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Abstract

The work presented in this thesis utilises the laser flash phot¢dgss induced
fluorescence method to study the reaction kinetics of the foureiss of butaneglpotential
biofuels,under conditions relevant to low temperature combusBador to the widespread use
of these potential alternative fuels, their mechanism of low tereraominstion must be
well understood, to ensure the best cbads for these fuels are employed in novel engines.

Chapter 3escribes a detailed experimentaidst for the reaction of each of the four
isomers of butanol¥, i-, s andt-butanol) with the hydroxyl radical at temperatubeswveen
298and714 K, and at pressures betweeraBd130 Torr of nitrogen. This work presents the
first temperature dependestudy of these reactions at temperatures above 400 K ao bel
800 K, and has thus assisted in reducing the uncertainty bfrtfdecular rate coefficient in
this temperatureegion which is crucial to low temperature combustion of these alternative
fuels in an engine Temperature dependent modified Arrhenius parameterisations were
provided from this work, and also from concatenfits to this work and high temperature
shock tube data from the literature. The temperature dependence for the reactibrisdmer
with OH obtained in this workan be described by modified Arrhenius parameterisations (all

in units of cnd molecule! sb):
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Kn-butanol+or (2987 715 K) = (1.15:2.62)] 1 B9 T@- 64 § x pfRw
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These parameterisations are crucial to the improvement of stractivisy
relationships, for calculatingrédnching ratios for the reaction of the butanol isomers with OH
at temperatures relevant to low temperature combustion. Acciuiate bimolecularrate
coefficients andbranching ratiogor the reaction of butanol with O&fe vital for modelling of

combusion parametey such as ignition delay times, as demonstrated later in Chapter 5.

Chapter 4presents experimental observatioasd kinetic measurementsf the
b-scissiondecomposition ob-hydroxybutyl radicalgbove 480 K. Theb-site radicals formed
through hydrogen abstractiofrom butanol by OH decompose at these sufficiently high

temperatureo produce a butene molecule arOH radical.Theab initio energetic barriers



to decomposition for these radicalsvhabeen calculated at the CCSD/agpVTZ//MO6-
2X/augcc-pVTZ level. The barriers calculated have also been optimised using master equation
solving for b-site radicals derived fromll isomersof butanolwith the exception o-butanol.

The optimised baiers to decomposition of the radiak103.4+ 1.3 93.0 £ 1.0and100.0x

2.6 kJ mot! for t-, i- andn-butanol respectivelyThe OH yield obtained in these experiments
has also been used as a proxy for abstraction at the beta site of each butanamsbergpiated

to the percentage of OH reactiabstractions occurring at this site.

Chapter Spresents some unusual observations in which a growth of OH signal was
observedt temperatures above 600 K in the presence of oXgewing the photolysis pulse,
and some experimental testere conducted to deduce the source of this behaviour. The
bimolecular rate coefficient for the reaction of ) atoms witm-butanol wasneasured at
temperatures of 490 730 K, and pressuresf 407 55 Torr, described by the Arrhenius
parameterisatian Kogpynbutanol (490 1 730 K) = (1.64 * 055 x 101 x

exp 1800+ 1700RT) cnpd moleculé! s'2.
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Chapter 1 Introduction

1.1 Climate Change and the Need for Alternate Fuels

As a result of an ever increasing global population and the associated growth in
energy usage, the need for a renewable, clean energy strateggrsmbdpnt importance
[1]. Predictions suggeshe global population could reachi 910 billion people by the
year 2050, resulting iseverechallenges associated with feeding a growing population

and competition fowater and energj?].

A recent report from the Intergovernmental Panel on Climate Change (IPCC)
stated hat the &édhuman influence on the cl i ma
levels of carbon dioxide, methane and nitrous oxide have all increased gbtad a
result of human impa¢8]. Since the publication of the IPCC report, a significant
milestone was reached in global climate change mitigation: the Paris Agreement of 2016
[4]. The agreemerstates that all countries invas will aim to hold the increase in global
average temperature to well below 2 °C compared tinpiestrial levels, acknowledging
that this would significantly reduce thisks and impacts of climate change. For this to
be implemented, substantial poliagdsocietalchange must be employed, including the

progression to a low carbon society that is less reliant on fossil fuels.

In excess 0B0O% o f t h e primary enagydconsumption camigom fossil
fuelsin 2018, according to thmost recent BP statisal review of world energy, with oil
remaining thedominant fuel of the energy mi6]. Reserves for these cagmtional
energy sources are being rapidly consumed, with some estimates predicting that resources
will be used up by 205[®]. The combustion of fossil fuels is associated with substantial
greenhouse gas emissions, and has thus been acknowledged as a significant contributor
to climatechange[l]. Carbon dioxide (Cg emissions from fasl fuels and industry
represent 786 of thetotal greenhouse gas emissions increase between 1970 and 2010,
and are continuing to rig€]. Alongside greenouse gas emissions, the combustion of
fossil petroleum also leads to the formation of pollutants, such as carbon monoxide and

nitrogen oxides (NQ), which can have detrimental effects on human héa]th

Whilst renewable alternative® tfossil fuels are being developed for power
generatior(such as solar and wind energy), there still exists a need for alternateoliquid

gaseousuels for transpoliftl ], as conventional &ls currently account for more that %
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of energy for transporin the UK [8]. Renewableliquid alcohol fuels possess the
importart advantage of having a high energy density, compared to other possible alternate
fuels such as hydrogewhich faces the difficult challenge of high density storfge
transport vehicle49]. For example, he energy density of liquigh-butanol fuelis
26.9MJ L1 [10], compared to that of 8 MJfor condensed liquithydrogen fuel§9].

Alongside the climate change implications of the oartioxide emissions from
vehicles (exhaust emissions from automobiles represent arduf@ of EU CO;
emissiong11]), the detrmental effects on local air pollution and the dwindlresources
of fossil fuels all point towards the need for the development of alternate, cleaner transport

fuels.

1.2 Development of Biofuels

One alternative to fossil fuel energy generation is the use of biofuels from
renewable biomass. The developmenbiofuels has received significant interest on a
global scale as the need for a secure energy source becomes more apparent, following
dwindling fossil fuel resources and unstable oil pridey. Biomass is seen asviable
alternative as it can be used or converted to fuel for almost atjyesectors, such as
direct combustion to produce heat, and conversion into liquid fuels for replacement of

fossil fuel equivalentfl3].

A biofuel is any solid, liquid or gas fuel primarily derived from a biomass resource
[14]. They can be readily produced from a range of feedstocks and display several key
advantages oveossil fuels, such as coming from biodegradable resources, and providing
a method of energy productidhat releases less greenhouse gas emissions than fossil fuel
energy generatiofl5]. The use of biofuels is largely considered carbon neutral, as during
growth, the crop absorbs carbon dioxide from the atmosphere, which balances with the
CO; that is subsequently released on combustion of the fuel, howevercamtnoversy
surrourds this concept (sesection1.3) [16]. The benefits obiofuels over traditional
fossil fuels can be further enhaacby sequestering the processed bionmassoil, such
as the biochar that is produced during biomass pyrolysis, which can render the overall

process carbon negative.

Types of biofuelcanbs epar at ed i nto so called dédgener a

type of feedstock used to make them. HRiexteration biofuels are those that originate
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from sources such as corn and oilseed, from which significant amounts of biofuels such
as bioethanol can beqatuced[17]. These biofuels resulting from food crops however
pose multiple issues for sustainability and food secuflftfavourable land that is
currently used for food production is converted to produce biomassdiels, this
results in direct competition for the grain from the crops, and could result in increased
global prices of food13]. Alongside this, biofuel crop growth can also result in
competition for commoditiesuch as water arfértiliser, which could similarly drive up
the cost of foodwWhilst the requirements for growing biomass crops can differ greatly by
region, a recent study suggested that%0of ethanol fron corn in the US requires
107 17 litres of water per litre ofttanol produced, compared with the 2.8.6 litres of
water per litre of gasoline produced for most of the crude oil obtained onshore in the US
[18].

Second generation biofuels are fuels mfaola lignocellulosic biomassand fom
crops that are not used as fdad]. This can also include waste from various industry
sectors such as forest argtiaultural wastg19]. The negative effects of first generation
crops on food prices are therefore not seen Wwighsecond generation crops, as they d
not directlycompete with foodupplieq13]. Lignocellulosic material can also be grown
rapidly with lower associated costs when compared to biomass grown for food
consumption, which provides another advantager dirst generation biomag4d9].
Despite the relativelyower cost ¢ lignocellulosic material ($34 70/T dry maerial)
compared to other biomass derivedl$usuch as vegetable oils ($500700/T), the
converson costs can be much higher. This is illustratedRoyure 1-1, in which
production costs per GJ aremspared to feedstock cost per GJhe diagonal lines
represent the overall production costs of fuels, with those for biofuellyualing in
the range of $1% 25/GJ, compared to the lower cost of i$%5/GJ for fossil derived
fuels. This figure porays the urgent need for an impeowent in the processing costs of
lignocellulosic materials to bring down the total production cost to a level more

comparable with that of fossil fuels.
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Figure 1-1: Procesmg costs ($/GJ.e. dollars foprocessing per GJ of energy produced
against feedstock cost ($/GJ) for a range of biomass and fossil materials, replicated from
referencd20].

The conwersion d this nonedible biomasss difficult, and as a result, the costs of
processing to produce the resulting fuel are dgh. Lignocellulosic biomass contains
three main components: cellulog& i 50 %), hemicellulosg25 1 35 %) and lignin
(157 20%) [21], the structures ahich can be seen Figurel-2. As cellulose is a long
polymer constructed of glucose units, hydrogen bonding between the cellulose chains
results in a rigid structure that is resistant to degrada#éitimgside this, hemicellulose
and lignin also provide extra strength to the ligelndose. The decomposition of this
rigidity provides a significant technological and economical barrier to the use of
lignocellulose for biofuel production.

The third geeration of biofuels is largely focused on species such as microalgae
[14]. Algae are simple plants that absorb carbon dioxide and sunlight, and froforthis
substantial amounts of oil whidtan be converted into biodiesel. As the algae have low
levels of hemicellulose andttle to no lignin, the processing of the biomass is

substantially easier, and is therefore cheaper to carf2?jpt
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Figure 1-2: Structures oflignocellulosic biomass, showingellulose, lignin and
hemicellulosewith the building blocks of lignin also shown. Replicated from reference
[23].

1.3 Sustainability

For a renewable source of energy to be considered a suitable replacement for fossil
fuels, it should be evenly distributed across the globedantnstrate a reduction in the
amount of greenhouse gas emissions it releases on production aothpseed tdossil
fuels[19]. Biomass and biofuels can act as a low carbon source of energy, but only if they
are grown andaurced sustainabl24].

The growth of first gneration biofuel food crops for energy can lead to direct and
indirect land use chang®5]. In areasvhere direct land use change is a problem, such as
Brazil and Southeast Asia, rainforests and grasslands are being cleared and converted into
fields for energy crop growt[24]. By doing so, a,i0owhkxlhupon d.
to 420 timeghe amount of carbon dioxide that would be saved by usiadand for
biofuel crops can beffectively released24], negating any possible greenhouse gas
reduwtions that would be achieved through using renewable biofuels. Indirect land use
change can result from favourable land in one part of the world growing food crops for
bioenergy instead of for humaorsumption, leading to farmers in another part of the
world clearing an area of natural habitat to produce crops to replace this food 2igficit

Not only can direct and indirect land use change cause elevatthguse gas emissions
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compared to the potential savings, but it can also affect the price of food crops and reduce

biodiversity as a result of habitat |d26].

If biomass for biofuls could be developed on marginal land rather than
favourable farm lands, this would pose a substaatabntage for the biofuel industry
and sustainability. The use of lignocellulosic material as a resource demonstrates a
significantly reduced carbon fgwint compared to that of food crops, as they require
much less energy intensive cultivation methadbngside lower chemical requirements
[1]. The development oprocessing methods for forming biofuels from detr
agricultural residue and forest residue would also be a significant milestone for the
renewables industry, assinvolves theuseof material that would otherwise be going to

waste

1.4 Use of Alcohols fom RenewableResources

Alcohols developed from bimass sources represent a significant portion of the
biofuel industry, with approximatel§0 billion litres of ethanoproduced from corn in
the US alone in 201R2]. The use of ethanol as a fuel is not a new qathedth Henry
Ford expecting ethanol to beetlfuel of choice for his Model T car, but widespread use
was not seen until the 197[2¥]. Bioethanol is now an established fuel additive in several
countries, and i€ommonly blended in smatoncentrations of 5 10% by volume,
lending to the names E5 and EI®]. Some countrig such as Brazil and Sden use
blends up to 880, although this is not commonplace due to requiring alternate specialised

engines compared to those used in conventional vehicles

Bioethanol is typically obtained from the fermentation of a range of biomass
sugars[28] by microorganisms such as bacteria and y¢§E8L In the U\, it is
predominantly produced from corn, and in Brazil it is largely derived from siayee.

As a resul t, bi oet hanol i's primarily seen as
mainly from food crops. This has led to significant concern suriagriiesustainability

and viability of this method of bioethanol generation as an alternative energy source to

replace traditional gasoline (s&ection 1.3)[1]. Bioethanol can ats be made from

second generatideedstocks such as miscanthus grass and lignocellulosic crop residues,

although the breakdown of this type of material provides a significant economic barrier

[1]. It is therefore widely acknowledged that prodgcamdimproving the efficiency of

production otiofuels from alternate sources such as waste and lignocellulosic materials

are key areas of research for progressing the biofuel niaéqet



1.4.1 Properties of AlcoholFuels

Alcohols for use apotential biofuet have received attention from researchers as
a result of their useful properties. Their largest advantage is that theyighvectane
ratings which means they are legsone toknocking in enginegsee Sectiod.6.1), and
allow the engine to operate at higher compression rftjosSome alcohols such as
methanol and ethanol are already establishedmasnon fuel additives which are used to
increaseéhe atanerating of gasoline.Butanol and longer chain alcohols have octane
numbers that are closer to that of gasoline and can often decrease the octane number of
the overall blend, resulting in increasedgine knock. These fuels however have an
increased dane number, making them easier to ignite, and therefore are better suited to

compression ignition engines.

The addition of alcohols to traditional fuels can resultimproved fuel
combustion in engies and lead to a reductian harmful pollutant§14]. The presence
of oxygen in the alcohol results in more oxygen being available during combustion,
lendingto a reduction in smoke produati in the enging80]. The combustion of alcohols
also demonstrates reduced emissions of species such as carbon monoxide and nitrogen
oxides, but can demomate an increase in aldehyde emissions, which canatgiynlead
to photochemical smog formation in the atmospli2rg

Bioalcohols also demonstrate sodigadvantages. For example, the latent heat of
vaporisaton of alcoholgapproximately 700 kJ/kg for butanol at 25)is much higher
than that of traditional gasolirfapproximately 350 kJ/kg at 2&} [31], which results in
difficulty when trying to start the engine in cold conditi¢hs Another issue associated
with the use of ethanol is thatcin be damaging to existing irgteucture for delivering
fuel. Ethanol ca result in three types of corrosion: wet corrosion, dry corrosion and
general corrosiofR7]. General corrosion by ethanol is attributed to ionic impurities such
as chlorie ions. Dry corrosions thought to be caused by the polarity of the ethanol
molecule, and wet corrosion occurs as a result of water absorbed by the [dibjaribhe
extent & corrosion caused by the ethanolirked to the quality of fuel produced, and
how recently the fuel has been produdg2d]. If dry ethanol is left in a tank foa
prolonged period of time, it is possible that the ethanol can absorb water from the

atmosphere, thus making it more corrosive.

One set back of the shorter alcohol chains {CC3) is that they possess
significantly reduced lower heating valugdiV) when compared to gasoling]. As a

result, one bthe main barrierstobiet hanol 6 s wi despread use |
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lower energy density than traditional gasolia&], and therefore causes a decline in fuel
economy. From this, ahtion has turreto alcohols with longer carbon chains such as

butanol to provide an alternative.

1.5 Butanol as a Fuel

Butanol is a saturated four carbon alcohol that can exist as four different isomers
(the structures of which can be seen beloWahlel-1): normatbutanol 6-butanol), ise
butanol (-butanol), secondary butanatifutanol), and teidry butanol {-butanol). As it
contains more hydrogen and carbon atoms relative to ethanol, it is easier to blend with
otherfuelssuch as gasoling@4]. Butanol can be made from fermentation methods (bio
butanol) and can also be derived from path@mical sources (pettmutanol)(seeSection
1.5.]) [32]. Bio-butanol contains a higher energy density compared to that of bioethanol
and other sheoer chain alcohols, and thus hakH\V that is similar to that of traditional

gasolire[28], and is considered a potential alternative fuel.

Table 1-1: Skeletal s$ructures of thefour isomers of butanol

Name Structure

n-butanol

S~

i-butanol /}v
OH
OH
s-butanol )\/
)OH<

t-butanol




1.5.1 Production of Butanol

The first noted production of butanol from biomass was in 1861, when Louis
Pasteur first observed thabutanol was formeftom the fermentation of sugddd. This
was followed in the early 1900s by the development of the acéimaeotethanol
(ABE) fermentation process by Chaim Weizmann, which used Glastridium
acetobutylicumstrain of bacterium to breakdown sugars into acetordaytanol and
ethanol inthe ratio 3:6:1. This popular method of fermentation was used throughout the
Second World Wa[33] to produce the acetone needed for amition manufactue [34],
and at the time was the second most popular fermentation method after ethanol production
from yeast[35]. Synthesis of butanol via the ABE fermatibn method declined in
popularity during the 1960s, in favour of the more economical petrochemical route, which
was further accelerated by the increasing pricdh@fermentation substra{85]. Recent
interestin the use of bidutanol as a replacement fuel for gasoline has sparked renewed
interes in improving the ABE fermentation and other production methods that do not rely

on petrechemical sources.

Currently, a significant portion of butanol produced igHar processed to form
chemical derivatives that are used in enamels and surfacegsadimd other useful
chemicals such as butyl glycol etlj@é]. The three most common methodsgooducing
butanol at present are the Oxo synthesis, Reppe synthesis and crotonaldehyde
hydrogenation. Both the Oxo and Reppe synthesis methods start from propylene from
petrochemical sources, and thus would not be appropriate for the production of bio

butanol from renewable biomass sources.

A review by Nigam and Sing[i4] stated thathreeisomersn-butanol,i-butanol
ands-butanol, can be produced through biological methadd that the farth isomer,
t-butanol, can only be produced by pettemical meangl]. The most common
fermentation method used for producing butanol is the ABE fermentation process
mentioned earlier. This fermentation methoah cbe used on a range of low cost
feedstocks such as wheat straw and switchdB3s As butanol can also h@odued
from the same feedstocks as bioethanol, existing ethanol plants can -effeabisely
retrofitted and converted to produce biobutafb?]. There are however several
challenges associated with this method of production, such aprtmuctyields and
potentiallyhigh feedstock cos{84]. In terms of reducing this cost, a transition across to

cheapemwastefeedstocks such as agricultural residues would have a substantial effect.
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The use of waste material would also improve the sustdilgabind redue the

environmental impact of the fuel production.

The use of ABE fermentation for Bbluutanol production poses multiple
drawbacks that provide economic barriers to its widespread use. One such problem is that
the yield from the process iglited by thetoxicity of the resulting solvents to the bacteria
[12]. As a result, metabolic engineering of the bacteria strain is a key area of research,
which is essential for improving the overall yield of the process. Aapthsue lies with
the expensive cost of recovering the butanol from the fermentation liquid. This has been
improved through the development of methods such as supercritical extraction and gas
stripping [30], which can also be performed during the fermentation process, alleviating
some of the issues with toxicity, as the butanol is removesdu[12].

1.5.2 Butanol Properties

A summary table of some of the physical properties of the four isahktganol

can be seen below rablel1-2.

Table 1-2: Properties of the fferent isomers of butanol compared to an averac

gasoline structure and an alternate alcdbel, ethanol. Adapted froifi].

Wt %  Lower heating Boiling Point  DHvap (kJ/kg at 25

Fuel
] value (MJ/L) (°C) °C)
Ethanol 0.35 214 78 919.6
n-butanol 0.22 26.9 118 707.9
s-butanol 0.22 26.7 99 671.1
i-butanol 0.22 26.6 108 686.4
t-butanol 0.22 25.7 83 629.9
Gasoline
(Average 0 3071 33 2771 225 351

CgHis)
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Biobutanol poses several advantages over the other potdmbdialcohols.

Compared to ethanol, butanol contains twice as many carbon atoms, and as a result
contains more energy and has an increased Itwating valug12]. Consequently,

butanol demonstrates a higher feebnomy and resuslin a reduced fuel consumption
compared to ethanol. The cetane number of butanol has been reported to be as high as 25,
much higher than the other suggested bioalcoholskimg it more suitable for
autoignition in certain enginel80]. The heat of vaporisation of butanol is significantly
lower than that of ethanol, and sequentlywould be easier to start in cold weather

conditions[12].

As butanol does not evaporate as easily as gasoline, it releases fewer volatile
organic compond emissions, and is safer to (i38]. It also possesses a high flash point,
which is another important safety aspg@]. Butanol is more suitable than ethanol for
long term storage, as lias an increased resistarioewater contamination. Following
from this, if butanol is to be udess a fuel additive, it is less likely to separate from the

main component of the blend if contaminated with water.

Butanol is currenth@ fTtoael) das eidt acam [
infrastructure and fuel suppl[8], such as in storage tanks and fuel statid4$. As
discussed previously, ethanol is highly corrosive to pipework and therefore needs to be
transporeéd via other methadsuch as rail or truck. Butanol is much less corrosive than
ethanol, and is therefore easier to transport and is suitable for existing pipework
infrastructurd12, 32}

Butanol contains more oxygen than otheemiéative fuels such as biodiesel, and
as a result of this, when used in an engine, it can demonstrate a reduction in the levels of
soot producedompared to traditional gasoline combustiib2]. As butanol has a gher
heat of evaporatiothan gasolingthe temperature of the combustigauld congquently

belower intheengine, which caalsolead to reduced NCGemissiong12].

1.6 Engine Combustion

Combustion represents a igsrof central reactions for producing energyam
engine. The oxidation pathway of new potential biofuels in combustion is linked with
their widely varyingchemicalstructures, and in order to assess the suitability of a fuel,
an extensive understandingf the combustion mechanism is requir@B]. The
development of this understanding is also crucial for the advancement of cleaner, more

efficient internal combustion enging29].
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1.6.1 Engine Types

In a spark ignitior(SI) engine, air and fuel are injected into a cylinder, which is
compressed and ignited using a spark, resulting in a flame that is propagated evenly
through the fuehir mixture [40]. However, under some conditions, unwanted
spontaneous ignition of the fuel ahead of the flame front or in the absence of a spark can
occur, i n a pr oc d&]sThikcamoause aadible difgingonocides, and 6
can cause serious damage to the engine. The ignitimes® in a Sl enginis different
to that of a diesel engine, in which only aiingially contained and compressed in the
engine cylinde(compression ignition, Cl)and following the injection of the fuel, the
droplets disperse in the hot air and spoabusly burn.

HCCI Engine Cl Engine

N PN

'

tion7'«
Diﬁus%
Air

28—
| |

Figure 1-3: Schematic diagram of three different types of engine: Spark ignition (SI),

Homogeneous Charge Compression Ignition (HC&IY Compression Ignition (CI).
Replicated fronj42].

The developmenbf the Homogeneous Charge Compression Ignition (HCCI)
engine, which combines features of spark ignition engines and diesel engines, has proven
to be a significant milestone imgine developmerfé3]. A schematic diagram showing
the differences between the three different types of engine is shdwguie1-3. HCCI
uses a fuehir mixture similar to that of a sgaignition engine with the compression
ignition method used by diesel engines. By doing so, the fuel consumption of an engine
can be reduced, improving the fuel economy. As HCCI condsustcurs entirely in the
gas phase using premixed fuel and air miesy the amount of soot produced by the
engine is reducef@l4]. The emissions of oxides of nitrogen (N@re also reduced5],

largely resulting from the lower temperature combusf#8]. One downside of HCCI



engines howver is that they often result in signditt emissions of carbon monoxide
(CO) and unburnt hydrocarbof#t]. Ignition within a HCCI engine is largely dependent
on the chemical kinetics of the reactive species tlaeikfore accurate measurements of
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these rates mube obtainedo ensure the engine is run at optimal conditidag.

1.6.2 Rapid Compression Machines

To test the suitability of a potential fuel, experimental measurements using
equipmentsuch as rapid comprasn machineg¢RCM) are carried out. In these, a full
engine cycle in an HCCI engine is mimicked in anegkpental scenario, in which the

fuel-air mix iscontained within a vessel, anapidly compressed, elevating the pressure

and thus the temperaturendtime between this compression stroke and time for the fuel

to auteignite is measured, ang known ag h e

6i gnition

del

ay

pressure trace obteed from the study of Weber and SUdgd] is shownin Figure1-4,

for arapid compression machine (RCktudy ofs-butanol.

Pressure, bar
Time Derivative of Pressure, bar/ms

Figure 1-4: An example pressure trace obtained fromapid compression machine
(RCM) study. Ressure tracebtained fors-butano] from thestudyof Weber and Sung

[47], obtained at 15 bar, end compression temperature 827 K, equivalence ratio = 1
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The results from these experimental studigsag RCMs ar¢hen modelled using
combusion modelling (as descridein Section 1.8), to test the understanding of the
processes driving the autoignition process obserifedood agreement is obtained
between the simulations andetlexperimentally measured pareters, then the rate
constants described within the model are assumed to be a reasonably accurate
representation of the combustion process occurring. Good agreement is not always
obtained however, and this is often a conseqeeof incorrect rate constanand
descriptions being used in the combustion model. SedtiBrdiscusses the use of
sensitivity analysis to deduce the reactions that control the reactivity of the system, and

how to identify where model improvements mustrbade.

Rapid compression macleis can be operated across a range of high temperatures
and pressures, from 6001200 K and51 80 bar[48]. Another experimental parameter
that can be varied in these tests is the-filesbquivalence ratid,. This allows the ignition
delaytime to be measured under conditions ranging fieehrich (equivalence ratio %)
to fud lean (equivalence ratio < 1), to investigate the effects of these different conditions
on the reactivity of the fuelFurther discasions of the reactions involvad these
modelling simulations are described in the next section, Sett®3 and applied
specifically to the isomers of butanol in Sectioi

1.6.3 Combustion Reactons

The combustion of a fuel is a complicated process with meamtionsteps, with
the importance and the rate of each reaction depending on the temperature in the engine
[49]. Comlustion processes can be split between low temperature combustion (that which
occurs at less than 1000 K) and high temperaturdastion (combustion above 10K)
[41].

There are several types of chain reaction which are crucial to combustion:
initiation, chain propagation, chain bramgp and chain terminatiof40]. Highly
complicated reaction schemes for different hydrocarbons and fueés@an be built up
from subsets of mechanisms of smaller molecules, that are comprised of each of these

types of chain reactiofd0].
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1.6.3.1 Low Temperature Hydrocarbon Oxidation

The first step in hydrocarbon fuel oxidation is the formation of a radical from the
initial reactve fud species, which can be formed by reaction with a radical species (X),
as outlined below in reactidd1-1. ReactiorR 1-2 highlights the fastest possible reaction
for the inifal fuel species, in which an OH radical abstracts a hydrogen to form a water

and leaves the alkyl radical[R1].
X+RHY R+ XH R1-1

OH+RHY R+H,0 R1-2

Following this,the alkyl radical R formed then goes on to react with molecular oxygen
(as seen imeactionsR 1-3 andR 1-4), to form an alkene and H®@adical species, or the
alkyl peroxy radical, R@

R+0,Y Al kréi@e R1-3

R G,+ MRQ+ M R 1-4

The RQ radical species then goes on to form an alkene andspkziesR 1-5),
or undergoesn internal rearrangement to fothe QOOH hydroperoxyalkyl radicaR(
1-6) [52]. The QOOH species can then fall apart to form a highly reactive OH radical and
an Gheterocycle R 1-7), resulting in chain propagation, or again fall apart in the same
manner as the R@pecies to fornHO, andan alkeneR 1-8). QOOH can also undergo
addition of a second o form GQOOH R 1-9), which in turn undergoes an internal
abstraction of an H atofir 1-10), and could ultimately lead to tifiermation oftwo OH

reactive radicals, resulting in a chain branching reacioht11 andR 1-12).

RO,Y Al keH® R 1-5
RO,Zz QOOH R1-6
QOOM OH+O-heterocycl e R1-7
QOOKM Al k e H® R1-8

QOOHO#MZ O,QOOHM R1-9
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0,QO0H  YQ 000 R1-10
HOQ,OOH Y OHQ#® 0O R1-11
HO@,0 YH+0Q,0 R1-12

1.6.3.2 High Temperature Hydrocarbon Oxidation

At high temperatures (2000 K), the thermal decomposition of the fuel species
to produce the reactive radicabBcomesn important chain initiation steR (-13) [51].
This initiation leads to formation ofeactiveradicals, such as theHz radical, which in
turn leads to a series of reactions allowing a source of OH, O and H radicals to be built
up. Following this build up, reactioR 1-14 occurswhereX represents any @& number

of radical speciesniwhich hydrogen is abstracted from the starting fuel.

RH Y R + X R 1-13

RH + X Y R + XH R 1-14

Depending on the conditions within the engine, the resulting fuel radical species
can potentially recombine to form longer hydrocarbon species, which acts in competition
with other degradation reactiofsl]. At these high temperatures, the rate of reaction is
controlled by several reactions, which govern the total radical concentration. These chain
brarching reactions involved are not fuel specific, as they involve simple, small radical

species that are generated from all hydrocarbon oxidation mechdaaigms

OH+COY H+CQ R 1-15

H+O,Y O+ OH R1-16

ReactionrR 1-15is of significance as it produces the H radicals, which ultimately
lead to the chain branching seen in readdnl6. ReactiorR 1-16 represents the major
chain branching step seen in high temperature oxidation, resulting in the production of
both O and OH radicals.
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1.7 Butanol Combustion

A general simplified reaction scheme for the oxidation of alcohol faedhown
below inFigurel-5, replicated fronfl1]. From thisdiag-am, it can be seen that an initial
reaction between the fuel RH and a radical removes an H atom from the foein the
fuel radical species R. Thiadical species thesndergoes a rapid addition with oxygen
to form the RQ@radial, which undergoes anternal rearrangement to form the species

QOONH in asimilar manner to that seen ir@&ion 1.6.2 for hydrocarbon oxidation

RH + O,or ®* OH
initiation steps
H abstractions

r— - - —— - NS T
Vo

r——— "~~~ ————— > Re—> R’¢ + enol/carbonyl/alkene

I (2) 0,
| 0, (1)

|

I

|

I

|

l RH . HO,-
| R’¢+H,0, €«—— HO, +cnol/carbonyl €~ ROQ* ——> ROOH + 03
|

|

I

|

I

|

degenerate
branching

steps

*QOOH
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Figure 1-5: Simplified sample reaction scheme for low fmraturealcohol combustin,

replicatedfrom Sarathyet al.[1].

