butyl
Ether Systems

No conclusive evidence for well-skipping was found for experiments investigating
the DBE, MTBE, and TMOF systems. Similar experiments were conducted to those
outlined in this chapter, and no consistent reproducible linear dependence of (k'» + £'c) on
oxygen was observed at low pressure. Often at the lowest concentrations of [O2] (~10'*
molecule cm™) no biexponential decays were observed, and so the range of [O2] that was
investigated may have been higher than the experiments for DME and DEE. The
investigation into the effect [ether] has on the ability to retrieve well-skipping parameters
(section 4.5) was conducted prior to the DBE experiments, but not those for MTBE and
TMOF, and so it is possible that optimal conditions were not used, thus chemical
activation in these systems should not be totally dismissed. All experiments however,
were carried out after conclusive evidence for well-skipping in the DEE and DME
systems had been observed, and so the same should have been possible for MTBE and

TMOF were chemical activation occurring.

The absence of chemically activated OH from the DBE, MTBE and TMOF

systems under conditions where chemically activated OH production is observed for
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DEE/O; and DME/O: suggests that the transition state barrier to OH may be much closer
in energy to the R + Oy entrance channel (or indeed above this value). Modelling
conducted in Chapter 6 section 6.8 using MESMER demonstrated the inhibition of OH
yields by raising this transition state. Additionally, chemical activation in MTBE may be
absent due to the seven-membered ring transition state between RO, and QOOH radicals
being less entropically favourable compared to the six-membered ring formed in the DME
system. Ogura et al. [220] calculated that the 4 factor for a seven-membered ring is only
12% of the six-membered ring equivalent. The larger size of DBE and MTBE may also
increase the likelihood of collisional stabilisation into the potential energy surface wells,
inhibiting chemical activation, however chemical activation and significant well-skipping
was observed for the comparably-sized DEE molecule, which makes this less probable
for MTBE. DBE is significantly larger than DEE. Additionally, the higher transition state
barrier for QOOH <> OH in the MTBE system, as opposed to that for DME, could be
harder to surmount as a result of the negative effects of entropy, and ring strain, required
for formation of the 4,4-dimethyl-1,3-dioxolane species (see Figure 6-32 in Chapter 6).
Finally, steric hindrance may play a role in the rearrangement of RO2 to QOOH for DBE,

where long side chains are present.

4.10 Conclusions

A method for determining R + O rate coefficients at low temperature and pressure
has been presented, with details of the analysis of biexponential OH decays arising from
chemical activation. OH yields obtained using this technique are in agreement with those
made by Eskola et al. [89] (room temperature quenching coefficients km/kc = (6.66 *
1.06) x 1078 and (6.05 £ 0.54) x 107'® cm® molecule™! respectively), and A(CH;OCH: +
0O2) was measured to within 5%, or in agreement considering uncertainties, at all pressures
considered. Eskola et al. observed no pressure dependence for measurements in helium
at room temperature. This is consistent with measurements in the current work which
were carried out in N> bath gas, and appeared to be at the high pressure limit. R + O
measurements at higher temperatures (442 — 483 K) reproduced the positive pressure

dependence seen by Eskola et al.

Simple chemical kinetic modelling was conducted to simulate chemical activation
data, and rationalise the difficulty in extracting parameters from biexponential OH decays

that do not exhibit well-separated time constants. Lower concentrations of oxygen, and
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high concentrations of DME were shown to achieve ideal conditions for biexponential

analysis, and yield a more robust R + O rate coefficient.

The limitations of this experimental method for determining R + O rate
parameters are threefold; the molecule must well-skip; parameters are particularly
difficult to extract once OH yields are reduced to ~10%, typically at low temperatures
and high pressures; and at higher temperatures, other mechanisms for the regeneration of
OH are possible, where more complex analysis would be required to identify the rate
parameters from chemical activation accurately. Given the ability to deliver the correct
concentrations of reactants, and a fuel which exhibits well-skipping, this method enables
measurements of R + O» rate coefficients for molecules which don’t have a readily-

available brominated precursor.
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Chapter 5 Kinetic Study of C:HsOC:H4 + Oz Rate Parameters

5.1 Abstract

This chapter presents the first rate coefficients and OH yields measured for the
C2H50C2Hs + O reaction relevant to the low temperature oxidation of DEE. The rate
coefficient kcansocana+o2 1s reported at 298 — 464 K, in 5.2 — 28.4 Torr of nitrogen. At
room temperature, kconsocznaroz = (3.10 £ 0.55) x 107! cm?® molecule™! s™! where the
uncertainty is statistical at the 2¢ level. Measurements showed the rate coefficient to be
independent of pressure, although theoretical predictions showed the presence of a
positive dependence at very low pressures. The temperature dependence of the R + O»
rate coefficient can be parameterised by kcansocons+02(298-464 K) = (4.1 £2.2) x 1071
x g(-S-0£LOVRT

cm® molecule™ s7!, where the uncertainties are statistical and calculated at

the 2o level.

Two methods were used to determine the OH yields experimentally, and were in
excellent agreement with one another. Under comparable conditions, the experimental
OH yields were lower than those observed for the CH3OCH: + O reaction in Chapter 4,
which can be attributed to the increased likelihood of the larger C;HsOC>H4O> molecule

undergoing collisional deactivation.

Ab initio calculations at the CCSD(T)/Jun-cc-pVTZ//M06-2X/Jun-cc-pVTZ level
were carried out on the low temperature oxidation surface of DEE, and the experimentally
observed rate parameters were compared to the theoretical calculations using master
equation methods, where a significant lowering (by ~7 kcal mol™') of the transition state
barrier to the formation of OH was required in order to achieve good agreement between
the experimental data and the master equation model. Relative to the R + Oz entrance
channel, the ab initio energies calculated for the RO2 and QOOH species were —34.8 and
—25.6 kcal mol™! respectively. Energies for the transition state barriers corresponding to
RO, < QOOH, and QOOH — OH, were calculated to be —15.1 and —3.7 kcal mol™
respectively. The transition state barrier for decomposition of the R radical was found to
be 23.7 kcal mol ™. The rate parameters for the DEE R + O reaction are also compared

to those measured for the DME system.
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5.2 Introduction

Diethyl ether is a potential biofuel alternative to conventional fossil fuels, bearing
a similar chemical structure to dimethyl ether and oxymethylene ether, both of which
have already been the subject of academic [87, 89, 185, 186, 221, 222] and industrial
research [26, 29], demonstrating potential to reduce emissions, increase octane numbers
and improve fuel efficiency [26, 73]. Optimal use of biofuels in novel engines, such as
the HCCI engine, will require the autoignition mechanisms of the fuels used to be well
understood [223], however there is not yet a complete understanding of the chain-
branching mechanism that is crucial to the autoignition process. The reaction between the
ethoxy ethyl R radical (Co.HsOC>H4) formed during the reaction between DEE and OH
(reaction R 5-1), and molecular O (reactions R 5-2, R 5-3, and R 5-4), is a reaction
integral to our understanding of the behaviour of the DEE-derived R radical, which is in

turn key to DEE’s low temperature combustion behaviour.

The R + O2 reaction and subsequent mechanism is analogous to that of DME
discussed in Chapter 4, with the added complexity of the two initial abstraction sites
present within its structure, and therefore increased reaction pathways for O addition and
internal rearrangements. The R radical formed in reaction R 5-1 can either be the a- or 8-
radical, to which the addition of oxygen results in the formation of an energetically
excited RO>* peroxy radical, on either the a (reaction R 5-2) or B site (reaction R 5-3).
As established in Chapter 3, abstraction from the a site is expected to dominate the
mechanism. In this work, a non-site specific approach has been used to observe the R +
Oz reaction kinetic parameters, and as such, addition of oxygen to the a or B site cannot
be distinguished between. For this reason, the overall addition of O> to the generic DEE
R radical C;HsOC2H4 given in reaction R 5-4 will be used to refer to the total of the
reaction involving both sites. All subsequent reaction species will also be written in

generic terms that do not refer to specific sites.

C2H5OC2H5 + OH — C2H5OC2H4 + HzO R 5-1
CH;CH,OCHCH; + O, <> CH;CH,OCH(0,)CH; R 5-2
CH,CH,0OCH,CH, + O, «> CH;CH,OCH,CH,05 R 5-3

C2H5OC2H4 + 02 - C2H50C2H4O; R 54
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The energetically excited peroxy radical formed in reaction R 5-4 can undergo
pressure-dependent stabilisation to the RO, species (reaction R 5-5), a radical which is
relatively stable. Competitive reactions exist, whereby RO> can undergo re-dissociation
back to reactants (particularly at high temperatures), or form an excited *QOOH radical.
Subsequent rapid decomposition of this radical to OH and acetaldehyde (reaction R 5-6)

is the well-skipping source of OH yields measured in this work.

+ M
C,H;0C,H,0;, - C,Hs;0C,H,0, R 5-5
C,H;0C,H,0; « C,H,0C,H,00H" — 2CH;CHO + OH R 5-6

An internal hydrogen abstraction enables the formation of QOOH from RO, and
four different pathways are available for this mechanism (Figure 5-1), where varying ring
sizes are formed depending on the initial DEE abstraction site, and the site of hydrogen
abstraction in the rearrangement. The most probable pathway here is that of the a—a
rearrangement; the majority of R radicals that form ROz species will be a R radicals, six-
membered rings are favoured, and SAR predictions by Aschmann and Atkinson [224]
suggest isomerisations (by alkoxy radicals) are enhanced by a factor of 13 when the
abstraction occurs adjacent to the ether O atom group. Destabilisation of the *QOOH
species is not considered, due to the higher energy of the stabilised form’s energy in
comparison with the RO> well depth shifting the equilibrium towards the RO>* species
in the first step of reaction R 5-6.

O=*---H
0:. / L
O/ \\H O \\ B
: )\ J
o ' ol
)\0/\ o
0.
o—©O o “H
H
B ; B B
0 o)

Figure 5-1: Possible ring formations in the rearrangement of ROz to QOOH for the
DEE system.
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The mechanism presented in Scheme 5-1 illustrates the reaction mechanisms for

the dominant pathways of the measurements in this section.

02 .
CH;CH;OCHZCH;W CH,CH,0CHCH; =—= CH;CH,0CH(00)CH;* <=—— CH;CHOCH(OOH)CH;*
3CH, 3 : =0,
OH H,0
l g ‘ M]
loss loss CH;CH,0CH(0OO)CH; 2CH;CHO + OH

Scheme 5-1: Simplified reaction scheme for the DEE chemical activation
mechanism, where the most dominant pathway (H abstraction occurring at the a
site, and ROz to QOOH rearrangement occurring via a six-membered ring) is
shown.

No previous experimental studies on the R + O reaction rate coefficient for the
diethyl ether system exist, and usage of the brominated molecule method employed for
dimethyl ether studies would only allow the study of the minor R radical formed from 3
position hydrogen abstraction in the OH + DEE reaction. Using the new method proposed

in Chapter 4, reaction R 5-4 can now be studied using diethyl ether and an OH precursor.

Despite no measurements of DEE’s R + O rate parameters, there have been some
theoretical studies on the oxidation surface for diethyl ether following hydrogen
abstraction of the parent fuel. Di Tommaso et al. [115], Sakai et al. [225], Sandhiya et
al. [226], Wang and Wang [227], Hu et al. [228], have calculated some, or all, of the
species this chapter focuses on, using varying methods and basis sets. More details are

provided in the discussion in section 5.8.1.

5.3 Experimental

The experimental setup used in this chapter is largely the same as that used
throughout the rest of this work, and virtually identical to that in Chapter 4. The usual
conventional slow flow laser flash photolysis setup was combined with laser-induced
fluorescence to monitor OH. The reactants were DEE (Sigma-Aldrich, >99%), OH
precursor (hydrogen peroxide, H>O», Sigma-Aldrich, 50% (w/w) in H.O), buffer gas (N2,
BOC, oxygen-free), and O2 (BOC, 99.5%). On average, experiments were carried out at
lower pressures than the majority of the work in this thesis, between 5 and 28 Torr of

nitrogen. Higher pressures were not explored, as the suppression of yields led to difficulty
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in extracting rate parameters under these conditions. Temperatures reported above room
temperature have an associated uncertainty of approximately +10 K, due to the

calibrations presented in Chapter 2.

Contact of hydrogen peroxide with the metal pipes and consequent decomposition
results in some oxygen always being delivered to the system, which was estimated to be
approximately (0.4 — 5.1) x 10¥ molecule cm™ (the method for estimating this oxygen
concentration was discussed in Chapter 4), and varies depending on pressure, flow and
precursor. Photolysis of the hydrogen peroxide at 248 nm was used to generate the
hydroxyl radicals, as described previously, and was the source of OH for all experiments
in this work. Reactions were studied under pseudo-first order conditions where [ether] >>
[OH]. Extensive details of the analyses of kinetic traces were presented in Chapter 4, but

some further details specific to the diethyl ether experiments can be found in section 5.4.

5.4 Alternative Data Analyses

Treatment of data for the diethyl ether chemical activation experiments was carried
out using the same principles as those outlined in Chapter 4. Additionally, some
experiments were conducted in a slightly different manner. The following description
outlines an experimental scenario used for some DEE experiments to obtain OH yields
from chemical activation, with no information on R + O, rate coefficients. An example
of a biexponential decay and a bimolecular plot obtained by the same technique used for

DME measurements are shown in Figure 5-2 and Figure 5-3 respectively.
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Figure 5-2: An example biexponential decay, where parameters k' = (1070 + 150)
s, ke’ = (690 £ 100) s, ka = 400 s7! fixed, and ka’ = (5390 + 350) s7!, at [O2] = 5.9 x
1013 molecule cm™3. All uncertainties are 2¢ and statistical. Experimental conditions
were 464 K, 7 Torr N2, and [DEE] = 4.8 x 10'* molecule cm™3.
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Figure 5-3: Bimolecular plot for the determination of the C:HsOC:H4 + O2 rate
coefficient, at 464 K, 7 Torr N2, [DEE] = 4.8 x 10* molecule cm=3. kc2n50C2H4+02 =
(1.58 £ 0.36) x 107! ¢m? molecule™! s7'. Shaded area represents the bounds of the
95% confidence limits. All uncertainties are 26 and statistical.
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Where all the experiments concerning DME used small amounts of oxygen to
produce biexponential decays, under a high enough oxygen concentration (approximately
10" molecule cm™), the biexponential decay reverts back to a single exponential decay,
where the very fast OH recycling from the chemical activation process results in a slower
decay than that of a kinetic trace in the absence of O> (other than O>x). The difference
between the bimolecular rate coefficient measured in the absence and presence of oxygen
gives the OH yield from chemical activation (Figure 5-4 and equation E 5-1). OH yields

have been measured in this way previously at the University of Leeds [229, 230].

kim (00 O3) = ki (05) y

OH vyield =
Y kyim(no O,)

100 E 5-1

To analyse the single exponential decays obtained by this no/high oxygen regime,
the same global treatment of the biexponential equation described in Chapter 4 can be
used. However, the traces contain no information about kc2usoc2ns+02, only OH yields,
and as such only kc2nsocona+o2 obtained from the low oxygen experiments, with a
bimolecular analysis of R + O, are reported in this work. Instead, single trace analysis of
the decays in the presence and absence of O2 was used, with weighted linear least squares
analysis of the bimolecular plots, as in the Figure 5-4 example. For the bimolecular plots
in the absence of added O», the small amount of O» always present in the system often
resulted in biexponential decays. The analysis of these decays meant the k. parameter
was used for the no-O» decays, and the bimolecular plots have no [DEE] = 0 intercepts,
as this is included as kq in the biexponential decay equation. The bimolecular plot in the

presence of Oy, where decays are single exponential, will include a [DEE] = 0 intercept.
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Figure 5-4: Bimolecular plot in the absence (black circles) and presence (red
triangles, [02] = 2 x 10'S molecule cm™) of oxygen. Determination at 457 K, 7 Torr
N2, kon+pee(no 02) = (1.06 £ 0.09) x 10! cm?® molecule™! s7!, kon+pee(02) = (4.27 +
0.22) x 107'> cm? molecule™ s!, OH yield = (60 = 10)%. Error bars are purely
statistical at the 2o level, as are the uncertainties on returned parameters. Shaded

areas represent the bounds of the 95% confidence limits. The intercepts are (-110 £
270) s7! (black), and (480 + 40) s! (red).

5.5 Temperature Dependent Measurements of the C;HsOC:Hy4 + O,
Reaction

Measurements of the R + O rate coefficient (kconsoc2ns+o2) in N2 for DEE have
been made in this work, and are the first observation of this bimolecular rate coefficient.
The data are presented in Figure 5-5, where the values obtained for kconsocons+oz are
shown as a function of temperature. All rate coefficients measured are also presented in
Table 5-2. The bimolecular rate coefficient for C;HsOC2H4 + O in this work exhibits a
negative temperature dependence, consistent with the behaviour anticipated for a
barrierless addition reaction, and not dissimilar to that seen for the formation of RO>

radicals in the analogous DME system (Chapter 4).
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Figure 5-5: The C:HsOC:H4 + O: rate coefficient measured as a function of
temperature. Errors are 20 and statistical. Grey shaded area represents the 95%
confidence bands. 4 = (4.1 £ 2.2) x 10712 ¢cm?® molecule! s, E. = (-4.97 + 1.86) kJ
mol~!. Uncertainties are statistical at the 2¢ level. Approximate total pressure ranges
are shown.