At low and intermediate temperatures, the most important radical for hydrogen
abstraction from alcohols OH. The hydrogen found in the hydroxybgipof the butanol
isomersis the hardest tobstract, andertiary bonded H atoms are the easjgktFrom
Figurel-5, it can be seen that carbonyls and sraske formedhrough mutiple possible
channelsin the oxidation of alcohols. At low temperatures, the addition of molecular

oxygen to hydroxyalkyl radicals can lead to the formatiostabilised peroxy radicals
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(ROy), the first stage ithe chain branchg procesgl]. Following the addition of oxygen
an internal hydrogen abstraction to form the QOOH hydroxyalkyl hydroperoxy radical
occurs, usually via-mfnembeed 6-membeed or 7-membeed transition state ringéR
1-17). Thisisomerisationis in competition with the elimination reaction to produce an
enol and H@from the RQ specieqR 1-18).

RO,z QOOH R 1-17

RO,Y E mdilQ R1-18

OH

/O
/ i )
(@] 6 m.r 5mr
— D ——
[ ]
OH OH
OH
[ Sm.r

OH

/

@)

Figure 1-6: Possible structures formed during the internal isomerisationboftanol,
following hydrogen astraction at the gamma site and subsequent addition of oxyden.
m. r o represents i-memberedtiroonmngviaanda ASi xm. r O

isomerisations  a fivemembered ring.

An exampleof potential QOOH structure formed from the isomerisatioof the
n-butanol radical is shown iRigure 1-6. This QOOH speciesan then react in one of
several ways, depending on the position of the radical site. It can decompose to give an
enol and H@speciesR 1-19) if the radical is in the beta position to the OOH group, or
an alkene, carbonyl and OH radicRBl 1-20) if the radical is in the gamma position. The
QOOH can also cyclise and form an epoxy alcohads plo OH adical R 1-21), but this
is thought to be a minor chanrfé]. Each of these decompositions are in competition
with low temperature chaibranching channel oR(1-22), in which another molecular

oxygen is added to the QOOH species.
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QOOH En e HO, R 1-19
QOOHE Al keGar boe@Hh | R 1-20
QOOM Epoxy a&OKohol R1-21
QOOHMO,+Mz O,QOOHKM R 1-22

The addition of @to the QOOH species is thought to be one of the most important
steps in the low temperature chain branching mechafééin Following this addition,
subsequensomerisation of the £)OOH species formed ireactionrR 1-22 leadsto the
formation of HOOQrOOH (U(OOHY). in Figure 1-5) in a reversible process. The
HOOQH+OOH species therdecomposes into a carbonyl hydroxyalkyl hydroperoxide
specie§OQHOOH) and an OHradical This is followed by the decomposition of the
carbonyl hydroxyalkyl hydroperoxide form an OH radical, another oxygenated radical

and a stable specisach as an aldehyde or ketone.

0,Q00H HOOGOOHY OQOOH OH R 1-23

OQOOH OHOxyghaxd r adidahyde/ ket R1-24

This general alcohol low temperature combustimechanism can be applied to
the four different isomers of butanol, ahownbelow in Figure 1-7. This shows the
different reactiorpathway depending on the site of the H abstractaomd demonstrates

the pathways that ultimately lead to chain branching at low temperatures.
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Figure 1-7: Important reations for lowtemperature oxidation patlays for each isomer
of butanol, replicated frorBarathyet al[1].

From the reactions described in this section dfidure 1-7, substantial
combustion models can be built to describe tetemperature oxidation of fuels. These
models are vital fomproving our understanding of the combustion process, and for the
development of technology that best utilises novel fuels. The next section will explain
these combustion models in further detand explain some of the limitations

encountered when using them to model experimental parameters.

1.8 Combustion Modelling

As menioned in ®ctionl.6, for widespread use of alternative fuels such as the bio
butanols to be adogd, a thorough understanding of the kinetics and reactibinsh
occur during the combustion process is requirétis comprisesan understanding of
phenomena such as autoignition behaviour across different engine conditions, including
when blended with @soline [53]. One way to test this understanding is through
combustion modelling of experimental parametdéos exampleignition delay times
(described irSectionl.6.2), flame speed nasurementand key species concentrations
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[54]. Consequently, significant research and development of chekmedic models has

been conducted fahebutanol isomers and other potentiadifi

From the examplereaction pathways described 8ection 1.7 and Figure 1-7,
substantial combustion models can be constructed, containing large amounts of species
and reactions. For example, in tbembustion model for the four butanol isomers
constucted by Sarathgt al.[55], there are 426 species and 2335 reactiGosbustion
models are usually developed in conjunction with ssalidation aginst experimental
measuremen{$6], and are built upon prious submechanisms for smaller species, such
as the H/CO/Q, submechanism of O Conaie¢al [57].

Combustion models aroften built comprisig of multiple reaction classésat can
be divided into those relevant to high tengiare combustion and low temperature
combustion. Those at high temperature are usually related toolatular fuel
decomposition, Fatom abstraan and fuel radical isomerisation and decomposition.
The reaction classes involved in low temperature condusare those typically
described by the pathways showrigurel-7, such as the addition ob@ fuel radicals
and isomerisation of the subsequent.R@eciesThe rates of these reactions found in
the combustion models are @ft based orexperimental measurement, theoretical

calculation or estimation based analogous specig¢S4].

When validating combustion models and comparing with experimental
measurement, gal agreement is not always obtained. This is due to some reaction classes
and reactia rates in the input model possessing significant associated uncertainties
owing to being estimates based on similar structu@gge method of classifying which
aspects fthe combustion models have the most significant effect on the output parameter
is to conduct a sensitivity analysis. In this methtbe,relationship between an input value
in a model and its effect on the predicted output is examined, to determineinghith
have the largest influence on the output parameter. This allows a primntie&tvhich
reactions rates in the model require further investigation for improvement. An example
sensitivity analysis conducted Eyouet al.[58] for iso-buteneis shown inFigure 1-8,
where anegatve sensitivity index means an increase in the simulated ignition delay time,

and apositivesensitivity index means a decrease in the simulated ignitiay tiele.
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Figure 1-8: A sensitivity analsis conducted by Zhoet al.[58], for theignition delay
timespredicted for isedbuteneat 1250 K and pressures betwed)i 150 atm

A sensitivity analysis is usually conducted within the uncertainty bounds provided
by those that conducted the initial study into the parameter being tested (i.e., the
uncertainty bounds provided from the experimental kinetic measuremengé ohtth
constant). This therefore assumes that thea@tstantand uncertainty provided are an
accurate measurement or estimate. If the starting value for a particular rateusategc
it may result in a lack of sensitivity shown duriadpcalsensitvity analysis to a reaction
that may in fact influence theeactivity. It is therefore important to conduct global
sensitivity analysis on the rate constants found within combustiodels, as this
accounts for interactions between the rate constants, gares a better overall
understanding of the contributions of each rate to the output parameter to be modelled
[59].

Agbroet al.[60] recently conducted a global sensitivity analysis into the reactions
governing the ignition delay times of the butanol isomdautanol under conditions
relevant to low temperature combustion. In their work, it was highlightedtbadt tatom
abstraction reactions by OH are important for accurate predictions in the context of
ignition delay times, and that under fuel rich conditions, the reactions of the dalradi

with O> were of equal importance. Sarattiyal.[1] also recently conducted a review of
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alcohol combustion chemistry, highlighting the need for chemical kinetic model
development for reducing uncertainties, and measurements of reaction kinetics at
tenmperatures relevant to low temptna conditions. This thesis will therefore pregaet
investigation of several reactions of the four butanol isomers relevant to low temperature
combustion conditions, to assist the reduction of thesencertaintiesn future when

developing models faimulations under these conditions

1.9 Theories of Chemical Reactions

The study of chemical kinetics is of fundamental importance for understanding the
reactions which drive reactivity in complex systems, such as tbosarring in
combustion. This sectiodescribs in brief some of the theory used for the reaction

kinetics studied in this thesis.

1.9.1 Transition state theory

Transition state theorfT ST) can beprimarily used to understand how reactions
take place, by takmnaccount of an activatembmplex speies between the reactants and

the products, known as a transition state (ABCFigure1-9).

r'y

Energy

v

Reaction Coordinate
Figure 1-9: A schematic diagram of a typical reaction energy profile, WAEY is the

transition state species, and i& the energy required to overcome the energy barrier.

The transition state is located at the highest energy point along the reaction

coordinate, prior to decomposition to the reaction products. The folloglergentay
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reactionR 1-25andR 1-26 can be used to describe the system showagiare1-9, with

E 1-1 describing theexperimentally observedte of formation bthe products AB

A+BCz ABC R 1-25
ABCYY AB+C R 1-26
d[ AB

22 ar 8O E 11

wherek; is the reactiomate coefficientTransition state theory assumes thatthesition
state ABC is in equilibrium with the reactants A and BC, and thus the concentration
[ABCY] can be described by equatiri-2:

[ ABICK'[ A] [ BC] E1-2

whereKY is the equilibrium constant for the formation of AB&om A and BC:

ke L B0 E1-3

The overall rate of forming products is described by:

d[ AB _ .. ;
(gtA:ky[AB(]C El4

where K is the first order rate coefficient for decomposition of AB@G products.
Combining equationk 1-1, E 1-2 andE 1-4, the following equation can be derived:

k K K E 15

The equilibrium constarK? can be defined by the expression shown in equ&ibi6:

) Q .
Ki= ABC o x| E 1-6
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whereQ; is the partition function for specieger unit volumeand Dep is the energy
differencebetween the reactants and the transition sfdte partition function fothe
activated compleasc can then be separated into two componietiie componet gasc
for the contribution from the stretching mode that leads to dissociation, and the remaining
partitionfunction QascY. Thepartition functiongasc can be approximateuy:

. kY

qABCam E1-7

wherev is the vibrational frequency of the reactive vibratinthis point, a transmission
coefficient, s, is also introduced, to account for the fraction of reactant vibrations that
lead to the formation of products. Factoring in equatibh$ 1 E 1-7 as described above,

the overall rate coefficiet can be described by equatiiri-8:

kF#YQABéefoi E 1-8

1.9.2 Unimolecular decompositions

The development of the Liethann mechanism provided a mechanism for the
unimolecular decomposition of a speciesd&scribed byeactionsR 1-27 andR 1-28
below. A species A can be excited following collision with a third body M, which can be
anothe A molecule or a bath gas molecule. Following this excitationexicé#ed species

A* can be colisionally deactivated agaifieactionR 1-27), or can @ on to form products.

A+ SHTAY o+ M R 1-27
A*  +5A + M R 1-27
R 1-28

kr12 8
A* 4t Product s

ReactionR 1-28 shows that the formation of products is equahtg [A*], and
therefore an equation describing [A*] must be formulated. The rates for formation and

removal of A* are described equationE 1-9.
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d[ A*
%:k]l-ZWA M-kip7A*M -k § A ] E19

As A* has a short lifetimegfter a short periodf accumulation, the concentration
of A* remains at a steady concentratiblsingE 1-9, the steadystate approximation can

be applied to [A*], and it can be assumedttt[A*]/dt & 0, therefore:

k1_2 7A M = kz]__z 7A *M + kl-ZlIJ[ A* ] E1-10

Rearrangement of equati@nl-10for [A*] gives equatiorE 1-11:

E1-11

A* = kio7A M
kz27M +Kkiog

Substituting equatioe 1-11 into the equation for the formation of products
d[P]/dt obtains equatiok 1-12:

alf P . kiokiogA M
dt

2 aA E1-12
128 ka2 7M +kiog

If equationE 1-12is rewrittenas d[P]/d = kun[A], wherekunirepresents the formal

unimolecular rate constant:

ko Ko gM
kU nT k k
227 M +Kiog

E1-13

it becomes cleathat kuni is a pressurelependent functiarThis results in two distinct
pressuralependentegions of the unimolecular ratertstantkuni, as described iRigure
1-10. At low pressureghe rate determining step is the bimolecular excitation reaction
described by the forward reaction®fl-27. Following excitation, formation gfroducts

is more likely than deactivation at low pressures, thergéose>> ki-27 [M], and kuni

reduces téuni = ki-27[M], resulting in a pressure dependence at low pressures
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At high presares, the rate of collisional deactivation is much fastan tinat of
the unimolecular reaction of A* forming products;27[M] >> ki.2s. This reduces the
unimolecular rate constakini to kuni =ki-28 ki-27/ k127, i.e. it is independent g@iressure.

kuni= Ky 57k 251 kg 57

log (ki / s7)

.

log([M] / mol dm) Increasing pressure

Figure 1-10: Example showing the falloff in the unimolecular rate coefficién, at
lower pressures.

The Lindemann mechanism does hoerehave some failures, and cath always
accurately dscribe experimentally measured reacti@metics. Primarily, Lindeman
theory breaks down as it does not consider the energy dependence of the activation

reaction, and ignores the internal degrees of freedom of the molecule.

For a unimolecular decompositi to occur, the energy for the reaction must be
localised within therelevant form of motion. Previously, only the general method of
excitation of the molecule has been considdredrder to describe thionversion of the
generally excited molecule Ato the specifically excited moleculy (the activated
complex),theintroduction ofa further reaction step requiredas described by reaction
R 1-29 and equatiort 1-14.

K oW
A*O0 AYO Product s R1-29

k*:ky[ N

E 1-14
[ A*]
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K is typically much larger than that kf, and therefore the conversion df ito
the activated complex is typically the rate determining step. Asoireentration of Ais
small (due td* << K), application of the steady state approximationy{ifk= 0 obtains
equationkE 1-14. Thefirst improvement to Lindemann theocgntred on this aspect was
conducted byrice and Ramsperger, and later devetbipeKassel (RRK Theoryhpased

onthe assumption that energy can fliraely from one vibrational mode to another.

Further developments by Marcus, resulting in the development of- Rice
RamspergeKasselMarcus (RRKM) theory, has resulted in better oveagfieement
between experimental observations and calculated, rétesugh the inclusionof
transition state theory (TST). RRKM is a microcanonical transition state theory, which
forms the basis of the master equation calculations conduct&hapter 4 and is
described in more detail Section4.3.2.

The Lindemann mechanismand the further developments that followed are
crucial for explaining theinetics involved in unimolecularedanposition reactions
such as the unimolecular decomposition of thkydroxybutyl radicals described in
Chapter 4. A schematic potential energy surface of this decomposition is shenyari
1-11, showing the potential reactions occurring following formation of the
b-hydroxybutyl radical.The need for collisions to form the excited species is shown,
highlighting the pressure dependent aspect of the mechanism as described previously, and
emphasising why the unimolecular decomposition of this species is dependent on the

concentration of bath gas eoules M.
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Figure 1-11. A schematic potential energy surface for the decomposition of the
b-hydroxybutyl radicals formed following abstraction at the beta site of each of the

butanol isomers, as described in Chapter 4.

1.10Thesis overview

Chapter 2 provides an overview of the experimental methods used to study gas
phase kinetic reactions, and g/ a detailed account of thaser flash photolysi$

laserinduced fluorescence method and apparatus used in this thesis.

Chapter 3 presents atd#ed experimental investigation of the reaction of the four
isomers of butanol with the hydroxyl radicah ianportant initiation reaction for the low
temperature oxidation of these potential biofuels in an engine. Experimental data is
presented from roo temperature to approximately 700 K, significantly reducing the gap
in the literature for these reactions.

Chapter 4 investigates the unimolecular decompositionbdiydroxybutyl
radicals formed following hydrogen abstraction at the beta site, to fouteadomolecule
and an OH radical. Experimental observations of the unimolecular decomposition rate
constantshave been made as a function of temperature and pressure, and used in
conjunction withab initio calculated barriers and master equation solvin@htain

optimised energetic barriers to this decomposition.
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Chapter 5 highlights some unusual OH regenanailserved in this work at high
temperatures (> 600 K) and in the presefaxygen. Experimental tests were conducted
to deduce the source ofishunusual behaviour, with one hypothesis suggesting the
reaction of O {P) atoms with alcohol reagent to fiorOH radicals. A temperature
dependent study ofbutanol with O IP) atoms has been conducted betweeri 482K,
at pressures ef0i 50 Torrnitrogen

Chapter 6 presents a summary of the findings in this work, and highlights areas of

potential futurevork.
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Chapter 2 Experimental Techniques

2.1 Introduction

To measure the kinetics of gas phase radical reactions, a range of experimental
techniques can be useThe development of new experimental techniques hasvitaén
for measurement of reactions key to the costion process, and to building combustion
models for verifying understanding.

This chapter covers the details of the main experimental techngpee in this
work: the LaseFlashPhotolysisi Laser Induced Fluorescemn@ FP-LIF) method. The
basic pringples of laser action are also covered, alongside the fundamentals of other
methods used for initiating and studying gemase reaction kinetics, duas discharge
flow, the relative rate method, pulse radiolysis and resonance fluorescence. The final
sectio of this chapter will cover the finer details of the experimental setup used in this

work.

2.2 Laser Flash Photolysig Laser Induced Fluorescence

The coupling of laser flash photolysis to laser induced fluorescence results in a
widely adopted method for mdoring the kinetics of reactions in the gas phase {LFP
LIF). For LFRLIF, a6 pumpobed system is wused, which
togenerate the reactive species of i nt er e
system at a seriesoflifer ent ti me del ays after the in
which the photolysis O6pumpd ddfiredastr0, inda s h e
the second probe laser is fired at a set time after this, to excite the radical species formed
and the subsequent fluorescence is then monifddgdBy altering the time between the
photolysis laseflash and the probe laser flash, a decay signal of the fluorescence over
time can be obtained. Analysis of this decay trace can then proviteldata regarding
the reaction of the reagent of interest with the radical species generated by the ighotolys

laser.

A schematic diagram of the orientation of the experimental set up used in this
work is shownin Figure2-1. It shows the intersection of the two lasers perpendicular to
each other, with the fluorescence collected bypt@omultiplier tube (PMT) above this
intersetion. By collecting the fluorescence from the species of interest perpendicular to

the intersection of the photolysis and probe laser beams, the amount of unwanted scattered
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light measured is minimised. Alongsi thisarrangementa filter at a suitable avelength
for the fluorescence being measured is usésh assistingn reducing the amount of
scattered light collected by the PMT.

0, H,0,

Vacuum

Pump [\
Photodiode
282 nm
Dye Probe
Laser \ Mixing Manifold
532 nm
Oscilloscope
Nd:YAG
Laser
Computer

Figure 2-1: A simplified shematic diagram of theff-resonant fluorescence set up used
in this work demonstrating the orientation and wavelengths of the lasers involved and
other essential equipment

The basic principles explaining the functioning of lasers and their use wwadhis
areexplained inSection2.3, and a further description of the experimental set up used in

this thesis can be found in Sectd.

2.3 Lasers

A range of experimental and analytical techniques hbgen significantly
advanced by the development of laggight Amplification by Stimulated Emission of
Radiation) by assisting themonitoring of rapid eactions that may not have been
previously possiblg¢61]. Pulsed lasers can produce extremely short $afdight to
initiate reactions, which can then be monitdogdca number of different methods such as

laser indicedfluorescence (seection2.3.7).
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2.3.1 Absorption and Emission

In accordance with quantum theoagoms and molecules possess discrete energy
levels, over which the energy of the system is distributed. Theveelaopulations of
these states at equilibrium at a given temperatliyecan be described using the

Boltzmann distribution:

No = xp ket E2-1
Nm—e Xp

whereN, andNn, are the populations of the higher and lower energy levels respectively,
separated by an energy dap, andks is the Boltzmann constarkg= 1.381x 1022JK™).
In order topromote a molecule from its ground state to an excited staseyption of a
photon of energy that exactly matches the energy gap between the two levels must occur.
The absorbed photon energy, E, is related to its frequenby the equation E #n,
wheehi s P11 an c k(@68 x t0Y Jhss Asaonlyt discreteenergy levels exist in
molecules, this results in selectivity in the frequency of light that can be involved in this
absorption process.

A species in an excited state can then undergo spausremission, relaxing
back to the ground state, areleasing a photon of energy corresponding to tlkeeggn
gap between the two levelShis spontaneous emission can occur in any direcAon
species in the excited state can also relax back to the gstatadn a stimulated emission
processin whichan incidentphoton of a given frequency stimulates the emission of a
photon of the same frequency from the excited spethes.stimulated emission occurs
preferentially in the direction of the appliedHigoeam, resulting in an amplification in
intensity. The radiative processes described here are illustratedyime 2-2, between

lower (E1) and higher (B energetic states.
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Figure 2-2: Schematic diagram of radiative processes: a) Stimulated absorption, b)
Spontaneougmission and c)tBnulatedemission.

In order to achieve laser action, a deviation from thermal equilibrium is required
such that the populatiorf the higher energy leveloHs greater than that of the lower
energy state £ This nonequilibrium behavior is known as a population inversion,

described in more detail below.

2.3.2 Population Inversion

A population inversion is not usually possible with geple twolevel model
described previously. Optical pumping of the lower stdtg ncreases the population of
the excited statelN,, but eventually an equilibrium between the two states will be
established wher®&m = N» as a result of the increase imatlated emission.

For a population inversion to be established, a troe®ur-level laser system is
often used, as outlined Figure2-3. For a thredevel laser, a suitable pumping method
is required to excite from the grodistateE; to the second excited state. [Eollowing
this, a fast transition fromsHo the first excited state-ccurs, populating thisnergy
level. The transition from levelsHo E> must be faster than that of the transition from
level E> to Ej, as his allows the population of levéb to build up whilst the population
of Ei decreases during subsequent pumping, thus creating the population inversion
required[62]. However, the lasing transition populates the ground state energy level, and
in doing so, disrupts the population inversion. This issue can be avoidedlhthe

introduction of a fourth level to the system.
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Figure 2-3: Energy levels involved irhtee and fourlevel lasing systems.

In a fourlevel laser, the transition in which lasing occurs is betveseited levels
Es and E2, and not to ground state;, and thus the population inversion is required
between thd&s andE> energy levels. The pumping process occurs from the groursd stat
level E: to the third excited statesFwhich then leads to rapid trsitions from k& to Es.

The rate at which this transfer occurs must be faster than that of the lasing transition,
similar to that of the three level laser. As the lasing emission i® tio¢ ground statie;,

a further rapid transition from> to E; occuss, which depletes the population of leiel

and helps to maintain the population inversion between |&geladE.. There are other

ways of generating a population inversion thantedacagnetic radiation absorption, such

as electric discharge and chealiexcitation[63], the mechanism for which can contain
many energy levels and can rapidly become very complicated. In this work, two four
level laser systems will be used: a Nd:YAG laser and a dye laser. Both are described in
more detail ifSections2.3.4and2.3.5respectively.

The system in which the population inversion is created is the active medium, and
comes in gas, liquid or Bd form. The type of active medium used in the laser depends
on whatfrequency of light is required, as each substance has its own set of energy levels.
To amplify the intensity of thiaseright, the active medium is placed in an opticalita
consising of two mirrorspositioned parallel to each other at either endhef active
medium. By trapping the light between the two mirrors, the light then reflects back and
forth, growing in intensity. Only photons that are emitted perpendicular to the twaysnir
are reflected, with those emitted in random directions passingfahe active medium,
resulting in highly directional amplified light. As demonstraiteéigure2-4, one of the
mirrors is fully reflective whilst the other is partially transmissive to allow the laser beam

to exit the cavity.
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Figure 2-4: A schematic diagram of a simple laser cavity.

2.3.3 Excimer Laser

Excimer (also known as exciplex) lasers rely on the generation of an electronically
excited diatomic complex, forad from passing a high voltage electrical discharge
through a higkpressure gas ixture containing three components: a noble gas, a halogen
and a buffer gas. Different wavelengths and energies are achieved by combining different

noble and halogen gases,caglined inTable2-1.

Table 2-1: Potential excimer complexes and their corresponding wavelength

energies.
Exciplex Wavelength / nm Photon Energy / kJ mot!
ArF 193 621
KrCl 222 540
KrF 248 483
XeCl 308 389
XeF 351 342

In this work, a KrF excimer system was employed, using a gas mixture of krypton,
fluorine and neon, to generate a laser wavelength of 248 nm. An electrical discharge is
passedhrough the gs mixture, and results in the formation of lind Fions, forming

the complex according to the following reactions:
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Kr+eVY Kr*+2e R2-1
F+eY F+F R2-2
Kr*+F + NeY KrF*+ Ne R2-3

The excited complex KrF* has a short lifetime52s), and decays by photon
emission to the ground state, where the complex rapidly dissociates to its constituent
atoms due to the repulsive forces between the ground state atoms. As a result of this rapid
dissociation, the ground state does not obtaisigaificant population, and thus a
population inversion is maintained between the excited exciplex and the ground state,
despite being a two level system. The energy levels involved in this lasing traasgtion
highlighted inFigure2-5.

Bound
Excited State

KrF*

Energy

\/\/\/\/\/—> Laser Emission

Kr+F Dissociative
Ground State

A 4

Excimer bond length

Figure 2-5: Energy levels involved in a Krypton Fluoride excimer laser.

Due to the high energy of the photons generated by an excimer laser, they are
typically employed in kinetic studie®oif the cleavage of bonds in a stable reaction
precursor to generate reactive radical species. For example, in this work, the photolysis

of hydrogen peroxide precursor using the 248 nm laser output from a KrF excimer laser
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was used to generate the OH rablg@ecies, which in turn was monitored using laser

induced fluorescence (see Secti8.?).

2.3.4 Nd:YAG Lasers

A Nd:YAG laser is a solid state laser, that utilises a yttrium aluminium garnet
(YAG) crystal lattice, with embedded adymium ions. The Nt ions form a four energy
level lasing system when placed within the crystal, as the usually degenerate energy levels
are split due to interaction with the crystal field. This four level system is responsible for
the lasing action ofhis active medium. lrorder to achieve the population inversion

required, flashlamps are used to excite theé*Nitbm the ground state. Following

excitation, norradiative decay occurs to populate tfie; , level. From here, the lasing
transition occurs to thél ; L resultingin 1064 nm photon emission. As this level exists

at a higher energy than th# ¢ ground state, these energy levels act essentially as a
2

four-level system.

A Nd:YAG laser is particularly useful fatye laser pumping due to its high power,
pulsed lightwith energies of up to 100 J. As the efficiency of a dye laser is often around
5 %, the use of a Nd:YAG pumping source ensures that the highest powers possible are
generated from the dye laser. In thiesis, the output of a Nd:YAG lasdrequency
doublal to 532 nmhas been employed to pump the dye laser used for probing of OH

radicals (discussed tBection2.3.5.

2.3.5 Dye lasers

Dye lasers use a solution of arganic dyedissolved in a suitable solvent such as
methanol as the active laser medium. They utilise organic compounds that are typically
highly conjugated systems, which absorb strongly at visible wavelengths and result in a
broad fluorescence spectrudy.common or@nic dye utilised is Rhodamine 6G, the
structure of which is shown iRigure 2-6, alongside the broad band absorption and

fluorescence achieved when dissotyiRhodamine 6G in ethanol.
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Nnm

Figure 2-6: Structure of Rhodamine 6G, and the absorpsatid line)and

fluorescencédashed linepchieved when dissolving Rhodamine 6G in eth§gwl

The energy levels within the dye teoule are broadened due to strong
intramolecular interactions, and thus an energy coatmis formed for each electronic
state, resulting in broad band absorption and fluorescence. The absorption of visible light
typically results in excitation from tiground state levelo30 the excited singlet state S
energy continuungsolid line in Figire 26). Rapid radiationless decay then occurs to the
lowest energy level in the;®xcited state. From here, fluorescent emission occurs down
to the 9 continuum, wiere further radiationless decay occurs. Due to the rapid
radiationless decay processedaoth states, a fotlevel laser is essentially established.
Also as a consequence of the radiationless decay processes, the photon emitted during
fluorescence is of &ower energy than the initial excitation, and therefore occurs at a

longer wavelengtlias demonstrated by the dashed line in Figuég. 2

The fluorescence process is in competition with several other processes, described
in Figure2-7. One important other process is the dpirbiddenintersystem crossing to
the tridet state T. This state is depopulated by slow phosphorescence down to the ground
state $. Another important process is internal conversion, where the molecule can
undergo a radiationless transition from the excited SiteS. Both processes desceith
here contribute to the depopulation of the levelb8d result in a reduction of the overall
output intensity of fluorescence, and a decrease in efficiency. The heat released during
nonradiative decay transitions retuln degradation of the dye,dtherefore the dye is
usually pumped through a circulator continuously whilst operating, to ensure fresh dye is

used for each laser pulse and to allow some cooling of the dye.



40

~
N

\\\ Intersystem crossing
—.‘—‘

W~ /
Absorption : W ’I’
' Fluorescence  /'\/\\/\/\,—>

’
/ Phosphorescence

LA

¥

S,
Internal conversion
1 : T
[ _] : t--- Vibrational relaxation
S, ~ ¥

S, -

Figure 2-7: Jablonski diagna of possible fates fan excited molecule ia laser dye.

As fluorescence occurs over a range of wavelengths as a consequence of the
continuum of energy states, dye lasers provide a broad spectrum of fluorescence as
de<ribed previously, and can besdeibed as a tuneable source of laser emission. A
diffraction grating ighereforerequired to generate a monochromatic laser emission from
this broad fluorescence output. Rotation of the diffraction grating element changes the
wavelength that is amplifidoketween the two end mirrors of the dye laser cavity, resulting
in the tuneable aect of the laser. This tuneable characteristic makes dye lasers
particularly favourable for spectroscopic purposes, as riaylt in high selectivity of
specific transition in the species that is to be observed.

In this thesis, to generate fluorescemigsion from the dye, the input beam from
the Nd:YAG pump was split into two components by a beam sphititer a portion of the
beam (10" 20%) was used to excite the dyauhd in the oscillator cell, while the rest
was used to stimulate the dye contdinathin the amplifier cell. A diffraction grating
was used to select the precise wavelength required as described previously, and reflect
the light back into the oscillatoFhe output from the oscillator cellas then amplified in
the amplifier dye cellpefore exiting the dye laser at the chosen wavelength. The dyes
used in this work were Rhodamine 6G and DCM special dye, both dissolved in methanaol,
to achieve wavelengthd 664 nm and 616 nm respectiveljhe dyelaser output was
then doubled to 282 nand 308 nm using a potassiunmytirogenphosphate (KDP)
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crystal, for off and onresonant fluorescence respectively. The orientation of this crystal
was tuned manually at relgar intervals, as the refractive index of the crystal is
temperature sensitivend therefore was sensitive to the temperature fluctuations of the

laboratory.

2.3.6 Laser Flash Photolysis (LFP)

Norrish and Porter first developed flash photolysis in 1949, nwitewas
discovered that species with lifetimes of less than a few millisecomdts lve monitored
and analyse{b1]. In this original work of Norrish and Portdrigh voltageflash lamps
were used as the light source. As the length of time of the light pulse must be shorter than
the lifetime of the species being monitored, this limited the timescale of the experimental
measurements possible to several millisecoRddowing the development of the laser
in 1960, monitoring experiments on the nanosecond timescale became podsstie

the much shorter pulses of light produced

In this method, the required reagentsemixed in the reaction cell, and a pulse
of high energylaser light is used to form a radical or excited state molebubeigh
photolysisin situ, the concentration of which is monitored over time using a suitable
detection methof#1]. Operating the photolysiaser at a high repetition ra¢aables the
data to be acquired rapidly, with the only limibat being that it must be ensured the gas
within the photolgis zone is a fresh sample of gas, to avoid secondary photolysis effects.
The use of a laser in the flash photolysis method demonstrates several benefits over the
original flash lamps used by N&h and Porter. Lasers can be used to produce much
shorter lursts of highly directional, monochromatic light (on the timescale of
milli secondgo femtoseconds and beyof@b]) at high energies. Also as a resulttlod
high pulse energies, low precursor concentrations can be used, reducing the contribution

of unwanted precursor reactions.

2.3.7 Laser Induced Fluorescence (LIF)

Laser induced fluorescence involves the excitation of a species from its ground
electronic statéo an excited state by the absorption of a photon of particular wavelength,
and subsequent relaxation back to the groundtreldc state accompanied by the
emission of a photof6l]. For this excitation, dye lasers are typically used, as th
frequency can be finely tuned to a particular transition within the species that is to be
monitored, resulting in a highly selaa techniqud41] .
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Following excitation, the molecule then relaxes back to the ground electrogic stat
either by orresonant or offesonant fluorescengchighlighted by the schematic diagram
of OH fluorescence ikigure2-8. In onresonant fluorescengb) in Figure 28), both the
photon used for exciting the maolde and the photon released during subsequent
fluorescence aref the same wavelength (308 nni) off resonant fluorescendga) in
Figure 28), vibrational relaxation of the excited molecule can o¢cur . e . ,tammd Vv 0
the fluorescenceéhen occursat a longer wavelengtti282 nm) At lower pressures,
offresonant fluorescence can Imthis workdiEc ur
monitoring of the OH radical was used, probing the transition at approximately 282 nm
A%S( v ' = 12 (V*#¥0).Xollowing ths excitation, the fluoreence was monitored by

both m- and offresonant fluorescence, as detailed in the schelffigume2-8.

As well as fluorescence, excited molecules can undergo ptbeesses, such as

collisional quenching, in which the molecule decays to the groundvsateadiationless

transition. This process can be reduced by reducing the total pressure of the system in

which the fluorescence is occurring, reducing the nurabeollisions with thebath gas.

a) b)
vi=1 ry AZF
+ M + M
N
v=0 = v=0 I ) AE”
+ M + M
A 4 ‘L
Laser Fluorescent Laser Fluorescent
Excitation Emission Excitation Emission
~ 282 nm ~ 308 nm ~ 308 nm ~ 308 nm
v’=0 5 X1, V=0 * X2I1,

1

Figure 2-8: Energy level diagram dd) off-resonaneandb) on-resonanfluorescence in

an OH radical.

By using tuneable dye lasers, it is possible to pick specific excitation wavelengths
that mach to particular transitions in different species, ensuring only the chosen species
is monitoredduringthe experiment. As an example, this can be of benefifgarexental
mechanisms where OH recycling is thought to occur. The probe laser can be easily

= 0)

from
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changed between the wavelength for the above OH radical transition (282 nm) to the
wavelength for the same OD radical transition (287 [@6), and due to the specificity
of thelaserinduced fluorescence methoahlpone of OH or OD will be monitored. This
allows comparative experiments between OH and OD to be conducted where regenerated
OH is not observed when the dye laser has been tuned to the OD transition, and different

psaidofirst order rate constants shoudd obtained as a result.

A photomultiplier tube(PMT) is used to detect light or fluorescence, and
significantly amplify the measured signal. The fluorescence is detected and hits a
photosensitiveathode, which enstelectronghat are themlirected tovards a series of
dynodes by focusing electrodes. By increasing the voltage at each dynode in the series,
an increasing number of electrons are released at each stage, creating a positive feedback
effect in which largenumbers of electrons are directed &mds the final anode plate

where it is detected.

INCIDENT
LIGHT

1to 10 =DYNODES
11 = ANODE

F = FOCUSING ELECTRODE

Figure 2-9: A schematic diagramf a photomultiplier tube, showing the amplification in
the number of electrons reledsan going between subsequent dynadeke serie§67].

The mainlimitation of the laseinduced fluorescenamethod is that it can only be
used on species which are capable of fluorescence, and thus is not suitable for compounds
such as large conjugated systems, in which rapid radikssntransitions occur. The
amount of fluorescence measured from a molecalgable of laseinduced fluorescence
is dependent upon several factors independent to the individual species, such as the cross
section at the particular wavelength and the concentration priesdrg systemThe
amount of fluorescence is also dependgrin the laser power of the probe laser used,
and the quantum vyield (described ByuationE 2-2). Whilst fluorescence is ah used
for providing relative amounts of the species present, it can be used to provide absolute

concentations if a series of calibrations are carried out.
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2.4 Alternative Initiation Methods

2.4.1 Discharge Flow

The discharge flow method is commonly used to study gas phase reaction kinetics
on the timescale of seconds milliseconds. Discharge flow experiments are often
conducted at pressures of several Te8it (up to approximately 20 Torr), however recent
developmentssuch as those discussed by Percietlal[69], have facilitated the
conducting of experiments up to pressures of several hundredmtris method, high
frequency microwave discharges are used to generate atoms from molecular gas, which
are subsequently pumped along a flow tube. A moveal#etorjis used to inject @-
reactant at varying distances along the tasajemonstrated FFigure2-10. The reaction
progress is monitored using a suitable detectimethod, such as laser induced
fluorescence or resonance fluorescence $eetions2.3.7and2.5.1), using a detector
placed at a known distance from the injedidt]. As thedistance %) between the
moveable injector and the det®n point is known, the timitaken between the reaction
initiation and reaction monitoring can be calculated using the distance anawhe fl

velocity of thegas mixturev, as outlined irk 2-3.

t= %, E2-3

By varying the distance of the injector from the detection point, a profile of the
detected signal as a functioninjection position can be built up. As the reaction time is
a function of the injection position, a profile of the signal against time can be also
produced for analysis. If the experiments are carried out with theaodat in excess of
the reactive spées, pseuddirst-order conditions can be assumgede Sectior2.7.4),
and the signal against time for the reactive species willaapge a single exponential

decay curvg41].



45

Reactant to

undergo
discharge
Microwave discharge
region
reeen Detector
. s \\\| |

Co-reactant Moveable injector } Pump

Figure 2-10: A schematic diagram of asthargeflow apparatus

When measuring the relative concetitna of the radical species that is to be
detected, a range of detection techniques can be adopted, as a result of the moveable
injector for injecting the coeactant. As the movement of this injector to known distances
provides the time resolved aspectlud discharge flow method through equatiog-3,
provided an accurate measurement of this distance is conduetectiah methods that
are not timeresolved can be used, such as absorption spectroscopy. Thesadda an
improved signahoise ratio, as the detected signal at the selected distance can be
measured until the data quality is of an appropriate standafoke moving to another
set distance for the next measurement. This is in cotdrées LFRLIF method, in which
the time resolution between laser flashes must be maintained precisely by a computer, to

ensureanaccurate measure of the reaction kirsetic

The main limitations for the discharge flow method are the required mixing time
for the two reatants and the formation of concentration gradients within the flow. The
development of concentration gradients can be overcome by operating the experiment
ideally at low pressures, and by reducing the amount of reactions that take place at the
wall by providing a wall coating70]. For reactions in which the mixing time of the
reactants is slower than that of ttage of reaction, a uniform concentration will not be
obtained by the time the reaction is completieich limits the timescale of these reactions

to at minimum a few millisecond$41].

2.4.2 Shock Tube

The use of shock tubes to study reaction kinetics is typically employed for
reactions under conditions relevant to combustion, such as high temperatures (> 900 K

and pressures, complimenting the work conducted by low temperature kinetic studies
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such as thos®und in this thesis. In a shock tube set up, apo@ssure region containing

the dilute reactive gas mixture is separated from a high pressure, inegggas by a
diaphragm. The two regions are referred to as the driven and driver gas respectaely. Th
diaphragm separating the two regions is then rapidly burst, causing a shock wave which
propagates the inert driver gas along the length of the shockhuinggh the low pressure
region. This shockwave causes rapid elevation of temperature and presisem@actant

gas mixture, initiating chemical reactions which can then be monitored through a range

of techniques, such as UV absorptgpectroscopy

Detection
system
I Diaphragm
Low pressure High pressure
reactant inert driver
driven section section

Figure 2-11: A schematialiagramof a shock tubegparatus, showing the relevant high
and low pressure sections separated by a diaphragm

The duration of an experiment conducted using shock tube apparatus is limited by
the time it takes for the reflected shockwave to reach the géhd aibe, and reflédack
towards the incident shockwave travelling in the opposite direction. Consequently, the
length of the driven section can be increased significantly to be much longer than that of
the driver section, giving a longer time resolutfonmonitoring theexperiments. Each
experiment only obtains one kinetic trace, and thus each experiment is considered an
individual event. For each of these experiments, significant amounts of gas (both reactant
and inert driver gas) are required, whigsults in a high i for these experiments

compared to other techniques.

In order to fit the experimental data obtained from shock tube experiments, a
model is usually constructed, factoring in both the reactions of interbststudiednd
any side ractions that occurém the generation of radical species during the course of
the experiment. These models can becweng complicatedand thus are subject to large

uncertainties when a significant number of reactions are involved.
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Recentexperimentakdvances publishedyblranteret al. have demonstrated a
range of improvements to the traditional shock tube technique. The development of a
diaphragmless shock tube (DFST) has resulted in the demonstration of reproducible
shock waves, such that each expent no longer needto be considered an individual
incident[71]. Due to this reproducibility, multiple experiments can be conducted and

averaged to improve the sigradise ratio obtainefy2].

For each of the four butanol isomers studied in this work, research has been
conducted using shock tubes to examine the bimolecular reaction of butanol with OH at
temperatures that cannot be reached in the-lUFPset up used in this wk [73-76].

These shock tube experiments provide kinetic measurements of the reactions of OH with
the butanol isomers for temperatures relevant to low temperature combustion in the region
8007 1000 K. As metioned previously, this ks to a significant gap in the literature

for these important reactions between approximately 400 K (conducted by atmospheric
research groud37, 78) and 800 K Further discussion of the results for each isomer can

be found in the relevant results section€apter 3

2.4.3 Pulse Radiolysis

Alongside laser flash photolysis, pulse radiolysis can be used as a method for
initiating fast reations. The two methods are based on similar principles, however in
pulse radiolysis, a single pulse of high energy radiation is used in place of thedsiser fl
used in laser flash photolygig9]. The short plse (1&to 108 s) of high energy electrons
can be generated from a source such as a linear generator, to produce reaction
intermediates that can be momé&d using an appropriate detection method on short

timescales, such as fluorescence emisgitp

Nelson et al. [B0] made use of the pulse radiolysis method by generating OH
radicals from the pulse radiolysis of argon in watBr 24 i R 2-5), generating

concentrations of OH radicals typically on the magnitoi&0' molecules cr.

Ar O Ar* R 2-4

Art+ H00 OH + H + Ar R 2-5
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In this example, the radiolysis pulse is used to generate excited state argon, which
leads to apid formation of OH radicals. This OH radical is then monitored using a

suitable detection method over the course of a reaction for deducing reaction kinetics.

2.5 Alternative Detection Techniques

2.5.1 Resonance Fluorescence

Resonance fluorescence is a detectiethod mainly used in the detection of
atomic species such as H anddQ]. As a technique, it has gea#ly been superseded by
laser induced fluorescence, but has been used in other work relevant to this study, such
as by Wallingtoret al.[77] who coupled the resonance fluorescence detectidimoahé¢o

a flash photolysis initiation.

Photomultiplier
tube (PMT)

Microwave discharge _

! + + Resonance lamp hv
He +H, - H— H*
l Y s HoH*—H
H
4 4 4

Figure 2-12. Resonance fluescence schematic diagram, wher@arrows represent

microwave discharge argteenarrows represent resonant fluorescence from H atoms.

In resonance fluorescence, the wavelength of the emitted fluorescence matches that
of the wavelength of the excitati radiatior{81]. A carrier gas such as heliumntaining
a small amount of precursor (e.g)hb flowed through a microwave disclga source,
generating dissociated atoms of the molecular precuveen dischargef1]. These

atoms tlen undergo collisional excitation to generate excited state atoms, which
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subsequently relax through fluorescence, releasing a photon of light. This emitted light is
then drected into the reaction cell in which the reaction precursors can be found, and
atams of the same species are able to absorb these emitted photons, thus becoming
excited, as seen irigure2-12. When the atoms contained wiitthe reaction cell relax
back to the ground state via fluorescence, the emiitgd tan be detected by a

photanultiplier tube, and is proportional to the aiorooncentration within the cell.

2.5.2 Absorption Spectroscopy

Absorption spectroscopy can be used detection of a specieby probing a
reactioncell with light of a particular wavelengtin the UV/visible spectrumand
detecting the amount of light thigttransmitted through the cellhe absorption process
is related to concentration through equatio?+4 the BeerLambert law

n— =- | E2-4

wherelr is the intensity of light transmittedy is the incident light intensityg is the
concentration of the absorbing speciespresents the path length dlid theabsorption
coefficient.Provided the absorption coefficient and the path length are known accurately,
absorption spectroscopy can be used to measure absolute amounts of species. If these two
parameters are not known however, the ratio of transmitted light to incident light can b
measured as a function of time, and can give the relative change in concentration of a

species over the duration of a reaction.

The sensitivity of the absorption spectroscopy technique can be improved by the
use of highly reflective mirrors around theaction cell, which can result in long path
lengths of several metef82]. However,potential issues aris@hen using absorption
spectroscopy if multiple species present in the reaction cell absorb at the same
wavelengths. One way to overcome this issu¢oisisetuneable lasers, which can
selectively probe specific absorption wavelenggeatly enhancing thedectivity of the
absorption spectroscopy method.
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2.5.3 Mass Spectrometry

Mass spectrometry is a detection technique which can be used for highly complex
reaction systems, as it is capable of identifying any species that can undergo ionisation
[83]. In mass spectmety, the first stage occurring is ionisation, which resultshia t
formation of charged specidsollowing ionisation, the charged species are accelerated,
and are deflected by magnetic fields, resulting in separation based on theiotiaage

ratios(m/z).

The separation of the species is analysed using a mass analyser, with the two most
common analysers being the quadrupole detector and theotiffight mass
spectrometer. A quadrupole analyser effectively works as a filter, by detecting only one
paticular masgo-charge ratio, and filtering out species that do not possess the correct
m/z ratio. In a timeof-flight mass spectrometer, all ionised species are accelerated
towards the detector, and the speed at which they accelerate is dependen¢ unpass
of the individual species. The speed of the ion is therefore dependent on the mass of the
species, and results in separation of the species, such that the lightest ions arrive first at
the detectorThis method is advantageous over the quadrugpaketor, as it allows all

ions generated to be detected following an experimental reactprmciple

2.6 Relative Rate

The relative rate method is used in conjunction with analysis such as gas
chromatography (GC) to deduce the rate of reactionredetah with a radical species
such as OHwhen real time monitoring of a reaction may not be pos$iidé¢ The

method can be explained through the following kinetic expressions,

Al cotlOHY Pr oduct s Kai ¢

Ref er+ORYt Broduct s K et

Assuming that the reaction of the alcohol and reference compound with OH are
the only significant losprocesseghe bimolecular rate constant for a chosen alcohol with

OH can be deduced from the following equatidh®;51 E 2-6.



51

| |l cghol
@:C | cqhol E 2.5
ef nr(eo
! retS

fkaic al cghol
In+}—= I—H—H)hoI E 2-6

ef al'caq

From a plot of In ([alcohod][alcohol}) against In([ref}/[ref]:), a straightihe plot
should be obtained which passes through the origin, and the gradient of which represents
the ratio ofkaidkrer. By using a weldocumentediterature reference rate constaksés, a
value for the rate constamtc can be obtainedAn example pdt described by the
equations above is shown Kigure 2-13, replicated fromAndersenet al. [84] for
measuring the rate of reaction feoutanol with OH relative to a reference compound of

cyclohexane.
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Figure 2-13: An example plot used in the relative rate method, replidaded Andersen
et al.[84] for measuring the rate ofbutanol with OH relative toeference compoursd

of cyclohexaneand ethene

One significant assumption made for the relative rate method is that the removal
of the alcohol reagent only occurs through reaction with OH,raxt through any other
side reactions. As the alcohol reagent is monitored directty GC a some other
detection method), any other removal reaction for the alcohol reagent would make the
reaction with OH appear faster than it truly is, altering thasuesd kineticsThis makes

the relative rate method sensitive to other side removal reaciiomssue that would not
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have a significant effect on LHAF. In LFP-LIF, the alcohol reagent is in large excess
of the OH radical, such that small amountsidégemoval reactions with other radical
species would not significantly alter the measureetics of the reaction of alcohol with
OH.

However, in LFPLIF, the presence @lignificantimpurities in the alcohol reagent
would alter the measured kinetidghe impurity present reacts with OH. As the hydroxyl
radical is the species measured in HHAP, the presence of another species that reacts
with OH would alter the removal kinetics measured. This is an issue that would not be
encountered in the relagwate method, as the removal of the alcohol reagent would not
be affected by the presenceiwipurity, and direct measurement of the alcohol reagent

would remain the same.

The relative rate method for measuring OH reaction kinetics has been used
extensiely in the literature for all four isomers of butanol, using a range of relative
reference ras. A common reference rate compound used in the literature for studying
the butanol isomers is cyclohexane, with a reference rate@bnexane+oH =
7.49% 1012 cm® moleculet s?, as recommended by Atkinson in9¥9[85]. Since the
publication of work using this reaamended reference rate, e.g. that of Nekstoal. for
studyingn-butanol[80] and Chewet al.for studyings-butanol[86], an updated value for
the reference rate compound has been recommended by Atkesdrin 2003[87] of
Keyclohexane+or= 6.97 x 1012 cm?® molecule! st. Using thisupdated reference compound
rate constant decreases the measured bimolecular rate coefficient for the reaction of
butanol withOH by approximately % in both the literature studies of Nelson and Chew,
demonstrating the sensitivity of the relative ratehudtto the reference compound rate.

A useful aspect of relative rate is the reporting of the ratio of rate constants, #ewfss a

the calculated rate to be easily updated when new recommendations are provided for the
reference rate constant. Furthercdission of updating the reference rate constants used

in the relative rate studies can be foun€mapter 3

2.7 This work

This section describes the two experimentalupst used in the majority of this
work, with thespecificexperimental details, such as exact temperatures and pressures,

found in each relevant results chapter. Slight differences between the two experimental
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rigs, (utilising either ofresonant fluorescence or-oesonant fluorescence) have been

highlighted whereppropriate

2.7.1 Gas Delivery

A schematic diagram of the gas manifold system used is shofigune 2-14.
The flow rates of the gases required were controlled by calibrated mass flow controllers
(MFC), with gases flwing into a mixing manifold, prior to introduction to the reaction
cell. Gas lines fothe different gases were separated by multiway taps, on which regular
leak testing was carried out to ensure small leaks either into or out of the gas line were
kept toa minimum.Gas flow was typically maintained at 1000 sccm or 2000 sccm, to

ensure theauracy of the temperature calibration (Seetion2.7.3.)).
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Figure 2-14: Schematic diagim of the gasixing manifold utilised in this work.

To calibrate the mass flow controllers before use, calibration graphs were obtained
using a bubble meter to measure the time taken for a bubble of gas to flow through a
known volume for a given MFC digit readout. Tis graphwas thenanalysed using
linear fit, the equation ofvhich can be used during experiments to calculate the accurate
flow delivered from the readout provideéciorrection factorsvere required when flowing

a mixture of gases throughe MFC, deperidg on the ratio of the mixture and the relative
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heat capacitiesA correction factorwas thereforerequiral for mass flow controllers
delivering the alcohol reagent diluted in nitrogen bath gas, and was calculated using the
following equatio, E 2-7:

100
Al c o hlooliogf Al cohol ] E2-7
v 1
Thecorrection factor, U, varies depending or

was obtained fronthe user manual providedith the MFCs.The correction factor
estimated for all of the butanol isomers was 0.3, based on the recommended correction
factor fa n-butanol.Due to the low strength bulbs used in this work, this correction factor
was usually less than 1 %/hen the bubler method (described &17.1.3 was used for

alcohol reagent delivery, this correction factor was at most 5 %.

2.7.1.1 OH Radical Precursors

The majority of experiments conducted in this work utilised hydrogen peroxide
(H202) preaursor as an OH radical source, with some experiments using urea hydrogen
peroxide (UHP, CO(NH)2)-H202)). The reactionsourcs involved are described by
reactionsR 2-6 andR 2-7.

H202+ hv(l =248 nmor266 nm Y  ©H R 2-6

(CO(NH)2)-H20: ¥ 2Qd+hv (=248 nmlY ©H R2-7

Hydrogen peroxide was delivered via a flow of nitrogen over a reservoir of liquid
hydrogen peroxide in a pressurised bubbler, positioned upstream of the mass flow
controller (MFC). Urea hydrogen peroxi@HP) was introduced by flowing a steady
stream of nitrogen over the top of a small amount of solid urea hydrogen peroxide, placed
in the batom of a pressurised bubbler. As the hydrogen peroxide is vapourised from the
surface of the solid UHP, the nitrogen aassa carrier gas to carry this into the reaction
cell. The bubbler waplaced in a water bath maintained at 298 K to ensure a atablent

of hydrogen peroxide was released from the solid precursor.
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One concern of note when using hydrogen peroxideradieal precursor is that
some decomposition occurs whenQd makes contact with the inside of mass flow
controllers and/or the stagds steel delivery lines, producing oxygen which is then in
turn delivered to the reaction cell. The amount of oxygeresatepending on the amount
of hydrogen peroxide delivered to the reaction.cElie flow of nitrogen/hydrogen
peroxide was typically mintained as low as possible to ensure radudical reactions
were minimised, while preserving good OH fluorescenceasigypically, a flow of less
than 400 sccm resulted in signal to noisy for usks)ng the method of Pottet al[88],
the amount of residual oxygen estimated to be in theesydtas been calculated as
2.0x 10 molecule an’ for experiments at total cell pressures around 40 Torr at 298 K,
and 2.4 x 18 molecule crr for experimental pressures aroundT@dr at 298 K.

2.7.1.2 OH Radical Starting Concentration Estimation

To estimate the starting amount of OH radicals forfneh the photolysis laser
pulse, [OH}, several parameters must be known. Firstly, the number of photons of a given
energy in the photolysipulse must be calculated, according to equakdi8 andE 2-9:

= _hic 6. 6B0173. 0108 & DA% T E2-8
Phoromg ™ 2. 48071

d‘ElaS:er 0.09:
Epho'[081. ond 9

08= E 2-9

1. 1 b6photcorhs

wherehandcar e Pl anckd6s constant and the speeoc
energy Eiase) Of 0.09 J cn? at a wavelength of 248 nray( generated by the KrF excimer

laser, theophoton densityR.D) of photons withenergy Epnotor) generated is approximately

1 x 10* photons crf. Using the amount of photons calculatéiae initial amount of
hydrogen peroxide reagent must then be es#icharllte initial concentratiorcan be
calculated using the bimolecular rate coefficient for thectien of BHO. with OH,

kn,0,+ o westimated as 15710%2cm?® molecule' s* from the Arrhenius parameterisation

of Atkinsonet al.[89], and a measurement of the psefidsi-order rate coefficienk ,6

obtained fron an OH fluorescence decay trace measured in the absence of any alcohol
reagent. A typical value measured this work fork @ approximately 150~ This

measurement however is alsmaasure of the diffusive losses of OH out of the detection
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zone, andhus the calculation of equati@2-10represents an upper limit to the amount

of H-O-in the reaction cell.

K 150

H-O, = = =
272 k|-|202+OH 1. 7L07P

8.18%10“ ecnﬁl e E 2-10

This estimate of the starting amount of hydrogen peroxide can then be used in
equation E 2-11, with an assumed cross section, for hydrogen peroxide of
8.5x 10%° cm? molecule! at 248 nm[89] and the number of photons calculated in
eguationE 2-9.

P. DI THOJ E1®I1b0Mmol ecnil e E2-11

As the photolysis of hydrogen peroxigeducedwo OH radicals, this must then
be multiplied by two. This gives an upper limit to the startoegcentration of OH
radicals at time zero of 1710*?molecule cr.

2.7.1.3 Alcohol Reagent Delivery

Glass bulbs of reagent were made up using a glassgaifold, to ensure the
accuracy of the concentration of the bulb. To calculate the percentage cdiareifra
the bulb, an accurate measurement of the vapour pressure of reagent delivered to the
evacuated bulb was required, together with the final pogssure of nitrogen added. Bulb
strength was typically around 0.51.5%, in a total pressure of araid400 Torr.

Experiments conducted at temperatures above approximately 500 K required
higher amounts of alcohol reagesdmpared to those at lower temperatutesallow
sufficient separation of the reaction kinetics measured, and therefore a bubbtet afeth
reagent delivery was used. In this method, a glass bubbler withzacin deep liquid
reservoir of alcohol reagert pressurised using a backing pressure of nitrogen, and the
flow of this nitrogen over the reservoir introduces the reagent to th&lee strength of
the bubbler is calculated using the vapour pressure of the liquid reagent and the total
pressure of itrogen applied to the bubbler, and frahrese parameterthe amount of
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alcohol delivered to the reaction cell can be calculated.chtmulating the bubbler
concentration, the Antoine parameters for each alcahwhmarised inTable 2-2
(obtained from[90]), were used to estimate the vapour pressure of the liquid reservoir,

according tahe following euation:

. B
quP—Al_I_+C E 2-12

Table 2-2: Antoine parameters for alcohols studied in this W8fK.

A B C
n-butanol 4.55 1351.56 i 9334
i-butanol 4.43 1236.99 1101.53
s-butanol 4.33 1158.67 1 104.68
t-butanol 4.50 1174.87 i 93.92

The Antoine equation is a parameterisation used to describe the relation between
vapour pressure and temperature for a given substance, and is obtaorad fr
parameterising experimental measurements of the vapour pressure at different

temperaturesas demonstrated in the work of Kemme and K{epk

The use of the Antoine equatioltoavs the vapour pressure to be calculated for a
given temperature, and therefoteaarequiresa measurement ohe temperature of the
liquid reservoir, whth was estimated prior to each kinetic trace via a thermocowsgledl
near to the exterior of the glass bubbler, as the temperature within the bubbler itself could
not be measured. The bubbler was then pressurised using a high backing pressure of
nitrogen with the total pressure in the bubbler measured using a caq&citanometer
(MKS Baratron, 0i 1000 Torr)positioned on the stainless steel manifold next to the
bubbler inlet, demonstrated kigure2-15.



==
H,0, Alcohol
Liquid Liquid
reservoir reservoir

To reaction cell

‘Va‘:““m\ @® Two way tap

m

PP @ Regulator

Figure 2-15. Schemati of mixing manifold in which bubbler method used for reagent

delivery.

2.7.2 Reaction Cell and Laser Set up

This sectiordescribes the practicalities of conducting experiments, including the
orientation of the reaction cell and the laser set up involved. Wtnik utilised a twe

laser systm in a pulsed laser photoly$isaserinduced fluorescence method.

2.7.2.1 Lasers

In this wak, both onrresonant and offesonant fluorescence were used for the
monitoring of OH radicals (se&ection 2.3.7). Onresonant fluorescence utilised a
Nd:YAG (Continruum Powerlite 8010pumped dye laserSpectra Physics PDB),
operatingusingDCM special dye to obtain a probe laser wavelength of approximately
308 nm. The offesonant fluorescence system alsasgd a Nd:YAG pumped dye laser,
howeverthe dye in thixasewasRhodamineésG dissolved in ethanol to generate a probe

wavelength of 282 nm.

Both experimental set upssed an excimdaser KrF, Lambda Physik LPX 200
at 248 nm for photolysis of OH premar. The photolysis laser was usually operated at
10 Hz, with a typical pulse energy of 50 120 mJ pulsé. Experiments were also
conducted where necessary at 2 Hz and 5 Hz for repetition rate depieneéstigations
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to investigate if the photolysis kasswas influencing the measured kinetics in any.Way

there was any secondary photolysis of the reagents or products from the reaction, this
could act to either increase or decrease the kinetics measured, affecting experimental
results Some experimentserealsoconducted using thé"harmonic of a Nd:YAG laser

to generate a photolysis wavelength of 266 nm, also operated at TRislwas achieved

by frequency doubling the initial 1064 nm wavelength light generated from the Nd:YAG
laser first by a littum borate crystal to generateS8m, followed by doubling again by

a barium metaborate crystal to 266 nm.