The magnitudes of the C2:HsOC2Hs + O rate coefficients measured for diethyl
ether are larger than often estimated for R + O, reactions, where typically rate coefficients
between (1 —10) x 1072 cm® molecule™ s™! would be anticipated. Experimentally, a wide
range (over two orders of magnitude) of rate coefficients have been reported for the
addition of Oz to R radicals. Some examples are listed in Table 5-1. A relationship
between molecular structure and rate coefficient is unknown, although previously a
relationship between the ionisation potential of the R radical and kr+02 was proposed,
discussed in Chapter 4. The ionisation energy of the DEE-derived R radical is expected
to be lower than that for DME’s analogous R radical, which would suggest the prediction
of a faster R + O coefficient for the DEE system in comparison to DME.
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Table 5-1: Examples of R + Oz rate coefficients measured previously.

Reaction and reference R radical structure kr+02
Ethyl + 05 [231] N 1.50 x 107
Vinoxy + O3 [232] ) /\ " 26x107"1
Neopentyl + O2[233] )< 1.6 x 10712
Methyl + 0, [231] + CH; 22 %1072
Isobutyl + O [233] )\ 2.9 x 102

. 0
Propionyl + O, [200] P 5.4 %1072

0

Acetyl + 02200, 205] )J\ (5-6) x 10712
Methylvinyl + 05 [234] /\ 7.2 x 1012
Cyclohexyl + 02 [233] 1.4 x 10"
Cyclopentyl + 02 [233] | 1.7x 107"
Ethynyl + 0, [235] HC=cC- 33 %101

Rate coefficients are in units of cm?® molecule™ s7'.

Perhaps unsurprisingly, the CoHsOC2H4 + O2 rate coefficient measured is not
orders of magnitude different to that reported for CH3;OCH> + O; in the previous chapter,
but it is approximately three times larger; the average room temperature kcansoc2Ha+02 =
(3.10 + 0.55) x 107'"! cm® molecule™ s!. Furthermore, the Arrhenius parameterisation
demonstrates that the data suggests a barrierless addition reaction, as expected, with an
Arrhenius fit-derived barrier of (5.0 + 1.9) kJ mol™!, statistically indistinguishable from

the barrier determined for the CH3OCH: + O2 reaction in Chapter 4. The bimolecular rate



169

coefficient for reaction R 5-4 was also measured as a function of pressure using the
method outlined above, presented in Figure 5-5, and is compared to master equation
calculations later in this chapter. No significant pressure dependence is clear from these
measurements, although the relatively narrow range of pressures accessible via this
method should be noted. A model developed by Yasunaga et al. [236] for the validation
of DEE shock tube experiments from 900 — 1900 K used a temperature independent rate
coefficient of kconsocona+oz = 0.64 x 107! cm?® molecule™ s7!. It is difficult to compare
the study with this work, given the large difference in temperature, however the rate
coefficient presented here should provide more robust information to base model
estimations upon. The model developed by Yasunaga et al. is not sensitive to the R + O»

rate coefficient when varied by a factor of two.

Further developments to the Yasunaga et al. [236] DEE model were made by both
Tran et al. [237] and Serinyel et al. [238], for the validation of high pressure flame speeds,
and jet stirred reactor experiments respectively. Tran et al. observed no large sensitivity
to the main DEE oxidation reaction pathways, where the mechanism was instead
dominated by H-abstraction and radical decomposition. This is unsurprising given the
experiments were more relevant to the nature of high temperature combustion outlined in
Chapter 1. Their estimated kconsocana+oz values used were 0.8 x 107! cm® molecule™ s7!
at 298 K, and 1.5 x 107! cm® molecule™ s7! at 460 K, which are in good agreement at the
highest temperatures of this study, but do not reflect the negative temperature dependence
reported here (until approximately 600 K, where their rate coefficient begins to decrease;
an unusual temperature dependence that is not explained). The further modifications to
the model by Serinyel et al. enabled a comparison to experiments conducted using a jet-
stirred reactor between 450 — 1250 K, where strong low temperature chemistry was
indicated at 10 atm. The R + O; rate coefficient proposed was adapted from work by
Goldsmith et al. [239], and resulted in an overestimation by approximately 65% at ~460 K
(kcamsocanatoz = 2.3 x 1071 cm?® molecule™! s7!) compared with the value obtained in this
work. The measurements presented here will be more important at the lower temperatures
relevant to the study by Serinyel et al., and would help constrain the temperature

dependence used for extrapolation to higher temperatures.
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Table 5-2: Rate coefficients, kc2a50C2H4+02, measured in this work. Uncertainties
are 2¢ and purely statistical.

T/K 107 [N2]* 10" kcansoconaror”  T/K - 1077 [N2]* 10" keansocanaro2”

293 1.65 284062 | 393 1.72 1.97%025
208 223 3074096 | 402 6.62 2.14 £ 0.40
208 331 3194094 | 407 2.66 1.59+0.17
298 4386 4705162 | 407 329 1.78£0.15
355 430 289+ 112 | 437 1.55 1.90%0.16
360 2.56 1454042 | 441 3.01 150011
364 1.89 250040 | 447 2.44 1.67+0.18
385 2.26 2024042 | 448 613 1.5340.17
387 233 154046 | 464 1.45 13840.17
388 375 201£041 |

4units are molecule cm™. Punits are cm> molecule ' s!.

5.6 Experimental OH Yields for the CH;:CH:OCHCH;3; + O Reaction

OH yields from well-skipping in the DEE system were obtained over 5.2 — 28.4
Torr of N2, and 298 — 496 K (thermal production of OH from stabilised RO radicals
begins above approximately 500 K). Treating these data with a Stern-Volmer analysis
(Figure 5-6) demonstrates an increase in yield with increasing temperatures, and the
suppression of yields at higher pressures. This is consistent with what would be expected
of OH yields from reaction R 5-4, a process deactivated by the pressure-dependent
stabilisation of the RO>* radical (reaction R 5-5). At room temperature (black filled
circles, Figure 5-6), yields were particularly low above 5 Torr (approximately 15% and
below), which is reflected in the greater uncertainties due to the less pronounced
biexponential decays when using the method reliant on these decays. There were no
discernible differences between measurements made using the two methods for obtaining
OH yields, other than the larger uncertainties on the high/no O, method as a result of the
non-global approach to analysis. The previous study on the DME system by Eskola et al.
[89] at the University of Leeds did not always achieve as good agreement when using
various methods (see Table 4-4 quenching coefficients in Chapter 4). All yields, with
details of uncertainties and the method used are presented in Table 5-3, and Figure 5-7
differentiates between the yields obtained using both techniques to illustrate this
agreement. Quenching coefficients, km/kc, determined from the slope of the Stern-Volmer

plots are included in Table 5-4.
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Figure 5-6: Stern-Volmer analysis of OH yields, over a temperature range 298 —
494 K. Fits pinned to intercept of 1 (i.e. 100% yield at 0 Torr pressure). A shared
intercept of 0.95 is found when not pinned. Dashed lines are extrapolated past data
points. Note a few temperatures are omitted (listed in Table 5-3, as they had no other
pressure values to fit a line through). Error bars are statistical at the 2o level.
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Figure 5-7: Comparison of yields obtained from two methods. Filled symbols
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bimolecular for the R + O: rate coefficient, where the OH yield was extracted by
global analysis. Open symbols indicate the yield was extracted from analysis of the
bimolecular rate coefficient in the absence and presence of added O:2. Uncertainties
are statistical at the 2o level.
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Reciprocal yields were fit using weighted linear analyses, and intercepts are fixed
at unity, imposing a 100% OH yield at [N2] = 0 molecule cm, which still allowed a good
fit to the data. The only possible exception to this observation is the 298 K set of data,
where there exists only two well-defined measurements, and three OH yields with

particularly large uncertainties.

Table 5-3: OH yields measured for the DEE system. Uncertainties are 2¢
and purely statistical.

T/K [N2]* Yield® Method T/K [N:2]* Yield® Method

2908  1.65 30+3 Low O, 298 223 16+14  High/no O,
298 223 1742  LowO, (352 195 4247  High/no O
298 331 9+1 Low O2 362 3.80 26418  High/no O;
298 486 942 Low O2 363 726 1418  High/no O,
355 430 1744  LowO, 384 224 39+7  High/no O,
360 256 29+3  Low O; 385 3.80 28+8  High/no O,
364 1.89 38+2  LowO; 402 1.69 53+23  High/no O,
385 226 34+3  LowO, 405 335 32£23  High/no O
387 233 46+8  LowO; 405 6.62 21+15  High/no O,
388 375 25+2  Low Oy 427 199 54+9  High/no O,
393 172 4342  LowO; 430  1.55 56+25  High/no O,
402 662 182  LowO; 435 306 4126  High/no O,
407 266 41+2  Low O, 437 620 27+11  High/no O,
407 329 34+1  Low O, 457 147 60+10  High/no O,
437 155 49+2  LowO, (462 146 69+34  High/no O,
441 301 44+1  LowO, 462 295 51+22  High/no O,
447 244 5142  LowO; 465 576 29+6  High/no O,
48 613 28+1  LowO, 488 544 46+6  High/no O,
464 145 61+3  Low O, 496 138 76+23  High/no O,

496 279 5412 High/no Os

@Units are 10'7 molecule cm™. ?Yields are in %.

A Stern-Volmer plot with OH yield intercepts allowed to float is shown in Figure
5-8, which differs from the analogous plot for the DME system, where the intercepts are
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not close to unity. From 298 — 494 K, the corresponding intercepts at [N2] = 0 are 2.0,
0.49, 0.40, 1.04, and 1.13. Translated into OH yields, this suggests yields of —=50%, 205%,
249%., 96%, and 88%. For comparison, floated intercepts for the DME system suggested
yields between 97% and 107%. Clearly, the yields at zero pressure are mostly not realistic,
and this is largely due to a lack of sufficient data points to properly characterise the fits,
without pinning to an intercept of 1. A greater range of differing temperatures was
explored for the DEE system compared to the DME experiments, so as to provide more
information to the master equation calculations in this chapter. As such, there are fewer
‘groups’ of data to construct extensive Stern-Volmer plots. This is not an issue for the

master equation analysis (see Figure 5-16), but does not translate well to illustrative

figures.
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Figure 5-8: The same Stern-Volmer plot as in Figure 5-6, but with intercepts floated.
Intercepts are -2.0, 0.49, 0.40, 1.04, and 1.13 with increasing temperature from 298
— 494 K. Error bars are statistical at the 2¢ level.
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Table 5-4: Quenching coefficients for C2HsOC2H4 + O2 obtained in the current
work for the fits in Figure 5-6. M = N2 for all measurements.

T/K P/ Torr km/kc / 107" ¢m® molecule™
298 £2 52-153 17.44 + 6.87

362 £2 7.1-14.2 891 +1.28

405+2 7.0-27.8 5.87+0.48

463 + 1 7.0-27.7 4.30+0.45

494 + 4 7.1-27.5 2.29+0.76

Uncertainties on quenching coefficients are statistical at the 2o level.

5.7 Additional Experimental Parameters

Much like the DME experiments, a wide variation in DEE concentration was not
normally used across a group of traces, and so kou+pee from a narrow range of [DEE]
should yield a poorly defined bimolecular rate coefficient for OH + DEE, however, Figure
5-9 demonstrates measurements in this work are approximately in agreement with
kon+pee measured in Chapter 3, when uncertainties on the direct OH + DEE
measurements are considered. Above approximately 400 K it is possible that kou+pEE
measured in this chapter (black circles) begin to measure a slower rate coefficient than

the Arrhenius parameterisation previously obtained (red squares).

kx as a function of pressure is displayed in Figure 5-10 obtained using the global
analysis method. As in the DME system, these values showed no dependence on
temperature, which is not included in this figure. The rates are not dissimilar to DME,
where they are relatively slow (<750 s7!) and virtually statistically insignificant. There is
some evidence that the rate may increase at low pressure. This may possibly indicate the
kx parameter is accounting for some diffusion at very low pressures, where OH loss may

deviate from the typical rates of ~200 s~! and exhibit non-exponential decay behaviour.
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Figure 5-9: Comparison of kon+pee measured in this work from global analysis
(black), with direct measurements of kon+pee in Chapter 3 (red). Uncertainties are
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Figure 5-11: Values obtained for O:x in the DEE experiments as a function of

temperature using the H202/H20 precursor and global analyses. Uncertainties are
statistical at the 2o level.

The oxygen concentration delivered to the system by decomposition of the H,O»
precursor is presented as a function of temperature in Figure 5-11, with pressures
specified. The amount of oxygen in the system is comparable to those for the DME
experiments (see Chapter 4) as expected; O2x should depend on the precursor, not the
ether. No dependence on temperature is clear, but there is some evidence here of
increasing oxygen at higher pressures, but it is not an extreme increase (approximately a

factor of 2 — 3 from 5 to 28 Torr).

5.8 Theoretical Comparison

The rate coefficient and OH yield data obtained for reaction R 5-4 were fitted using
Energy Grained Master Equation (EGME) calculations in the MESMER (Master
Equation Solver for Multi Energy-well Reactions) package, based on ab initio
calculations for the stationary points of the low temperature DEE oxidation potential

energy surface. A hindered rotor model was used.
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5.8.1 Ab Initio Calculations

The potential energy surface calculated is shown in Figure 5-12, where the black
line represents the calculated surface with no master equation fitting. Optimised
geometries of the species were calculated using the density functional theory (DFT)
functional M06-2X and the Jun-cc-pVTZ basis set, along with zero point energies (ZPEs),
force constant matrices, rotational constants, and vibrational frequencies. The stationary
point energies of the M06-2X/Jun-cc-pVTZ optimised geometries were calculated using
high performance coupled cluster calculations with single, double, and triple excitations,
using the CCSD(T) method and the Jun-cc-pVTZ basis set. The Jun-cc-pVXZ basis sets
remove the diffuse functions from H and He atoms, and the highest angular momentum
diffuse functions from other atoms. However, Gaussian 09 always introduces s and p

diffuse functions.

During the calculation of the density of states, a harmonic oscillator
approximation was generally used for vibrational frequencies, but a hindered rotor
description for vibrational frequencies of bonds was also used in place of this for some
species (see Figure 5-13). Internal rotation around bonds in the stationary points were
described using the hindered rotor approach, where a relaxed scan of the dihedral angle,
in 15° steps, was used to determine the potential. These were calculated using MO06-
2X/Jun-cc-pVTZ. The Gaussian 09 [240] suite of programs was used to calculate
geometries, frequencies, rotational constants and relative stationary point energies for the
DEE a R radical, RO, QOOH and R decomposition product species and transition states.
Complete basis set extrapolations would ideally have been carried out, but were not, as
they were computationally prohibitive. The CCSD(T) method, and the calendar basis sets
[241] (Jun, Jul etc.) were chosen as a result of the computational limits, and their
suitability for this system has been demonstrated previously by Sandhiya et al. [226]. Dr.
Diogo J. Medeiros conducted the initial ab initio calculations at the M06-2X/Jun-cc-

pVTZ level for all species other than those involved in decomposition of the R radical.
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Figure 5-12: Calculated PES (black) for the DEE R + O: model with adjusted
MESMER values (red).

Only the dominant a site abstraction pathway was considered in the calculations,
where 95% of abstractions are expected to occur [161]. Calculations for the alternative
pathway from the B abstraction site in future studies could help to determine branching
ratios, and the contribution of both sites to OH yields and the kinetics of the R + O»
reactions. Transition state pathways for the rearrangement of CH;CH>OCH(O2)CHj3 to
CH3CHOCH(OOH)CHj3 (TS1), decomposition of CH;CHOCH(OOH)CH3 (TS2), and
decomposition of CH;CH2OCHCH3 (TS6) were all considered. It is possible there are
more decomposition pathways for the QOOH radical, similar to the DME system [89],
but only one was considered due to restrictions, where calculations were computationally
expensive and time-consuming. At the temperatures where measurements of the
C2Hs0C2Hs + Os rate coefficient were made (approximately lower than 470 K), the
pathway for decomposition of the R radical via TS6 is not expected to contribute
significantly. The ab initio calculations are summarised in Table 5-5, and the details of

rotational constants and vibrational frequencies are presented in Appendix C.
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Figure 5-13: Internal hindered rotations calculated for species R (A), ROz (B),
TS1 (C), QOOH (D), and TS2 (E).

Previous ab initio calculations carried out on relevant species are summarised in
Table 5-5, where the earliest calculation by Di Tommaso et al. [115] is the only study to
compute the single point energies of all the same species as this work, but the B3LYP/6-
311++G(d,p) methodology is of a much lower level than presented here, and so the RO,
QOOH, TS2, and TS6 species differ by several kcal mol™'. Sakai et al. [225] however
used the CBS-QB3 methodology to obtain a value for TS2 (~13.6 kcal mol™') more
comparable to that of Di Tommaso than this work. This suggests the MESMER prediction
of a lower barrier for the decomposition of QOOH to products (discussed in section 5.8.2)
is not unrealistic, and a different transition state to the one found in this chapter may
properly identify the route to efficient OH yields observed in the chemical activation

experiments.