2.7.2.2 Reaction Cell

Reactants entered a stainless steel mixing manifold prior to entering-ivaysix
cross reaction cell, also constructed of stainlet=el, with a total volume of
approximately 1000 cr The reaction cell was connected to a vacuum pump via a needle
valve, which was used to control the total pressure and gas flow through the reaction cell.
A schematic diagram of the reaction cell uéitisn both set ups for this woik shown in
Figure2-16.

PMT

Photodiode

Reaction cell y
H Probe laser

Beam stop

Figure 2-16: Schematic diagram of the cell used in both experimental set ups.

2.7.2.3 Photomultipl ier Tube and Orientation

A linear focuseghotanultiplier tube(schematic diagram shown in Figuré®©p

(PMT) (Electron tubes) was used for detection of the emitted fluorescence during the
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reaction. The absolute value of the fluorescence measured is mioédgiout the voltage
appliedto the PMT must be kept low to ensure linear response to fluorescence measured
(seeSection 2.3.7). Increasing the voltagappliedincreases the noisgetected by the
PMT, so keeping this appliedoltagelow (around 1kV) actsto reduce signal noise.
Fluctuations in the probe laser power over the duration of a kineticaissrequired the
use of a photodiodevhich was positioned on the opposite side of the reaction cell to the
probe laser and to provide a measurement ddettileictuations. By measuring the
fluctuations, the fluorescence sigeah benormalised, removing some of the signal noise

caused by fluctuations in the power occurring between laser. shots

The photolysis and probe dye laser beams enter in to theoreaeti at right
angles to each other, with the PMT orientated perpendicular to the intersection of the laser
beams. As the fluorescent emission from the species of interest occargimom
direction this positioning helps to distinguish the fluoressseinom scattered background
light from the probe laser. An interference filter (308 + 5 nm) was also positioned between
the cell and the PMT, to remove scattered light outside of this wavelength threshold

region

2.7.3 Temperature and Pressure Measurement

Thetotal concentrations of reagents present in the reaction cell were calculated
based on the total pressure and temperature of the reaction cell, and thus accurate

measurements of these parameters were required.

The total pressure in the cell for the -offonant fluorescence system was
measured by a capacitance manom@&sS Baratron) capable of measuring to 0.01 Torr
and was used for pressures up to 80 Torr. For theesomant fluorescence system,
capacitance manometers also used, measuring to Udrr for pressures up to 130 Torr.
The total pressure within the cell for both setups were maintained by a vacuum pump
(Edwards RV 5), controlled by a main valve and a needle valve for fine tuning. For
making up of glass reagent bulbs using the glassumaciine, a Pirani thermal
conductivity type low pressure gauge capable of measuringTorr was used, with a
vacuum pump controlled by a main valve and a needle valve as before. This ensured
precise measurement of the zero pressure of the evacuatechdulte avapour pressure
of reagent delivered, and thus allowed accurate calculation of the concentration of the
filled bulb after nitrogen addition.
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For temperature measurement, calibrétegpe thermocouples were used, placed
close to the centre of thieaction cell but not at the intersection of the lasers. For heating
the reaction cell ithe offresonant fluorescence systahe temperature required was set
on an external heater controller. The heating was achieved by applying a current to a
series otartridge heaters surrounding the reaction cell until the temperature measured by
the thermocouple matched the {3t temperature on the heater controller, and was then
maintained at this set temperature by the external contréit@rheating the reaon cell
in the onresonant fluorescence systeiime temperature is set by controlling the voltage
applied to the heaters surrounding the cell, using a Variac voltage controller. After
supplying the voltage to the surrading heaters, the temperatureegablished ands
thenleft to stabilise for several houts ensure the system was evenly heatedlis

measured using the thermocouples placed within the reaction cell.

2.7.3.1 Temperature Corrections

For both experimental setups, a series of temperatureataiiis were required
to correct the temperature reported by the thermocouple to the actual temperature of the
reaction zone. Thisorrectionwas done by measuring a wkhhown reaction rate consta
at a series of set temperatures, in order to calculat&uk value of the temperature in
the reaction zone. The measured value for the rate constant at a given temperature setting
was then corrected to the known value from the literature, by itgrdtantemperature
and thus the concentration of reagenth@ tell, until the experimental value of the rate
constant matched that of the literature. Tiiecessgave an actual temperature of the
reaction zone, which was noted and compared to the reguowtded by the
thermocouple. By carrying out theerrecton across a range of thermocouple readings, a
temperature calibration curve could be constructed, and used to apply a correction whilst

the experiments are being conducted.

For the offresonantlfiorescence experimental set up, this temperature correction
did not appear to be depeamd on the total flow of gas into the system, and therefore the
temperature calibration curve was parameterised based solely on the thermocouple
readout. Temperature ldaation experiments were conducted for the reactions tf bo
hydrogen and methane with the hydroxyl radical, and corrected to the studiekyof
and Ravishankarg92] and Dunlop and Tully [93] respective). The temperature
correction databtainedfor a 1000 sccm flovis represented graphically Figure2-17,

with the other flows omitted for clarity. The black circles represent the corrections
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required relative to the methane pagderisations of Dunlop and Tully, and red triangles
for the temperare corrections required relative to the hydrogen parameterisation of
Tully and Ravishankara

For the ormresonant fluorescence sgi, separate calibration curves were
constructed for t@l flows of 1000, 2000 and 900 sccm which were then applied
depenling on the total flow of gas during the experiments. Extensweperature
correction experiments wereonducted on the eresonant fluorescenceetup with
corrections applied relative tbe studyof methane with OH, conducted Bunlop and
Tully as befoe [93].

Readout Temperature / K

-10 4

=204

-30 4

-40 4

-50 4 o MethaneCorrected Data ° o 7
4 HydrogenCorrected Data
Polynomial Fit of Concatenated Data

Temperature Correction / K

-60

o e S S—

Figure 2-17: Off-resonant fluorescence settemperature calibratioturve, for total gas

flows of approximately 1000 sccrBlack circles represemorrections required relative

to the methane parameterisations of Dunlop and TABy, and red triangles for the
temperature corrections required relative to the hydrogen parameterisation of Tully and
Ravishankara[92]. Solid red Ine represents concata polynomial fit to data
y=5.62+ (0.07x x) + (i 2.5% 10%x x?).
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2.7.4 Kinetics

If more than one reactant is involved in the reaction of interest being monitored
in a kinetic study, solving the reaction kinetics can become coatedl. In this situatin,
it is common to Oisolated one of the reaf
excess that they are effectively considered constant for the time of the réét}idris
is known as pseudfirst-order kinetics and was utilised throughout this work. For the

bimolecularelementaryeaction:
A+BY Pr odd s E 2-13

The differential rate law can be written as follows:

g1 KA B E 2-14

If the concentration of species A is much greater than thaiealies B i(e. [A]>>[B]),

then the ratealw can be reduced:to
-dB |
51 KB E2-15
k=k A E2-16

Integration of equationE 2-15 beween time zero and timeé with subsequent

rearrangement gives:

B, E2-17

Bi=Bek ! E2-18

where[B]t is theconcentration of species B at timeand[B]ois the concentration of B
at time zero[94]. EquationE 2-18 shows that the concentration of B will decrease

exponentially with time at aate determined bkg the pseuddirst-order rate constant.

By varying the concentration of the species A, a range of pdastorder rate

constants can be obtained. When plotting these measured rate constants against
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concentration of A, a straight lingdot of gradientk is produced, which corresponds to
the bimolecular rate constant. Application of this theory to the experimental carried out

in this work, the following equations are obtained:

OH+"ut awBtoduct s E 2-19
d [ OH i
—OEt:k]OH"utanoI £ 220

Assuming [Butanol]>>[OH], and therefore [Butanol] remains constant throughout the

reaction time:

dlOHL oy E2-21

dt
K=kyi mut ankyhHOz +kgi ¢t E2-22

ol Ok 41 E2-23

[oyil OHI =

| nOHt =Kk t E 2-24
OH, i

[ OB]OHyeX ! E 2-25

For the experiments conducted in this work, the pséustsorder rate constant
k éepresats several different removal mechanisms for the OH radicals produced in the
photolysis pulse, as described in equatd22. These are: the bimolecular reaction of
OH with the alcohol reagenidm), reaction of OH with the hydgen peroxide precursor
(ko) and diffusion out of the reactive zonkif). From the relationship described by
equatiorE 2-22, a plot of the pseudfirst-order rate coefficients against concentration of
butanol reagent will yiel a bimoleclar plot, where the gradient is the bimolecular rate
coefficient for the reaction of butanol with OH, and the intercept represents some

combination of the diffusive losses and reaction with precuks@rafidkon).

As the concentration of ¢hOH radicalis directly proportional to fluorescence

signal, equatiorE 2-25 can be altered to the form seen En2-26 where S is the



65
fluorescence signal at timeandSy is the fluorescence at time zefidhe modified version

al so incorporates a background signal val

S=S%€e+b g E 2-26

This equatiork 2-26 can then be used to fit experimental kinetic traceaionéd

in this work, as shown iRigure2-18, to oldain the pseuddirst-order rate constant.
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Figure 2-18. Example single exponential decay of OH fluorescence signal. Bilabés
represent data points with red line representing a single exponential degayndiE
2-26, 298K, 40 Torr nitrogen, f-butanol] = 2.1 x 10" molecule cr¥,
k & (2050+ 10)s™.

An example exponential decay $shown inFigure 2-18, with the solid red line
through the data points representing the singlemaptial decay equation outlined in
equationE 2-26. Approximately 20 prdime zero points are taken to calate an average

background signal which is subtracted frathdata points, allowing the baseline to be
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fixed at zero when fitting experimental traces. By repeating this process across a range of
butanol reagent concentrations, a bimolecular plot caalbibained, in order to calculate
the bimolecular rate coeéfient. An example bimolecular plot is showrFigure2-19.
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I

el
s00- /
of

200 /

0

k'/s?t

0.0 2.0x10* 4.0x10* 6.0x10* 8.0x10* 1.0x10° 1.2x10° 1.4x10°
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Figure 2-19: Example bimolecular plot obtained for the attan of t-butanolwith OH.
Obtained at 298 K and 3Iorr of nitrogen. The slope represents the bimolecular rate
coefficient, k-butano+on= (8.86 * 0.08) x 132 cm® moleculet s. The error bars are the
staistical error at the 4 level, and the red sldled area represents the%5confidence

limits.

Some experiments conducted did not produce simple single exponential decay
curves, and where relevant, these have been explained in their respective reselts. chapt
The full fitting equationfor the biexpmential traceautilising OH radical precursor is
provided in Sectio.3.1 The fitting equation for traces thatilise oxalyl chloride
precursorhas been provided imPAppendix A, and in Appendix E for Sprecursor

experiments
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2.7.5 Data Acquisition and Analysis

An example of the ravfluorescencelata obtained from a single experimental
trace can be seen kigure2-20, alongside the signal measuring the fluctuationthe
probe laser power and the noriead data. In this, the purple line representgelaive
fluctuations of the probe laser power, observieddhe photodiodeThe absolutepower
measurement is nanhportant.The data points represented in red are the raw fluorescence
data points measuwteduring the kineti¢race, averaged for betweeii 85 s@ans.Square
black points represent this raw data after being normalised fprobelaser power. As
seen inFigure2-20, this can reduce the noise observed in the datd,panvides a means
to account for the random fluctuatioimslaser power. Accounting for the fluations in
laser power also assists in reducing the uncertainty by removing some of the signal noise,
however as Ilghlighted inFigure2-20, the power remained relatively stable throughout
the course of an experimental trace, and thus did not have a great effect on reducing the
uncetainty in the obtained kinetic paramekexBetween 15 25 data points prior to the
photolysis laser dee are also measured, as mentioned previously, whichdprav
measure of the background scattered light observed by the PMT.
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Figure 2-20: Example trace showing laser power fluctuatiomgriple solid Ine), raw
data signalred hollow circles and red solid fiine), and normalised data signalgck
hollow squaesand black fit ling. kdobtained from fitting to raw signal = (143418) s*

and normalised signal = (1433 * 15) $/ncertainties are statical at k.
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Typically, each concentration measured oa bimolecular plot was measured
once, with the experiments conducted in a-loear fashion, i.e. the concentration was
not increased linearly. The error bars for each individual concentration are thedeporte
errors from theOriginPro software when fitiig equation E 26 to the fluorescence
signal, and therefore represent theliquaf the equation fit to the signdieferred to
throughout this thesias the statistical erraat the 5 level). Most experimats were
analysed using single trace analysis in the OriginPro software, using an instrumental
weighting fitting regimeWhenanalysing the bimolecular plotis fitting regime takes
into account the errors in each individual poand therefore accountfisr lesser quality

experimental traces obtained by weighting towards tiutbesmaller errors.

For experiments conductetiat obtained traces that were not simple single
exponential decays, a global fitting regime was introdugld fitting allows mutiple
kinetic traces to be fit at once, sharing some of the important parameters (i.e. the
bimolecular rate coefficient) anfixing others (i.e. the concentration of the alcohol
reagent relevant to each respective trace being fitls &ssists in robustapameter
retrieval when fitting a set of kinetic traces, and obtains a value for parameters that best
describe a series ekperimental traces. Typically, smaller errors are often reported from
this fitting regime, and therefore tlegror reported was uslya propagated to a more
significant error (i.ein Chapter 4 to provide a more realistic representation ofafrer

in the experiments conducted.
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Chapter 3 Temperature Dependnt Studies of OH + Butanol Isomers

3.1 Chapter Summary

The reaction of the hydroxyl radical with each of the four butasoiners has been
studied using laser flash photolysis coupled to a laser induced fluorescence detection
system for OH radicals. The rateefficients have been describedrbgdified Arrhenius
parameterisations, extending the previous literaturgoeratue highs from around 4K
to approximately 15 K forn-butanol, 607 K for-butanol, 69K for s-butanol, and 61K
for t-butanol. The reaction of each isomer with OH cardéscribedas a functia of
temperatureby the following modified Arrhenius parametisations (all in units of
cm® molecule! s1):

7800 N 1100

Knbutanol+or (2987 715 K) = (1.15:2.62)] 1 B F T@- 64 § hx Rw

6800 N 1600

Ki-butanol+oH (2981 607 K) = (2.05+ 6.79)T 1019 T@ BOOJ45% pRTT

10330 N 970

Ksbutanot+oH (2987 690K) = (1.38+2.58)T 1 B F T( 3 22 JNe & 3”7

5200 2600

Kebutanol+on(2981 614K) = (4.50+£23.7)T 1 6§ T( 2809 T1d y R

Comparsonswith previous literature have also been conducted, including high
temperature shock tube data for temperatures above 800 K for each isomer. Concatenate
fits to previous literature experimental data and these data have beemguteseéth
discussion bthe effect on the high temperature parameterisation beyond the region
studied in this work.

3.2 Introduction

The butanol isomers have been suggested as podsdileels due to their
favourable properties compared to other alteweafuels, primarily etanol, such as
higher energy density and being less corrosive to pipe]#tesd6] Studies into their
usefulness as potential fuels have been carried out, lookmgnmssions from blendin
with traditional foss fuels and as standalone fuels, and also ignition delay timg4ésts
53, 97] Multiple different butanol combustion models have been developed, for example
thoseof Sarathyet al.[55], Mosset al.[98] and Blacket al.[99], thoughwhen modelling
experimental parametersthese modelscan display wide discrepancies[74].

Consequently, there is a demand for kinetic expeartaiavork to constrain some of the
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key reaction rate congtés at temperatures relevant to combustion, particularly those

highlighted during sensitivity analydi80].

The initial step in the oxidain of afuel in the low temperatureombustion region
is usually reaction with the OH radical, resultingahstraction of a hydrogen from the
fuel. Following this initiation reaction, subsequent reaction with oxygen is key to the
chain branching procesas highlighted inFigure 1-5, Section1.7. For efficient use of
these alternate fuels in an engine, the rate at which theseonsagticur must be well

understood.

Whilst therate of theinitial oxidation step is impoaint for fuel reactivity the
abstraction site it occurs at is also of significap&. Depending on the site of the initial
abstraction, thesubsequent reactive specipsoduced during secondary stages of
oxidation are affectedn reant work by Agbrecet al.,the importance of the branching
ratio for the eaction ofn-butanol with OH was highlighteth a sensitivity analysis
examining the effect of each of the reactions involved in low temperature combarstion
simulatedignition delaytimes. At 725 K, 15 bar and an equivalence ratio of 1, it was
found inthe Agbroet al. study that two of the most sensitive reactions are tatolh
abstraction reactions at the alphad gammssite (relative to the OH group). Fawing
this abstractin, reaction with oxygen at these sites can lead to chain terminatitigmeac
at low temperaturesuch as those forming H@shown in the top left panel éfigure
3-1).
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Figure 3-1: Simplified schematic of low temperature reaction pathways resulting from

abstraction at different reactive sites for the fisomers of butandll].

Unfortunately, g&e specific reactiity and branching ratis are difficult to measure

experimentally, and often require complex experimental procedure and analysis, such as

that of Carret al. [100] for the reaction of ethanol with OKCurrently, the branching

ratios for fuel oxidation reactions are estimated based on combinations of computational

calculations and structure agdgty parameterisationg55, 78, 101] and require

experimental data to confirm accuracy. Experimental measurements of the total rate of

reaction of a potential fuel with the hydroxyl radical are of crucial impoetaior

constraining thee structureactivity relationships (SAR), and priole confirmation of the

validity of the parameters at temperatures outside the range in which they were initially

calculated for.

In the combustion models currently in use for theabal isomers, there ests a

large gap in the knowledge of kinetic infimaition for the reaction of OH with each of the

butanol isomers, between approximately 40800 K (as highlighted ifrigure 3-2 for

n-butano).

In thischapter, tb total rate of reaction for OH with each of the butanol

isomers has been measured, reducing the knowledge gap in the literature and providing
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modified Arrhenius parameterisations over the temperature regions vital for low

temperatue combustia.
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Figure 3-2: Current literature for temperature dependence of the reactinsbatanol
with OH, demonstrating gap in the knowledge for experimental data between 400 and
900 K. Seesection3.4.1for in-depth discussion.
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3.3 Experimental

All experiments conducted for thifiapter were carried out using the pulsed laser
photolysisi laser induced fluoresceaset up described Bection2.7. Alcohol reagents
weremade up intdl0 L glass bulbgdiluted in nitrogenFor temperatures above 480 K,
the initial concentration of fuel reagent delivered was increased through utilising the
bubbler method of delivery (as described Saction 2.7.1.3. Total pressures were
typically maintained at 30 130 Torr, with the experimental conditions found in the
summary table for each isomer in the subsections of this chapter. OH radicals were
generated from pulsed lasphotolysis (10 Hz) aR48 nm (KrF Excimer laser) of
hydrogen pemide precursor, with some experiments conducted using urea hydrogen
peroxide (UHP) precursor.

H202+ hv(l =248nm) Y ©OH R3-1

(CO(NH)2)-H20:Y Q4+ hv(l =248 nm)Y ©H R3-2

OH radicals were either detected using eithefreffonant fluorescence orion
resonanh fluorescence, depending on the system set up utilisetl laser induced
fluorescence traces were obtained urplrudo first order conditions, such that [fuel] >>
[OH]o. For temperatures below approximately 480 K, single exponential decays were
obtained and were analysed as describedChmapter 2 Experiments conducted above
480K demonstrated biexponential behawias a result of OH recycling following the
initial abstraction reaction, and these traces were then fit using the biexponential equation
(outlined in Chapter 4. For this chamr, only the parametédt, for measuring the
bimolecular rate coefficient, is of interest. For a further detailed explanation of the other

parameters obtained during theseexpents, please refer @hapter 4

Chemicals usedh-butanol SigmaA | d r i98.4%), i-liitanol GigmaAldrich,
099.0%), s-butanol(SigmaA | d r i 995 %), t-iutanol SigmaA | d r i99Mm%), O
hydrogen peroxide/wate(H>O,, SigmaAldrich, 50 % (w/w) in HO), urea hydrogen
peroxide CO(NHg)2-H202, UHP, SigmaAldrich, 97%). Nitrogen (BOC, 99.9%) gas
was used straight from the cylinder.
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3.4 n-butanol

The reactions oh-butanol are the most studied of the butanol isomers, with
numerous studies into the reaction with the hydroxyl radical (@Hjemperatures
relevant to atmospheric researemd in combustion condition experimental studies such
as rapid compression macksf102, 103]Jand shock tubefl03]. The production of
n-butanolvia the acetordoutanotethanol (ABE) fermentatiomethod has been known
since the early 1900s, however low yields of alcohol compared to the production of
ethanol from yeast fermentation explains whyaetil was selected as the alternative fuel
of choice during the early developmental stages of biofig]s Recent developments in
bio-butanol synthesimethodg104] [105] and commercial intereft06] has resulted in

a rejuvenated interest in these alternate fuels, and an increaserimerpe studies.

Room temperature measurements of the reactiorbatanol with OH have e
conducted using relative rate methg88, 107110], pulse radiolysitJV spectroscopy
[111], and flash photolysis resonance fluorescengé’]. Two temperaturelependent
studies at atmospheritalrelevant temperatures have been conducted previously, by
Yujing et al.[111] in 2001 across the temperature rangei2332 K, and st recently
by McGillen et al. [78] between 221 381 K, both of which utilised pulsed laser
photolysisi laser induced fluorescence methods. A high temperature study bgtRdng
[73] was conducted using shock tut@mbustion modéng, at temperatures of
90071 1200 K. The temperaturdependentparameterisations of these experimental
studies and some highvel computational calculationfs5, 112, 113]show some
disagreement with each other and with previous struetctieity relationship
paraméerisations with some parameterisations disagreeing by almost 75 % at 700 K
Consequently, there exists a need for experimental measurement in the intermediate

temperatures between the two temperature extremes studiedegitireaf 400" 900 K.

n-butanol has 5 different possible hydrogen abstraction sites: 2 secondary alpha
sites, 2 secondary beta sites, 2 secondary gamma sites, 3 primary delta sites and the OH
site. The full structure ai-butanol including all the possihbstraction sites can bese

below inFigure3-3.
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Figure 3-3: Possible abstraction sites frambutanol by OH. Primary abstraction sites
in blue, secondary abstraction siteggreen, and hydroxyl group abstraction in orange.

Carbon positions relative to hydroxyl group labelled in red

H atom abstraction from-butanol by the OH radical can result in a number of
structurally different radicals depending on the position ofatb&raction site, each of
which can be seen below kigure 3-4, for reactionR 3-3ai R 3-3e. In this work, the

total overall rate coefficient for ¢hreaction between OH amdbutanol is measured

which includes all possible H atom abstractions.

Figure 3-4: Resultingn-butyl andn-butoxyradicals formedrom H atom abstraction by

OH at each potentiabstraction site.

CHsCH,.CH.CHOH + O H2CM:CHEGH.OH + H0 R 3-3a
CH3CH,CH.CH,OH + O H3CMCHEH,OH + H,0 R 33b
CH3CH,CH.CH,OH + O H3CMCHHOH + H0 R 3-3c
CH3CH,CH.CH,OH + OH 3CH.CHEHOH + HO R 3-3d

CHsCH.CH.CH,OH + O H3CM.CHzGH.O + HO R 3-3e
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3.4.1 n-butanol + OH: Temperature Dependence

An example kinetic trace obtained in this work at 298 K abdrl'8rr for the
reaction of OH withn-butanol following photolysis of-butanol/N/H20. mixtures can
be seen below ifrigure 3-5, with an example bimolecular plot obtainedFigure 3-6.
The errors reported are as explained previousl$gection2.7.5 where the statistical
uncertainty is the error of the goodness of fit of equatior2B ® the fluorescence signal
obtained in the trace, and is therefore indiaidio each trace measured. Similarly, the
guoted bimolecular error is the statistical uta@ty of the straight line fit to the Galues

obtained, to demonstrate precision of experimental measurements.
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= 3 ®5hFo 0 og po “ﬁfd’ “;“p‘.’: o o of
5 1 g 1 ug%::&:nn:i“:::‘ &‘nﬂ“‘h LAY £ a
> 0.4 ok .
© .
E O (‘% -0.04
= 0 2000 4000 6000
S 0.3 Time /s 7]
E - %
5
D 0.2
T
@)

0.1

0.0 —mlj : : ""}l"u\ .

0 1000 2000 3000 4000 5000 6000
Time /ns

Figure 3-5: Example kinetic trace far-butanol + OH, with singlexponential equation
(EquationE 2-26) fit, k & (2050 +20) s, where the error is the statistical uncertainty at
als level. Obtained at 298 K and 35 To[n-butanol] =2.09 x 10**moleculecm'3.
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Figure 3-6: Example bimolecular plot for OH s-butanol at 35Torr and 298 K. Plot of
pseuddfirst order rate constankd (s'!) against f-butanol] (molecule cir).
Kn-butanol+on= (8.98 + 0.16)x 10 12cm?® moleculé! s'1, wherethe quotedbimolecular error
is thels statistical analysis dhe linearfit, with the 95% confidence limits in red filled
area.Experimental pointas black filled triangles withslerror bars from single trace

fitting, with instrumental fit to data points

Rate coefficients for the reactionmebutanol with OH have been measured across
the temperature range 298715 K, at pressures between 23 &b Torr. The
experimental conditions studied and the bimolecular rate coefficients obtained can be
seen inTable 3-1. The majority of experiments conducted utilised therefonant
fluorescence method and bulb thmed of delivery for alcohol reagent. Experiments
conducted using the bubbler method efivkery (pressures above 40 Torr), utilised on

resonant fluorescence for monitoring of OH radicals.

The relatively low vapour pressure of tidbutanol made accuratielivery of the
reagent into the bulb difficult, and consequently each time a new bubmgént was
filled, a bimolecular rate coefficient at 298 K was measured to ensure the accuracy of the
bulb concentration. These repeat measurements at 298 K weldousalculate an

average room temperature measuremerk, gftano-on With the standar deviation of



78
these measurements used to calculate an error percentage to apply to the other
temperatures studied using the bulb method of delivery. All measuremeotsed using
the bulb method of delivery can be seekigure3-7, represented by filled black circles.
The bimolecular points represented tiled red trianglesin Figure 3-7 utilised the
bubbler mdtod for delivery ofn-butanol into the system. In order to determine the
reagent concentration in the cell, the vapour pressure oflibanol reservoir within the
delivery bubbler isestimaed based on the tempears of the room (measured via
thermocople prior to each trace being taken), and thus introduces some uncertainty to
the delivered concentratio@onductingexperiments at 298 K usinigebubbler and bulb
methods oh-butanol delivery successively showdtt a correction factor &6 % was
required to correcknbutanoi+onObtained using the bubbler delivery to the value measured
experimentally using the bulb of known concentratiBimolecular rate coefficients
obtained using the bubbler delivery methaot feagent have a more significant
uncetainty, which has been estimated 10 %. This larger error has been assigned to
factor in the errors resulting from uncertainty introduced from calculating the
concentration delivered, the accuracy of both the temperature and pressure measurements
of thereaction cell, and other experimentalttas such as the calibration of the mass

flow controllers.
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Table 3-1: Summary of experimental conditions and bimolecular rate coeffic
(K) obtainedn this work for then-butanol and OH re#on.

Temperature / Pressure / [n-butanol] / 10 k/1012¢cm?3
K Torr molecule cm?3 molecule!s'?
298 40 0.71 2.1 9.27 +0.14
298 31 0.81 3.0 9.07 £ 0.16
298 44 0.81 2.0 8.92 + 0.22
298 35 0.41 2.4 8.98 + 0.16
298Y 70 4.81 32.8 8.85 (7.02) + 0.89
298V 130 5.37 48.0 9.22 (7.32) £ 0.92
367 23 0.31 2.2 9.13+0.42
370 39 0.11 2.4 9.17 £ 0.42
409 40 0.17 1.7 8.82 +0.5P
410 23 0.17 2.5 9.21 +0.4%
449 40 0.371 1.7 9.51 + 044°
450 33 0.31 1.5 8.84 +0.41°
490 41 0.27 1.4 10.2 + 0.54
494 35 0.81 1.5 9.50 + 0.44
535 35 0.51 1.5 10.1 + 0.48
535 35 0.21 1.5 9.85 + 0.4%
547 35 0.71 1.3 10.9 + 0.5¢
555Y 134 2.97 29.0 12.0 (9.49) + 1.20
564 35 0.61 12 11.0 £ 0.5P
576 35 0.81 1.4 10.9 + 0.5¢
580Y 130 19.071 31.1 13.5 (10.7) + 1.35
599Y 132 2.371 14.0 12.6 (10.0) + 1.26
600 35 0.96i 1.40 12.0+0.72
6507 131 10.07 15.0 13.2 (10.4) + 1.32
670Y 134 8.57 18.0 14.8 (11.7) + 1.48
693Y 135 10.0i 20.0 15.0 (11.9) + 1.50
715Y 135 12.3i 17.0 14.4 (11.5) + 1.44

YReagent introduced from bubbler. Value obtained befofé 26rrection shown ir
parentheses.Standard & error from origin fitting? + 6 % error calculated base
on standard deviations of room temperature measurenient % error assume
for rate coefficients measured using bubbler delivery method.
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Figure 3-7: All experimentally obtainedn butanoi+oH rate oeffi cients in this work, with
Arrhenius parameterisation and @bconfidence limits (red shaded region). Filled black
circles represent experimental measurements conducted using the bulb method for
reagent delivery, and filled red triangles are those uigihe bubbler method. Sd@able

3-1 for error justification.

The total bimolecular rate coefficients measured for the reaction between
n-butanol and the OH radical, plotted Figure 3-7, generally display a positive
temperature dependence above 350 K, with some slight negative temperature dependence
seen between 300350K. This negative temperature depencieis common amongst
the reactions of OH with oxygenated speces] has been observed experimentally by
McGillen et al [78] and Yujing and Mellouki [111]. Further discussion of this

phenomeno is provided in the isomer comparison section of this cha@getion3.8.