Reasonable agreement (within ~3 kcal mol™") is found between the calculations in
this work and Sakai et al. [225], Sandhiya et al. [226], and Wang and Wang [227], for the
well-depths of the RO> and QOOH species. More focused on the atmospheric oxidation
of DEE, these studies did not give consideration to the decomposition of the R and QOOH
radicals. A study by Hu et al. [228] was targeted towards compression ignition modelling,
and only concerned itself with the decomposition of the R radical, where they refined
MP2/6-311(d,p) calculations at G3 single point energies, based on single point energy
calculations at MP2, MP4, and QCI levels, using different basis sets. Their calculated
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barrier height for TS6 (24.0 kcal mol ™) is in excellent agreement with the value reported

in this thesis (23.7 kcal mol™).

Table 5-5: Comparison of calculated energies for the DEE surface.
Methodology Ref RO> TSI QOOH TS2 TS6

CCSD(T)/Jun-cc-pVTZ  This work -348 -15.1 =256 3.7 23.7
//IM062-X/Jun-cc-pVTZ

al.
CBS-QB3 Sakaietal. 375 —20.1 -287 -13.6 na
'UCCSD(T)/Aug-cc- Sandhiyaetal. 374 -147 269 na na
pVDZ//UM06-2X/6-
311++G(d,p)

UCBS-QB3//M06-2X Wang and Wang -37.7 -19.7 -28.8 na na
/6-311++G(2df,2p)

G3//MP2/6-311(d,p) Hu et al. na na na na 24.0

All energies are in units of kcal mol™! and are ZPE corrected. Relative to the energy of
the o R radical (and O» for all but TS6). References are Di Tommaso et al. [115], Sakai
et al. [225], Sandhiya et al. [226], Wang and Wang [227], and Hu et al. [228].

5.8.2 MESMER Analysis

Using the ZPEs, vibrational frequencies, force constant matrices and rotational
constants obtained from the ab initio calculations on the diethyl ether oxidation surface
described above (Figure 5-12), master equation solving was carried out using the
MESMER software package, which solves the EGME. The MESMER model consists of
a bimolecular source term (reaction R 5-4), energy wells for isomers, transition states to

isomers, and product energy wells that act as infinite sinks for the system (Figure 5-14).
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Figure 5-14: Representation of the Energy Grained Master Equation model for a
generic association reaction, with two wells (C1 and C2), and an irreversible product
channel. Taken from Glowacki et al. [242].

Energies of the species were partitioned into 100 cm™ grains, and collisional
energy transfer was modelled using the exponential down term, (AE)qown, the average
energy transferred downwards during collision with the bath gas. Collision with the bath
gas can also transfer energy upwards to the species. Each grain of the system is populated
or depopulated through collisional energy transfer into another grain. Population by the
bimolecular reaction between O and CH3;CH>OCHCH3, and depopulation by
dissociation and/or re-dissociation to products and reagents respectively, both also take
place. The probability of energy transfer between two grains is determined by the
exponential down model and decreases exponentially with separation of the two grains.

The parameter for energy transfer is given below (equation E 5-2),

n

T
<AE)d0WH = <AE)d0wn,ref (T_) E 5-2
ref’

here, n was fixed to 0.25 for the N> bath gas [243], and Trer refers to 293 K.

Densities of states were calculated assuming rigid rotors for external rotations,
and treating vibrations as harmonic oscillators. Hindered rotor models were also used for

some vibrational modes. In each energy grain, microcanonical rate coefficients for the
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unimolecular reactions are calculated via microcanonical transition state/RRKM theory

(equation E 5-3):

kE——W(E) E 5-3
B o) '

where W(E) is the sum of rovibrational states at the optimised geometry, and p(E) is the
density of rovibrational states. For the barrierless association reaction R 5-4, the inverse
Laplace transform (ILT) approach was used. Here, the microcanonical dissociation A(E)s
are determined using experimental measurements of the reaction rate coefficient.
Phenomenological rate coefficients were calculated by MESMER using the Bartis and
Widom approach to select the chemically significant eigenvalues present in the master

equation [244].

The EGME can be described by equation E 5-4:

dp
— =M E 5-4
a P

where p is the population density vector, and M is the transition matrix, which describes
the population evolution as a function of time, brought about by collisional energy

transfer and reactions. Solving equation E 5-4 gives equation E 5-5:

p= UeAtITlp(O) E 5-5

here, U is a matrix of eigenvectors from the diagonalization of M, A represents the vector
of the corresponding eigenvalues, and p(0) represents the starting conditions of each
energy grain. For the RO> to QOOH hydrogen shift (TS1), the asymmetric Eckart

tunnelling correction model [245] was used.

In total, 58 experimentally determined data points for rate coefficients and OH
yields have been used to fit the MESMER model by optimising parameters on the DEE
PES. The Marquardt algorithm was used to fit the rate data to the calculated surface,

providing a practical assessment of the agreement between the ab initio calculations and
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experiments, and to predict the high pressure limit for reaction R 5-4. 39 of the data points
were OH yields, and 19 were measurements of the R + O rate coefficient. Two models
were fit to the data; the first relied on vibrational constants to calculate the density of
states for species; the second incorporated the hindered rotor calculations outlined above,
to describe internal rotations of dihedral bond angles (Figure 5-13). The fit to the model
was obtained by reducing the value of the statistical measure of goodness of fit, y?, where
this relates the experimental values of a parameter to the parameter calculated by

MESMER in equation E 5-6:

E 5-6

58 2
} (koo @, T = Kimoa (P, T)))
(A7, (AE)goun» Est» Ersa) = Z = - Ggl — :

i=1 1

where A” was the Arrhenius pre-exponential factor for reaction R 5-4, (AE)down Was the
exponential down energy transfer parameter, Ets1 and Etsz were the single point energies
for the respective transition states, ki ob(pi,7:) was the experimentally observed value for a
set of conditions, kimod(pi,7i) was the modelled value at the same conditions, and o; was
the uncertainty in the experimentally determined value. The Levenberg-Marquardt

algorithm was used to reduce y°.

In the above fitting routine, n*, the temperature exponent term for reaction R 5-4
was fixed at a value of —1.2, and attempts to float the parameter showed it was insensitive
to variation by a factor of two. The single point energy for TS1 was linked to the single
point energy for TS2, based on the difference between the two ab initio energy
calculations. TS2’s energy was adjusted, and will primarily have been characterised by
the OH yields measured in this work, with TS1’s energy floating relative to TS2. The
activation energy of reaction R 5-4 was set to 0, consistent with a barrierless association

reaction.

A similar fit was found for both the model with, and without, hindered rotor
description of bonds, where a ¥ value of 86 and 100 was found respectively. An ideal fit
would provide a y* value equivalent to the total number of data points, so in this case, >
= 58 would indicate a perfect fit. The value for the minimised > reported by MESMER
scales linearly with the uncertainties on experimentally determined data provided (i.e.
doubling all experimental uncertainties will give an identical MESMER fit, with

uncertainties on fitted parameters twice as large). As such, all uncertainties provided to
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MESMER for yields and rate coefficients were statistical at the 2c level, hence, the

uncertainty on returned MESMER parameters are propagated 2c uncertainties.

Correlation plots are shown in Figure 5-15 and Figure 5-16 for the reaction R 5-4,
C2H50C2Hs + Oy, rate coefficient and OH yields respectively, where the modelled data
are plotted against the experimental determinations, with x error bars representing the 2¢
uncertainties in the measured values. Weighted linear fits to the data in the correlation
plots show very similar fits for both MESMER models, where near perfect 1:1

correlations are present, with the intercepts pinned at 0.
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Figure 5-15: Correlation plot for the modelled reaction R 5-4 rate coefficients
against experimentally observed rate coefficients. Black data are for the MESMER
model using hindered rotors, and red for the vibration-only model. Fits to the data
are pinned to the origin, and the slopes are 0.98 and 0.99 for the black and red lines
respectively. Uncertainties are statistical at the 2o level.
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Figure 5-16: Correlation plot for the modelled OH yields against experimentally
observed OH yields. Black data are for the MESMER model using hindered rotors,
and red for the vibration-only model. Lighter coloured yields were obtained from
the high O2/no Oz bimolecular determination, and inherently have larger error bars.
Fits to the data are pinned to the origin, and both lines have a slope of 0.99.
Uncertainties are statistical at the 2o level.

Results for the floated parameters in the two models outlined above are listed in
Table 5-6. There is a small difference of 1.2 x 107! cm?® molecule™ s7! in the reaction R
5-4 pre-exponential factor for the two models when considering uncertainties. The largest
discrepancy is between the single point energies found for TS2, the transition state for
QOOH decomposition to OH. This should be a well-defined parameter as a result of the
large number of OH yields generated using two methods provided to the model, where
this barrier (which has the highest energy of the transition states post O addition to the
R radical), controls the amount of QOOH* able to decompose via well-skipping to OH
radicals. The small relative uncertainty of 0.3 kcal mol™! in both models reflects the
sensitivity of the model and data to TS2. The difference of 3 kcal mol™! between the
vibration-only model and the hindered rotor model is a significant discrepancy, and may
suggest the greater density of states available to the RO, and QOOH species energy wells
in the hindered rotor model reduces the amount of chemical activation possible. In
comparison to the energy wells, the calculations for TS1 provide hindered rotations for

only two bonds (compared to six in RO»), thus increasing the density of states in TS1 to



186

a lesser degree than the adjacent energy wells. This issue will not be present in the
vibration-only model, and thus TS2 and TS1 are not required to be as low to account for

the shift in equilibrium to the reactant sides of the transition states.

Table 5-6: Adjusted parameters found by the reduction of x> when fitting the
MESMER models to the experimentally observed rate coefficients and OH yields.

Parameter MESMER model Ab initio
Hindered rotors Vibration only
Etsi (-21.7£0.3) (-18.1 £0.3) -15.1
Ets2 (-10.3£0.3) (6.7 £0.3) -3.7
A~ (3.34+£0.22) x 107" (2.87+0.13) x 107! na
(AE)down (599 + 184) (590 + 186) na
o 86 100 na

Units of E = kcal mol™! and relative to R + O2, 4 units = cm® molecule™ s™!, (AE)down
units = cm™’,

Given the calculated ab initio energy barrier for TS2 at the CCSD(T)/Jun-cc-
pVTZ level was —3.69 kcal mol! relative to the R + O entrance channel, a required
change of ~3 — 7 kcal mol™! with the MESMER fitting routine is a significant adjustment,
and suggests the energies for TS2 are not being calculated accurately. There is the
possibility that the experimental data are systematically wrong, however, the observations
are qualitatively consistent with the reaction studied, and the agreement between the two
OH vyield generation methods is excellent. In the previous study by Eskola et al. [89] at
the University of Leeds, their use of MESMER to fit experimental data for the CH3OCH:
+ Oy surface ab intio calculations also led to large adjustments in transition state barriers.
For the analogous DME system, TS1 was lowered by ~5 kcal mol™!, and TS2 was lowered
by ~10 kcal mol™'. This highlights the importance of using laboratory measurements to
adjust ab initio calculations, and suggests that the transition states in particular are not
currently described well by theoretical calculations. As a result of allowing the transition
state energies to float, the Stern-Volmer plot in Figure 5-17 is recreated well by the
MESMER modelled predictions for the OH yields. Interestingly, MESMER does not
predict an intercept of 1, and therefore suggests 100% OH yields are not possible.
MESMER intercepts in Figure 5-17 correspond to a range of (64 — 85)% yields of OH in
increasing temperature. Physically this would suggest that some RO,/QOOH molecules

will never dissociate to generate OH.
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Figure 5-17: Stern-Volmer treatment of OH yields, with dotted lines representing
the MESMER predictions. Instrumentally weighted fits were used, and intercepts
for experimental data were set to unity. Intercepts on the MESMER fits = 1.56, 1.45,
1.35,1.23, 1.18, from low to high temperature. Uncertainties are statistical at the 2¢
level.

Finally, a value close to 600 cm™' for (AE)down in both models (Table 5-6) is
unusually high, considering a typical system in nitrogen bath gas would be expected to
have a collisional transfer energy of 175 —275 cm™' [246]. The large uncertainties on both
values however, may place this parameter as low as ~400 cm™!, and a comparison of the
same model (simulating, rather than fitting to data) ran with fixed (AE)down values of 300
cm ! and 100 cm™! in Figure 5-18, shows very little effect on the simulated reaction R 5-4
rate coefficient temperature dependence at the high pressure limit. On the contrary, yields
are greatly affected by the change in average energy transferred during collisional

deactivation, as would be expected (Figure 5-19).

With (AE)down fixed at 100 cm™!, the model achieves a significantly less good fit,
with a y? = 170, an A over twice as large as that reported in Table 5-6, and the model
still required an adjustment of TS2 down by over 4 kcal mol™! from the ab initio value.
Attempting to fit the data to the model with the initial TS2 ab initio value (-3.7 kcal
mol ™) fixed, yields a %> > 6000, and thus is not able to fit the data satisfactorily.
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Figure 5-18: kc2nsoc2ns+02 dependence on temperature with the high pressure limit
calculated by MESMER (black). Red and green lines are MESMER fits where
(AE)down was fixed at 300 cm™ and 100 cm™' respectively. Uncertainties are
statistical at the 2o level.
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Figure 5-19: Stern-Volmer plot for MESMER predicted yields at varying (AE)down
values. Only two temperatures are displayed, for clarity.
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The prediction of the high pressure limit for reaction R 5-4 in the hindered rotor
MESMER model does qualitatively predict the negative temperature dependence of the
bimolecular rate coefficient, and predicts a slight pressure dependence across the range
of total gas density explorable in this work in Figure 5-20. The measurements of the R +
O: rate coefficient presented here as a function of pressure, do not have small enough
uncertainties (particularly at low temperatures), enough pressures explored, or a large
enough pressure range explored, to confidently identify any pressure dependence.
However, the comparison to the MESMER model in Figure 5-18, where experimental
measurements are approximately 20% slower than the MESMER predicted rate
coefficients at higher temperatures, does suggest the experimental observations may not

have always been at the high pressure limit for the reaction.
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Figure 5-20: kc2nsocz2na+02 as a function of total pressure, with lines for MESMER
fits. Uncertainties are statistical at the 2¢ level.

In general, good agreement was found between the MESMER model including
hindered rotors, and the experimental measurements of the R + O3 rate coefficients and
OH yields, with significant adjustment of transition state barriers and the downward
collisional energy transfer parameter, (AE)down. A difference of approximately +3 kcal

mol~! in the energy for TS2 was the primary difference when comparing the vibrational
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frequency-only model with the hindered rotor description model. At the current ab initio
level used in this work, CCSD(T)/Jun-cc-pVTZ//M06-2X/Jun-cc-pVTZ, there will be a
different MESMER model fitting result to that found if calculations with the complete
basis set extrapolation were possible, as this would affect the fixed well-depths used for
the RO2 and QOOH species, and the relative difference enforced between TS1 and TS2.
The energies for RO> and QOOH were not defined by the experimental data for the system
when floated. Experiments measuring the interception of the QOOH radical by O> would
go some way to defining the equilibrium, and therefore the difference in energy between

the two radicals.

5.9 Comparative Discussion of C;Hs0C:H4 + O; and CH3;0CH; + O,

Both dimethyl and diethyl ether produced negative temperature dependences for
the R + O, reaction rate coefficient (Figure 5-21), the major difference being the
magnitude of the rate coefficients. From room temperature to approximately 450 K, the
CoHsOC:H4 + Os rate coefficient remains approximately three times faster than that for
CH30CH; + 02 (3 to 1.5 x 107! cm?® molecule™' s7!, and 1 to 0.5 x 107" cm?® molecule™
s1). The a site expected to be the major pathway for the DEE R radical is activated by
proximity to the —O— group, and also the adjacent methyl group, so a faster rate is
expected than the equivalent rate for the DME R radical, where only the adjacent —O— is
able to contribute. The possibility of addition to the B site in the DEE system may also

increase the rate coefficient.

Figure 5-22 presents the quenching coefficients obtained for the DEE and DME
systems, where the higher quenching coefficients for DEE represent lower yields. This
can be explained by the larger size of the CoHsOC>H4 molecule, where it is more likely
to undergo collisional deactivation, be thermalised into a local energy minima, and not
well-skip directly to the OH product. At the highest temperatures, this effect becomes less

pronounced and the quenching coefficients of the two systems begin to converge.
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5.10 Conclusions

Measurements of the rate parameters for the diethyl ether R + O, system have
been presented for the first time across a range of temperatures, 298 — 464 K, and
pressures, 5.2 —28.4 Torr of N». Comparisons to the equivalent observations for the DME
system were made, where rate parameters for the CoHsOCoHs + O; reaction exhibit a
bimolecular rate coefficient approximately three times larger than CH3;OCH> + O, and
the quenching coefficient measured in N> for OH yields from DEE was greater than for
DME. This difference was attributed to the greater probability of collisional quenching

for the larger molecule.