The modified Arrheniudit to the experimentally obtained data can be described

78MA100

as Knbutano+or (2987 715 K) = (1.15 + 2.62) 1 0-9 T2- 64 ¥ &x PR ¢
moleculé! s'!, with an overall error in the parameterisation of 8 % across the
temperatures studied in this work. The reported Arrhenius parameterisation error

represents the standard Error from the least squares fify to the data, and the
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percentage errorepreserd the widest part of the 95 % confidence limit bands.
previaus literature values obtained at 298 K ¢t& seen summarised belowTiable3-2,
the values for winh are represented graphically Figure 3-8 alongsidetemperature

dependenparameterisations obtained from the literature.

The average rate coefficient obtained at 298 K waSutanokoH =
(9.00+ 0.52)x 10'12cm? moleculé! s't, with the error reported at the level, in good
agreement within experimental error with previous literature obtained. In the most recent
study by McGillenet al.[78], the reported 29K bimolecular rate coefficient measured
wasaround 14% faster than the other previbEBT LIF study by Yujinget al.[111] with
no overlap within experimental error, and%gigher than the flash photolysiesonance
fluorescencestudy by Wallington[77], with the reported errors ovedping by
0.01x 1012 cm® moleculé! s't. In the work by McGilleret al, it was noted that pseudo
first order rate constants for the reactiomdjutanol and OH obtained during isotope
experiments catucted with!®0OH were faster than that of those measured in%Dél
experiments. This was attributed to a previously unmeasured rapid OH regeneration
channel, leading to bimolecular rate coefficients in the literature that are consequently too
slow. Thiswork however grees with the McGillen study within experimental error,
suggesting that this bias towards slower bimolecular rate coefficients is not observed in

this work.
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Table 3-2: MeasurenbutanoroH (298 K) for ths work with all previous literature values.

Reference k2(298 K)/ x  Temperature Pressure/ Method
102 cm3 /K Torr
moleculé!s'?
Wallingtonet al. 8.31 +0.68 296 25150 FP RF
(1987)[77]
Nelsonet al. 7.8+1.8 298 760 PR UV
(1990)[80]
Nelsonet al. 8.56 +2.14 298 760 RR
(1990)[80] (8.0 +2.6
Yujing et al. 8.47 +0.34 253 372 301 300 LFPi LIF
(2001)[1171]
Ohet al.(2001) 9.3+0.4 298 760 RR®
[109]
Ohet al.(2001) 9.1+0.3 298 760 RR'
[109] (8.80)
Cavalliet al. 8.28 £ 0.85 298 740 RR
(2002)[110] (7.71%0.89
Wau et al.(2003) 8.66 + 0.66° 295 760 RR
[108] (8.82+ 0.6
Hurley et al. 8.86 + 0.85 296 700 RR
(2009)[107]
Pang et al. (2012) 0.0072*¢ 900i 1200 D760 ST
[73]
McGillen et al. 9.68 £ 0.75 221 381 511216 LFPi LIF
(2013]78]
Sarathy (2012]55] 9.61 2007 1800 n/a STiCM
Atkinson (1987) 6.39 n/a n/a SAR
[114]
Bethel (2001) 7.82 n/a n/a SAR
[101]
This work 9.00+0.2 2987 715 231 135 LFPILIF

2 Errorsquoted to 8 level, experiments conducted at 298uKless stagd otherwise®
measured at 296 Kmeasured at 295 K Extrapolated fronArrhenius parameterisation
obtained atfrom high temperatureexperiments Methods: LFPi LIF: Laser flash
photolysi$ laser induced fluorescence. RR: Relative ratd.UAR Pulse radidysisi UV
spectroscopy. HRRF: Flash photolysigsesonance fluorescence. ST: Shock tURE.
CM: Shock tubecombustion modelling. SAR: Structdaetivity relationship.Updated
values for relative rates shown in italiésUsing pxylene as a referenceompour.
fUsing cyclohexane as a reference compound.
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In the study of Nelsoret al. [80], studies wereconducted using bothufse
radiolysis UV spectroscopy(PR-UV) ard the relative rate (RR) method. The rate
constants and errors reported (7.8 + 8.20%2 cm® moleculé! s't for PRUV and
8.56+ 0.70 x 102 cm® moleculé! s for RR) include solely the statistical errors from
data fitting. However, for the RRV methal, a more significant overall error of 20 %
was recommended, giving an increased error val(@.8f+1.8) x 1012 cm® moleculé!
s Twhich would result in betteagreement with this study and all other previous literature.
For the relative rate wtly, tre authors suggested an additional error of 25%, when the
error for the reference rate coefficient is factored in,ingivan updated error of
(8.56+ 2.84) x 10%2 cm® moleculé! s'1. Cyclohexane was used as the reference
compound for the relative teistug, with a reference rate coefficient of 7494012 cm?
molecule! st. Updating this rate coefficient to 6.%710'2 cm® moleculé! s', the most
recent recommendation by Atkinson in 2Q83], the rate cefficient for the reaction of
n-butanol with OH decreases to (8.0 + 26)0*? cm® moleculé!s'®. This is oveall in
better agreement with their RRV/ study rate coefficient, but in worse overall agreement

with this work and other previous literature.

Oh et al. [109] conductedrelative rate studies using two diffetereference
compounds, {xylene (1,4dimethylbenzene, the rate coefficient for which was measured
during the study, 1.2% 10*! cm® moleculé! s') and cyclohexane (7.2¢ 1012 cm?
moleculé!s'? from the Atkinson recommended value). The updated recowederate
coefficient by Atkinson (200387]) for the reaction of cyclohexane with OH is 697
1012 cm® moleculé! s't. This results in a decrease in the rate coefficient for the reaction
of n-butanol with OH (830 + 0.3x 1012 cm®moleculé! s') in equally good agreement
with the value obtained in this work. There is no recommended update value for the
reaction of OH wth p-xylene. The original value however is in reasonable agreement

with this work.

Cavalli et al.[110] alsoconducteca relative rate study, using the photolysis of
methyl nitrite in a chamber with black lamps to generate the OH precursor. A cyclohexane
reference compound was used, witleference rate coefficient af.49 x 10'2 cnm?®
moleculé! st As mentioned previously, theecommended rate coefficient for this
reaction has been updated by Atkinson in 20036.8Y x 10*? cm® moleculé! s't,
Updating to the recommended rate coefficient results in an updated védugobi+on
of (7.71 = 0.85x 10*? cn® moleculé s'?, in greater disagreement with this work.
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Wu et al. [108] utilised 254 nm photolysis of hydrogen peroxide precursor in a
chamber relative rate study, using propane as the reference compound, and a reference
rate coefficient ok = 1.08x 102 cm®moleculé!s® The updated valuef this reference
rate coeffieent from Atkinson (2003) ik = 1.10x 10*? cm®moleculé!s'!, giving a rate
coefficient for the reaction ofn-butanol with OH of k = (8.82 + 0.66) x
1012 cm®moleculets'!, in better agreement with previous literatured ahe value
obtained in this wrk.

Hurley et al.[107] conducted the most recent relative rate study into the reaction
of n-butanol with OH at 298 K. Two relative rate experiments were conducted, relative
to acetyene (with a reference compound rate coefficient of 84510 cm?
molecule!s?) and ethene (8.58 102 cm® moleculé! s'Y), yielding almost identical
values for the reaction @kbutanol with OH. There are no updates to the recommended
rate coefficents for these reference compounds, however excellent agreement is already

obtained between this work and the values obtained by Heirlealy

An extrapolation of the temperatudepenient parameterisation of Pargj al.
[73], although not recommended by the authors, back to 298 K resutstenaefficient
for the reaction oh-butanol with OH that is over three orders of magnitude slower than
obtained in this work and all previous literature. This demonstrates that the
parameterisation obtained in their work does not correctly captureutiiatare of the
temperature dependence of the reaction, and cannot be reliably extrapolated outside the

region of their work.

The original structure activity relationship of Atkinsfiil4] estimatesa room
temperature rate coefficient for the reactiomdfutanol withOH around 4% slower
than was measured experimentalythis work. The updated SAR of Bethgl01]
edimates a total bimolecular rate coefficient of 7282012 cm® molecue’* s't, which is
in better agreement with this work and other literature, but is still outside of the error

margins of this work.

In the previous temperature dependent studWbogillen et al. [78], modified
Arrhenius parameters were determinednir experimental results obtained in the
temperature range 26880 K and high temperature data obtained by Rara. [73],
alongside structure activity relationship parameterisations. The study conducted by
Sarathyet al.[55] also provided a modified Arrhenius parameterisation, determined from
experimental shock tube data and combustion modelling validation of atzuheters

such as ignition delay time. Two theoretical studiage beeronducted by Zhoet al.



[112], using the G3 and CCSD methods, calculated ovetetinperature range 500
2000 K These parameterisationancbe seen compared to the experimental results
obtained in this work ifrigure 3-8 and Table 3-3, alongside the temperatudependent
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study of Yujinget al.[111], the structure activity relationships of Atkinsfii4] and

Bethel et al. [101], and the high temperature data and Arrhenius parameterisation

obtained by Pangt al

Table 3-3: Arrhenius parameterisation for the OHh-butanol reaction from previou
literature and this study.

Ref. T/K Site k(T)=AT"exp(@ E/RT) Fx(T)
A/lcm3 n E/R/ Fx(T)
moleculé!s't K
McGillen 20071 a 6.38x 1018 1.93 1792
et al. [78] 2000 . .
b 3.31x10%° 4.11 11858
g 2.43x 1020 2.67 1797
d 4.49x 1018 2 258
OH 2.10x 1018 2 23
Pangetal. 8961 Total 3.24x 1010 i 2506
[73] 1197
Yujinget 253372 Total (5.3+1.62x | T (146t
al. [111] 1012 92)
Sarathyet 20071 a 6.00x 102 2.89 11154
al. [55] 1800 i ;
b 2.56x 1024 3.7 11881
g 1.89 x10'%* 2.87 11473
d 8.77 x10'1° 0.97 799
OH 9.76 x10?2 2.82 1295
Atkinson SAR a 432 x1018 2 i 233 exp(76/T)
[114] exp(365/T)
b 4.32 x10'18 2 i 233 exp(76/T)
exp(76/T)
4.32 x10/18 2 i 233 exp(76/T)
4.47 x10'18 2 303  exp(76/T)
OH 1.89 x10'18 2 460  exp(76/T)
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Table 33 cont.

Ref. T/K Site k(T) =AT"exp( E/RT) Fx(T)
A/cmd n E/R/ Fx(T)
moleculé! st K
Bethelet SAR a 4,50 x10'18 2 T 253 exp(62/T)
al. [101] exp(317/T)
b 4,50 x10'18 2 i 253  exp(62/T)
exp(285/T)
450 x10'18 2 T 253 exp(62/T)
4.49 x10'18 2 320  exp(62/T)
OH 2.10 x10'18 2 85  exp(62/T)
Zhouet al. 5001 Total 6.69 x10'23 3,57 12128
[112] 2000
(G3)
5007 Total 2.89 x10' 23 3.69 11703
2000
(CCsD)
This 2981 Total? (1.15 = 2.62)x 264+ - 940 *
Work 715 10'1° 0.31 140
Total (3.49 + 4.61)] 281+ - 1010+
b 1 @0 0.18 80

2 Not constrained antConstrained to high temperature data from Reira.
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Figure 3-8: Rate coefficient data for thebutanol + OH reaction: This work (blac
triangles, black solid line, 9% confidence limits in red shaded region). Compe
with Panget al. (purple circles, purple soliine and dashedne for extrapolated
region), McGillenet al (red inverted triangles and blue diamonds, blue solid li
Yujing et al.(light blue pentagons, light blue solid line and dashed line for extrapc
region) experimental data; Saratay al (solid pink ling, Zhou et al. G3 (orange
dotted line) and CCSD (lilac dashed line) calculations; SAR of Atkinson (Redbgdbt
line) and Bethekt al. (green doidash line).Data replicated fronj78], [111], [73],
[55], [112], [114], and[101].
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As evident inFigure 3-8, the Arrhenius parameterisatiom this work agrees
excellently with the total calculated bimolecular rate coefficient from the McGatiah
[78] parameterid#on, overlapping almost entirely. The total bimolecular rate coefficient
parameterisation by McGilleet al. was obtained by conducting a smooth interpolation
of the experimental data from their study with the high temperature data fronetRang
[73]. Sitespecific reactivity wa estimated fronend product branching ratios from other
work, and the SAR of Bethet al.[101] at temperatures above 1200 K. At temperatures
above 1000 K, the parameterisatof this workagrees well (within less than 15 %) with
the high temperature experimental data of Pangl When the modified Arrhenius
parameterisation obtained in this work is extrapolated to temperatures nearing 1200 K,
the overall uncertainty caltated by the 9846 confidence limits is approximately 28 %.
The extrapolation of the Pangt al. parameterisation to temperatures approaching
ambient temperature underestimates the total bimolecular rate coefficient by 3 orders of
magnitude, as discussed epiously. The Sathy et al. [55] parameterisation
underestimates the total bimolecular rate coefficierdsacall temperatures bel@00K,

and overestimates the negative temperature dependence seen below 300 K.

The modified Arrhenius parameterisation for the data obtained in this work has
also been fit and constrained to the high temperature data byPalrgy including their

datain the paramet&sation, showrin Figure3-9. A modified Arrhenius parameterisation

83 WN670

of Kn-butanoior (2981 1200 K) = 3.49 + 46)T 1 B T2- 81 § @ xIgrm ¢
moleculé! s was obtained for this contemate fit, with an error o6 % at the 95 %
confidence limit level across the temperature range studied in this work (288 K)

and an overall error of 16 % across the full temperature rdingereported Arrhenius
parameterisation error represents stendard & error from the least squarestifig to
thedata, and the percentage emgpresergthewidest part of the 95 % confidence limit
bands. Tis provides an equally good fit to the experimental measurements of the
bimolecular rate coefficient ¢dined in this study, and reduces the size¢he 95 %
confidence limits and the overall error at the highest temperatures%y 12
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[112], [114], and[101].
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As mentioned previously, the computational calculations conducted demonstrate
some disagreement with the temperatlependenparameterisations of the experimental
studies, and with the SAR parameterisations. The CGidlation by Zhotet al.[112]
shows a better overall agreement with the low temperature experimental datac bt
this work than that of the G3 calculation, but is consistently lower at all temperatures than
the experimental measurements of this work and the study byaPanhd73]. A better
agreement is obtained at high (1000 K) temperatures between the G3 calculation of Zhou
et al.and the highemperature experimental data of Pabh@l, however this could be a
result of aspects of the Zhetial. calculation being used in the fitting of the experimental
data of Pangt al. The temperaturdependenbranching ratios calculated by Zhetal.
were used to obtain site specific rate constants for each sitbutinol with OH.

In the analysis byranget al, it was assumed that the net consumption of OH
through the beta abstraction channel was near zero, due to thebragission to
reproducean OH radical. As the calculated branching ratios by Zétaal. estimated the
b-channel branching ratio to be 6 % at 925 K, it was assumed that this channel would not
significantly contribute to the total measured bimolecular cakfficient. Significant
assumptions were also made as to the rate and pressure dependence of the decomposition
of the b-hydroxybutyl radical, based on the reverse of the addition reaction of OH to
propene estimated by Currahal.[115]. A sensitivity analysis conducted to examine the
effect of changing the initiab-site abstraction branching ratio (by up to 30 %) and the
rate of decomposition of the subsequent radical (by a factor of 2), found an overall
contribution of 4% to the undainty at 925 K, and 80 at 1197 K. A significant
contribution to the uncertaintyas also calculated from altering the branching ratio of
abstraction at thd abstraction site, with a 1% at 927 K and 146 at 1197 K. These
contributions to the overall [aulated uncertainty of 20 23 % across all temperatures
could alter the tempetnare dependence of the bimolecular rate coefficient, bringing it
more in line with the predicted temperature dependence by this work. A comparison of
the overall reactivity oh-butanol with the hydroxyl radical as a function of temperature
can be found irBection3.8, compared to the other structural isomers of butanol.

3.4.2 Conclusion

The bmolecular rate coefficient for the reactionmebutanol with OH has been
measured across the temperature rangé Z98 K at pressures betem 23 and 135 orr.
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The average room temperature rate coefficient, kn-butanokor =
(9.00% 0.52)x 102 cm® moleculé! s, with the error reported at thes level, was
measured in good agreement within experimental error with most previous literature
obtained. This work provided confirmation for the previous temperatemendent
experimental measurements ofc@illen et al. [78] up to 400 K, and extended the
temperature range studied to 715 K, reducing the gap in the literature for this reaction.
This work has also presented a modified Arrhenius parameterisation for the total reaction
of n-butanol with tle hydroxyl radical, and assists in reducing the uncertainties of the

total rate of reaction at temperatures relevant to low temperature combustion.
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3.5 i-butanol

Existing ethanol production plants can beroBtted in order to become
bio-iso-butanol fermentation plants relatively easily, through modification of the
separation process and fermentation catalyst, and conseqguleatinol is of interdsas
an alternative biofudll16]. A significant amount of research into the effects of blending
i-butanol with gasoline for spark ignition engirj@é&7] or with diesel for compression
ignition engineg97] has been condtted to compliment the research into the production

methods, as well as rapid compression maddifieand jetstirred reactor studig418].

As mentioned previouslypof i-butanol to be adopted as an alternative fuel, the
combustion kinetics of its reactions must be well understood, in particelamitiation
reacton ofi-butanol with the OH radical. Mosésearch conducted into the reaction of
iso-butanol with OHhas beeronducted aambienttemperaturgand utilised the relative
rate method84, 108, 119] Two temperaturdependenstudies have been conductee@ov
narrow temperature ranges; Mellowi al. between 241 373 K, andMcGillen et al.
between 224 381 K, both utilising the pulsed laser photolylsiser induced fluorescence
methods. A high temperature shockduwiudy has also been conducted by Retra.

[75] over the temperature range 901147 K. As with the other isomers butanol, his

leads to a significant gap in the knowledge for the kinetics of this reaction at temperatures
relevant to low tempature combustioetween these two temperature extrenidss

work has measured a rate constant for the reactichudiinolwith OH at 298 K, ands

a function of temperature, extenditite temperature range from the previous high of
381 K to 620 K.



Figure 3-10: Possible abstraction sites fraAbutanol by OH. Primargbstraction sites
in blue, secondary abstraction sites in green, tertiary abstraction sites in red and hydroxyl

group abstraction in orge.Carbon positions relative to hydroxyl group labelled in red.

The possible abstraction sites frarhutanol can beseen above ifrigure 3-10,
with the resulting R radicals for each hydrogen abstmacoutlined inFigure 3-11.
i-butanol has 4 distinct reaction sites: 2 secondary alpha sites, 1 tertiary beta site, 6
primary gamma sites on 2 equivalent methyl groups, and the OH sitevarkisneaures
the total abstraction rate for all of these potential abstractionRifedai R 3-4d.

OH

/

/ T

Figure 3-11: Resultingi-butyl andi-butoxyradicalsformedfrom H atom abstraction by

OH

OH at each potential abstraction site.

(CHg)2CHCHOH + OHY (CHg)(CHz)CHCH.OH + H:0 R 3-4a

(CH3)2.CHCH,OH + OH 3)CCH.CGHH HO R 3-4b
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(CH3)2CHCH,OH +OH Y 3;@GHEHOH + KO R 3-4c

(CH3):CHCH:OH + OH 3)CHGHOH HO R 3-4d

3.5.1 i-butanol + OH: Temperature Dependence

Rate coefficients for the reactionigbutanol R 3-4) with OH have been measured
across the temperature range 29821 K, at pressures between 30 and 82 Torr. The
experimental conditions studied and the bimolecular rate coefficients obtained can be
seen summarised Fable3-4, and presented graphicallyfigure3-12. All bimolecular
rate coefficients for the reaction pbutanol with the hydroxyl radical were measured
utilising the offresonant fluorescence experimental set up describSelciion 2.7, and
used hydrogen peroxide as an OH precursor.

A series of repeat measurements conducted at 298 K wadasattulate the
standard deviation for the reaction atmotemperature in a similar manner to that of
n-butand (Section3.4.7), andthis was then applied as a percentage error%ft6 all
other experimenat results obtained using the bulb method of delivery. Where the
statistical error reported from the linear fith@ bimoleculawas bigger, this was chosen,
to ensure that the errors for lesser quality data were not underestimatexplaised in
Secion 2.7.1.3 some bimolecular rate constants were obtained using the bubbler delivery
method for the alcohol reagent. Foi-butanol however,an improvement to the
experimental setip alloweda thermostaétd bubbleto beused, in which the temperature
was maintained using a Dewar of water surrounding the pressurised glass bubbler. This
provided a more accuraind stabletemperature reading for calculating the vapour
pressure of the reagent from the Anwparameters. An experimental measurement of
the bimolecular rate coefficient foidbutanol with OH using the thermostatted bubbler at
509K was conducted and was found to fit well with previous experimental measurements
conducted using the bulb method délivery. It was therefore assumed that the
thermostatted bubbler provided a more accurate method for calculating the amount of
reagent délered to the cell, and these results were consequently not subject to a
correction factor. An estimated error of #was applied to all bubbler measurements to
account for the increased uncertainty ie timount of reagent delivered, owittgthe
indired nature of calculatinghe concentratioand the other errors described previously
for n-butanol (Section 3.4.1) Measurements conducted using the bubbler method of
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delivery are highlighted iffable3-4, and areepresented by hollow red circles Bigure
3-12

Table 3-4: Summary of experimental conditions and bimolecular
coefficients k) obtained for the reaction obutanol and OH.

Temperature / Pressure / [i-butanol] / 104 k/10%cm?
K Torr molecule crm3 moleculé!s't
298 30 0.41 3.0 8.74 £ 0.14
298 30 0.371 2.0 9.06 £ 0.18
298 30 0.81 54 9.21 +0.2¢
298 30 0.471 2.9 8.76 £ 0.28
298 30 0.61 2.8 9.25+ 0.64
364 30 0.771 5.1 7.77 £ 0.42
368 30 0.31 2.2 8.70 £ 0.47
368 30 0.371 2.3 8.66 + 0.47
410 30 0.37 2.0 9.78+0.53
420 30 0.67 4.6 8.27 + 0.4%
450 30 0.371 2.0 8.46 + 0.46
450 30 0.37 1.7 9.22 + 0.50
490 30 0.27 1.8 9.10 + 0.49
509# 81 9.071 16.0 9.32+£0.93
530 30 0.31 1.5 9.24 + 0.5
540% 81 9.17 21 9.68 + 0.97
551% 82 1471 24 9.71£0.97
564% 81 9.07 26.0 10.1+£1.0F
587" 81 8.61 19.6 10.5 +1.05°
595# 82 10.27 30.0 105+ 1.0%
607# 82 15.01 24.5 11.0+1.10

#Reagent introduced frothermostattedbubble.
aStandard & error from Qigin fitting.

b+ 6 % error calculated based on standard deviations of room tempe
measurements.

¢+ 10 % error assumed for rate coefficients measured usingldubelivery
method.
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Figure 3-12: All experimentally obtained-nutanoi+xonbimolecularrate oefficients in this
work, with Arrhenius parameterisation and 9bconfidence limits (red shaded region).
SeeTable3-4 for error justification.

The bimolecular reaction of-butanol with OH d@monstrates a negative
temperature dependence below around 380 K, and a positive temperature dependence at
temperatures above this. A discussidithe negative temperature dependent region can
be found in sectio.8, in the context of all butanol isomers studied in this work. The

Arrhenius fit to the experimentally obtained data can be describeduaso+on (2981

6800 N 1600

607 K) = (2.05+ 6.79)T 1 -8 T2 0 0] 4& y o= ¢ rhmoleculé!s'%, with a

fitting total error of 7 % across the temperatures studied in this work. The reported
Arrhenius parameterisation error represents thadstal 5 error from the least squares
fitting to the data, and the percentage error represents the widest part of the 95 %
confidence limit bandsAll previous literature values obtained at 298 K can be seen
summarised inTable 3-5, and are represented graphically Rigure 3-13 alongside

temperatur@lependat parameterisations obtained from the literature.



Table 3-5: Measurekon-i-butanol (298 K) for this work with all previous literature

values
Reference k (298 K)2/ Temperature Pressure  Method
10 2ecmd /K | Torr
moleculé! st
Wu (2003)[108] 9.08 + 0.35 295 760 RR'
(9.25+ 0.36)
Wu (2003)[108] 9.59 + 0.4% 295 760 RR
(9.26+0.43
Mellouki (2004) 9.20 + 1.50 298 760 RR
[119]
Mellouki (2004) 10.0 + 1.0° 241i 373 760 LFPi LIF
[119]

Andersen (2010)84] 114+1.7 296 700 RR
Pary (2012)[75] 9.68¢ 9077 1147 ~760 ST
McGillen (2013)[78] 9.72+0.72 2247 381 6071 216 LFPiLIF
Sarathy (2012[55] 11.27 2007 1800 N/A STiCM
Atkinson (1987) 6.45 N/A N/A SAR

[114]
Bethel (2001)]101] 8.92 N/A N/A SAR
This work 9.01 +0.49 2981 621 3071 83 LFPTLIF

2 Errors are & unless otherwise statel.Standard deviation of 5 repeat readings.
¢ Conducted at 295 K.Conducted at 296 K. Methods: RR: Relative rafe?ilLIF: Laser
flash photolysislaserinduced fluorescence. $TM: Shock tube combustion modelling.
SAR: Structurei activity relationship.® Calculated from thre@arameter expression
provided, obtained by constraining fit to low temperature data of Melletkal.

" Measured relative to propane refererfddeasured relative to cyclohexane reference.
Updated valuefor relative rates shown in italics.

An average bimolecular rate coefficient for the reactionrtaftanol with OH at
298 K in this work was obtained BSutanoron = (9.01 £0.49 x 1012 cm?® molecule! s?,
with the error reported at thesllevel, which agrees within the experimental error with
all previous literature obtained. Wet al. [108] conducted two relative rate studies,
utilising propane and cyclohexane as the two reference rate compounds. The reference

rate oefficient used for propane, 1.88.0% cm® mdeculé! s'?, has been updated by
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Atkinson (2003,87]), to 1.10x 10* cm® moleculé! s'1. Using this updated reference
rate coefficient gives an updated value ®&fputano+on = (9.25 £ 0.36
x 102 cm® molecuE' ' s'1. For the experiments conducted using cyclohexane as the
reference compound, a reference rate coefficiemt=07.22 x 1012 cm® moleculé! s'?
was used. Updating this reference reaction rate coefficient to the more recent value of
6.97x 102 cm® molecue st of Atkinson, gives a bimolecular rate coefficient of
Ki-butano+on= (9.26% 0.43 x 10*? cm® moleculé! s'1. Both values are now in excellent
agreement with each other following updates to the reference rate coefficients, and are

overallin goodagreement with the value obtained in this work.

In the Melloukiet al.[119] study of 2004, both the indirect relative rate method
and the absoluteFP-LIF method were used. The relative rate study utilised two reference
compoundsn-butanol k = (8.47 + 0.394 x 10% cm® moleculé! s1) and 1,3dioxolane
(k=(11.1 £ 0.9 x 10?2 cm® moleculé! s'Y). There is currently no updated bimolecular
rate coeficient for the reaction of 1;8ioxolane with OH, and therefore this bimolecular
rate coefficient foi-butanol with OH remains unchanged. The recommended reference
rate coefficient for the reaction of OH amdbutanol however has been updated by IUPAC
(2007), tok = 8.50x 10*? cn® moleculé! s'1. This yields an updated bimolecular rate
coefficient for the reaction ofi-butanol with OH of k = (8.53 = 0.10)

x 102 cm?® molecule s. To the same degree of accuracy as was quoted in the original
study, the average combined value reported for the two relative rate studies remains as
Ki-butanolvon= 9.20# 0.15x 102 cm® molecule! s'*. The absolute study of Mellouki

using the IEP-LIF method measured a rate constant over Hp&aer than was measured

in this work, however the two values agree within experimental error. Mcitlah

[78] also utilsed the IFP-LIF method, obtaining a 298 K bimolecular rate coefficient in

excelent agreement with this work.

The most recent relative rate study conducted by Andatsah[84] used two
relative rate reference compoundsiopene (where the reference rate coefficient
Koropene+oH = 2.63 x 10t cm?® moleculé! s'!) and ethene (reference rate coefficient
Kethene+on= 1.2 x 10 cm® moleculé! s'Y). There are currently no updated values for
either of the two reference rate coefficients, and therefore the calculated bimolecular rate
coefficients for the reaction afbutanol with OH remain unchanged. The average rate
coefficient for this reaction ported is in reasonable agreement with some previous

literature, and is approximately 15 % faster than was measured in this study.
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The room temperature bimolecular rate coefficient from Rerg. [75] in the
summary able has been calculated from extrapolation of the temperatudependent
parameterisation, giving a value lof= 9.68 x 102 cm® moleculé! s, approximately
7 % faster than was obtained in this work. The parameterisation obtained in their work
was castrained at lower temperaturesing the low temperature experimental data of
Mellouki et al.[119].

As with n-butanol, McGilleret al[78] provided site specific modified Arrhenius
parameterisation calculated from experimental observation$ pesdict yields and
Structuré Activity Relationships (SAR) for the reaction afbutanol with OH,
constrained by high temperature data fi@amget al.[75]. Shock tube high temperature
data by Pangt al.also obtained an Arrhenius parameterisation fotdkad bimolecular
rate coefficient at combustion relevant temperatures, which as mentioned earlier, was
constrained to the low tempéuge data of Mellouket al.[119]. Ste specific reactivity
hasbeen parameterised by Sara#tyal. [55] using shock tubes, combustion aedling
and computational calculations for the reaction idfutanol with OH. The total
bimolecular rate coefficient odinhed from the structure activity relationship of Atkinson
[114] has also been included, alongside the updated SAR of Bethel and Atksinson of 2001
[101]. These parameterisations are sumsaaribelow inrable3-6, and ae compared to
this experimental study iRigure3-13.
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Table 3-6: Arrhenius parameterisation for t +i-butanol reaction from previou:
literature and this study.