Experimentally determined OH yields and R + O rate parameters were compared
to ab initio calculations of the DEE low temperature oxidation surface, where stationary
point energies of R + Oz, RO,, QOOH, product, and transition state species were
determined at the CCSD(T)/Jun-cc-pVTZ//M06-2X/Jun-cc-pVTZ level. Master equation
solving using the MESMER code showed that a reduction in the theoretical values of the
RO; <> QOOH and QOOH — OH transition state barriers of ~7 kcal mol™! was required
to achieve good agreement with the observed rate parameters, suggesting the ab initio

calculations do not describe the transition states accurately.

Future work should focus on a greater range of C;HsOC2H4 + O rate parameters,
where the optimal experimental conditions determined in Chapter 4 could be used to
provide a more comprehensive characterisation of the pressure dependence (at lower
pressures) of the R + O» rate coefficient. Theoretical calculations could also extend to a
more complete description of the low temperature combustion surface. If any initial
hydrogen abstraction occurring at the 3 site of the DEE molecule proceeds to contribute
to the R + O> reaction and OH yields, the MESMER package may be able to provide

information on the branching ratios.
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Chapter 6 Other Sources of OH Regeneration

6.1 Abstract

This chapter presents some initial results obtained concerning OH regeneration in
the low temperature combustion regime of ethers beyond the R + O> chemical activation
source discussed in previous chapters. These results are speculative, and not fully
understood in a quantitative manner, however they are important observations, likely
related to the decomposition of QOOH radicals, and potentially the interception of QOOH

radicals by Oz, a key step in the autoignition of fuels.

Observations of rapid OH growth and decays for experiments using DME, DEE,
and DBE, in the presence of O; and absence of OH precursor, have been measured above
~480 K, 500 K, and 700 K respectively. Abstraction reactions between the fuel and O(°P)
atoms have been proposed as the most likely mechanism for the growths after a series of
experimental tests were conducted. Biexponential decays of OH for the same fuels were
also measured, although the extent to which O atom chemistry contributes to these
recycling traces is not known. MTBE and TMOF did not exhibit the same chemistry, and
biexponential decays observed above 478 K and 568 K for these ethers in the presence of
07 have been analysed, providing OH yields invariant with O2. A mechanism for the
MTBE yields has been proposed, with an HO> formation channel causing the relatively

low (35 £+ 5)% OH yields.

A complex fitting scheme was developed, incorporating the O(P) + fuel
reactions, and early attempts to analyse a large number of growth/decay traces using the
scheme indicates there are other regeneration processes occurring on a longer time scale.
The further regeneration mechanisms (involving QOOH) that these results imply are
taking place, are complemented by some experiments conducted using an alternate
experimental setup to that used to obtain the majority of data in this thesis, where no
indication of O atom chemistry was seen. Under high O> concentrations, and an O atom-
free reaction cell experiment, cool flame behaviour was observed using DEE, where
photolysis-independent OH concentrations increased as a function of [O2]. The
perturbation of these flames by LIF was carried out, however the OH yields and recycling

parameters obtained via biexponential analyses of the OH decays are not fully understood.
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6.2 Background and Previous Work

Following the initial abstraction reaction involving a fuel and a small species
(e.g. OH) (Chapter 3), and the addition of oxygen to the R radical formed (Chapter 4 and
Chapter 5), several reactions leading to, and causing, chain-branching, are believed to be
the key to the autoignition of fuels in low temperature combustion mechanisms. A
schematic PES illustrating these reactions is presented in Figure 6-1, with the chain-

branching pathway highlighted in green and red.
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Figure 6-1: Generic low temperature combustion potential energy surface, showing
propagation (blue and green) and chain-branching OH formation (green to red).

Rearrangement of the RO> species to QOOH, via an internal hydrogen abstraction,
can occur initially, and the equilibrium usually lies heavily towards RO; (reaction R 6-1).
QOOH can thermally decompose to yield one OH, thus propagating the system of
radicals, in reaction R 6-2. Alternatively, given high enough oxygen concentrations, the
QOOH species can be intercepted by O, to form the QOOH-peroxy radical in reaction R
6-3. The higher energy of the QOOH well-depth makes this O interception particularly
difficult experimentally, where sufficiently high O: concentrations would result in
quenching of fluorescence signal in a typical LIF experiment. From here, chain
propagation can take place via reaction R 6-4, where the peroxy species falls apart to

generate the first OH radical, and a ketophydroperoxide species, OQ'OOH (following
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isomerisation). The second OH radical (and thus the branching species) arises from

further decomposition of the OQ'OOH species in reaction R 6-5.

RO; < QOOH R 6-1
QOOH — OH + products R 6-2
QOOH + 02 — 0.QO0H R 6-3

0,QO0H — OH + OQ'OOH R 6-4
OQ'OOH — OH + products R 6-5

In the DME system, significant research has been carried out on the chain-
branching mechanism [87, 88, 94-96, 247-249], but the details are still not fully
understood. Research by Jenkin et al. [250] proposed that the observed formation of
HCHO reported by Japar et al. [180] can arise by the decomposition of the QOOH radical,
where an internal hydrogen abstraction occurs (reaction R 6-6). Decomposition of the
QOOH radical leads to the formation of formaldehyde (reaction R 6-7). The final OH
product, formed by decomposition of the QOOH radical, requires high temperatures in

order to provide the reaction enough energy to breach the energy barriers [89].

CH3OCH202 — CHzOCHzOzH R 6-6
CH,OCH,0,H — 2HCHO + OH R 6-7

Decomposition of the OoQOOH radical (formed in reaction R 6-8) produces the
hydroperoxymethyl formate (HPMF) species and an OH radical (reaction R 6-9). The
resultant production of two radicals (OH and OCH,OCHO) (reaction R 6-10) from the
decomposition of HPMF gives rise to autoignition of DME. The OCH>OCHO radical also
produces an HCO; radical and formaldehyde (CH>O) by decomposition (reaction R
6-11) [95].

CH,0CH,0,H + O, — O,H,0CH,0,H R 6-8
0,CH,0CH,0,H — HO,CH,0CHO + OH R 6-9
HO,CH,0CHO — OCH,0CHO + OH R 6-10

OCH,0CHO — CH,0 + HCO, R6-11
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Curran et al. [94] originally proposed the temperature range 550 — 600 K for chain-
branching via HPMF decomposition (reaction R 6-10), and >600 K as the temperature at
which decomposition of the hydroperoxy methyl methoxy (reaction R 6-7) radical begins
to dominate the mechanism, giving rise to only one hydroxyl radical. Zhao et al. [96] built
on the work carried out by Curran, to build an extensive reaction scheme for modelling
DME combustion, and found chain branching should occur below 700 K via reaction R

6-10 given enough O is present.

Andersen and Carter hypothesised the potential chain-branching products,
suggesting those formed in reaction R 6-10 [247, 248], but predicting an additional route
to OH formation (reaction R 6-12) as the most probable.

HO,CH,O0CHO — HCOOH + CHO + OH R 6-12

Figure 6-2 shows the potential surface proposed by Andersen and Carter [249] as
the “most efficient”, containing two relatively low energy barriers, and the direct

production of two OH radicals as part of the chain-branching route.
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Figure 6-2: Potential energy surface suggested for dimethyl ether combustion, with
possible chain branching route, figure from Andersen and Carter [249].
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The final steps towards chain-branching are particularly difficult to monitor
experimentally, but some progress has been made, where Moshammer and co-workers
have now detected HPMF using mass spectrometry [87, 88]. Other studies have focused
on the low temperature oxidation mechanism of DME, through ab initio

calculations [220, 227, 251].

In theory, any ether molecule may follow this general mechanism, but the extent
to which the molecule will regenerate OH via QOOH decomposition, or chain branch,
will depend heavily on the heights of the barriers, relative well-depths of the RO2/QOOH
species, structures of transition states, and possibly the structures of the OH co-products.
In the case of diethyl- and di-n-butyl- ether, their larger structures will lead to more
possibilities for abstraction, rearrangement, and addition, and therefore increasingly

complex mechanisms.

The most developed mechanism for the reaction of DEE with OH comes from
several publications by Di Tommaso et al. [115, 252-254], where the mechanism is
similar to that of DME, with the added complexity of two unique abstraction sites present.
The a site is expected to dominate, as a result of the C—H bond weakened through
proximity to the O atom. Hence, the o R radical is the major species formed during the
initial abstraction reaction, and Di Tommaso and co-workers present a mechanism for the
low temperature combustion mechanism of this radical. The rearrangement of RO> to
QOOH in the case of DEE will proceed preferentially via a six-membered ring transition
state between both o carbon sites adjacent to the oxygen. The QOOH can undergo
decomposition to propagate the reaction with formation of an OH radical (see Figure 6-3),
favouring the formation of two acetaldehyde molecules, but with an alternative route

resulting in a four-membered ring species.
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Figure 6-3: Possible OH regeneration routes in the DEE low temperature
combustion mechanism proposed by Di Tommaso et al. [115] for the a R radical.

The O2QOO0H species proceeds via an eight-membered ring (although it is not
clear why a ring this large should form, stabilisation by an O—H interaction is proposed
as the reason), followed by a six-membered ring, to form the ketohydroperoxide species.
This is analogous to HPMF in the DME system, and can decompose via six routes. Three
routes are shown in Figure 6-3, where the products circled form in a barrierless reaction
that would be kinetically favourable, and therefore more likely on the timescales of
combustion. The other route to OH formation, and the most competitive reaction that does
not generate an OH radical, are both displayed (30.3 kcal mol™! and 26.7 kcal mol™!

barriers respectively).

Hu et al. proposed that the minor channel, arising from f abstraction of the DEE
molecule, will proceed through a seven-membered ring transition state for the RO, —
QOOH rearrangement, where the —OO¢ group abstracts the internal hydrogen on the o
site of the opposing carbon chain. At 4 atm pressure and 600 K, they predict
approximately 92% of the initial fuel abstraction will occur at the a site. Almost 7% are

B abstractions, and the remainder are negligible contributions of fuel decomposition. Hu
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et al. show the route to the QOOH-peroxy species, and imply this molecule decomposes
to smaller species. A suggested route to chain-branching OH radical formation is shown

in Figure 6-4, based on that of the o radical.
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Figure 6-4: Possible OH regeneration routes for the DEE B R radical proposed by
Hu et al. [228], with O2QOOH decomposition products also suggested.

Ab initio studies have sought to increase knowledge of DEE’s low temperature
autoignition mechanism [220, 225-228, 252-255], but without laboratory measurements
of the important reactions and species, verifying the validity of computation calculations

is challenging.

To our knowledge, no ab initio studies exist on the low temperature chain-
branching mechanism of DBE, however Thion et al. [172] have studied its oxidation in a
jet-stirred reactor (JSR), and Cai et al. [170] used flames and a laminar flow reactor to
develop a kinetic model and validate the model against ignition delay times. Cai et al.
suggested the only chain-branching route possible was that beginning with the y R radical
(Figure 6-5), and that despite the o R radical dominating the process (followed by v, B,
then 0), no OH is formed via this route. Thion et al. proposed this route was the dominant
process in chain-branching, and suggested other smaller species (such as the propyl
radical formed during the ketohydroperoxide decomposition step), also contributed to the
complex chemistry where multiple OH regeneration routes exist. The QOOH-peroxy
radical formed from the o radical containing the —OO and —OOH groups on either side of
the ether —O— was suggested by Cali et al. to be six times more likely than the alternative

02QO0H species (with both oxygenated groups on the same carbon side chain). Cai et
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al. also proposed that despite no chain-branching routes arising from the  and 6 R
radicals, both are able to propagate OH via decomposition of the QOOH radicals. Five-
membered ring species make these pathways possible, whereas the analogous routes for
the o and y mechanisms would require unfavourable four-membered ring species
formations. These proposed routes are summarised in Figure 6-5, where the mechanisms
begin with the relevant RO> radicals. The number of potential routes here, and additional
reactions such as decomposition of R radicals, and the smaller radical branching
pathways, highlight the complexity of a large molecule like DBE in comparison to DME
and DEE.
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Figure 6-5: Suggested di-n-butyl ether OH regeneration mechanisms under low
temperature combustion conditions.

Cool flames arise as a result of the branching mechanisms described, and manifest
themselves physically by a sudden temperature rise of approximately 100 K [86, 256].
The increasing reaction rate is quenched before the reaction completes, when only 5 —
10% of the fuel has been consumed. A negative temperature dependence region is the
cause of the arrested reaction rate, and is brought about by the reversal of the R + O;
addition reaction (studied in Chapter 4 and Chapter 5) at higher temperatures
(approaching 700 K). Under these conditions, the abstraction of a hydrogen from the R

radical by O2 becomes more important, and results in HO, formation — a much less
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reactive radical than OH. Formation of R radicals via H abstraction by HO> will be slow
in competition with the HO> + HO; reaction. Here, H,O> and O; are formed, and the
hydrogen peroxide will not decompose to form a significant number of OH radicals. Now,
branching agents are destroyed more rapidly than they are formed (in the absence of RO
formation), hence the reaction is quenched until the R + O, addition reaction equilibrium
is shifted to the products once more. Experimentally, C. Morley [257] demonstrated that
photolytic perturbation of cool flames was possible, using a pre-heated gas flow reactor
with heptane/air mixtures at ~800 K, in 1 atm N». Extra OH radicals were generated by
photolysis of H>O> (naturally present), to ‘perturb’ the cool flame, and the decay of the
OH radicals was detected by laser-induced fluorescence, probing as a function of time.
Decays exhibited triexponential behaviour that was attributed to the generalised model of
autoignition (assigning rates for termination, propagation, and branching). These
experiments demonstrated that it should be possible to extract rate coefficients for

complex mechanisms under low temperature autoignition conditions.

6.3 Experimental

The majority of experiments in this chapter were carried out using the typical
experimental setup described in Chapter 2. Di-n-butyl and diethyl ether were sometimes
delivered using a bubbler method as described in Chapter 3 using Antoine parameters
from Yaws and Yang [151]. The typical HyO2/H>O precursor was used, if needed, and
the laser wavelengths used were 248 nm (photolysis), and 308 nm (probe). For some
experimental checks, an ozone box (Thermo Scientific 49C Ozone Analyzer) was used,
to detect absorption at 254 nm. Reagents used in this chapter were OH precursor
(hydrogen peroxide, H20O, Sigma-Aldrich, 50% (w/w) in H.O), buffer gas (N2, BOC,
oxygen-free), Oz (BOC, 99.5%), H2 (BOC, high purity), DME (Argo International Ltd,
99.8%), DEE (Sigma-Aldrich, >99%), DBE (Sigma-Aldrich, 99.3%), MTBE (Sigma-
Aldrich, 99%), TMOF (Sigma-Aldrich, 99.8%), and CH4 (BOC, >99.9%).

For the experiments in section 6.7, a different experimental setup was utilised
(Figure 6-6). This has been described in detail previously [258, 259], but briefly, the
primary difference between this and the setup used most, are the ability to achieve higher
pressures as a result of the FAGE technique. FAGE, meaning fluorescence assay by gas
expansion, involves the expansion of a high pressure reaction cell, through a small

pinhole, into a low pressure detection region (approximately <I Torr). In this way, high
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pressure experiments (up to 2 atm) can be undertaken, with fluorescence monitoring

taking place in the detection region free of significant quenching.

Here, a stainless steel tube (22 mm internal diameter), 0.5 metre long, allowed
preheating of the gas that flowed along the tube. Calibrated MFCs were used to deliver
the reactants, precursor, and buffer gas at a flow rate of approximately 10000 sccm, and
the temperature was monitored by calibrated K-type thermocouples near the pinhole.
Gases (N2 and Oy) were delivered from cylinders, and liquids (H20, and DEE) from
thermostatted bubblers, with N> backing flow. The photolysis pulsed was generated by
an excimer laser operating on KrF (Lambda Physik, Compex 200, 10 Hz) to generate 248
nm light. At the end of this tube, the pinhole (approximately <0.15 mm diameter) caused
expansion of the gas into the detection cell. Flow rates of approximately 1200 sccm in
this cell gave pressures of 0.3 — 5 Torr. Excess gas from the reaction cell was passed out

through exhaust channels.
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Figure 6-6: Schematic diagram of the FAGE instrument used in section 6.7,
reproduced from Stone et al. [258], showing the full instrument in the upper panel.
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OH radicals in the expanded jet region were detected by off-resonance LIF at
308 nm collected using a filter (305 + 5 nm, Barr Associates) and a PMT (Perkin-Elmer
C1943P), and the probe laser was 282 nm light generated by frequency doubling the
output of a dye laser (Continuum, Rhodamine 6G dye), pumped by a Nd:YAG laser
(Quantel, Q-smart 850). A delay generator (BNC DG535) was used to vary the delay
between the photolysis and probe laser to generate a time-resolved OH decay, which were
averaged 5 — 30 times, and analysed using the same single exponential and biexponential

equations employed throughout this thesis.

Experiments using this alternate setup allowed higher pressures and greater O:
concentrations to be explored in comparison to the typical setup used throughout this
thesis. A further advantage was the lack of any interfering chemistry observed, which is

discussed further in section 6.7.

Biexponential decays in this chapter were analysed using the basic biexponential
analytical scheme described in Chapter 3 (Scheme 6-3). It should be noted that 4, the
recycling parameter, can be as a result of several processes, such as QOOH
decomposition, O2QOOH decomposition, and ketohydroperoxide decomposition. Any
single exponential decays were analysed in the typical manner used throughout this thesis.
Other analyses employed a more complex analytical scheme, and are described in detail

in section 6.6.

k, 0, Ky
RH+OH —> R- > RO, » OH
kd kc
loss loss

Scheme 6-1: Simplified reaction scheme for biexponential analysis equation
parameters.

6.4 Observation of Chain-branching?

Biexponential kinetic decay traces were often obtained in the presence of oxygen
(see Figure 6-7) when not in the chemical activation range of conditions (i.e. high pressure
(>50 Torr), temperature (>~480 K), and oxygen (>~10'°> molecule cm™)). Evidence of
OH recycling seen in this trace was observed for the DME, DEE, and DBE systems. For

these ethers, biexponential behaviour was observed in the presence of O2 at temperatures
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as low as 510 K, 450 K, and 483K respectively, however the effect is heavily dependent

on several conditions, including [Oz], [ether], and possibly pressure and flow.

0.004

0.002

[OH] / arbitrary units

0.000

Time / ms

Figure 6-7: Biexponential decay of OH in reaction between DME and OH. Trace
obtained at 552 K and 108 Torr N2, where [DME] = 5.1 x 10'* molecule cm~ and
[02] = 2.5 x 10!7 molecule cm=. Red line is a biexponential fit: k.’ = (2730 + 150) s,
ko = (750 £ 110) s7!, ke = (30 + 40) s, ka = 340 s7'. Errors are statistical, calculated
at the 20 level.

A range of oxygen concentrations was explored to attempt to draw conclusions
about its effects on the recycling seen, and increasing the amount of oxygen present was
often shown to increase the amount of recycling measured from biexponential decays, for
experiments with DME and DEE. The dependence of the recycling parameter, kb, upon
oxygen concentration often yielded a plot with a similar shape to those in Figure 6-8. The
plot shows a form which has two clear plateaus at low and high oxygen concentration,
and it is possible that these “limits” represent rates for reactions such as QOOH
decomposition, or chain-branching reactions. However, not all dependences looked like
this, and sometimes Ay increased more linearly with oxygen concentration. Currently there

1s no consistent and well-understood trend.
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Figure 6-8. Example of kb dependence on oxygen concentration for DME at ~600 K.
Error bars are statistical, calculated at the 1o level.

Over a narrower and more specific range of temperatures and oxygen
concentrations to those above, OH decays were obtained which conformed neither to a
biexponential or a single exponential fit. These shapes exhibited a portion of constant OH
signal, or sometimes even an increase, after the initial fast decay usually observed. An
OH decay of this nature suggested OH was temporarily being produced on a scale greater
than propagation and removal. Figure 6-9 is an example of this type of OH kinetic trace,

which was seen for all three ethers.

Beyond shoulders, more extreme manifestations of what was believed to be
‘partial’ chain-branching mechanisms were observed for the ethers, where large growths
of OH signal were measured under largely reproducible experimental conditions. It
generally followed that the strength (i.e. height) of growths from strongest to weakest was
DBE > DEE > DME. An example of this behaviour, shown here for the DBE system, is
presented in Figure 6-10, where a range of oxygen concentrations are presented. At the
peak levels of OH growth, the signal height is approximately 100% larger than [OH]o
generated by the photolysis laser.
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Figure 6-9. DME experiment exhibiting a temporary growth ‘shoulder’.
Experimental conditions were 7=590 K, in 61 Torr N2, [DME] = 4.7 x 10'* molecule
cm3, and [O2] = 8.2 x 10'® molecule cm™3.
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Figure 6-10: Example of large OH signal growth observed in the presence of oxygen
for the DBE system. Lowest [O2] = 0 molecule cm~; [O2] range = (0.3 — 23) x 10'°
molecule cm=3. Experimental conditions were 7 =762 K, in ~52 Torr Na.
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The boundaries of where shoulders and growths were observed are mapped out in
Table 6-1, although it is important to note that the causes of the significant OH production
(explained later in this chapter) were present but hidden at other temperatures, such as
temperatures where biexponential decays were observed, and not solely where they were
visible ‘by eye’ as shoulders or growths. Further, the boundaries mapped out in Table 6-1
give an indication of where the OH production source is occurring, but does not expressly
rule out other conditions where experiments may not have been conducted (e.g. above
230 Torr for the diethyl ether system, and many other pressures for DBE where

experiments were not conducted).

Table 6-1: Approximate conditions mapped out for the observation of OH
‘branching’ for DME, DEE, and DBE.

Ether P range / Torr T'range / K
DME Below 150 480 — 545
DEE To at least 230 500 - 650
DBE ~50 Above 700 K

Initial assumptions, that chain-branching was occurring in the reaction cell, were
questioned as a result of two main features of the growth traces — the short timescale of

the OH growth signal, and the rapid consumption of the ‘branching’ OH radicals.

It is not clear why chain-branching would begin to turn off on such a short
timescale, indeed, branching by definition suggests it should increase until the fuel is
consumed, which would not occur this rapidly. Similarly, HO> formation channels should
only become competitive at long timescales. One potential explanation could be the
‘final’ products formed in a low temperature oxidation surface (for example
formaldehyde in the case of DME) consuming the OH radicals formed by chain-
branching at a more competitive rate. However, if this were the case, it is likely that these
species would form their own R and RO: radicals, and undergo chain-branching
themselves. For this to occur, it would also suggest that the products of the system are
being formed after approximately 150 us in the example presented in Figure 6-10, which
is not expected. This is directly related to the other issue referred to above — the short
timescale of the OH growth signal. Not only does the maximum OH signal occur at
~150 us, but the rise in OH occurs instantaneously at 7= 0 in the high [O2] extreme growth

traces. Simple numerical simulations using the Kintecus software package, based on
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estimated rate coefficients for the reactions leading to chain branching, and approximate
reactant concentrations and conditions used in experiments, indicated an induction period

would be observable, and OH signal increases would not occur at £ = 0.

Figure 6-11 presents experimental evidence that supported the uncertainty in the
chain-branching observation. Signal in the absence of the hydrogen peroxide precursor
confirmed the likelihood that there was alternate chemistry taking place in the reaction
cell. The signal in this example, using DEE, was significant (approximately half that with

the precursor present), and disappeared when oxygen was also omitted from the

experiment.
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Figure 6-11: Example of signal in the absence of hydrogen peroxide, where the fuel
was diethyl ether. Experimental conditions were 7= 558 K, in 38 Torr N2, [O2] =1.5
x 10'7 molecule cm= when present, and [DEE] = 2.3 x 10!5 molecule cm.

Ultimately, further experiments such as these, in the absence of an OH precursor,
will be the only reliable way to characterise the full extent, and boundary conditions
reported in Table 6-1, of the extraneous chemistry causing OH shoulders and growths.
Following the observation of precursor-free OH signal, investigations into the possible
source of the hydroxyl radicals were carried out, and will be presented throughout the

remainder of this chapter. The majority of experimental tests conducted involved DBE
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and/or DEE, but there is no obvious reason they would not also apply to DME, although

the extent of the effect is assumed to be lesser for DME.

6.5 Potential Source of OH

Probable causes of OH growth were considered, and two were ruled out through
experimental tests. The first was decomposition of the fuel in the reaction cell, where high
temperatures could be causing the fuels to decompose directly to R radicals, which
proceed to form ROz radicals and ultimately chain-branch. This mechanism would require
no precursor for hydrogen abstraction of the fuels, and a build-up of radicals could
potentially occur in the cell. However, the significant OH signal at # = 0 in Figure 6-10
would suggest that photolysis is still resulting in the majority of the OH signal, even if
some decomposition is occurring. If fuel decomposition was the cause of OH growth, it
would likely occur more gradually, and OH fluorescence signal would accumulate over

time.

Based on this observation of strong prompt OH formation in the absence of H>O»,
the second potential source of OH considered was photolysis of the fuels, although it is
not immediately clear how photolysing the straight chain ethers under consideration
would lead to instant OH formation. Regardless, this theory was ruled out based on
experiments where the repetition rate of the lasers was reduced from the typical 10 Hz

rate, to 5 Hz, 2 Hz, and 1 Hz (Figure 6-12).
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Figure 6-12: Repetition rate experiments on DBE under ‘branching’ conditions in
the presence of Oz, at 750 K, and 50 Torr N2. H202 was present in these experiments.
From 10 to 1 Hz, growth rates were (16410 + 1620) s™1, (17370 + 1320) s, (16810 +
2190) s71, (16470 + 1930) s7!, and decay rates were (2250 + 80) s7!, (2150 + 60) s,
(2150 £100) s71, and (2150 + 90) s'. Uncertainties are statistical at the 2o level.

Figure 6-12 demonstrates the invariance of the rates of OH generation and removal
in a ‘branching’ trace generated using DBE, when fit with a simple growth and decay
exponential equation. Were the ethers being photolysed by the excimer laser, a build-up
of radicals would be expected, and a change in repetition rate would affect the
concentration of radicals and thus the kinetics of the OH traces. For this experiment, and
Figure 6-13, where the excimer laser fluence was varied, all growth and decay rates agree

well within uncertainty ranges.



211

0.005 v T T r . T . ,
o 60mJcm?
o 30mJem?
0004 A 15 mJ Cm—ZH
wn
g=
=
Z“ 0.003
av] O
: VE
§ 0.002
T A
O A
—0.001
O
0.000 -
1

-200 0 200 400 600 800 1000
Time / us

Figure 6-13 Laser power effect on H:0:-free DBE experiment, approximate
fluencies given in legend. Experimental conditions were 7 = 753 K, in 53 Torr N2,
[DBE] = 8.6 x 10'* molecule cm3, and [O2] = 1.5 x 10'7 molecule cm=3. Note the fits
are not perfect in the tail. From high fluence to low, growths were (16540 + 910) s!,
(16630 + 1390) s', and (17090 + 2860) s~'. Decays were (2330 + 60) s, (2270 + 80)
s7!, and (2210 = 170) s”!. Uncertainties were statistical at the 2¢ level.

Further evidence for the lack of fuel photolysis is presented in Figure 6-14, where
the effect of laser fluence on the OH decay under single exponential conditions was
verified. Here, unlike the two previous experiments, no oxygen was present, resulting in
no OH growth. The returned parameters of the pseudo-first order rate coefficient for the
reaction between DBE and the hydroxyl radical are in agreement within uncertainties,
suggesting none, or no significant fraction, of the fuel is photolysed. Photolysis of the
fuel would result in a lower DBE concentration, and as such the high laser energy
experiments would result in a slower pseudo-first order rate coefficient. This test was
performed virtually at the high temperature limit of the reaction cell, 750 K; any
absorption cross section is expected to increase with temperature, and therefore any
photolysis would be more extreme. At room temperature, the absorption cross sections
for DME [260] and DEE [261] have been reported as <4.0 and 9.4 x 107! cm? molecule™!
respectively at 248 nm. Regardless, the single exponential &' parameter was not affected

by the change in photolysis power.
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Figure 6-14: Single exponential decays of OH + DBE unaffected by laser power.
Experimental conditions were T = 761 K, in 51 Torr N2, and [DBE] = 8.6 x 104
molecule cm3. No O: was present, to ensure single exponential decays. From high
to low fluence, k' = (20470 +900) s, (20950 + 950) s!, (22350 + 1120) s”', and (21820
+ 1020) s~. Uncertainties are statistical at the 2¢ level.

Finally, the reaction between oxygen atoms and the fuel, RH, was considered as
a possible source of OH generation in the reactor. The heavy dependence of signal growth
on oxygen shown in Figure 6-10 suggests this mechanism could be possible, under the
assumption that O is directly or indirectly a precursor to the formation of O atoms. O +
fuel reactions would undergo hydrogen abstraction to directly form OH radicals. It is
unclear where O atoms would arise from in the reaction cell, and what follows are further

tests to attempt to identify this source.

6.5.1 Potential Source of O Atoms

Ozone present in the reaction cell was originally thought to be a possible
photolytic precursor for O atoms, but several tests ruled out this possibility. An ozone
box was attached to the outlet of the reaction cell during some ‘branching’ diethyl ether
experiments, and the concentrations detected were monitored by absorption at 254 nm.

Tests showed some absorption at this wavelength (~50 ppb levels), however any species
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that absorbs at 254 nm could cause this detection, and so the presence of any ozone was
not specifically confirmed. RO, species may potentially absorb at this wavelength, but

the radicals’ lifetimes were expected to be too short for them to reach the ozone detector.

Further tests were carried out in the same reaction cell, where a cool flame was
established using H>, O> and N» (approximately 750 — 850 K, ~50 Torr, ~(0.5 — 1.5) x
10'” molecule cm™ Oy, and ~(0.1 — 2.0) x 10'® molecule cm™ Hy). Here, no excimer laser
was required for significant OH fluorescence signal to be generated, and balancing of the
hydrogen and oxygen delivered to the reaction cell to optimal conditions led to increases
in the OH signal so significant that the PMT was overloaded. As the OH signal rose, the
temperature of the reaction cell could be seen to rise similarly, by temperatures up to
100 K in the most extreme cases. In these cool flame experiments, there must be some

radicals present in the cell to initiate the chain-branching mechanism.

Under the same conditions that a cool flame was observed, the ozone box was
used to monitor the species exiting the reaction cell, in the absence of hydrogen. There
was no detection of species absorbing at 254 nm under these conditions. This ruled out
any mechanism for O; formation by some reaction between two O; molecules on the
surface of the cell walls. It still did not rule out some formation mechanism for ozone by
a surface reaction between the fuel and O,. This was presumed to be the most probable
mechanism based on the experiments thus far, and Figure 6-15 and Figure 6-16 go some

way to corroborating this theory.

Figure 6-15 displays the dependence of OH growth, in a precursor-free
experiment, on the concentration of diethyl ether. Prompt OH signal, and maximum of
the signal growth, can both be seen to reduce as the concentration of ether is reduced.
Similarly, in Figure 6-16 the reduction in [O2] causes the OH signal generated in the
absence of H>O; to tend towards zero, where the signal is minimal at approximately 5 x
10'® molecule cm™ O,. Both dependences presented here suggest the mechanism
generating OH in the reaction cell is heavily dependent on both fuel and oxygen. It should
be noted that no effects below 10'® molecule cm™ O, were observed, which is
significantly above the O: concentrations used for the experiments in Chapter 4 and
Chapter 5, and as such, they were not affected by the extraneous chemistry presented in
this chapter. Additionally, the high temperatures required for the onset of H>O»-free signal
were not explored in Chapter 4 and Chapter 5.
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Figure 6-15: Example of growth dependence on fuel concentration for the DEE
system, H20:2-free. Experimental conditions were 7 =557 K in 40 Torr N2, and [O2]
= 1.5 x 10'7 molecule cm.
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Figure 6-16: Example of growth dependence on O: concentration for the DEE

system, H20:2-free. Experimental conditions were 7 = 556 K, in 39 Torr N2, and
[DEE] = 5.2 x 10'5 molecule cm™.
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Further, the type of fuel appears to be of importance to this mechanism. Methane
was examined for the same behaviour, but no signal in the presence of oxygen and
absence of hydrogen peroxide was observed. Multiple isomers of butanol have been
shown by a co-worker to display the same behaviour as the ether fuels here [262], in the
same experimental setup, and also a different setup. Oxygenated fuels may therefore be

integral to the chemistry that occurs between the fuel and oxygen to generate OH.

A test was carried out (Figure 6-17) to determine the presence of O('D) atoms in
the system. In an experiment with Oz, N2, and DEE, were O3 photolysis occurring, at low
pressures of Ny significant amounts of O('D) should be generated. In the presence of
DEE, a fast growth in OH (from the O('D) + DEE — OH + C,HsOC2Ha reaction; kbim
on the order of 107! cm® molecule™! s!) would be observed on short timescales. Rate
coefficients for O('D) + hydrocarbons reactions, such as n-butane, n-pentane, and n-
heptane have been observed as fast as ~5 x 107! cm® molecule™ s™! previously [263,
264]. A simulation of an expected OH growth is included in Figure 6-17, with a growth
rate based on the O('D) + DEE rate coefficient above, and a decay rate based on the OH
+ DEE reaction measured in this work. The absence of this in Figure 6-17 suggests

photolysis of O3 may not be present.