Reference T/K Site k(T)= AT "exp( E/RT)Fx(T)
A/cm3 n E/R/ Fx(T)
moleculé! st K
McGillen 22471 1800 a 9.91x 10'1° 218 1924
et al.[78] . .
b 1.63x 1020 2.64 11289
g 8.98x 1018 2 258
OH 2.10x 1018 2 23
Pangetal. 9077 1147 Total  1.65x10% 3.18 11304
[75]
Sarathyet 2007 1800 a 6.00x 1021 2.89 11174
al. [55] ! .
b 1.28x 10 3.7 12488
g 1.27 x10'Y7 1.84 175
OH 9.76 x10?2 2.82 1295
Atkinson SAR a 4.32x 1018 2 i233  exp(76/T)
[114] exp(365/T)
b 1.89x 108 2 i711  exp(76/T)
g 8.94 x10'1% 2 303 exp(76/T)
OH 1.89 x1018 2 460  exp(76/T)
Bethelet SAR a 4.50x 10'18 2 i253  exp(62/T)
al. [101] exp(317/T)
b 2.12x 108 2 1696  exp(285/T)
9 8.98x 1018 2 303 exp(62/T)
OH 2.10x10%® 2 85 exp(62/T)
This 2987 607 Total? (2.05+£6.79%x 2.20 + -820 +
Work 1018 045 190
Total® (1.16 + 1.15) 2.61 + -980 +
1079 0.13 70

* 2 x 4,47 x 10 cm® moleculé! s,V 2 x 4.49 x 10''8 cm® moleculé! s't. 2 Not
constrained anBiConstrained to high temperature data from Reiraj.
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Figure 3-13: Ratecodficient data fori-butanol + OH reaction: This work (blac
triangles, black solid line, 986 confidence limits in red shaded regio
Compared with Pangt al. (purple circles, purple solid line and dashed line
extrapolated region), McGillert al. (blue inverted triangles, blue solid line
Mellouki et al. (light blue squares, light blue Igb line) experimental dats
Sarathyet al. (solid pink line) calculation; SAR of Atkinson (Red eftdsh line)

and Bethelet al. (green dotdash line).Data replicted from[78], [119], [75],
[55], [114], and[101].
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Figure 3-13 shows reasonable agreement between the modified Arrhenius
parameterisation of McGilleet al.[78], Panget al.[75], andthe experimental datand
parameterisation obtained in this work. When the iffetl Arrhenius parameterisation
obtained in this work is extrapolated to temperatures nearing 1100 K, the overall

uncertainty calculated by the 95 % confidence limits is approximately 37.6 %.

The modiied Arrhenius parameterisation of this work was repeab provide a
concatenate fit that includes the high temperature shock tube data obtained bydang

[75], shown inFigure3-14, giving a total parameterisation kbutanoi+on(2981 605 K) =

8150 N 550

(116 +1.15) 1 09 7@ 61 § @-xYBRw ¢ mmolecule's?. The concatenate fit
provides a stronger curvature to the parameterisation, reflected in the increas€"in the
factor, with the high temperature parameterisation brought more in line withetta¢uie

data by Pangt al. This concatenate parameterisatgives a maximum overall error of

3.1 % at the 95 % confidence limit level across the temperature range studied in this work
(2981 607 K). The reported Arrhenius parameterisation error represkatstandardsl

error from the least squares fitting to tii@éta, and the percentage error represents the
widest part of the 95 % confidence limit bandkisTconcatenate fit provides an equally
good fit to the experimental data obtained in this studg,raduces the size of the 9%

confidence limits and the oxadl error at the highest temperatures from 37.6 % to 8.9 %.

In the same manner as fotbutanol, a smooth interpolatiomas conducted by
McGillen et al.[78] between the low temperaturetalabtained experimentally their
work and the high temperature data of Pangl.[75]. At the lowest temperaturethe
experimental data fronMcGillen et al. is consistently highethan the experimental
measurements obtained in this woikhis likely resulted in the parameterisation giving
values that are higher across all temperatures than this work. However, excellent
agreement can be seen in the curvature of the total parameterisattonthe overall
total reactivity in good to excellent aggmentThe total parameterisation for the reaction
of the OH radical with-butanol was not available in the literature and thus a more

analytical comparison beyond this is Awoivial.
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Figure 3-14: Concatenate fit toate coefficient data farbutanol + OH reaction: Thi
work (black triangles, black solid line, 95 confidence limits in red shaded regio
with the modified Arrhenius parameterisations constrained to the high temperatu
from Pamg et al. (purple circles, purple solid line and dashed line for extrapol
region). Compared with McGilleet al (blue inverted triangles, blue solid line
Mellouki et al. (light blue squares, light blue solid line) experimental data; Sagit
al. (solid pink line) calculation; SAR of Atkinson (Red dadéash line) and Bethet al.
(green dotdash line)Data replicted from[78], [119], [75], [55], [114], and[101].
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The parameterisation of Saratley al. [55] overpredicts the rate constant at
temperatures in the range 28B840K, and under predicthe experimental data by almost
30 % at around 60&, with even greater deviation from the high temperature
experimental data from Pamyg al. In the Sarathyet al. review summary of alcohols as
biofuels[1], they acknowledge that widely discrepant ratestants for multiple reactions
within combustion models are able to accurately simulate historicaliesqeal data for
i-butanol. As rate coefficients were calculated from a combination of theoretical studies,
experimental data and EvaRelanyi type coelations, and validated against
experimental measurements for parameters such as ignition delay aimasge of
parameterisations for multiple reactions could provide equally good modelled output

parameters.

The high temperature data of Paal.[75] was reported as bokons, the total
abstraction rate coefficient minus the beta site abstracéindkiota, the total rate of
reaction of OH with-butanol In their work, Pangt al.stated that they were not sensitive
to the b-abstraction channelue to the rapid recycling of OH following abstraction at this
site, and therefore the value measlrexperimentally is representative kfons.
Consequently, the OH abstraction rate coedfit for the beta sitealculated byMerchant
and Greeij120] was added to the Papgal. parameterisation of the totddstraction rate
coefficient ofi-butanol with OH. This beta site parameterisation was selected as a result
of the total measured rate coefficient for the other abstraction lsites, by Merchant
and Green showing the best agreement with the experilrentdts of the Pangt al.
study. Values oknons Obtained from the Sarattet al.[55] mechanism and the Grasa
al. [121] mechanism were 1525 % and 25 40 % slower respectivethan the Pangt
al. measured values. When fitting to both the total abstraction rate coefficient oéPang
al. and this work, excellent agreement is obtained between both sets ofTHata
concatenate fit to both sets of data also shows excellent agmeemith the total
parameterisation of McGillest al, which was also obtained from fitting to the high

temperature parameterisation of Pah@l.

3.5.2 Conclusion

The bimolecular rate céfecient for the reaction of-butanol with OH has been
measured acreghe temperature range 298621 K, at pressures between 30 and 82 Torr.

The average room temperature rate coefficient, ki-butanot-oH =



105
(9.01+ 0.49 x 102 cm® moleculé! s, with the error reported at thes llevel, was
measured in good agreement withexperimental error with most previous literature
obtained. This work provided confirmation for the previous temperatependent
experimental measurements of McGilleh al. [78] up to 380 K, and extended the
temperature range studied to 621 Kngiicantly reducing the gap in the literature for the
temperature dependence of this reaction. This work has also presented a modified
Arrhenius parameterisation for the totahegon of i-butanol with OH, in excellent
agreement with the previous parasredations by McGillert al.and in good agreement
with Panget al.[75], assisting in reducing the uncertainties of the total rate of reaction as

a function of temperature.

3.6 s-butanol

secbutanol,also known ag-butano) can be produced from bios®sources in a
two-step procesfl4]. First, a bacterial fermentation converts a starting material such as
starch or glucose into an intermediate product. Following further conversion and
sepaation, this intermediate is coexed tos-butanol with a conversion efficiency of
approximately 90 95%. Despite this potentlglefficient production route from biomass
sources, the reaction betwesat-butanol and the OH radical is the least studiethe
four butanol isomerdothin terms of atmospherically relevant measurements and engine
studies Similar to the other isomers studied in this work, the previous temperature range
over which the reaction has been studied is minimal, with two studiesra temperature
(Baxley and WHs [122], andChew and Atkinsorj86]), and two separate studies by
Jimenezt al.[123] and McGillen et al.[78] over relatively narrow temperature ranges
(29871 354 K and 298 381 K respectively A high temperature shock tube study has
also been conducted by Paeta@l.[74] at temperatures between 888178K. This work
extends the temperature range for measurements for the bimolecular rate comstant fro
381 K up to690K.



Figure 3-15: Possible abstraction sites franbutanol by OH. Primary abstraction sites
in blue, secondary abstraction sites in green, tertiary abstraction sites in red and hydroxyl

group abstraction in orang€arbon positions relate/to hydroxyl group labelled in red.

The possible H abstraction sites febutanol and the resulting R radicals can be
seen inFigure3-15 andFigure3-16 respectivelys-butanol possesses 4 distinct potential
abstraction sites: one tertiary alpha hydrogen, three prirhatg hydrogens, two
secondary beta hydrogens and three primary gamma lgrdroghis work measures the
total bimolecular rate coefficient, encompassing all potential abstractiorRsge® i R
3-5e.

OH
OH o°*
P — 1
OH / l \ OH
).\/ /JOH\/ .
Figure 3-16: Resultings-butyl ands-butoxyradicalsformedfrom H atom abstraction by

OH at each potentiabstractiorsite.
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CHsCH(OH)CHCHz; + OH ¥CH@H)CHCH;s+ H0 R 3-5a

CH:CH(OH)CHCH:+ OH ¥C (OHICHCHs + H0 R 3-5b
CHsCH(OH)CHCHs + OH YCHOH)CHCH; + H.0 R 3-5¢
CHsCH(OH)CHCHz;+ OH YCH@OH)CHCH, + H,0 R 3-5d

CHsCH(OH)CHCHz+ OH YCH@O}HCHsz+ H0 R 3-5e

3.6.1 s-butanol + OH: Temperature Dependence

Bimoleculr rate coefficients for the reaction sbutanol with the hydroxyl
radical have been obtained from 2B890 K, at pressures of 30 110 Torr. All
experimentally obtained values can be seen belowlahle 3-7 and represented
graphically in Figure 3-17. Experiments were conducted using either hydrogen
peroxide/water or urea hydrogen peroxide as an OH precasdighlighted inTable
3-7. The majoriy of experiments conducted also utilised-resonant fluorescence
monitoring of the OH radicalhowever some were conducted using-reBonant
fluorescence depending on the availability of the experimental equipnierde That
used offresonant fluorescee have been stated in the summary table of results.

The errors reported for the 298 K valuepresent the standard Error from
Origin linear least squares fitting, and are used solely to represent the quality of data
fitting obtained in this work. The obtained errors from the individual fits were then
propagated to give an overall percentagereof 7%, which was sbisequently applied to
all measurements made using the bulb method of delivery. Where the standard origin
error was bigger, this was chosen, to ensure that the errors for lesser quality data were not
underestimated. A bimolecularteacoefficient was obtagd at 298 K using the bubbler
method of reagent delivery, followed by a measurement of the rate coefficient using the
bulb method of delivery under the same temperature and pressure conditions. From this
it was found that the valgdaiffered by approximalg12 %. The same test was conducted
at 372 K, and the sani® % increaseorrection factor to the bubbler measurement was
obtained. Consequently, all bimolecular rate coefficients measured using the bubbler
delivery method were oreased by a factor of 8, and an overall error of 10 % was
applied to these values to factor in the larger uncertainty in the delivered reagent

concentration.
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Table 3-7: Summary of experimental conditionadabimolecular rate coetients )
obtained in this work for the-butanol and OH reaction.

T/K Pressure / Precursor [s-butanol]/ 104 k/10'2cm?3
Torr molecule cm3 moleculé!s'?
298 30 H202 0.57 3.6 8.66 + 0.33
298 30 H202 0.951 4.0 8.46 + 0.48
298 30 H202 0571 4.8 8.56 +0.97
298 50 UHP 8.21 44 8.53+0.16
298Y 50 UHP 8.21 44 8.84 (7.89) £ 0.89
298Y 50 UHP 4.67 19.0 8.48 (7.57) £ 0.85
298Y 50 UHP 7.07 38.0 8.37 (7.48) £ 0.84
369 30 H202 0.37 3.1 8.00 +0.56°
372 50 UHP 3.21 13.6 7.27 +0.51°
372 50 UHP 4.01 23.1 7.25(6.47) £ 0.78
410 30 H20> 0.371 2.6 8.08 + 0.57
4207 50 UHP 1.91 175 6.94 (6.20) £ 0.76
450 30 H202 0.37 2.6 7.94 +0.58
450 30 H202 0.31 2.8 8.04 +0.58
473V 110 H20> 0.31 2.5 8.05 (7.12} 0.81°
550Y 50 UHP 0.97 22.5 8.90 (7.95) £ 0.89
562V 110 H20> 3.91 26.1 9.75 (8.63) + 0.98
612% 110 UHP 3.01 13.8 10.8 + 1.08
6157 50 UHP 8.47 27.1 10.4 (9.29) + 1.08
6607 50 UHP 8.51 22.4 12.1 (10.8) £ 1.2%
660" 110 UHP 4.171 18.5 10.4 £ 1.04
690Y 50 UHP 6.81 28.2 11.6 (10.4) £ 1.16

¥ Reagent introduced from bubbler. Value obtained befor&olérrection shown ir
parenthesed.Reagent introduced from thermaséa bubbler, and therefore not subje
to correction factarUHP: Urea Hydrogen Peroxide.

aStandard & error fromOirigin fitting.

b+ 7 % error calculated based on propagation of room temperature repeat measi

errors.

¢+ 10% error assumed for rateefficients measured using bubbler delivery methot
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Figure 3-17. Experimentally obtained bimolecular rateefficients with Arrhenius
parameterisation (solid black line) and 9% confidence limits (redtaded region).
Experiments conducted using Hydrogen peroxide/water precursor are filled black shapes
(circle for bulb delivery, triangle for bubbler delivery), and experiments conducted using
urea hydrogen peroxide are hollow red shapes (circles for lliNed;, triangles for

bubbler delivery and pentagons for thermostatted bubbler).

Figure3-17 shows all experimentally obtained total rate constants for the reaction
of s-butanol with the OH radical. The temperature dependent parameterigation
described by the expressikbuano+or(2981 690K) = (1.38+2.58)1 1 #§ T3-22 N 0.25

- 10330 N 970 o .
| e x prT ¢ rfmoleculé's'?, with an overall error of 5.9 % across the temperatures

studied in this work. The reported Arrhenius parameterisation error represents the
standard & error from the least squares fitting to the data, and the percentage error

represents the widest part of the 95 % confidence limit bands

Above 400 K, a positive temperature dependengceobserved. Between
29871 400K, a negative temperature demence aa be seen, which has also been
observed fom- andi-butanol in this study. This likely as a result of a pneaction

complex forming between the hydroxyl group of #ssbutanol and the OH radical, a
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phenomena that has been observed previously iratlite [77, 78, 124] Further

explanation is found iection3.8, where comparisons are drawn for each isomer.

Excellent agreemems also observetietween the different precursors aedgent
delivery methods In particular, the empty red pentagon shapes represent measurements
taken using the thermostatted bidr method for reagent delivery, which have not been
subject to a correction factor. These show that good agreement withibh@dthod of
delivery can be obtained when the temperature within the bubbler is maintained at a
constant temperature. This howee is not always practical within the constraints of the
laboratory, and in these situations, a correction factor with a ngméicant error is
suitable. All previous literature values obtained at 298 K can be seen summafigbkkin
3-8, and are represented graphicallyFigure 3-18 alongside temperaturgependent

parametesations obtained from the literature.
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Table 3-8: Measuresnutanoi+oH(298 K) for this work with all previous literature

values
Reference k(298 K?/ x 1012 Temperature  Pressure / Method
cm?® moleculg?! st /K Torr
Chew (1996) 9.2+24 296 760 RR
[86] (8.6 +2.2)
Baxley 9.26+ 232 297 760 RR
(1998)[122] (g g1 +2.21)
8.14°+ 2.04 297 760 RR
(7.57 £ 1.89)
Jimenez 8.77+1.46 2631 354 417 193 LFPi LIF
(2005)[123]
Pang (2012) 8.18 8881 1178 72271 942 ST
[74]
McGillen 8.88 £ 0.69 22671 381 6171 218 LFPi LIF
(2013)[78]
Sarathy 6.59 2007 1800 N/A STiCM
(2012)[55]
Atkinson 9.51 N/A N/A SAR
(1987)[114]
Bethel (2001) 10.1 N/A N/A SAR
[101]
This work 8.55+ 057 29871 692 3071 110 LFPILIF

@Errors are 8, measured at 298 K unless otherwise specifi@®bcorded at 296 K.
Recorded at 297 K.Error is standard deviation of 4 measuremehsthods LFPi
LIF: Laser flash photolysisaserinduced fluorescence.RR Relative rate. STLIF:

Shock tubélaser indeed fluorescencesTi CM: Shock tube combustion modellin
SAR: Structurei activity relationship From modified Arrhenius parameterisati
based on a fit that also includes the data from Jimehe# Updated values using
IUPAC reference rateoefficients for relative rates shown in italics
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A rate constant for the reaction butanol with OH at 298 K was obtained as
Kom+sbutanol = (8.55 % 0.57)x 1012 cm?® moleculé! s', with the error reported at thes
level. As seen imable 3-8, this is in excellent agreement with the prevititesature.
Chewet al.[86] conducted the first relative rate study for the reactiosmitanol with
OH, utilising cyclohexane as a reference rate compound, with a reference rate of
KoH+cyclohesne = 7.45 x 1012 cm® moleculé! s'i. Updating this to the most recent
recommended reference rate of Atkinsof87], Kkon+cyclohexane = 6.97 X
1012 cm?® moleculet s'1, gives an updatevalue ofkonssbutano = (8.6 + 2.2 x 1012 cm?
moleculé! s'1, in excellent agreement with the value obtained experimentally in this

work.

Baxleyet al.[122] also conducted two relative rate studieso@m temperature,
utilising nnonane as a reference compound, WwikdH+nnonane = 10.2 x
10*2 cm?® molecule! s* and dodecane, itin Kor+dodecane 14.2x 10'12 cm® molecule! st
The current recommended values from the Atkinson review of BXJ&re Kon+n-nonane
= 9.7x 10 *2 cn?® moleculé? st andkori+dodecane= 13.2x 1012 cn® molecul' t 't This
gives updated rate constantskefissbutano= (8.81 + 2.21) 1012 cm® moleculet s? for
the experiment conducted usingnanane, in excellent agreement with this work. For
dodecane, an updated valuekefi+sbutanol = (7.57 + 1.89) 1012 cm® molecule! st is

obtained, in worse overall agreement with this work and all previous literature.

Jimenezet al. [123] conducted a laser photolydaser induced fluorescence
temperature dependent study utilising hydrogen perasdan OHorecursor, obtaining
results in excellent agreement with the work studied here at 298 K. The results obtained
in the work of Jimenez were used to constrain the low temperature modified Arrhenius
parameterisation by Paregg al [74], and the extrapolationf this parameterisation to
298K is in reasonable agreement with the value obtained in this work within
experimental error. McGilleet al [78] conducted the most recent experimental study,
also uilising the LFP-LIF method used in this work, and obtained a room temperature
rate coefficient for the reaction afbutanol with the hydroxyl radical in excellent

agreement with this study.

The stucture activity relationship of Atkinsonll4] calculates a 298 K
bimolecular rate coefficient of 9.54 10 *? cm® moleculé! s'1, approximately 10 % faster
than was measured experimentally in this work. The updated SAR of Betde]101]
calalates a faster bimolecular rate coefficient, in relatively poor agreement with this

work and all previous literature. Both structure activity relationships however obtain rate
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coefficients in muclbetter agreement with this work and all other literathestthatof
theextrapolation of th&arathyet al. mechanisnj55], although not recommended by the
authorswhich calculates a 298 Katue of 6.59% 10 2cm?® moleculé! s'1, approximately

22 % slower than this work.

McGillen et al. provided site specific modified Arrhenius parameterisation
calculated from experimental sérvations, erigoroduct yields andtgicturé activity
relationshipdor the reaction o$-butanol with OH. Shock tube high temperature data by
Panget al.[74] also obtained an Arrhenius parameterisation for the total bimolecular rate
coefficient at combustion relevant temperasrevhich was congtined at lower
temperatures by the experimental study of Jimexted. [123]. Site specific reactivity
has also been parameterised by Sarathgl. [55] using shock tubes and combustion
modelling for the reaction od-butanol with OH.These parameterisations haveen
compared to the SAR of Atkinsdt14], and theupdated SAR of Bethedt al. [101],
summarised below ifable3-9 andare compared to this experimental study graphically
in Figure3-18.
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Table 3-9: Arrhenius parameterisation for the OFs-butanol reaction from previou

literature and this study.

Reference T/K Site k(T)=A T"exp( E/RT)Fx(T)
Alcm? n E/R/K Fx(T)
moleculé!s'?
McGillen 2217 a 4.91x 101 2.20 11107
etal.[78] 1800 . .
bsec 9.71x 10?0 2.52 i 656
borim+  2.75x10'1° 2.41 1595
Ghrim
OH 2.10x 10'18 2 23
Pangetal. 8887 Total  4.95x10?%° 2.66 1123
[74] 1178
Sarathyet  200i a 3.00x 102 2.89 11315
al.[55] 1800 i _
boim  3.84x 10°% 3.7 i 1483
DOsec 2.56 x10% 3.7 11881
g 8.58x 1018 1.81 6
OH 9.76 x10'?2 2.82 1295
Atkinson  SAR a 1.89x 1018 2 i711  exp(76/T)
[114] exp(365/T)
Borim 4.47x 1018 2 303 exp(76/T)
bec  4.32x1018 2 1233 exp(76/T)
g 4.47x 1018 2 303 exp(76/T)
OH 1.89 x10'18 2 460 exp(76/T)
Bethelet SAR a 2.12x 1018 2 i696  exp(317/T)
al. [101] exp(62/T)
boim  4.49x 1018 2 320  exp(285/T)
bec  4.49 x10'18 2 1253  exp(285/T)
g 4.49x 1018 2 320  exp(62/T)
OH 2.10 x10'18 2 85 exp(62/T)
This 2987 Total® (1.38+2.58 3.22 -1243 £
Work 690 161 +0.25 116
Total®  (3.00+ 3.86) ~2 . 13 -808
161 NO. 17 +84

2 Not constrained antConstrained to high temperature data from Retray.
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Figure 3-18 Rate coefficient data fos-butanol + OH reaction: This work (blac
triangles, black solid line, 9% confidence limits in red shaded region). Compe
with Panget al. (purple circles, purple solid line and dashed line for extrapol
region), McGillenet al (blue inverted triangles, blue solid line), Jimeeeal. (olive

squares, olive solid line w1 dashed line for extrapolated region) experimental ¢
Sarathyet al. (solid pink line) calculation; SAR of Atkinson (Red eltdash lire) and
Bethelet al. (green dotdash line)Data replicated froni78], [123], [74], [55], [114]

and[101].
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When the modied Arrhenius parameterisation obtained in this work is
extrapolated to temperatures nearing 1200 K, the overall uncertainty calculated by the
95 % confidence limits is approximately 25.3 %. Thisrkvagrees well overall with the
total temperaturelependat parameterisation by McGilleat al. [78], with the largest
disagreement in the region of 60000 K, at approximately 30 %. Despite the availability
of the high temperature shock tube datem Panget al.[74], the McGillenet al. study
did not conduct a smooth interpolation between the two temperature ranges, as they did
for n- andi-butanol. It is not clear from their work why they chose not to do so. The total
parameterisation of this work shows a govérall agreement with tH@AR of Bethelet
al. [101], which was also used to constrain the McGilral. total parameterisation at
temperatures above 1200 Ks suggesteth the study ofMcGillen et al, at these high
temperatures, the total reactivity is expected to display reactivity resembling that of the
alkane analogues. In the study of Jimesitea.[123], a negative temperature dependence
was obsered over all temperatures studied. A simple Arrhenius parameterisation was fit
through the data, and this parameterisation is therefore unable to capture the curvature of

the experimental datobserved here.

A concatenate fit to the experimental data wigd in this work and the high
temperature data of Pargg al. was also conducted, giving a modified Arrhenius
parameterisation OKsbutanokor (298 1 1200K) =(3.00 +3.86)] 1 ¢ 1] T (203 17)

- 67 MN00O0 ; . . . .
| e x pr™ cm®molecule!s'l. This mncatenate parameterisation gives an overall

error of 4.3 % at the 95 % confidence limit level across the temperature range studied in
this work (298 690 K) and an overall error of 15.0d6éross the full temperature range

The reported Arrhenius paramesation error represents the standasdetror from the

least squares fitting to the data, and the percentage error represents the widest part of the

95 % confidence limit bands.
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Figure 3-19: Concatenate fito rate coefficient data fos-butanol + OH reaction: Thi:
work (black triangles, black solid line, 95 confidence limits in red shaded regic
with the Arrhenius parameterisat® constrained to the high temperature data f
Panget al. (purple circles, purple solid line and dashegkIfor extrapolated region
Compared witiMcGillen et al (blue inverted triangles, blue solid line), Jimeeéal.
(olive squares, olive solidnle with dashed line for extrapolated region) experime
data; Sarathet al. (solid pink line) calculationSAR of Atkinson (Red dedlash line)
and Bethelet al. (green dotdash line).Data replicated fromi78], [123], [74], [55],

[114] and[101].
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The concatenate fit to the experimental nueasients made in this work and the
high temperature data Bfanget al.[74] provides a worse fit to the data points obtained
in this work.The discrepancy obtained between the experimental work obtained here up
to 700 K and the experimental work of Pan@l.[74] above 888 K particularly highlights
the need for future experiments insthntermediate temperature range, to bridge the

uncertainty between the two sets of experimental data.

In order to obtain a total bimolecular rate coefficienthe Panget al. shock tube
study, the experimental OH traces were fit to modified versiorthreE combustion
models found in the literature; the mechanisms of Frass@tat{125], Hanseret al.

[126] and Sarathyet al. [55]. The average total bimolecular rate coefficient for the
reaction ofs-butanol with OH washten reported, with the significant error bars reported
encompassing the upper and lower limit of the rate coefficients calculated from fitting to
the mechanisnilhe rate constant determined in their work was therefependentn

the mechanism used fottfng to the data, as well as being reliant upon the reaction rates

of significant amounts of secondary chemistry and multiple branching ratios.

In the Hanseret al. model used to fit the OH traces, the branching ratios tend
towards significant amounts 6 recycling (82 % from the primaradical and 7P6
from the secondanp-radical), and thus this model provided the fastest bimolecular rate
coefficient forthe reaction of OH witts-butanol to accurately simulate the OH time
profile obtained from expament. This is in contrast to the Frassolddtal.and Sarathy
et al. mechanisms, where the branching ratios for the secondary chemistry result in
decomposibn and isomerisation to ne@H products dominating (e.g., only 6 % OH
formation from the primarybradical in the Frassoldatt al. mechanism), and
consequently theseodels calculate slower bimolecular rate coefficients for OH with
s-butanol. Panget al. concluded that the best agreement obtained between the model
fitting and their data came fromeitmodified Sarathgt al. mechanism, but acknowledged
this may be a amsequence of errors in various rate constants cancelling out to give the
best simulated OH profile. When compared to this work and other previous experimental
data, the total bimoleculaate coefficient calculated from the mechanism of Sarathy
al. performs the worst of all the temperataependenparameterisation3.heuse of this
model and the branching ratios involved may explain the slower total bimolecular rate
coefficient calclated by Panget al. in their shock tube study through the use of the
Sarathyet al. model.
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3.6.2 Conclusion

The bimolecular reaction between OH anbutanol has been measured across
the temperature range 2892 K, across pressures of 3Q10 Torr. The avage room
temperature rate coefficiertsbutanoron = (8.55 + 0.5F x 102 cm® moleculé! s, with
the error reported at thes level, was measured in good agreement within experimental
error with previous experimental literature. The experimental data at temperatures
between 298 K and 400 K was in excellent overall agreement with the previous
temperaturelependenstudy by McGilenet al.[78], and excellent agreement was also
obtained between the two modified Arrhenius parameterisations.

Agreement with the high temperature shock tube data of Baag [74] was
relatively poor incomparison with the agreement observed for the other butanol isomers.
This is likely a consequence of the different method of analysis utilised by €taalg
compared to the other butanol isomers studied by the group. Three different fitting
submechanims formed from combustion models in the literature were used to fit the OH
profiles dtained in their work, and the value reported for the bimolecular rate coefficient
was the average value obtained from each mechanism. FoePanthe best agreement
was observed with the mechanism of Sarathgl.[55] for other reactions measured, but
it was acknowledged this may be a consequeaicerrors cancelling out within the
mechanism. The total bimolecular rate coefficiehiSarathyet al. showed the worst
agreement with the rate coefficients obtained in this work, and therefore this could explain

the bias towards a slower total bimolecukzte coefficient obtained by Paagal.

3.7 t-butanol

Whilst t-butanol cannot be produced currently from biological sources and is
solely a petrochemical product,ig alreadycurrently used as an octarenhancelin
engines [47, 55, 76, 127]and thus its rate of reaction with the OH radical is of interest.
There have beeafew temperature dependent studies of #wction oft-butanol with
OH by Tetoret al.(1996)[128], McGillenet al.(2013)[78] andWallingtonet al.(1988)

[127], which extend to upper temperature limits of 372 K, 381 K and 440 K respectively.
Most recently, Straniet al.[76] studiedthe reaction between 9001200 Kusing shock

tube aparatus andinetic modeling of isotopically labelled-butart®ol, allowing the
absolute total OH abstraction rate to be measured without the interference of the

b-abstraction site radical recycling channel. Between th@setemperature extremes,



120
there exists a significant gap in the literature. This work extend®theerature range
studied to 614 K.

t-butanol represents the simplest of the four butanol isgpessessing only two
different possible abstraction sites for the reaction with the hydroxyl radical. These two
distinct sites and the resulting radicalbdwing abstraction reactions can be seen below
in Figure3-20 andFigure3-21. The three equivalent primary methyl groups result in one
unigue G H abstraction environment fotbutanol, compared with four possible different

Ci H abstraction environments foundrninands-butanol, and three found irbutanol.