Finally, tests were carried out where the excimer laser was turned off during an
OH growth experiment, and all signal disappeared. This suggests the process was
dependent on photolysis, and attempts to fit the data based on the O + fuel reaction
occurring were made. The source of O atoms was still unclear, but O(P) atoms were

deemed to be the most likely cause of OH growths.
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Figure 6-17: Test for O('D) using diethyl ether, [DEE] = 2.9, 5.4 x 10!* molecule
cm3, [02] = 5.3, 9.9 x 10'® molecule cm™3, H202-free, T = 475 K, experiments
conducted in N2. The blue line represents a simulated OH growth from the O('D) +
DEE reaction, based on bimolecular rate coefficient of kbim = 1071 ¢cm® molecule™!
s,

6.6 Analysis of Data

Preliminary attempts to analyse the data generated from these experiments have
been carried out. A reaction scheme (Scheme 6-2) was proposed for the generation of
instant OH following the addition of O(*P) to the fuel, RH, and the generation of OH by
the expected propagation route via addition of O to the R radical species. The details and

derivation of this fit equation are provided in Appendix D.

k() k‘"‘ k
R+OH=<— RH ——> R —b> OH
OCP) OH 0,
loss loss

Scheme 6-2: Proposed reaction scheme for growth behaviour, used to derive multi-
exponential fit to the data.
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Global analysis using this scheme was carried out on multiple traces, including
those with large OH growths, smaller shoulders, and simpler biexponential decays, for a
given set of traces at specific a pressure and temperature. The best method for utilising
this fit is still not fully understood, and is highly dependent on the system and chemistry
taking place, but for the purposes of these preliminary fits, shared parameters were ko+ether,
koH+ether, and kc. ko+ether and kon+eter are the bimolecular rate coefficients for the relevant
pseudo-first order rate coefficients, k, and ka respectively. For the fit to calculate these
parameters, the ether concentration for each trace was defined. Ill-defined parameters
were generally returned for k. when treated as local to each trace, thus k. was shared. This
is a good example of a parameter which may be shared or local, based on whether it
should have a dependence on O for the ether combustion system of the relevant

experiment.

Reasonably good fits to data with extreme OH growths in the DBE system are
presented in Figure 6-18, where the signal varies as a function of oxygen. It is primarily
the lowest oxygen concentration traces (biexponential decays, no growth), where the fit

deviates the most.
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Figure 6-18: Global fit using the O(’P) analytical equation for DBE experiments,
where T=715 K, in 50 Torr N2. The loss parameter for OH, ka, was fixed at 100 s~
[DBE] range = (6.6 — 7.5) x 10'* molecule cm=, [O2] range = (0.12 — 24) x 10'¢
molecule cm=3, H202 was the OH precursor.

Shared parameters returned from the global analysis of the traces in Figure 6-18

are konsppe = (1.2 £ 0.1) x 107! cm® molecule™ s7!, kosether = (5.8 £ 0.1) x 1072 cm?
molecule™! s7!, and k. = (110 £ 115) s™!. Uncertainties are statistical at the 2c level. The
value obtained for kon+pgE 1s ~30% lower than the uncorrected bubbler value measured

in Chapter 3, but given the complexity of the data, this shows reasonable agreement. An
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example where kom+eter 1s fixed at a known value is explored for the DEE system later in
Figure 6-20. The bimolecular rate coefficient measured for the O + DBE reaction returned
here can be compared with a previous study by Buchta et al. [265] who used discharge
flow to study the reaction of O atoms with DBE and DEE, between 298 and 873 K.
Arrhenius parameters reported by Buchta et al. give ko+pse = 4.6 x 107!2 cm® molecule™
s! at 715 K, which is 22% lower than the value in this work. However, the upper
uncertainty limit of their rate coefficient could yield ko+pse = 8.1 % 1072 cm® molecule™!
s”!, and so given the nature of the complex data in this chapter, there is reasonably good
agreement for the measurement of O + DBE. This supports the possibility that hydrogen
atom abstraction by O atoms is occurring under these conditions. Similarly, Liu et al.
[266] undertook a flash photolysis study of the same reactions between 240 — 400 K,
where extrapolated Arrhenius parameters to 715 K would report ko+pge =4.0 x 10712 cm?
molecule™! s™!, and for the upper limit ko+pge = 5.3 x 10712 cm® molecule™! s™!. The upper

limits calculated here are based on statistical uncertainties provided by the authors for

these previous measurements.

The dependences of the ks recycling parameter and O(°P):OH ratio are presented
as a function of [O7] in Figure 6-19. A significant amount of O atoms in comparison to
OH is suggested here, where the ratio peaks at approximately 10:1. A possible explanation
for a decrease in the O(°P):OH ratio at the highest O2 concentrations is the consumption
of O(°P) atoms by reaction with O,. However, it is difficult to compare absolute amounts
of O(°P), as it is related to the amount of OH assigned by the fitting equation. This amount
of OH will be quenched at high O> concentrations, and the quenching coefficient needed
to determine absolute OH concentrations is not known for these experiments. Values
determined for 4y, at the lowest O2 concentrations are unreliable, however there is a clear
increase in recycling at mid to high concentrations. This is consistent with a process such
as the QOOH + O» reaction where a dependence on O> would be expected, although the
slow first order rate coefficients obtained would suggest there is not a great amount of

propagation or chain-branching occurring.
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Figure 6-19: kb and O(*P):OH as a function of oxygen concentration for the DBE
dataset in Figure 6-18. Error bars refer to statistical 2¢ uncertainties. Experimental
conditions were the same as those in Figure 6-18.

A dataset for the DEE system, exhibiting traces with shoulders, rather than large
growths, is presented in Figure 6-20. This set was fit with the same equation used above,
but kon+pee and ko+pee were fixed to 2.1 x 10712 cm® molecule! s and 1.3 x 107! cm?
molecule™ s™! respectively, in order to aid in constraining the fits to the traces, with the
extraction of accurate ky values to characterise OH reycling the ultimate goal. The latter
value is based on this work’s measurement for the bimolecular rate coefficient between
OH and DEE (Chapter 3), and the abstraction by O(*P) rate coefficient was based on the
measurement by Buchta et al. [265] at 600 K, the only known study of O + DEE at these

temperatures. The shared parameter k. was returned as (830 = 180) s,

For the majority of kinetic decays, the biexponential traces, and those showing
shoulders at early times, are captured remarkably well by the fit. Decay number 8 is
noticeably poor, but this is likely due to its short timescale, resulting in no tail to provide

information on OH at long timescales — it is a shorter timescale version of the prior trace.
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Figure 6-20: Global fits to DEE experiments, in ~59 Torr N2, 7= 600 K. [O2] range
= (0.4 — 36) x 10! molecule cm=, [DEE] range = (7.0 — 7.2) x 10'* molecule cm.
ka was fixed at 100 s”!, H2O2 was the OH precursor.

In general the long timescale tails are not captured well by the analysis at high
[O2], for example in traces 9 and 10. Significant OH signal remains above the fit,
suggesting there may be significant recycling of OH in the system that is not described in
Scheme 6-2. Reactions such as O,QOOH — OH are potential sources of OH propagation
which would not be fit well by the scheme. Figure 6-21 presents the dependence on
oxygen of the ky recycling parameter, and the ratio of OP) to OH. Here, the magnitude
of the reycling parameters are greater than those for DBE in Figure 6-19 at comparable
[02], and the concentration of OC’P) atoms doesn’t reliably reach as high relative
concentrations. These two differences may indicate that in kinetic decays such as these,

where there are no OH growths, the analytical scheme has difficulty assigning and



222

aportioning the true source of OH — hydrogen abstraction by O atoms, or true OH

recycling.
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Figure 6-21: kb and O(’P):OH as a function of oxygen concentration for the DEE
dataset in Figure 6-20. Error bars refer to statistical 2o uncertainties. Experimental
conditions were the same as those in Figure 6-20, and the blue numbers indicate the
corresponding graph.

Evidently, despite reasonably good reproduction of the complex kinetic traces by
the reaction scheme, the fits are not perfect, and it is difficult to place too much confidence
in the parameters extracted. It appears there is another process of OH regeneration
occuring at longer timescales, but the accuracy of O(P) + fuel rate coefficients extracted
from extreme growth traces appears promising. Knowledge of the initial O(*P):OH ratio
would aid the analytical equation in assigning where OH recycling is originating from,

but this requires good knowledge of the initial source of O atoms.

Similarly, good knowledge of the low temperature oxidation system for the
relevant fuel would allow the constraint of parameters’, such as kv, dependences on [O2],

by enforcing a specific shape (e.g. the S-shapes in Figure 6-8).

Based on the evidence provided by the experiments carried out, it is believed that

the ‘extra’ OH, and O(’P) in the reaction cell in the absence of H,O, may be a result of
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some decomposition of the fuel, where R radicals result in a build-up of some precursor
to O(°P) and OH. Radicals such as RO2, QOOH, or possibly other species such as ROOH
molecules, could potentially photolyse to both O atoms and OH. Differing amounts of
species, depending on the fuel or [O2], would likely result in different ratios of O:OH
being generated by the photolysis laser (red data in Figure 6-19 and Figure 6-21).

Experiments that show evidence for the presence of a slight cool flame support
the theory of RH decomposition, and an example is presented in Figure 6-22. Here, a
slight but clear dependence on oxygen concentration is observed for the pre-photolysis

laser fluorescence detection. This suggests some O>-dependent formation of OH, such as

QOOH decomposition.
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Figure 6-22: Baseline OH fluorescence dependence on [O2], at 500 K, using DEE and
H20:. The yellow line displays a repeat experiment of the 6 x 10'® molecule cm= O2

experiment, to confirm the gradual increase in OH signal was not merely a slow rise
in signal quality over time.

An example of a pre-photolysis OH signal with no O2-dependence in Figure 6-23
at significantly higher temperatures, suggets DBE may not decompose and form a cool
flame in the same way. It is possible that the ROOH species is formed, or even RO>
radicals, but the decomposition of QOOH to OH for di-n-butyl ether may not take place.

Less, or no, contribution of low temperature oxidation to the OH growth traces for the
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DBE system may explain the apparent ability for the fits to the data in Figure 6-18 to
capture the tails better, and the smaller magnitude of the &, parameters when comparing
DBE in Figure 6-19 to DEE in Figure 6-21. Here, any baseline signal dependence on [O2]
was relatively small, but the next section will demonstrate proof of similar behaviour in

more extreme examples.
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Figure 6-23: Baseline OH fluorescence independence on [O2], at 760 K, using DBE
and H20:.

6.7 O Atom-free Experiments

In order to measure accurate Ay values with no interference from O + ether reactions,
preliminary attempts at ‘clean’ OH regeneration experiments were carried out using the
alternative high pressure experimental setup described in this chapter. No evidence for
ozone (or 254 nm light absorbing species) was observed using this experimental setup.
One possible reason for this is the nature of the two different instruments used. Here, the
flow is laminar, and so the sampling region in the centre of the detection cell likely only
contains species from the centre of the high pressure flow tube. If the formation O(°P)
occurs on the walls, as is believed, then this gas will not be probed by the laser. The
experiment used for the bulk of the measurements in this chapter will have a more

turbulent flow, entering the reaction cell and mixing more thoroughly.
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Despite the apparent absence of O atoms in the system, and indeed no large OH
growths were observed from ~490 K — 600 K for diethyl ether, a very strong dependence
on [O2] was observed for the OH baseline signal when no OH precursor was used. Figure
6-24 presents a set of experiments over a large range of oxygen concentrations, which the
high pressure system permits. This is clear evidence of cool flame behaviour in the diethyl

ether system.
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Figure 6-24: Diethyl ether cool flame experiments, at 600 K and ~1650 Torr N2 (and
02). [DEE] = 9.5 x 10'> molecule cm=. No OH precursor was used.

As the oxygen concentration in Figure 6-24 is increased, generally the OH signal
increases, however at the highest concentrations, a reduction in signal is noticeable. This
was as a result of quenching by the oxygen present, and can be accounted for.
Experiments where only N2, H>O», and varying amounts of oxygen are present, allow the
extraction of a quenching coefficient by plotting the reciprocal of the OH signal height
against total [Oz] (Figure 6-25). This OH signal height (So) is determined relative to the
pre-photolysis baseline OH signal at ¢ = 0.

The correction from the quenching coefficient, when applied to the mean OH

baseline signal as a function of [O2], shows the true effect of oxygen on the cool flame
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signal, and confirms there is no decrease in signal at high [Oz], merely a plateau. The

quenching-corrected and un-corrected data are presented in Figure 6-26.
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Figure 6-25: Quenching coefficient plot. Intercept fixed to unity, and the determined
quenching coefficient = (1.43 + 0.05) x 107!° ¢em™3 molecule. So is the initial OH
fluorescence signal height at 7 = 0. Experimental conditions were 600 K, in ~1650
Torr N2 (and O2).
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Figure 6-26: Mean pre-photolysis baseline OH signal as a function of oxygen
concentration, before (black circles) and after (red triangles) correction for signal
quenching. Experimental conditions were the same as those for Figure 6-24.
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Decays shown in Figure 6-24 appear biexponential in nature, and appeared to fit
the biexponential equation scheme well. It is however, not clear exactly which reaction is
being monitored by extracting these parameters. The recycling parameter from the typical
biexponential fit used throughout this thesis, kb, and the yield parameter, are presented as
a function of [Oz], in Figure 6-27. From the changing magnitude of these values, there
appears to be a transition at approximately 2 x 10'7 molecule cm™ oxygen, where yield
and Ay both begin to decrease. However, it is not currently possible to say what the source
of OH regeneration is before this point, and after. It may be a transition from QOOH
decomposition, to O2,QOOH decomposition, although it is unclear why increasing [O2]
from (0 — 2) x 10" molecule cm™ would cause an increase in kv, given that the
decomposition of QOOH should be independent of [O]. It could potentially be the R +
O; reaction giving rise to a dependence on [O2], but it is expected to be a much faster
reaction than this, and only dependent on oxygen at very low [O>] (approximately 10

molecule cm™).

Nevertheless, the preliminary experiments conducted in this section indicate that
‘clean’ experiments, devoid of any O atoms, should be possible, and with greater study
into the mechanisms occurring under these conditions, extraction of true kv values and
rate coefficients should be possible. This may provide valuable information on the
reaction between QOOH and O», which is integral to the chain-branching mechanism for

the low temperature autoignition of fuels.
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Figure 6-27: OH yield (above), and OH recycling rate (below), as a function of
oxygen. Experimental conditions were the same as those for Figure 6-24; 7= 600 K,
in ~1650 Torr N2 (and O2).
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6.8 OH Regeneration in the Methyl zert-Butyl Ether and Trimethyl
Orthoformate Systems

Investigations into the low temperature oxidation systems of MTBE and TMOF did
not exhibit any of the significant OH growth behaviours described in this chapter for
DME, DEE and DBE. However, OH regeneration for MTBE and TMOF was observed
in the non-well-skipping regime, where the total pressures and temperatures were too high
to be consistent with chemical activation. Indeed, no evidence of well-skipping was found
for these ethers (see Chapter 4). OH regeneration manifested itself in the form of
biexponential decays, examples of which are presented in Appendix A (Figure A 10).
From these kinetic traces, the recycling parameter, k,, was extracted (based on Scheme
6-3), OH yields were calculated, and their dependence on O, was explored. Here, ks
represents the regeneration of OH by some method, most probably decomposition of the

QOOH radical.

ka' + O, kb
RH+OH —> R+ — RO, — OH
kd kc
loss loss

Scheme 6-3: Scheme used for analysis of biexponential traces in the MTBE and
TMOF systems.

OH recycling began at 568 K and 478 K for MTBE and TMOF respectively, and
the relevant range of parameters explored for significant OH yields was 618 — 700 K and
478 — 767 K respectively. With OH recycling in the presence of oxygen for the MTBE
system only occurring at higher temperatures, the formation mechanism was attributed to
a route over a potential energy barrier high enough to inhibit OH formation in a system
at lower thermal energy. Figure 6-28 shows a general schematic potential energy pathway
expected for ether oxidation, where the internal rearrangement of the RO, radical to the
QOOH radical, and subsequent decomposition to OH and products is the most likely

mechanism for OH recycling.
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Figure 6-28: Generic potential energy surface for R radical low temperature
combustion propagation for DME (blue solid line) and MTBE (green dashed line),
including possible chemical activation route (gold line). Ring structures for the main
MTBE abstraction route and DME are shown for the RO — QOOH transition
state, and approximate relative potential energies are shown for the R + Oz and ROz
species, based on those for DME.

Figure 6-28 also includes the formally direct route to OH production by
chemically activated decomposition of the RO> adduct (discussed in Chapter 4). The
energies of the RO>, QOOH, OH + products and the associated transition states are based
on the values for DME [89]. For MTBE, the actual PES will be more complex as there
are two different R radicals corresponding to initial abstraction from the CHj3 or #-C4Ho
groups. The k, parameter (Scheme 6-3) for the biexponential fitting equation represents
OH formed via this surface, and the k. parameter represents the R radical not returning
OH, which could be due to radical-radical reactions of the more stable RO, radical,
formation of HO, or at higher temperatures, decomposition of the R radical. In
comparison to the DME/O: system, the MTBE/O; system shows two significant
differences. First, the yield of OH was significantly lower for MTBE/O; than DME/O,
and second, there was no evidence for interception of the QOOH when high
concentrations of oxygen were used. The details of these observations are briefly outlined

and then linked to differences in the potential energy surfaces for DME/O; and MTBE/Os.
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Figure 6-29: Figure 9. MTBE recycling rate coefficient, kb, against temperature.
Error bars are purely statistical at the 2o level. Grey shaded area represents the
bounds of the 95% confidence limits. The data can be described by A»(618—701 K) =
(6.05 £ 3.8) x 10! x ¢ (103537/RT ¢-1 " where the uncertainties are statistical at the 20
level. H202 was the OH precursor.

Figure 6-29 shows the positive temperature dependence of the recycling rate
coefficient, kv. Over the temperature range where the experiments could be conducted,
the OH recycling rate coefficient exhibits an Arrhenius-like temperature dependence that

is consistent with a process proceeding over a barrier. The data can be parameterised as
Jo(618-701 K) = 6.05 x 10" x exp [%] s, where the maximum value of the 95%

confidence limit uncertainty across the temperature studied was 64%. This
parameterisation yields an activation energy of (103 = 66) kJ mol™!, which is comparable
to the barrier height for TS2 expected based on DME [89]. Values for £y, presented in
Figure 6-29 were obtained as a weighted average of all O> concentration experiments
([O2] = 10" — 10" molecule cm™) for a given temperature, as no significant and

reproducible dependence upon oxygen was seen (see Figure 6-30).



232

® 1000 sccm
15000 ® 2000 sccm |

—

10000

sooo.{{“ .
| { { '
di I

0 1x10"7 2x10"7 3x10"7
3

ke /7!

[O,] / molecule cm™

Figure 6-30: Example of MTBE OH recycling rate independence on oxygen
concentration. Measurements made at 650 K, 60 Torr N2, 1000 sccm flow (black
circles) and 2000 sccm flow (red triangles). [MTBE] = 2 x 10 molecule cm3 (black
circles), and [MTBE] = 1.2 x 10'® molecule cm™ (red triangles). Error bars are
purely statistical at the 2o level.

The relationship between k, and ke for a given set of experimental conditions

allows calculation of the percentage yield of OH using equation E 6-1:

OH yield = x 100 E 6-1

b
ky + k.

Here, the OH formation parameter, kv, is expressed as a percentage of the total
removal of the R radical (k, + kc). An average yield of (36 £+ 5)% (standard deviation was
used to calculate the uncertainty in average yield for both molecules) was measured for
MTBE across all temperatures, over the same range of [O2] that was present in the y data
presented above. Yields below approximately 620 K are not considered for MTBE, due
to the low magnitude (<1000 s™') of the temperature-dependent k, parameters measured
(Figure 6-29). At this order of magnitude, kv is more likely to be perturbed by other slow

chemistry, such as radical-radical reactions. The yields are presented in Table 6-2.
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Figure 6-31: OH yields against temperature for MTBE/O:z (black circles) and
TMOF/Oz2 (red squares). Error bars are purely statistical at the 2o level.

At high concentrations of oxygen ([O2] > 10'® molecule cm™) in DME and DEE
systems, the evidence presented in the previous sections of this chapter suggests there
may be the interception of QOOH (to form O,QOOH) before decomposition to OH and
co-products taking place. However, at comparable concentrations of oxygen, there is no
evidence for any change in mechanism in the MTBE/O, system; comparable

concentrations of Oz do not appear to intercept the MTBE-derived QOOH radicals.

Table 6-2: Obtained OH yields for MTBE and TMOF systems. Uncertainties are
statistical at the 20 level.

T/K P/Torr MTBEOHYyield/% T/K P/Torr TMOF OH yield/ %

618 134 35+ 11 478 111 5+12
628 58 37+ 44 - 598 64 6+7
638 134 41421 705 70 14+ 13
649  57-79 24+2) 767 119 11+13
649 6070 30 + 20 748135 15+ 13
653 134 39+ 11 '

670 134 3947

700 134 34+7




234

The above observations on the behaviours for the DME/O2 and MTBE/O; systems
can be related to differences in the PES for these two systems. The OH yields observed
from MTBE/O, were relatively low (Figure 6-31) compared to similar ether biofuels,
where yields closer to 100% would be expected for a molecule such as DME [89], and
Figure 6-27 shows an example of yields of above 60% for DEE. Low yields suggest OH
propagation is a minor channel of the low temperature oxidation system, and that another,
non-OH producing reaction, dominates after the initial hydrogen abstraction from the
ether. Decomposition of QOOH to HO», H>CO and iso-butene [267-269] is the reaction
reported as the major channel for the MTBE QOOH decomposition (Figure 6-32). The
analogous decomposition for the QOOH radical for DME (Figure 6-32) would be to the
less favourable HO» + ethylene oxide channel (HO, + H.CO + 3CH is highly
endothermic) and therefore this route does not dominate the DME system, resulting in

higher OH yields.
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Figure 6-32: Comparison of R radical route to OH propagation, or HO: formation,
for MTBE and DME.

The observation of a small, but still significant, OH yield contradicts some
mechanistic studies on MTBE oxidation; for example, Brocard et al. [267] have no route
to OH formation from the QOOH radicals formed following abstraction at the o C—H of
MTBE and only iso-butene, methanol and formaldehyde are reported as products from a

JSR study at 726 K by Glaude et al. [269] However, Ciajolo et al. [268] in another JSR



235

study, do report the production of yields of 4,4-dimethyl-1,3-dioxolane with identification
by GC/MS. Direct comparison of yields with this work is not possible as it is not possible
to account for the consumption of the dioxolane in the longer residence times of the JSR.
However, the observations of this work and the earlier study of Ciajolo et al. suggest the
need for further development of MTBE models to account for OH production from

QOOH species.

Based on the dominant initial abstraction in OH + MTBE being from the o
hydrogen, the R radical in DME and MTBE both contain the C—O—CH> radical group and
hence the well depth of the RO> for both DME and MTBE should be very similar (Figure
6-28). In MTBE, the RO, — QOOH internal abstraction requires breaking a stronger
primary C—H bond (not activated through close proximity to the ether oxygen as in DME),
but for both MTBE and DME, a similar OO-H bond is formed. Therefore the transition
state for the internal abstraction (TS1, Figure 6-28) and the QOOH radical will both be
higher in energy. This would explain the lack of QOOH interception by O observed for
MTBE.

The higher the energy of the QOOH radical with respect to the ROz species, the
harder it becomes to intercept QOOH with Oz. By using the MESMER code [242], a
model based around the analogous potential energy surface for DEE (comparable to
DME, but closer in molecular complexity to MTBE) can be adjusted to demonstrate
similar results to those seen in this work. Calculations were based on conditions of 500 K
and 25 Torr N2. OH yields arising from chemical activation for DEE can be inhibited by
raising the barrier out to the OH product (TS2, Figure 6-28) by approximately 12 kJ mol .
Similarly, the likelihood of chain-branching via the formation of O.QOOH can be
lowered by reducing the well-depth of the QOOH species. Raising the height of QOOH
relative to RO> by ~20 kJ mol™! can increase the RO»:QOOH concentration ratio by
approximately a factor of ten, where ten times more O, would be required to form
02QO0O0H. While this MESMER modelling is only semi-quantitative, it shows the
changes in the PES required to bring agreement with our experiment observations, see
Figure 6-28. The only parameters adjusted here were the energies of TS2, QOOH, and
TS1.

Trimethyl orthoformate had a significantly lower average OH yield of (10 = 3)%
(Figure 6-31), and there is no clear route to HO; formation from TMOF’s mechanism. As
such, the mechanism behind the low TMOF yields is not understood. Additionally, there
was no oxygen dependence seen with the rate of OH recycling for TMOF, and the kv
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parameter returned was temperature-independent and of a very low order of magnitude
(<400 s71), which may be perturbed by secondary chemistry in the system, such as radical-
radical reactions. It was also noted that at ~690 K, OH fluorescence was present in the
absence of H>O3, suggesting that TMOF was acting as a precursor to hydroperoxides at
high temperature (Figure 6-33). It is not clear what mechanism gives rise to this signal,
but the lack of growth suggests it is a different mechanism to that already discussed for

DME, DEE, and DBE.
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Figure 6-33: Example of OH fluorescence signal in the absence of H202 precursor
and oxygen for TMOF experiments. H202 and O: present (red squares), no H202
(black circles), and no H20:2 or Oz (blue triangles). Decays were measured at 62 Torr
N2, 693 K, [TMOF] = 4.9 x 10'5 molecule cm=3. [02] = 1.5 x 10'® molecule cm= when
present.

6.9 Conclusions

The observation of large OH signal growths in the presence of O2 for DME, DEE,
and DBE has been attributed to the formation of O(*P) atoms in the reaction cell, where
abstraction of hydrogen atoms from the parent fuel species results in near-instant OH
formation. Analysis of these traces indicate further processes, such as decomposition of
QOOH, and interception of QOOH by O to initiate branching, may be occurring at longer

timescales. The elucidation of these recycling parameters is hindered by the O + fuel
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chemistry that dominates kinetic traces, and as such, the nature of the O formation
mechanism, and methods to mitigate this, should form the basis of important research

required in the future.

Interfering processes from the O atoms observed here, have been seen for other
fuels (butanol), and in different, but similar reaction cells used at the University of Leeds
by Dr S. Sime [262]. Potentially, the chemistry observed in this chapter may interfere
with other studies, particularly as the focus of autoignition chemistry research shifts more
from early reactions (i.e. H atom abstraction), to the kinetics of later reactions, such as O
+ QOOH. Under conditions involving high oxygen concentrations, intermediate
temperatures, and the source determined here as chemistry occurring on the walls of the
reactor, this behaviour will greatly inhibit future work. To this end, this chapter also
demonstrated that O atom-free experiments are possible using an experimental setup
where the flow should result in LIF sampling from gases that have not come into contact
with the reactor walls. Combined with the FAGE technique, these experiments allowed
the study of DEE in the presence of very high oxygen concentrations (~10'° molecule
cm?) and demonstrated the presence of a cool flame. It is possible that coupling a PTR-
MS detection instrument to the system under the conditions yielding biexponential decays
and cool flames, would help identify compounds that are only expected to be present as

a result of the chain-branching mechanism, such as ketohydroperoxides.

The first observation of biexponential decays have been reported for MTBE and
TMOF above 568 K and 478 K respectively, in the presence of O,. Evidence of OH
recycling in both systems allowed OH yields to be measured. A low average OH yield of
(10 = 3)% was measured for the TMOF system, but yields were higher for MTBE
(36 £ 5)%. OH yields far below 100% for MTBE were attributed to an alternative QOOH
decomposition route, where the dominating channel was formation of HO:. In contrast,
the mechanism giving rise to such low yields for trimethyl orthoformate was not
understood, and requires further investigation. The observation of OH signal in the
presence of only TMOF with N, suggests the biexponential decays observed are subject
to a large degree of uncertainty. The low yields, and decreased reactivity of MTBE, is
perhaps of no surprise, given its primary use a fuel additive for gasoline, where its high
octane number (~110 [40]) will aid in knock reduction. Typically, for a diesel-like fuel
such as DME or DEE, a high cetane rating is required, indicating its propensity to undergo

autoignition. Essentially, this is the opposite of MTBE’s properties.



238

For both the MTBE and TMOF systems, future experimental studies will look at
low temperature kinetics and direct measurements of the yields of HO; using a modified
version of our high pressure OH detection system to allow for the detection of HO> via
the FAGE technique. Furthermore, this system would allow the addition of up to ~10"
molecules cm™ of oxygen to increase the likelihood of QOOH interception, in the same

manner as the experiments using DEE in section 6.7.
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Chapter 7 Summary and Future Work

Making use of potentially carbon-neutral biofuels in novel combustion engines will
require a detailed understanding of the reactions that occur under low temperature
conditions in order to optimise their application. This thesis has investigated the ether
family of biofuels, and presented experimental observations concerning three stages of
their low temperature combustion mechanisms. The first, presented in Chapter 3, is the
initiation by the OH radical (reaction R 7-1) to produce the R radical. Chapter 4 and
Chapter 5 provide measurements of the second stage, concerning the reaction between
the R radical and O; (reaction R 7-2), producing the RO> radical or proceeding via the
formally direct channel to OH. Finally, Chapter 6 considered the propagation and chain-
branching reactions involving the QOOH radical (formed through rearrangement of the

ROz species) in reaction R 7-3.

RH + OH — R + H,0 R 7-1

R + O, — products R 7-2
(@]

20H < QOOH — OH R7-3

Laser flash photolysis — laser-induced fluorescence was used to study the reaction
between OH and various ethers (reaction R 7-1) from room temperature to approximately
740 K. The first temperature dependent study of OH + TMOF was carried out, extending
the previous room temperature measurement reported by Platz et al. [152] up to 744 K.
The temperature dependence was parameterised by kon+tmor(298-744 K) = (8.0 £ 12.2)
x 10713 [(T7298) 6412 + (7/298) 8 1#46)] x @ TEIRT 3 molecule™ 57,

Similar investigations into the reaction kinetics of OH + DEE and OH + DBE
extended the current knowledge of their respective rate coefficients. In the case of OH +
DEE, this was done by bridging the gap between measurements made by Tully and
Droege [165] at 442 K, and the value reported by Tranter and Walker [132] at 753 K. The
rate coefficients measured in this work displayed good agreement with the work of Tully
and Droege, although no temperature dependence was observed. In particular, the
temperature-independent value we recommend, of kon-+pee(298—727 K) = (1.28 £ 0.21) x
10" ¢cm® molecule™! s7!is in disagreement with the high temperature value reported by

Tranter and Walker (kon+pee = (2.04 = 0.38) x 10! cm® molecule™! s71).
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For the reaction between OH and DBE, the rate coefficients reported by Mellouki et
al. [113] up to 372 K were extended to 732 K in this thesis, although the rate coefficients
measured here were approximately 25% faster than those in the literature. This was
attributed to uncertainties in DBE/N> bulb compositions as a result of its low vapour
pressure. Despite this, the parameterisation of the temperature dependence, kon+pBe(298—
732 K) = (3.05 £ 7.13) x 10712 (7/298)1:31:1:62) 5 e@3F=38IRT o3 molecule™ s7!, was
qualitatively reliable, where the negative temperature dependence below ~350 K seen in
the literature was observed in this work. Consequently, the plateau to a temperature-
independent rate coefficient above this temperature was deemed reliable, and had not
previously been observed. Nevertheless, future work should focus on further testing of
the DBE/N> bulb compositions, to verify the source of the discrepancy between this work
and the literature. The reaction of OH with the established fuel additive, MTBE, and
alternative fuel, DME, were also investigated from 298 — 727 K and 298 — 673 K
respectively, with comparison to previous measurements. Overall, agreement with the
majority of previous studies at room temperature was found, and rate coefficients of
kourmtee = (2.81 £ 0.32) x 1072 cm® molecule™ s7!, and kon+pme = (2.66 £ 0.09) x 10712

cm® molecule™! s™! were reported at room temperature.

Comparisons between the five ethers were drawn, where differences in the
magnitude of their reaction rate coefficients were typically attributed to the activating
effect of neighbouring functional groups on the abstraction sites, and the number of sites
available. SAR predictions of the rate coefficients by Kwok and Atkinson [190] were
generally in good agreement, although the temperature dependence of OH + DBE was
predicted poorly, and the nature of TMOF as a polyether meant it was not described
accurately by the SAR. Negative temperature dependences close to room temperature,
and below, were seen for OH + TMOF and for OH + DBE very clearly. This behaviour
has been observed before, and is attributed to complex formation between the OH radical
and the fuel molecule. The appearance of this at a higher temperature for OH + DBE in
comparison to literature observations of the same behaviour for DME and DEE is likely
as a result of its increased size, where complex formation becomes more probable.
Measurements below room temperature would be of mechanistic interest for all ethers,
particularly TMOF and MTBE where this phenomenon has not yet been measured
previously. Deuteration of the ether molecules would also be useful, allowing site-

specific measurements of the abstraction rate coefficients. A study of a similar nature has
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previously been conducted, concerning ethanol, at the University of Leeds by Carr et

al. [270].

What can be thought of as the second step in low temperature oxidation, reaction
R 7-2, was studied in Chapter 4 and Chapter 5, with the former focused on the
presentation of the technique used. This method relied on the presence of biexponential
decays at low pressures and oxygen concentrations, brought about by the recycling of OH
through the formally direct channel to OH. The DME system was used to study the
reaction between the CH;0OCH> + O; reaction, and good agreement for the bimolecular
rate coefficient and OH yields was found when compared with work by Eskola et al. [89].
Numerical integration analysis of experimental conditions demonstrated the sensitivity of
the technique to reactant concentrations, but ultimately, provided a fuel has the ability to
undergo chemical activation for the R + O: reaction, this method will be applicable to
many molecules, allowing the determination of the rate coefficient at low pressures and
relatively low temperatures. Previous studies indicate this technique should be applicable
to reactions such as OH + ketones [200], aldehydes [133, 200-205], dialdehydes [206,
207], and esters [208]. Previously, a precursor molecule for the desired R radical would

have been necessary.

The ability to measure R + O, rate coefficients for many diesel-like biofuels will
be important for characterising the temperature dependence and magnitude of the rate
coefficients, and for constraining their extrapolation up to higher temperatures important
for combustion modelling and the negative temperature regime. Should this chemical
activation process interfere with other laboratory measurements, then the ability to
quantify the reaction will also be an advantage. The potential for this technique to be
applied to other molecules was demonstrated in Chapter 5, where the DEE/O; system was

explored.