Figure 3-20: Possible abstraction sites frarbutanol by OH. Primary abstractioites
in blueand hydroxyl group abstraction in oran@arbon positions relative to hydroxyl
group labelled in re.

OH OH o

Figure 3-21: Resultingt-butyl andt-butoxy radicals formed by H atom abstraction by

OH at each potential alvattion site.

(CH3)sCOH + O H3)(CH(COHH+ HO R 3-6a

(CH3)sCOH + OH3)s80 HHOH R 3-6b
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3.7.1 t-butanol + OH: Temperature Dependence

The bimolecular rate coefficient for the raaot of t-butanol with the hydroxyl
radical has been measured at temperatures from @98 K, at pressures of 300 Torr
total pressure. All experiments were conducted using hydrogen peroxide as an OH
precursor, and utilised the eafsonant fluoresceecexpennental set up. All the
experimentallyobtained bimolecularate constantare summarised ifiable 3-10 and
Figure3-22, with footnotes to explain quoted errors and any key experaheetails that

differ from the usual setup.

For experiments conducted at temperatures@l&85 K and pressures above
80 Torr, the bubldr method of reagent delivery was utilised. Experiments conducted
consecutively found that a correction of 36 % wexguired to correct the bimolecular rate
constant value obtained by the bubbler to that of the known concentration bulb. In order
to assignan error to all measurements obtained via the bulb method of delivery, the
standard deviation ofive repeat measureznts at 298 K was calculated. These
measurements were carried out using different filled bulbs of reagent and across different
days of expements, to measure the true variation between repeat measurements. This
was converted to a percentage error of 3¥ich has then been applied to all other bulb
measurements. Measurements conducted using the bubbler method of delivery are likely
to possses a more significant uncertainty in the quantity of reagent delivered to the cell,
and these experimental resulteréfore have a larger associated uncertainty of 15 %.
These differences are highlightedRigure3-22, in which experiments conducted using
the bulb and bubbler method of reagent delivery are represented by filled black circles

and red triangles, respectively.
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Figure 3-22 All experimentally obtained rate coefficient data for the reaction of
t-butanol with OH, obtained between B®B8 Torr. Experimental data measured using
bulb mehod (filled black circles) and bubbler method (filled teidngles) of reagent
delivery.
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Table 3-10: Summary of experimental conditions and bimolecular rate coefficie
(K) obtained for thé-butanol and OH reaction.

Temperature / K Pressure /Torr  [t-butanol] / 104 k/ 102 cm?
molecule cm3 moleculé!s'?
298 31 1.4071 12.3 0.88 £ 0.02
298 31 1.027 7.60 0.98 + 0.03
298 33 1.6571 12.2 0.86 £ 0.02
298 33 1.2971 9.25 0.89 £ 0.02
298 33 1.357 9.18 0.93 +0.03
298Y 90 3271 310 0.91 (0.67) £ 0.09
352 32 1.127 8.86 1.32+0.12
390 34 1.117 7.31 1.30+0.12
410 31 1.1871 10.12 1.27 +0.17°
433 33 0.951 7.45 1.70 £ 0.1%
435 31 2.6571 9.65 1.38+0.12
442 34 0997 6.57 1.60 + 0.14
468 34 1.1271 8.51 1.71 +0.1%
501 34 1.017 8.00 2.11+0.19
510 34 0.6971 4.42 2.04 +0.18
535 34 0.681 6.75 2.22 +0.20°
536Y 83 2971 115 1.81 (1.33) £ 0.27
555 35 0.641 4.27 2.08 +0.19
575Y 48 457 86 2.11(1.55) £ 0.32
578 35 0.531 3.67 2.03+0.18
587 42 567 130 2.01+0.1¢
592V 88 6571 210 2.69(1.98)+0.4°
599V 86 671 197 3.01 (2.21) £ 0.45
605 38 3.81 7.1 2.73+£0.2%
607Y 87 6071 197 2.72 (2.00) £ 0.41
614Y 88 6371 203 2.91 (2.14) £ 0.44

Y Reagent introduced from bubbler. Value obtained be36ré correction shown ir
parentheses® 2s error from standard origin fittind’ + 9 % error, calculated fror
standard deviation of repeat measurements at 238:KL5 % error, resulting fron
uncertanty in bubbler method of delivery.
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All experimental bimolecular rate coefficient dédathet-butanol + OH reaction

is summarised inFigure 3-22, and can be described by the expression

5200 N 2600

Kebutanol+oH(298T 614K) = (4.50 + 23.7)] 1 B T(2-99 [ &xgrm ¢ rh
moleculé!s'?, with an overall error of 9 % across the temperatures studied in this work.
The reportedArrhenius parameterisation error represents the standagdrdr from the

least squares fitting to the data, and the percentage error represents the widest part of the

95 % confidence limit bands.

For t-butanol, a positive temperature dependence wasnaaseacross all
temperatures studied in this work, in aast to the other three isomers which all
displayed a degree of negative temperature dependence at the lowest temperatures
potentially from formation of a hydrogen bonded complex (see Se8t®nFor this
isomer, &er comple formation, the energy barrier to abstraction is likely higher than the
entrance channel, and thus at lower temperatures, the fonnediteo complex does not

enhance the reactiviip contrast to the other isomers
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Table 3-11: Summary of previous studies &fhutanoi+onconducted in literature
compared with this work.

Reference k 3298 K)/ 100*2 Temperature Pressure/ Method P
cmmolecule? /K Torr
S'l'l
Wallington (1988)  1.07 + 0.08 2407 440 257 50 FP RF
[127]
Saunders (1994) 0.81+£0.17 298 1 DFi LIF
[129]
Teton (1996]128] 1.08 £0.10 23071 372 100 LFPI LIF
Wu (2003)[108] 1.11 +0.07 295 760 RR
(1.13 £ 007)
Sarathy (2012[55] 1.00 2007 1800 N/A STiCM

McGillen (2013) 1.04 £0.08 22171 381 55T 205 LFPi LIF

[78]
Stranic (2013]76] 0.03 9007 1200 760 ST
Atkinson (1987) 0.60 N/A N/A SAR
[114]
Kwok (1995)[130] 0.68 N/A N/A SAR
Bethel (2001]101] 1.24 N/A N/A SAR
This work 0.91+0.09 2987 614 361 89  LFPiLIF

aErrors reported ares? conducted at 298 K unless otherwise specifteBrror is
standard deviation of 6 measuremehti LIF: Laser flastphotolysi$ laserinduced
fluorescence, FARF: flash photolysigesonance fluorescence, DAF: discharge
flowi laser induced fluorescenc8Ti CM: Shock tube combustion modelling. SA
Structureactivity relationship.¢ Extrapolated from high temperature experim
Arrhenius parameterisatiohEx per i ments conducted a
Updated values using IUPAC reference ratefficients for relative rates shown
italics.

The room temperature rate coefficient obtained for the reactitbuwanol with
OH in this study (9.1 + 0.9) x 10 cm® molecule! s (with the error reported at thesl
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level), is in good overall agreement with previous literatiiéallington et al. [127]
utilised flash photolysisesonance fluorescence ktO 165 nm of HO precursor,
obtaininga value ofkiputano+on= 1.07 + 0.08x 102 cm® molecuE' ' s'¢, in reasonable
agreement with the value obtained in this work. The study conducted by Saeinalers
[129] using the discharge flovaser induced fluoresnee method is the slowest
experimentally measured rate coefficient for the tieacof t-butanol with the hydroxyl

radical, and also agrees reasonably well with this work.

Wou et al.[108] conducted the only relative rate study into this reaction, using a
reference  compound of propgn with a reference rate 0fKpropane+orF
1.08x 102 cm® molecule! st. An ypdated value for this reference rate according to the
IUPAC recommended valuesksopane+or= 1.10x 102 cm® molecule! st. This provides
an updated value OKuputanororF 1.13x 10*2cm?® molecule! s, in poor overall
agreement with the bimoleculeate coefficient obtained in this work. The most recent
room temperature experimental study by McGiliéal.[78] is in good overall agreement

with the value obtained in this work across all precursors studied.

The earlier structure activity legionships (SAR) of Atkinsofil14] and Kwok
and Atkinson[130] do not reproduce the room temperaturee reoefficients well,
calculating total bimolecular rate coefficients that are approximately 35 % slower than
the experimentayi measured value from this work. Conversely, the updated structure
activity relationship calculated value by Betkélal [101] is approximately 30 % faster
than the experinm@al value obtained in this worklhe predicted value of Saratky al.
[55] is in good agreement with this work, however the extrapolation of the study by
Stranicet al [76] is slow by over an order of magnitude at 298and is therefore not

likely a reliable extrapolation gathe experimentally studied region.

For comparison of the temperatutependenparameterisation of this work with
previous literature, both total and site specific temperatapendenparametdsations
for the reaction of-butanol with the hydroxytadical can be seen summarised able

3-12, and represented graphicallyRigure3-23.
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Table 3-12: Arrhenius parameterisation for the OH-butanol reaction from previou:
literature and this study.

Reference T/ K Site k (T)=AT"exp( E/RT) Fx(T)
Alcm? n E/R/K Fx(T)
moleculé!s'?
McGillen 22071 Borim 1.34x 10'Y/ 2 227
et al.[78] 1800 14 .
Beomplex. 6.83x 10 i 548
OHY 1.89x 1018 2 460
Stranicet 9007 Total 1.24x 1010 - 2501
al. [76] 1200
Sarathyet 2001 b 1.15x 1023 3.7 11217
al. [55] 1800 i ;
OH 9.76 x10 %2 2.82 1295
Atkinson SAR b 1.35x 101" 2 303 exp(76/T)
[114] i
OH 1.89 x10/18 2 460  exp(76/T)
Kwok and SAR b 1.35x 101" 2 320 exp(62/T)
Atkinson 18
Bethelet SAR b 1.35x 1017 2 320  exp(285/T)
al. [101] :
OH 2.10 x10'18 2 85  exp(62/T)
This  298i 614 Total® (450+23.71 299 + -630+
Work 11 0.71 320
Total® (3.90+4.1) 3.67 + -886+
T1@®s3 0.13 80

Y Value from personal communication, not value reported paper [131]
* 3 x 4.49 x 10'*8 cm?® moleculé? s'*. @ Not constrained anfiConstrained to higt
temperature data from Stramatal.
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Figure 3-23: Rate coefficient data for-butanol + OH reaction: This work (blac
triangles, black solid line, 9% confidence limits in red shaded region). Compared
Stranicet al. (purple circles, purple solid line and dashed line for extedpd region),
McGillen et al (blue invertel triangles, blue solid line), Wallingtoet al. (olive

hexagonp experimental dataSarathyet al. (solid pink line) calculation; SAR of
Atkinson (ied dotdash line) Kwok and Atkinson (orange ddash linelandBethelet

al. (green dotdash line) Data replicated fromi78], [76], [127], [55], [114], [130] and

[101].
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When the modified Arrhenius parameterisation obtained in this work is

extrapolated to temperatures nearing 1200 K, the ovwenakrtainty calculated by the
95 % confidence limits is approximately 65 %. This worknigood agreement witthe
temperature dependegxperimentalvork above 298 Koy McGillenet al.[78] to 382 K

and Wallingtonet al. [127] up to 440 K, displaying a slight gsitive temperature
dependenceThe corrected structure activity relationshipAR§ parameterisation of
McGillen et al.[131] for the b site abstractin through direct and complex channels was
used in conjunction with the OH abstracti from the SAR of Atkinson114],

46

kon=1.891 139 T?Texp e mimolecule! s? to fit the corresponding datAbove

440 K, theexperimentallyobtainel bimolecular rate coefficienia this workdisplay a
temperature dependenae reasonable agreement with tMeGillen et al. modified
Arrheniusparameters. All experimental measurements obtained here are faster than the
predicted temperature depkamce fom Sarathyet al [55], with an almost 500
discrepancy by 60B. Due to the width of the 95 % confidence limits, the work of Stranic

et al. is within the experimental error of this work, however the modified Arrhenius
parameterisation of this work is consistently slower than was measured in the high

temperature study.

The modified Arrhenius parameterisation for the data obtained heral$p been
fit and constrained to the high temperature data measured by Sitadiby including
their data in the parameterisation, shown Rigure 3-24. A modified Arrhenius
parameterisation Ofcbutanoor (2987 614 K) =(3.93 + 4.07) 1 3T T(3-67 | 0.13)

7370 N 660 wa . . :
e X pr™ ¢ rmimoleculé! s'! was obtained for this concatenate Tihis concatenate

parameterisation gives an overall error of 6 % at the ¥®8tidence limit level across
the tempeature range studied in this work (20814 K) and a maximum overall error of
7 % across the full temperature rangée reported Arrhenius parameterisation error
represents the standar@ ®rror from the least squares fitting to the data, and the
percentage error represents the widest part of the 95 % confidence limit bhisds.
provides an equally good fit to the e@xpnental data obtained in this study, and also
significant reduces th&ize of the 934 confidence limits at the highest temperatures, as

it provides a constraint for the curvature of the temperature dependence.
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Figure 3-24: Concatenate fit toate coefficient data farbutanol + OH reaction: Thi
work (black triangles, black solid line, 9 confidene limits in red shaded region
with the modified Arrhenius parametetieen constrained to the high temperature ¢
of Stranicet al. (purple circles, purple solid linend dashed line for extrapolat
region). Compared with McGilleet al (blue inverted triangles, blue solid line
Wallington et al. (olive hexagons) experimental data; Sarathwl. (solid pink line)
calculation; SAR bAtkinson (red dotdash line), Kwk and Atkinson (orange doash
line) and Bethett al.(green dotdash line)Data replicated frorf¥ 8], [76], [127], [55],
[114], [130] and[101].
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As the Straniet al. experimental data &emeasured using isotopically labelled
t-butart®ol, there is no interference from the unimolecular decompostiogcycling
channel, and therefore thiarcbe assumed bee an accurate measurement of the total OH

abstraction rate at these high temperatures.

Each of the Structuractivity relationship ttal abstraction ratios overestimate the
rate of reaction of OH witht-butanol, with the update of Kwoknd Atkinson
overestimating the total abstraction rate at 500 K by almost a factor of two. Whilst the
curvature of the temperature dependence for tla¢ e of abstraction is well captured,
the SAR parameterisations are consistently faster than theiregpéally measured

values over all temperatures above 400 K.

The updated total bimolecular rate coefficient obtained in this work for the reaction
of t-butanol with the hydroxyl radical has been used in combustion modelling in Section
5.4.30f this thesis, to investigate the effect of updating this rate constaheenodelled

ignition delay time.

3.7.2 Conclusion

The bimolecular reaction between OH asalitanol has been measured across the
temperature range 298615 K, across qgssures of 30 89 Torr. The average room
temperature rate coefficier,putanoror = (0.91+ 0.09) x 10*2 cm® moleculé! s'%, with
the error reported at thesllevel, was measured in excellent agreement within

experimental error with previous experintal literature.

The experimental data at temperatures between 298 K and 400 K wasdin go
overall agreement with the previous temperatiependenstudies by McGilleret al.
[78] and Wallingtonet al.[127]. The modified Arrhenis temperature parameterisation
of McGillen et al.is faster than the parameterisatiorito$ work across all temperatures
studied, and the structueetivity relationships of Atkinsofi14], Kwok[130] and Bethel
et al.[101] also show relatively poor agreement with this wesdticularly that of Kwok.
Excellent agreement is obtained from a concatenate fit towbik and the high
temperature experimental data obtained by Strainad. [76], significantly reducing the
uncertainties inthe total bimolecular rate coefficient fdrbutanol with OH at
temperatures between 400 K and 900 K.
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3.8 Isomer Comparison

For each of the isomers studied, good agreemestobtained withlhprevious
literature studiesparticularly with the temperatureependent parameterisations by
McGillen et al. The previous literature experimental studies for each isomer agreed with
the values obtained in this work at 298 K within the uncertaintiesged, with the most
significant disagreement occurring betweenrtteasurement farbutanol in this work
and that of Anderseet al.[84], which disagree by approximately 27 %.

The order of reactivity observed at 298 K wasutanol =i-butanol >s-butanol >>
t-butanol, ranging from (0.9 9) x 10*? ¢ mmoleculé! s in magnitude.t-butanol
measured the slowest rate coefficient across all temperatures studied, and did ryot displa
a negative temperatudependentegion in this work. Temperatutependenteactivity
was similar for all other isomers, with all displaying a slight nggatemperature
dependentegionat orbelow 350 K, and a positive dependence above mtHiitand
demonstrates the strongest temperature dependence at the highest temperatures, and the
fastest total rate of reaction with the hydroxyl radical at tempestelevant to low

temperature combustion.

Figure 3-25. Four structures of the butanol isomers:nd)utanol, b)i-butanol, c)s-
butanol and d}-butanol.

Given the structures of the four isomers of butanol, highlight&igure3-25, the
readivity towards the OH radical can be linked to several structural feattvetanol is
the only of the four isomers without a potential hydrogen abstraction site alpha to the
hydroxyl group. The low reactivity shown by this isomer toward the hydroxytakd
particularly at room temperatyrguggests that the alpha site contribwggnificantly to

reactivity at low temperatures.



133

iso-butanol
n-butanol 2-butanol 2-methyl-1-pr ren butanol
100.4 1019 945 By
B, 104.5 % o 1027 018 95 ° 103. 9
//\\/\ Bs 104 1
1025 g1 954 99.6 B 104 1
oH104.1 97.6 ﬁp

Figure 3-26: Ci H Bond dissociation energies (kcal mptalculated at CB®B3 level
of theory, replicated from Saratley al.[1].

The presence ofmraOH group weakens thei @ bond neighbouring to this in the
alpha position, as seen kigure 3-26, and thusthe alpha hydrogens the easiesto
abstract. The type ofi® bond also influences the strength of the bdmdexamplethe
b-sitesecondary €H bond ofn-butanolis a strongerbondthan that of theé-sitetertiary
Ci H bond ins-butanol. The bond strengtherdonstrated by thé Ci H bonds increase
in the order of tertiaryCi H < secondaryCi H < primary Ci H, as would be expected
owing to the inductive effects of the neighbouring algybups. Theb-primary sites in
tertiary butanol have the strongest bond eiesrgpf any calculatedof the butanol
isomers, and thus you would expect them to have the slowest rate of reactivity towards
reaction with the OH radical, as reflected in the experimental measurements made in this

work.

When going to CH environments furtér than theb positionfrom the OH group,
the effect of the hydroxyl groupn reactivityis expected to diminishaccording to
Mellouki et al.[132]. A slight reduction in reactivity is expected when going from the
to thegcarbon site, anddyond hese positionsthe potential CH abstraction sites are

expected to behave like theinsubstitutedlkane equivalents.

The bimolecular rate coefficientdtained 8298 K and the temperatudependent
parameterisations cato some extenbe rationalised bythe QH bond strengths
However, calculation obimolecular rate constantsand the branching ratioBom
calculated eergies is complicated and often poor agreement with experimentally
measured values, due to the existence of multiple conformers and low energy barriers to
abstractior]78] [55].

Each of the four isomers of butanol, apart frebutanol, showed some degree of
negative temperature dependence at the lowest temperatures siuthisdvork This
has been observed in the literatureviously by McGilleret al.[78], who also observed

this behaviour fot-butanol at temperatures below 298 K. This low (< 350 K) temperature
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negative temperature dependent region is often attributed to the formatibpdsbgen
bondedprereactivecomplex. This was first suggestl by Smith and Ravishankdi&3],
through consideration of the reaction of OH with esttoxygenated species such as
calboxylic acids and ketones. In their work, it was suggested that the formation of a
hydrogenbonded complex results in a lower activation energy for reaction compared to
a direct Habstraction reaction for some abstractidass The formation of a hydrogen
bond between the O atom of the alcohol species and the H atom of the hydroxyl radical,
and a second hydrogen bond between an H atom of the alcohol alkyl chain and the O
atom of the hydroxyl radical, results in formation afringsystem in which Hatom
migration can occur. Some possible structures of thissystem are shown iRigure
3-27. The extent of the influence of complex formoaton the low temperature reactivity
of the butanol isomers depends on the energetic barmdastoaction and the stability of
the complex formed in each case. In this work, the strongest negative temperature
dependence was observed $doutanol, suggsting this isomer forms the most stable
complex, and results in the lowest energetic barrierslifatom abstraction.
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Figure 3-27. Potential prereactive complex structures formddringthe reaction ofi-

butanol with OH a) Fivemembereding system and b) Simmembereeting system.

The total meaged bimolecular rate coefficients are of crucial importance to
developing and improving structuaetivity relationships, which ultimately lead to
calculations of the branching ratios for the reaction with OH. The most recent
measurements dficGillen et al [78] provided a good estimate of the temperature
dependence for the reaction of OH with each of the butanol isomers, which has been built
on in this work. Most parameterisations were in excellent agreement with this work,
however thecalculated pameters fot-butanol ands-butanol demonstrate some degree
of disagreement.
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Future work should look to calculate site specific parameterisations from this work
combined with the study of McGillegt al.and the high temperature work of gaat al.
and Stanicet al.for each of the butanol isomeess the total bimolecular rate coefficient
for each isomer with OH isow well defined. Future work could also look into further
isotope experiments, similar to those carried out by Raag for n-butanol andstranic

et al.for t-butanol, to constrain the branchingioatof the different channels.

3.9 Summary

This work provides new kinetic data for reaction of OH with the butanol isomers at
temperatures relevant to low temperature combustion condifibisswak has provided
total reaction data for each isomehich can be used in future in combustion moaejli
to constrain OH + butanol isomer reactiviljhe uncertainty of the bimolecular rate
coefficients for each of the isomers of butamas been significaly reducedby reducing

the gap in the literature of experimental measurements.

A good overall agrement was observed for all isomers with the total temperature
dependenparameters of the McGillegt al. study. Good to excellent agreement was also
obtaned with high temperature shock tube experimental data of &aalgand Stranic
et al, at temperatres above aroun8D0 K. A concatenate fit to this work and the high
temperature shock tube data was provided in each case, and can be used in future work
to constrain the total reactivity of the butanol isomers in combustion modelling and

structureactivity parameterisations.
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Chapter 4 Unimolecular Decompositionof the &-hydroxy-butyl

Isomers Following b-site Abstraction by OH

4.1 Chapter Summary

An experimental and heoretical investigation into the unimolecular
decomposition ob-hydroxy-butyl radicals has been concted. This chapter reports first
order decomposition rate constantsrari-, s andt-butanol over temperatures ranging
from 4901 715 K, pressures bgeen 30/ 130 Torr in nitrogen bath gas using the laser
flash photolysidaser induced fluorescence method for detection of OH.

Ab initio calculations at th€ECSD(T)/augcc-pVTZ//IM06-2X/augcc-pVTZ level
have been carried ousing the Gaussian 09 soft@@n conjunction with rasterequation
analysisusing the widely availablélaster Equation Solver for Muinergy well
Reactions (MESMER) programme, to obtaptimised energies for the enetig barrier
to this decomposition. An optimised barrier(@034 + 4.0) kI mol? for decomposition
of the t-hydroxybutyl radical was obtained from master equation analysis, in good
agreement with thab initio calculated barrier of 107.8 kJ molA bariier to the
decomposition of the-hydroxybuty beta radical wascalaulated theoretically as
99.9kJmol?, in reasonable agreement with the MESMBRimised barrier, (93 *
4.0 kJmolt. For the n-hydroxybutyl radical, @& optimised barrier of
(100.0+ 4.0) kI mol™ for decomposition was obtained from master equatiatyais, in
good agreement with thab initio calculated barrier of 98.8 kJ mblFor s-butanol,
master equation analysis of the recycling first order rate constants wasssdie, and

in this case, #terature comparison of the three calculated basrivas carried out.

4.2 Introduction

R radicals formed from abstraction reactibeswveen OH and fu¢Chapter 3are
important species in low temperature combustidresE radicals formezhn decompose
by unimolecular decompo&hn channels,or react withO, to form RQ radicals.
Ultimately, the formation oRO; radicals leadto the chairbranching reactions integral

to autoignition.

One potential mechanism of decomposition foalcohol fuel radicals is
unimolecular decompositioly &-scission, resulting in formation of an OH radical and

an alkene species. This mechanism ofodguosition was first observed by Hess and
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Tully (1988)[134], when measuring the kines of the reaction of OH with alcohols such
as ethanol, propanol and-butanol. In their workbiexponential OH fluorescence decays
were observed between 500 and 620 K, which they attributed to the formation of an OH
radical from an OKalkene intermedia formed from abstraction at the beta hydrogen
site. Hess and Tully also conducted experimetitsing both*®*OH and®OH reacting
with 2-propanol, with IIF monitoring of the OH radical. Aexample of kinetic trace
obtained ineach case is shown Figure4-1. For the'®OH fluorescence experiments,
biexponential fluorescence traces were observed, compared with a linear fluorescence
signal log plot obtained in thOH experiments This confirms the recycling of OH
observed ocas from the abstraction radicalpnsistent with theuggested hypothesis

of decompositiorof the 2propanol radical formed at thesite.

OH

OH LLF. SIGNAL {counts)

5+10° : | | ;
0 1 20 30 40 50
TIME (milliseconds)

Figure 4-1. ExperimentalOH fluorescencéraces obtained by Hess and Tylly4] for
the reaction of propanol ((CH).CHOH) with **0OH (hollow squargsblack solid ling
and ¥OH (hollow circles with red fit line addey obtained at 535 K and 544 K
respectively with radical decomposition mechanism shown for the resultipgpganol

radical.

Further work investigatinthis unimolecular decomposition channel was carried
out by Dunlop and Tully (1993)135], who carried out a more extensive temperature
dependenstudy of the reactionfd2-propanol with OH eross the temperature range
2931 745 K at 750 Torr total pressure of helium bath gas. In their Wl and'®OH
radicals were formed from the 193 nm photolysis 8@ or No*20 in the presence of
H-0, which was monitored byl F. For experiments conducted usti@H, biexponential

traces were observed between 504 and 600 K. Above this temperature, single exponential
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traces were obtained féfOH, however the pseudust order rate coefficients for the
reaction of OH with Zoropanol were significantly smaller than those measuredwbelo
504 K.

At temperatures above 600 K, the rate of OH recycling occurring from the
b-radical exceeeldthe initial abstraction reaction, such that OH refedalmost as fast
as it reaadwith the 2propanol reagent. In order to measure the OH recyclingwetex
at temperatures higher than 600 K, it was noted that the concentratiepropahol
would have to be increased by 15 times to obtain a rate for the initial abstraction reaction
faster than theate of OH regeneration. At these high concentratidres,iriterference
from 193nm photolysis of alcohol reagent would make the fluorescence traces obtained

too complicated for analysis.

From the measured rates of the unimolecular decomposition & phepanol
bradical obtained between 504 and 600 K bynlop and Tully[135], a barrier to
unimolecular decomposition to give propene and OH was calculated as 112.5
6.3 kJmolt. More recently, the kinetics of the reactioatween propene and hydroxyl
were studied theoretically by Zadetral.[136], in which quantum chemical calculations
were combined with RRKMbased master equation solving. The addition of OH to the
double bond of propene was considered for additioboth the central and terminal
carbons, resulting ifrradicals for 2propanol and -bropanol respectively. In their work,
the calculated barrier to decomposition of thRerdpanolt-radical was 106.3 kJ nig|
compared to 110.0 kJ mbfor decomposition of the equivalenipopanol radical. The
potential @ergy surface (PES) calculated by Zaeoral. for 2-propanol is shown in
Figure4-2, with energies reported in kcal rmiplrelative to the OH + propene entrance
channel.This calculated barrier for-@ropanol is in excellent agneent with the value
obtained by Dunlop and Tiylpreviously.
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Figure 4-2: Potential energy surface calculated for thgr@panolb-radical by Zadoet
al., replicated from{136]. All energies reported in kcal mal relative to the entrance

channel of propene + OH.

The decomposition of thiradical has been explored to some degreelfatanol
in high temperature pyrolys[237] and flow reactor studigd38], with complementary
modelling based on the combustion miazfeGranaet al.[121]. Qualitative experimental
observations have been made by Watlal.[139] for n-butanol radical decomposition at
temperatures relevant to lonwntperature combustion oxidation, through the monitoring
of butene engbroduct yield (following reaction ofi-butanol with chloine radicals)at
650 K and 700 K. Wel=zt al. also observé iso-butene formation fot-butanol and
i-butanol radical decompositian a separate study at 700 K utilising the same method
[140]. Ab initio barriers for the decomposition afbutanol hydroxybutyl and butoxy
radicals have also been calculated by Zhang, Klippenstein and[14l}, and for
s-butanol adical decompositiody Antonov, Kwok, Zador and Shepg42]. Further
discussion of the methods andiiens obtained through these calculations is provided in

the relevant results sections in this chapter.

Decomposition rate constants for the differéritydroxybutyl radicals are often
present in combustion models for the isomers of butanol, reported as a reversible reaction
for the addition of OH to the relevant bae isomer. In the model of Grartal.[121],
the decomposition rate constant for theadical of each isomgrossesses the same A

factor @ x 10" s1) and an activation energy of betwe2B8 i 146 kJ molt. The
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combustion model of Blackt al. [99] for n-butanol reports an estimated value of the
hydroxyl radical addition tm-butene of 9.9% 10" exp (483/T) crd mol? s, with the
reverse calculated by microscopic reversibility. The method of Béack. was also
adopted in the widely used combustion model of Saretlay}. [55], who used the same
OH addition to butene rate for each of the four isomers reported by &latk despite
the different butene isomers involvedtime decomposition reactions for the different
butanol starting reagents. In the Saragiyal. study however, they do state that using
these rate estimates for other systems, e.g. the addition of @id ¢entral carbon of
isobutene, warrants further irstegation, as the rate of OH addition is likely to differ for
addition to a tertiary carbon. From the study of Z&ebal. for the two isomers of
propanol[136], it is unlikely that the barriers to decomposition for the four isomers of
butanol are all agjvalent. Consequently, kinetic investigations ittte decomposition
barriers for b-hydroxybutyl radicals to OH and butene is of interest to combustion

modellers for improving this aspect of butanol combustion modelling.