Measurements of the CoHsOC,Hs + O» rate coefficient were reported for 298 —
464 K, in 5.2 — 28.4 Torr of N». OH yields were also measured, where a larger quenching
coefficient than that of the CH;OCH; + O: reaction indicated increased collisional
deactivation due to the increased molecule size. These rate parameters were compared to
ab initio calculations of the DEE oxidation PES carried out at the CCSD(T)/Jun-cc-
pVTZ//M06-2X/Jun-cc-pVTZ level using RRKM/master equation methods in
MESMER [242]. The computational calculations performed using Gaussian 09 [240]
were in reasonable agreement with previous calculations by Di Tommaso et al. [115],

Sakai et al. [225], Sandhiya et al. [226], Wang and Wang [227], and Hu et al. [228],
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although the transition state barrier energies from QOOH to OH reported by Di Tommaso
et al. and Sakai et al. were approximately 7 — 10 kcal mol™' lower than the value
determined in this work (=3.7 kcal mol™! relative to the R + Oz entrance channel). An
adjustment in this barrier down by approximately 7 kcal mol™! was required to achieve
good agreement between the theoretical model and experimental yields and rate
coefficients. The PES developed only considers the R radical formed from initial H
abstraction from DEE at the a site, and RO, <» QOOH rearrangement from the opposing
a site. As such, future work exploring calculations of the other pathways possible may
help to identify branching ratios of OH yields. Application of the rate coefficients for R
+ Oy in the DEE system to combustion models would also be of interest, where the effect

on ignition delay times is of relevance to a fuel’s use in HCCI and other novel engines.

The potential for other ethers (such as isomers of dipropyl ether) to well-skip will
also be of interest. No evidence for chemical activation using di-n-butyl ether was
observed, potentially due to its large size, however further investigation should be carried

out to verify this.

Experiments divulged in Chapter 6 described a series of tests to investigate large
OH growths initially proposed to be chain-branching in the DME, DEE, and DBE systems
under conditions of high [O2] and moderate to high temperature. Ultimately, it was
determined that the O(*P) + fuel reaction was very likely responsible for producing OH
on short timescales, and that the O atoms arose from fuel/O> surface chemistry producing
a photolytic precursor for O. A definitive test for the presence of O atoms could be carried
out using a technique such as LIF [271]. Future work should focus on identifying the
source of O atoms, and attempting to mitigate their formation under these conditions.
Preliminary attempts to analyse the data were made by deriving an analytical equation to
account for the extraneous reaction, and the typical OH regeneration routes expected in
low temperature combustion mechanisms. Generally, good fits were achieved, although
there was difficulty in sufficiently capturing the OH decay at longer timescales.
Measurements of O(*P) + ether reactions would be useful in attempting to constrain the
fits. It is likely that O + fuel reactions interfered with more simple biexponential decays
(i.e. not exhibiting growth), and attempts to ascertain how to properly analyse these data

are ongoing.

Using a different experimental setup, that still relied on the LFP-LIF technique,
experiments were conducted on the DEE/O; system in the absence of any evidence for

O(°P) atoms. Biexponential decays were still obtained, and cool flames were observed,
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providing strong evidence of chemistry occurring through the mechanisms in reaction R
7-3. There is much more work to be done here, where we are potentially observing OH
yields and recycling rate parameters that exhibit O>-dependent transitions from an OH
propagation process via QOOH thermal decomposition, to the addition of Oz to the
QOOH radical (leading to chain-branching). Building on the work conducted by C.
Morley [257], this experimental setup would allow the detection of HO», as well as OH,
and greater control over the pressure of the system. A proton transfer reaction-mass
spectrometry instrument can also be attached to the detection cell, to monitor additional
species formed under low temperature combustion conditions. The same experimental
setup could be used in future work to measure yields of HO», which was proposed as the
major product of the MTBE/O> system, explaining the relatively low OH yields observed
(35 £ 5)% for the first time using biexponential decays. This finding was consistent with

MTBE’s use as an anti-knock agent.

This thesis has made measurements of kinetic parameters concerning the three
stages of the low temperature combustion mechanism described here. The third stage,
surrounding chain-branching, is really at the heart of the main knowledge gap
surrounding autoignition in the literature, but it is difficult to accurately identify and
measure these branching processes experimentally, without good characterisation of the
earlier processes. Chapter 6 demonstrated this issue, and further modelling and
experimental work of the earlier steps can help to constrain models. Once this is achieved,
data potentially exhibiting the branching processes may begin to make more sense, and
the elucidation of rates associated with branching should be possible. Thus, the rate
parameters presented here concerning OH + ether and R + O reactions, comprise a small
but important contribution to the gradual accumulation of knowledge concerning low

temperature biofuel combustion.
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Appendix A: Example decays and bimolecular plots for OH + ether reactions
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Figure A 1: An example single exponential decay, measured at room temperature,
68 Torr N2, [TMOF] = 7.3 x 10'* molecule cm=3. Exponential fit yielded &’ = (4000 +
40) s7!, where the uncertainty on is statistical at the 2c level.
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Figure A 2: Example single exponential decay for OH + DEE, [DEE] = 7.7 x 10
molecule cm3. The exponential fit yielded &' = (9320 + 340) s~. Uncertainty on
returned parameter is 2¢ and purely statistical. Experimental conditions were 298 K
and 47 Torr Na.
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Figure A 3: Example bimolecular plot for OH + DEE at 298 K and 47 Torr N2,
kon+pee = (1.14 £ 0.11) x 107" cm® molecule™! s7!. Grey shaded area represents the
bounds of the 95% confidence limits. Uncertainties on the rate coefficient are
statistical at the 2¢ level.
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Figure A 4: Biexponential decay obtained with DEE using the ~BuOOH precursor.
Experimental conditions were [DEE] = 1.6 x 10'5 molecule cm=3, 415 K, and 30 Torr
N2. Parameters returned were ka’ = (19200 = 780) s, kb = (1170 £ 160) s, kc = (1200
+210) s7!, and kq was fixed at 1150 s7'. Single exponential fit returned k' = (16780 +
1060) s~'. Uncertainties are statistical at the 2¢ level.
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Figure A 5: Example single exponential decay for OH + DBE, [DBE] = 9.3 x 1013
molecule cm=3. The exponential fit yielded k' = (3910 = 50) s™'. Uncertainty on
returned parameter is 2¢ and purely statistical. Experimental conditions were 298 K
and 29 Torr Na.
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Figure A 6: Bimolecular plots for the OH + DBE reaction. Experimental conditions
were 298 K and 29 Torr N2 (black), and 572 K and 28 Torr N2 (red). The rate
coefficients were kon-pse = (3.99 £ 0.09) x 101! ¢cm? molecule™! s7! and (2.70 + 0.27)
x 10711 cm?® molecule™! s7! respectively. Note the high temperature measurement was
biexponential, so no intercept is included in the plot. Uncertainties are statistical at
the 20 level. The intercepts are (290 + 10) s™! (black), and (10 + 30) s! (red).
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Figure A 7: Example biexponential decay for OH + DBE, at 572 K and 28 Torr Na2.
Returned parameters were ka’ = (750 = 30) s, kb = (20 £ 10) s, kc = (80 + 70) 57!, ka
was fixed at 120 s, Single exponential £’ = (830 + 30). [DBE] = 3.0 x 10'3 molecule
cm3, Inset shows regular residuals of data.
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Figure A 8: An example single exponential decay for the OH + MTBE reaction,
where [MTBE] = 4.7 x 10'* molecule cm=3. An exponential fit yielded k' = (1470 +
20) s~. Experimental conditions were 298 K and 29 Torr Na.
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Figure A 9: Example bimolecular plots for OH + MTBE. Error bars are statistical
at the 1o level. Experimental conditions were 298K and 29 Torr N2 (black); 495 K
and 63 Torr N2 (red); and 727 K and 46 Torr N2 (green). kon+mTBe = (2.81 = 0.18) %
1012 ¢m? molecule™! s71, (7.27 £ 0.95) x 10~'2 cm® molecule™! s7!, and (1.32 +0.12) x
10" cm? molecule™ s7! respectively. Shaded areas represent the 95% confidence
limits. Note there is no intercept on the highest temperature, which was
biexponential. Uncertainties on returned parameters are statistical at the 2o level.
Intercepts are (180 + 10) s™! (black), (80 +20) s7! (red), and (-110 + 130) s™! (green).
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Figure A 10: Example OH + MTBE biexponential decay with a good fit to the
biexponential equation (red line), and a poor fit to the single exponential equation
(blue line), measured at 680 K, 45 Torr N2. The inset shows the residuals for the
biexponential fit. Parameters from the biexponential fit: k.’ = (8710 £ 250) s™!, kp =
(1270 + 140) s7', ke = (2330 £ 200) s7!, and ka was fixed at 200 s”'. [MTBE] = 6.09 +
10'* ¢m® molecule™ s7!. Uncertainties are statistical at the 2¢ level. The OH
precursor used was H20:.
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Figure A 11: Example OH + DME bimolecular plots at 298 K and 59 Torr N2 (black),
kon+pmE = (2.71 £ 0.09) x 1072 cm® molecule™ s7!. At 543 K and 57 Torr N2 (red),
kon+pME = (5.36 + 0.72) x 107'> cm? molecule™ s7!. At 634 K and 57 Torr N2 (green),
kon+pMmE = (8.11 £ 0.72) x 1012 ¢cm® molecule™! s7!. The highest two temperatures are
biexponential, hence no DME-free data are included. Returned parameter
uncertainties are statistical at the 2o level. Shaded areas represent the bounds of the
95% confidence limits. Intercepts are (260 + 20) s~! (black), (—260 + 330) s! (red),
and (130 + 150) s! (green).
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Figure A 12: Example OH + DME biexponential decay at 590 K and 57 Torr N2,
[DME] = 4.94 x 10" ¢cm® molecule™! s™!. Parameters returned are k.’ = (3320 + 160)
sl kb = (670 £ 60) s, ke = (320 = 30) s, ka fixed at 140 s.. Single exponential fit
yielded k' = (1340 + 130) s~'. Uncertainties on parameters are statistical at the 2¢
level.
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Appendix B: OriginPro fitting equation for the interpretation of R + Oz chemical

activation data

// Fit Parameter(s):

double OH, double kd, double ka, double kro2, double yield, double b, double kx,
double ether, double O2, double O2x,

// Independent Variable(s):

double x,

// Dependent Variable(s):

double& y)

{

// Beginning of editable part
double S,;M1,M2,L1,L2 kapseud,kbpseud,kcpseud;

kapseud=ka*ether;
kbpseud=(yield*kro2)*(02+02x);
kepseud=((kro2-(yield*kro2))*(02+02x))+kx;

S=-(kd+kapseud);

M 1=kd+kapseud+kbpseud+kcpseud;
M2=(kd+kapseud)*(kbpseud+kcpseud)-kapseud*kbpseud;
L1=(-M1+sqrt(M172-4*¥*M2))/2;
L2=(-M1-sqrt(M1"2-4*M2))/2;

y=OH*(((S-L2)/(L1-L2))*(exp(L1*x/1e3)-exp(L2*x/1e3))+exp(L2*x/1e3))+b
// ' End of editable part
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Appendix C: Ab initio calculation details for the DEE system

Species Energy Rotational Vibrational frequencies /cm™!
/ kecal  constants
mol! /cm™!
R 0.0 0.688 91.03 114.50 180.40 196.90 259.67 432.36 454.96
0.076 575.68 816.63 879.24 973.29 1025.56 1109.95
0.071 1129.10 1186.80 1191.54 1280.77 1313.35 1379.91
1403.53 1422.87 1464.13 1469.56 1491.96 1499.46
1505.66 1530.26 3009.34 3031.15 3066.68 3069.79
3078.13 3129.30 3142.63 3146.79 3148.91
02 0.0 1.489 1762.06
RO> -34.8 0.129 77.11 101.94 118.93 188.03 193.47 243.11 310.29
0.061 382.79 433.19 563.41 570.95 824.74 833.72 881.79
0.044 979.04 1079.78 1111.26 1146.90 1183.23 1194.46
1231.37 1293.17 1314.36 1366.88 1384.22 1408.08
1423.65 1459.79 1484.11 1486.63 1493.56 1506.09
1531.16 3042.18 3062.61 3072.87 3089.57 3090.29
3139.66 3144.64 3157.93 3161.26
TSI —15.1 0.135 127.35 178.60 209.43 215.17 291.86 321.89 420.27
0.068 471.26 502.73 571.83 632.92 859.33 881.31 899.16
0.049 976.24 1078.52 1110.04 1141.30 1155.15 1172.80
1196.78 1227.88 1288.32 1358.06 1380.62 1397.99
1421.43 1449.57 1484.36 1489.67 1492.16 1495.41
1655.50 3053.24 3068.29 3076.66 3080.67 3124.67
3155.293161.52 3164.93
QOOH -25.6 0.125 83.23 109.24 159.46 190.76 202.42 214.20 297.27
0.063 376.65 408.25 436.90 560.88 610.65 648.14 877.61
0.044 905.07 992.01 1030.07 1054.72 1130.90 1136.76
1176.19 1202.95 1261.29 1372.97 1373.59 1402.60
1424.04 1434.09 1456.71 1471.12 1487.46 1492.65
1497.07 3005.90 3074.03 3086.67 3087.36 3140.85
3157.04 3165.09 3169.39 3754.22
TS2 -3.7 0.110 11.36 104.20 120.84 171.69 198.11 215.81 220.01
0.064 284.69 347.50 435.80 530.98 585.01 702.48 765.03
0.043 882.74 961.99 1003.60 1017.21 1044.48 1137.89
1173.59 1197.76 1318.12 1367.68 1393.90 1403.40
1414.29 1463.60 1473.11 1489.41 1490.35 1559.80
3000.59 3017.84 3069.75 3104.54 3149.84 3157.53
3166.32 3195.79 3864.15
OH -53.9 18.804 3750.73
TS6 23.7 0.440 50.45 89.39 97.90 165.46 189.98 314.34 499.43
0.074 679.20 697.82 836.27 879.65 913.85 1022.95
0.071 1044.34 1099.77 1124.27 1225.20 1335.35 1389.05

1402.84 1459.33 1472.44 1484.45 1486.23 1494.15
1517.28 3010.94 3035.25 3049.14 3095.84 3102.41
3137.84 3145.94 3149.23 3244.63
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Appendix D: Derivation of O(P) mechanism analytical equation

k ky k

R+OH <—— RH —» R —» OH
OCP) OH 0,
l kd lkc
loss loss

Scheme A 1: Proposed reaction scheme for growth behaviour, used for fit derivation.

o

[OH]
dr

diR]
dr

= ko[O] + ky [R] — (k,+kq)[OH]

o
[l

= ko [O] + ka [OH] - (kb+kc)[R]

A=—(katk) B=-(kotk) C=k D=hkw E=h

o

[OH]
dr

44— c[o] + E[OH] + B[R]

= C[O] + D[R] + A[OH] eqn. 1

Multiply by opposite term in front of [R], to cancel out R term. (i.e. B and D)

B L%~ BC[0] + BD[R] + BA[R]

D &~ pC[0] + DE[OH] + DB[R]

B d[ZH] D % = BC[O] + BA[OH] — DC[O] — DE[OH]
B9 _ (BC — DO)[O] + (BA — DE)OH] + D 4 can- 2

Second derivative of first OH rate eqn. 1:

2

d’[oH] _ cd[O] n Dd[R] n Ad[OH]
de dr de de

Rearrange eqn. 2 for D % and substitute into eqn. 3:

eqn. 3

d’[OH] _ cd[o] N Bd[OH]  Ad[OH

]
ar a 0 —(BC-DC)[O] - (BA — DE)[OH]

_|_

d*[0H] _ cdlo] | (B+A)[OH]
dr dr dr

— (BC —DC)[0] - (BA — DE)[OH]

d*[0H]  (B+A)d[OH]
dt N dt

+(BA — DE)[OH] = <2 (BC - DC)[0]

F=—B+A) G=(BA-DE) J=-(BC-DC)

d’[OH]
dt

+F[

+ G[OH] = <9 4 J10]

[O] = [O]o e, where k, is the total of O + fuel and O + O;

dlol

& [O]o x —ko x e
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L10H , p 4O ;. GIOH] = C[Oy—kee ™ + J[OJoe
| N=C[O]y x 0 =1J[0]o

L10M] | p 40U | GIOH] = Neh* + Oy
‘ H=N+O

— (N_+_O)e—k0><t — He—koxt
y"(x) + fy'(x) + jy = He* solved:

y(x) = [OH]; = c1e”™! + coe”™? + P+ eqn. 4
(F ko) + T+ kG

Need to know what c1, ¢z etc. equal.

Find expression for ¢z at 1 = 0:

Atr=0,e”" etc. = 1, so:

[OHJop=ci1+c2+P

C2=[OH]Jo—ci1—P sub this into eqn. 4:

[OH], = cie™™ + ([OH]o — ¢1 — P)e”™*? + Pe eqn. 5

Differentiate eqn.5:

d[OH]
de

=ric1e”™ + r([OH]o — ¢1 — P)e”"? + (—koP)e*o

d[OH]

Att=0 "

=ric1 + 12([OH]o — ¢1 — P) + (—koP)

d[OH]

When at t =0, [R]o =0, so eqn. 1 becomes o

= C[O]o + A[OH]o

d[OH]
de

= C[O]o + A[OH]o =ric1 + r2([OH]o — ¢1 — P) + (—koP)

W =—k,P

Rearrange this for ci:

_ C[O], + A[OH], ~ W + 5,P — 1, [OH],
“l /(Tl —1;)

Now have fit expression (eqn. 4), with c; in terms of ¢, and ¢ in terms of rates.