Above approximately 480 K for elaof the four butanol isomers studied in this
work, biexponential OH fluorescence signal traces were observed, which has been
attributed to theb abstraction site unimolecular decomposition to an alkene and an OH
radical. Ab initio energies for the speci@svolved have also been calculated, with the
energptic barrier to decomposition optimised using master equation solving fgrand
t-butanol. As multipleb-site radicals are formed from the reaction of OH withutanol,
it was beyond the scope ofighwork to optimise the multiple energetic barrieoghis
decomposition, and therefore an extensive literature comparison has been conducted for
this isomer. Theab initio computational calculations ft#butanol decomposition to OH

and isebutene werearried out by Dr. Diogo J. Medeiros.

4.3 Experimental

All experiments were conducted using laser flash photelgser induced
fluorescence and the flosystem described i@hapter2.7. OH radicals were generated
from pulsed laser photolysis (10 Hz) at 248 nm (Kkcimer laser) or 266 nm €3
harmonic of a plsed Nd:YAG laséer of hydrogen peroxide precursor, with some
experiments conducted using urea hydrogen peroxide (UHP) precursor. Experiments
were also conducted using oxalyl chloride ((CQCprecursor as ahtorine radical
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source fort-butanol andi-butanol. The specific experimental details relating to these

expeiments can be found in their respective results sections.

H2O2+hv(l =248 nmor 266 nmY OH R4-1

(CO(NHg)2)-H202 ’ aﬁzoz +hv(l =248 nm)Y OH + products R4-2

Hydrogen peroxide was delivered via a flow of nitrogen evesservoir of liquid
hydrogen peroxide in a pressurised bubbler, positioned upstream of the mass flow
controller (MFC). Urea hydrogen peroxide was introduced by flowing a steady stream of
nitrogen over the top of a small amount of solid urea hydrogeoxis, placed in the
bottom of a pressurised bubbler. This bubbler was then placed in a water bath maintained
at 298 K to ensure a stable amount of hydrogen peroxide was released from the solid
precursor. For experiments using oxalyl chloride, a bulb adwkm concentration was

made of the precursor in nitrogen bath gas.

OH radicals were detected using laser induced fluorescence with detection at
approximately 308 nm. All experiments, with the exaapoft-butanol, were conducted
utilising onrresonant florescence, with 308 nm probe laser light generated from the
doubling of a Nd:YAGpumped dye laser (utilising DCM special dye). ForreBonant
fluorescence fot-butanol, 282 nm probe laser lightas generated from the frequency

doubling of a Nd:YAGpumpel dye laser operating on Rhodamine 6G dye.

Total pressures were typically maintained at 3@0 Torr, with the experimental
conditions found in the summary table for each isomer in the subseofitinis chapter.
Alcohol reagent diluted in nitrogen wadslivered using the bubbler method outlined in
Section2.7.1.3

Chemicals used:n-butanol GigmaAl dr i 984 %), G-butanol Gigma
Aldrich, ©99.0 %), s-butanol(SigmaA | d r i 995 %), t-Butanol SigmaAl dr i ¢ h,
990 %), hydrogen peroxide/waterH§O,, SigmaAldrich, 50 % (w/w) in HO), urea
hydrogen peroxide GO(NH)2-H202, UHP, SigmaAldrich, 97 %), oxalyl chloride
((COClp, Sigma Al drich O 9 9%)%aswas Nsedstraiggté&am ( B C
the cylinder.
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4.3.1 Kinetics and Analysis

Kinetic traces obtained in this temperature range exhibited biexponential
behaviour, and therefore racpd fitting with a more complex fitting equatioifhe
biexponential equation was previously derived by Dr L. Onel at the University of Leeds,
and further explanation of the derivation can be found in previous publiciliéB}

[88]. The parameters obtained from the biexpadiarit are outlined inScheme4-1.

K'b-abs the pseuddirst order rate coefficient for the abstraction reactiai@b site of the
alcohol K'nonb-abs the pseuddirst order rate coefficiertotal for abstraction athe other
possible abstraction sitdsecyciq the rate coefficient for the reforming of OH from the R
radical generated Byb-ans K' r-oss the other loss procesdes this R radical, anky, other
removal processes for OH (as before in the single exponential equation). The full fitting
equations are outlined 4-11 E 4-6.

+ RI
Los€—— OH —> R —> Recycl ec
Ky Kb-abs Kiecyc
+ R Knoma b s KRI os

0
Ot her abRstraéfPison

Schemed-1: Obtained kinetic parameters from biexponential fit to experimental traces.

S= '(k'd"' klb-a b+skln ofma b)s E4-1
M1= k'd+ klb-a bs k'n ofMma b+skr ec S" KR-E 0sSs E4-2
M2 = (kd+ klb-a b+sk'n ofMma b)J kr ec SH;('R-ES)S' klb-a stkr ecycl e E4-3

-M1 + M1%-41 M2
2

-M1- M1%- 41 M2
2

o= E45
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y=OHI (Ll_LZ)IexHé exp "+e xP E 4-6

A yield parameter has also been defined as:

. kr cl
OH Yi e+ea—3%ZLF100 )
e c y*Kn e@H E4-7

whereknonon = K'r-oss + Knonb-abs The pseudo first order rate coefficients are defined
relative to each isomer in the subsequent discus®otions, respective to the relevant
isomer.

4.3.2 Master Equation Analysis

Using vibrational frequencies, rotational constants, zero point eneagigs
absolute energies calculated usaidy initio methods, master equation solving daan
conductedIn this work,energy grained master equation (EGME) solving was conducted
using the widely availabl&laster Equation Solver for MuliEnergy well Reactions
(MESMER) programm@gl44].

For master equation solving, all réauts, products and transition states must be
defined, and the energy | evels within ea
set energy with. Reactive loss and gain across the grains in the system is modelled using
unimolecular rate coefficigs calculated from RRKM theory as described previously, and
the collisional energy transfer between grains is then modelled using the exponential
down term, @DEQswn, Which describes the average energy transferred on collision with
the bath gas. A repres&@tion of a model formed for EGME solving for a typical
association reaction is shownkigure4-3.
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Figure 4-3. Representation of a model for Energy Grained Master Equation (EGME)
solving for a typical association reaction, replicated from Gloweic&l.[144]

By providing MESMER with expémentalmeasurements of rate coefficielatg
a potential energy surface calculatedabynitio methods can be optimised through fitting
using the Marqualt algorithm. The optimisation process acts to reduce the value of the
statistical measure of goodsseof fi, c2, for a set of experimental parametetsscribed
by equaton E 4-8:

2 " (ki @ip) - ki | (Bidl) ?) E4-8

) Gi 2
i =1

whereki on(pi, Ti) is theexperimentally measured ratemod(pi, Ti) is the modelled value
at the same conditions, asdis an estimate of the error in the experimentally observed

value.

In this work, MESMER models were constructed for the decompositibthe
b-hydroxybutylradicakformed for each butanol isomer to an OH radical and the relevant

butene isomevia a trangtion state structurelhe energetic barrier to decomposition of
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eachabstractionradical to OH and butene was entered as a variable parameter, and
allowedto optimise to minimise the total value of for the experimental data points
obtainedfor each radial. Following this optimisation, MESMER calculated values for
the decomposition rate coefficiekitcycewerecompared to the experimentally obtained
values for given temperatures and pressured, aso simulated values at the high

pressure limihave been calculated

4.4 t-Butanol

The first isomer that will be considered in this chaptédistanol, as it repeents
the structurally simplest butanol isomer due to only possessigg unique CH
abstraction siteFollowing the abstraction of H from any of thmeequivalentbprim sites
by OH, ab-hydroxybutyl radical is formed, which can eliminate the hydroxyli@npand

form isobuten&ia &-scissionthe possible pathwdgr which can be seen Bchemet-2.

OH . L oM
OH OH

Scheme4-2: Decomposition mechanism followirfgsite abstraction frortxbutanol.

Decomposition of thet-butanol &-hydroxybutyl radical has been observed
previously in high temperature shock tube studies by Stedrat [76], who conducted
experiments using bothbutart®ol andt-butart®ol with OH. In their work, noticeably
smaller bimolecular rate coefficients were obtained when fitting the OH decay profiles
for the reaction of-butart®l with OH, as aconsequence of the unimolecular recycling.
When fitting the'®OH decay profiles for the reactiof t-butart®ol with OH, the'®OH
recycling from thet-butanol radical formedavould not be observed, and therefore the
measured rate coefficients in this caseurately reflect the measurement of OH with
t-butanol A low pressure, high temperature pysiyy study by Caket al[137] also
measured significant production of ibatene, which was attributed to tvetannels:
decomposition of the-butanol precursor by # elimination, and 99% of the

decomposition of thehydroxybutyl radical.
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Whilst the production of OH and the-pooduct isobutene have been observed in
the literature before, a direct measurement of rdie at which this unimolecular
decomposition occurs has not been measured previously. This thesis aims to measure the
rate ofthis b-scission reaction across a range of temperatures and pseasurealculate

the energy barrier to decomposition.

4.4.1 Experimental results

+ R OH K,
ecy
L 0 € Ka OH 9./< ——> Recycl ¢
Kb-ab s
+ R ,
knob‘rabs VkR-Ios
v
o Los
P

Schemed-3: Obtained kinetic parameteiar t-hydroxybutyl radical decomposition
biexponential fit to experimental traces.

The parameters that are obtained from the biexg@idit are outlined irScheme
4-3: K b-ans the pseuddirst order rate coefficient for the abstraction reaction at any of the
equivalent CH groups Knonb-abs,the pseuddirst order rate coefficient faabstraction at
the OH groupkecycls the rate coefficient for the reforming of OHbfn the R radical
generated bi(b-ans K' r-0ss the other loss processes for this R radmathas the reaction

with the small amount of oxygen preseaiid ks, otherremoval processes for OH (as
before in the single exponential equation).
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Figure 4-4: A typical kinetic trace obtained above 480where the red lines the single
exponential fit fromSection2.7.4 equatiorE 2-26, (k' = (6040 + 270) 3) and the blue
line is the biexponential functiofE 4-6) (Kb-abs + Knonb-abs = (9240 +180)s?,

krecycle= (870 + 50)s1). The errors obtained are statistical uncertaintysatThe trace
was obtained at 538, 50 Torr, f-butanol]= 8 x 13° molecule crt. The inset to the

figure shows the residual plot thfe biexponential equation fitting to trace
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Figure 4-5: Increasing biexponential behaviour observed for increasing tempervaliure.

experiments conducted around 30 Torr withb [u t a n 62.5]x 1&* mélezulecm?.

With increasing temperature, the rate of unimolecular decomposition of
b-hydroxybutyl radicds to produce OH and isbutene increases, which is demonstrated
by the more prevalent biexponential behaviour observed in the highest temperagsre trac
shown inFigure4-5. The kinetic parameters obtained when fitting biexponential traces
can be seen iBcheme4-3. The kg parameter was fixed at a valugpically around
1007 200 s', obtained from a kinetic trace measured in the absence of any alcohol
reagent at each given temperature, and the total reméwak ¢ K'nonb-abg Was obtained

by globally sharing the paraterkyim.

In order to ensure meaningful rate coefficients were obtained from the
biexponential analysis of kinetic tracesp[itanol] was kept sufficiently high, such that
K'b-abs + K'nonb-abs > Krecycls Maintaininggoodseparation of the initial fast decay and the
recycling in the long tai[135]. As the parametekiecycle represents a unimolecular
reacion, it is independent of conetation, and therefore was obtained by sharing the
parameter globally across a series of traces for a given temperature and pressure.
Similarly, the loss parametdtonon Was shared across traces. The globally obtained

krecycle parameters can be seen soanised inFigure4-6 as a function of both temperature
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and pressurél.he error values reported are ttgeerrorsobtained from the biexponential
globalfit to the experimental tracesultiplied by a factor of 4As mentioned previously,
the global fit regime produces errors that are unrealistically small when considering the
errors involved in the experimental procedure, and thissstcaling factor waased to
account for systematigncertainties whilst retaining the relative uncertainties resulting
from the least squares fit to the data, to allow for appropriate weighting in the master

equation analysis.

I H I H I H I H I H I
60001 g 40 Torr 7]
] o 89 Torr J

5000 % .

4000 »_§_q .

3000 % .
2000+ »—%—4 .

1000+ B -
HaH

<1
krecycle/ S

HGH

T I T I T I T I T I T I
500 520 540 560 580 600 620
Temperature / K
Figure 4-6: Globally obtainedkecycie for t-butanol 5-hydroxybutyl radical. Brameters
shownas a function of temperature and presstine errors reported in temperatures are
+ 3 K for pressures around 40 Torr and £ 5 K for presanmasd 89 Torr, and the errors

reported for the »perimental krecycle Values are the sl errors obtained from the

biexponential global fit to the experimental traces multiplied by a factor of 4.
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Table 4-1: Summary of experimental conditions and obtainétir€cycling paramete

krecyclefor t-butanol

Globally Globally
T/K Pressure Precursor obtained obtained  Yield / %
Torr Krecycle/ ST Knonon / s

517 39 H202 277+ 21 8+ 58 97+ 22
531 39 H202 497 + 22 40+ 34 92+ 8
549 39 H202 902 + 32 34+ 24 96 +5
563 40 H202 1330 + 55 54+ 27 96 +6
577 40 H202 1975+ 91 124+ 34 94+ 6
587 42 H202 2716 + 68 651+ 22 81+3
590 38 H202 2675 + 103 161+ 32 94+ 5
592 88 H202 3523 £ 42 878+ 15 801
599 88 H20; 3963 +44 1183+ 24 771
607 87 H202 4684 + 74 1313+ 39 78+ 2
614 89 H202 5136 + 71 1322+ 21 79+1

The OH formatiomatekrecycieCan be expressed as a percentage of the total removal

of the R radica formed, krecycle and knonoH, WhereknonoH = K'riioss + K'nonb-abs, defining

the OH yield & equationE 4-7, as defined previously

OH Yi el

Akr(g/cycl]e

krue c S"IE(H e H

100

E 47

This yield represents the percentage of abstractionisaadhat reform OH via

the suggested route 8themed-3 following abstraction at the methyl groy@s there is

no known route to reform OH from the oxygen centred radical forfneaal abstraction

at the hydroxyl groupThe calcuated OH yields with the propagated errors from global

fitting for the individual parameters obtained can be sedmle4-1.
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Figure 4-7: Graph ofOH yield (%,percentage of abstion reactions that reform OH
via the suggested route 8theme4-3) against temperature (K), conducted ati490
Torr. Error bars represent propagated errork @fioss and knonon Obtained from single

trace aalysis.

The measurebhonon parameter represents other loss processes for the R radicals
generated during thaitial abstraction that do not result in the reformation of Sbine
of this loss could stem from the reaction of @&lsOH radical with the siall amount of
residual oxygen present in the system to form a stabler&iixal, orloss through other

decomposition channels, such as that to propenol andasHighlighted ilschemet-4.

o OH

|
|

OH OH

Schemed-4: Other potential fees of GHsOH radical not resulting in recycled OH.
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As discussed in the experimental methods, delivery of hydrogen peroxide
precursor into the reaction cell results in a residual amount of oxygen also beiegedeliv
Using the method described by Po#eral [88], the amount of oxygen estimated to be
in the system has been calculated as<2L0** molecule cri¥ for experiments at total cell
pressures around 40 Torr at 298 K, and 2.4 ¥ mfbleculecm? for experimental
presures around 90 Torr at 298 K. The reaction#14OH with oxygen could contribute
to knonon. However, R + @reactions have a weak tempera dependence, unlike the
b-hydroxybutyl radicalecomposition; the weak dependence of the yield on temperature

suggests that this contributionkenon is not major.

4.4.2 Ab initio calculations andM aster Equation analysis

The optimized geometries of thehydroxy species, the nesing OH and ise
butene species, and the transition state were all obtained at the DFT level
MO6-2X/augcc-pVTZ [145] using the Gaussian 09 progr@td6]. The M062X suite of
functionals were used for optimisations of &tustures, as these calculations are widely
thought of as being the optimum set for calculating main group kingétiesoptimized
structures were then used to caltele single point energies at the CCSD(T)/CBS level
[147, 148] Further information regarding the convergence criteria and the calculations
carried out can be found in AppendixThe harmonic oscillator approxation was used
for the majority dthe vibrational frequency density of state calculations, howevéndor
b-hydroxy radical specieseactant two bonds were treated with the hindered rotor
approximation (highlighted ifrigure 4-8). These bonds were treated with the hindered
rotor approximation as this has been found to better desbebadensity of states found
within the species of interest when carrying out master equation anglSis The
descriptions of hese hindered rotors were obtained through a relaxed scan of each
dihedral angle at 15° steps, with optimisations carried out &l€@&e2X/augcc-pVTZ
at each stgpand were used during the master equation salfog the alternative
decomposition chanhdo methyl and propenol, the optimised structures were also
obtained at th&106-2X/augcc-pVTZ level, and the single point energies were calculated
atthe less computatnally expensive CCSD(T)/au-pVTZ level (the energetic barrier
to OH and isebuteneformation was also carried out at this level of theory for

comparison).
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Using these calculated energies and vibratidreuencies, master equation

mocelling was also conducted using the Master Equation Solver for Multi Energy well
Reactions (MESMER) p&age[144]. The values OkrecyceCalculated by MESMER were
compared withexperiment with the barrier for 48sOH decomposition to OH and
iso-butene as a variable paramefine use of master equation calculatiatso allows

for investigation into the pressure dependence of the unimolecular decomposition
process, and for this dendence to be parameterised. The potential energy surface

obtained can be seenfigure4-9, with energies (in & mol?) relative to OH + isdoutene
the energies ofvhich were calculated separately and added toge#imer have been

defined as zero.
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Figure 4-8: Rotations described by hindered rotor approximationh{fgbgted by red
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Figure 4-9: Potential energy surface for the decompositio thydroxybutyl radical,

calculated at CCSD(T)/CBS//IM@BX/augcc-pVTZ level.
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An ab initio calculated barrier for theecomposition of the hydroxybutsadical
to produce a methyl radical and a propenolpoaduct (shown inScheme4-5) was
calculated a428.8 kJ mol at theM06-2X/augcc-pVTZ level. This is approximately
21.1 kJmol? higher tha the barrier to decomposition to give OH and isobutene at the

equivalent calculation level (107.1 kJ mpl

OH

OH

Scheme4-5: Decomposition of thea-hydroxybutyl radical to give -propenol and a
methyl radical

The MESMER fit to the experimental rate coefficients obtained predicts a barrier
of (103.4+ 4.0) kJmol* for p-scission with the error quote@ncompassing the error
calculated by MESMER1.3 kJ mot) and an estimate of the systematic etrorgood
agreement with thab initio calculated barriefor the transition statel07.8 kJ mot.
Figure4-10 shows that the experimentally obtairled,cevalues are in reasonably good
agreement with MESMER predicted rate coefficieatsoss all of the pressures and
temperatures studied, with the largest discrepancy observed at the teghestatures
studied. Figure 4-10 also includes an error in the temperature reported for the
experimentally obtaineklecycie Values. The experiments conducted at temperatures below
590 K (40 and 50 Torr, typically around 1niin! flow) have an estimated error in the
temperature of £ 3 K, and those at the highest temperatures (89 Torr total pressure, typical
flow 2 L mint) have an estimated associated error of + 5 K. This larger error at the highest
temperatures studied couhid in explaining the discrepancy between the MESMER
predicted rate coefficients and the experimentally obtained vallegyof Figure4-10
also shows the MESMERredicted values for the unimolecular decomposition at a
pressure of 8000 Torr, demonstrating that the majority of experiments conducted here

were not carried out at the high pressure limit of the reaction.

The deomposition barrier obtained by Dunlop aidlly for the 2propanol
hydroxyl radical was calculated as (112.6 + 6.3) kJ'naibtained from an Arrhenius fit

to the experimental data obtained over a relatively narrow temperature range
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(approximately 60 K)135]. This is a comparable energy to the barrier estimated by
master equation fitting in this work, (103.4+ 4.0) kJmol?, for unimolecular
decomposition of thé&-hydroxy t-butanol radicalThe lower energy fob-scissionof the
t-butanolradicalcan be rationalised byéhpresence of two methyl groyge®mpared to
the methyl and hydrogen R groups of thg@r@panol radical. The presence of two
inducting methyl groups ittbutanol would weakethe GOH bond compared to that of
2-propanol, resulting in a lower barrier to the breaking of this bond to form the alkene

OH complex.
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Figure 4-10: Globally obtained krecyce for t-butanol b-hydroxybutyl radical
decompositioras a function of temperature and presscoenpared with corresponding
MESMER fitted values and MESMER high pressure limit predicted values for
decomposition. Decomposition barrier estimated by MESMER = (103.3) kJmol™.

The errors reported in temperatures are + 3 K for pressures around 40 Torr and £ 5 K for

pressures around 89 Torr, and the errors reported for the experikepalalues are
the Is errors obtained from the biexponential global fit to the expental traces

multiplied by a factor of 4.
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4.4.3 Discussion of Branching Ratios

Both this work and that of Strangt al.[76] measure an overall OH regeneration
yield which is a combination of the branching ratio thfe initial abstraction
(BR1=Kb-abd(Kb-abs+ Knonb-abg) and of hydroxybutyl decomposition (BR2 =
(krecycid (Krecycietknonon)) With other minor loss prasses such as diffusional loss and

reaction of hydroxybutyl with oxygen.

In the study of Straniet al [76], the followingmethod for analysing the OH yield
was adopted. The parameter O6BR1BR206 was defin
abstraction channel (BRInultiplied by the branching ratio of the resultidegradical
(BR2). Acrossthe entire temperature range studied (92Q00 K), the value of BR1BR2
was approximately equal to 0.8he initial abstraction branching ratilBBR1, was
estimated as 96 = 6 % in the Straetal. study,based on a calculation for the reaction
rate oefficient of kK'nonb-ansassuming a similar bond dissociation energy for thid Gond
to that ofn-butanol, obtained from the Zhou, Simmie and Curran calculgtldray. This
implies that BR2 i9.83 + 0.05in order to obtain an ovall branching ratio for OH

regeneration of 0.80.

In this work, an ab initio calculated barrier for the decomposition thie
hydroxybutyl radical to produce a methyl radical and a propengireduct was
calculated as128.8 kJ mol (seeab initio section) 217 kJ mot* higher than that
calculated for the isbutene and OH route, suggesting that this@bdhproducing route
is a minor channel. Assuming a similar q@xgonential factor for both decomposition
channels for entropic reasons, the decompositidorm a methyl radical and propenol
is likely less than 26 of the potential decompositioas the temperatures studiegdthis
work, and it is unlikely that this channel would have a significant effect on the yield
observed. The two decomposition chasnelay however exhibit different pressure
dependentfalloff behaviour, potentially resulting in a change in BR2 at differe

pressures.

Theab intio calculations andnassessment of oxygen side reactions suggest that
virtually all the hydroxybutyl formedecompose undertheseconditions to OH and iso
butene. Therefore branching at the abstraction stage of the processlpmi®termines
the OH yield.The overall yield determined in this study(86 = 5) % where 5 % is the

widest part of the 95 % conkdce limits.Other previous literature for the initial
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branching ratio is displayed ifable4-2. With ~98% of hydroxybutyl regenerating OH,
this means that BR1 is ~ 88 %ur estimate of BR1 is in good agreement with the
predictons of the literature \iaes inTable4-2, with the exception of Kwok and Atkinson
[130]. Both the studies from McGilleet al. [78] and Sarathyet al [55] show some

decrease in the abstracgtirom theb-sites with temperature.

The bond strength of thei® bond int-butanol is greater than that of & and
therefore one would expect BR1 to decrease with temperature consistent with several, but
not all, of the SAR/predictions of BR1 shownTiable4-2. Our yield resuk are slightly
scatteredx 11 % from the mean yield obtainetut the datahownin Figure4-11 does
suggest alight decrease in yield with temperature and this wWdé consista with the
lower yield of ~0.80 under the higher temperatures of the Steanicdata. Further work
either on the pressure dependence of the decomposition channels, end product analyses
or isotopically labelled-butanol experimentgl00] would be required to provide more

precise determinations of the branching ratios.

Table 4-2: Fraction of OH abstractions occurriagbeta site af-butanol, according to

branching ratios from literature.

T/K Sarathy McGillen Moss Atkinson Kwok Bethel
[55] [78] [98] [114] [130] [101]
(2012) (2013) (2008) (1985) (1995) (2001)
298 0.98 0.96 0.90 0.92 0.75 0.86
460 0.95 0.93 0.90 0.91 0.79 0.89
480 0.95 0.93 0.90 0.91 0.80 0.89
500 0.% 0.93 0.90 0.91 0.80 0.89
520 0.94 0.92 0.90 0.91 0.80 0.90
540 0.94 0.92 0.90 0.91 0.81 0.90
560 0.94 0.92 0.90 0.90 0.81 0.90
580 094 0.2 0.90 0.90 0.81 0.90
600 0.4 0.92 0.90 0.90 0.81 0.90
620 0.4 0.92 0.90 0.90 0.81 0.90

The highexperimental OH yield and the higher caltethbarrier for CHvs OH

elimination from theb t-hydroxybutyl radical is in contrast to earlier flow reactor studies



158
[138] and modelling studiegl21] but in good agreement with the shock tube work of
Stranicet al and more recent modelling stud[@87] Lefkowitz et al.[138] rationalised
significant acetone yields as arising from me#ilyhination from GHsOH, but Welzet
al. [140] showed that acetone could be formed followingC{PlsOH formation and an
RO, to QOOHisomerization. Decomposition of the HOO&EHCHs)(CH2)OH, QOOH
specis generates OH, acetone and formaldehyde.

0.7+ A 40 Torr ]
] v 90 Torr 1
0.64 - - -sarathy (2013) 7
o A - - - McGillen (2013) 7
o 054 e Atkinson (1987) N
> {1 e Kwok (1995) :
044  ------ Bethel (2001) —
0.3- —
0.2 - —
0.1- i

0.0 T T T T T T T T T T T

500 520 540 560 580 600 620

Temperature / K

Figure 4-11: A graph of yield of OHor t-butanol radical decompositi@sa function of

temperature and pressure, where the error bars represent propagated éseexs ahd

knonon Obtained from global analysis. The literature lines represent the branching ratio of

t-butanol abstraction reactiogcurring at the beta sifeom literature:Sarathyet al.
(purple dashed line), McGillegt al. (blue dashed line) and the SAR of Atkinson (orange

short dashed line), the updated SAR of Kwok and Atkinson (Brown dashed line) and the

SAR of Bethekt al. (red dashed linepata reficated from:[55], [78], [114], [130], and
[101].



159
4.4.4 t-butanol + Chlorine

When the hydrogen peroxide/water precursor is introduced to the reaction cell
through the bublng of nitrogen over a liquid reservoir of precursor in a pressurised
bubbler, a small amount of oxygen is also delivered. This is as a result of contact of the
hydrogen peroxide with the inside of the mass flow controllers used for delivery, and
resultsin a residual unavoidable amount of oxygen being present in the system, typically
of the order ofiround 2x 10 molecule cr¥ (see SectioR.7.1.).

As the decomposition mechanism suggested for regene€tirig Sectiond.4.2
does mt depend on the presence of oxygen, the use of a different initiating precursor that
does not result in the introduction of oxygen should still result in the observation of this
recycled OH signal. A series of experinemwere therefore conducted usingalyk
chloride ((COCI)) as a chlorine radical precursor source, as this should not result in the
introduction of oxygen to the system on contact with the mass flow controller. While the
rate and site of reaction of chiloe radicals with-butanol is likey different to that of OH
radicals, these experiments can provide qualitative confirmation that recycled OH
observed is a result of the decomposition mechanism suggested, and not the result of the
presence of small amotsnof oxygen in the system. The rgans involved are as
described in reactiori® 4-37 R 4-10, and the rate parameters obtained from fitting to the

traces are described $themed-6.

(COCIp Y Cl+CO + COCI R4-3
COCI+MY Cl+CO+M R 4-4

Cl +1t-C4HoOH Y t-C4HgOH + HCI R4-5
Cl +t-C4HoOH Y t-C4HgO + HCI R 4-6
t-C4HoO Y loss R 4-7
t-CsHsOH Y OH +i-CsHs R 4-8

OH +t-C4HsOH Y t-C4HsOH + HO R4-9

OH +t-C4HsOH Y t-C4HoO + HO R 4-10
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k, K'b-abs KnonoH
LOSe— OHZ_— R ——— No©OH
krecycle
nofmab : le'
Ot he Cl

Scheme4-6: Reaction scheme describing the kinetic parameters that can beedbtai

from kinetic trace fitting to experiments conducted using oxalyl chloride precursor.

The full expanded fitting equation described ®gheme4-6 can be found in
Appendix A In these experiments utilising a chiw precursor, a growth ofHDsignal
was observed after the photolysis pulse generated the chlorine radical, initiating the
chlorine abstraction reaction @fbutanol to produce the appropriatéydroxybutyl
radical for unimolecular decomposition. An exale trace obtained under these
conditions can be seen Figure 4-12 compared to a trace t@ined under the same

conditions which utilised hydrogen peroxide as an OH precursor.

As these experiments were conducte@moxygen free environment, it can be
stated with confidence that the OH signal observed is a result oft-thdical
decompositionHowever, due to the complex nature of the reaction mechanism occurring,
analysis of these experimental traces was complicated, and prevented a thorough and
robust analysis for obtaining the required kinetic parameters. If sonhe plrameters
in the gbbal fitting regime were fixed to known values, then reasonably agreeable rate
constants could be obtained. In ordedtothis, experiments were carried out utilising
hydrogen peroxide precursor in place of the oxalyl chloridebtaiw pseudo first orde
rate constants for the reaction of OH witbutanol under the same conditions, allowing
this parameter to be fixed in the oxalyl chloride trace fitting. A summary of the OH
recycling parametekrecycig iS provided inTable 4-3 for experiments conducted using
hydrogen peroxide and oxalyl chloride precursors, and the experimental conditions under

which they were obtained.
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Figure 4-12: Example kinetidraces obtained alJtilising oxalyl chloride as the radical
precursor witht-butanol, 640 K, 130 Torrt{outanol] = 4x 10 molecule crf and an
estimatedstarting Cl radical concentration ofl x 10** molecule cn¥. b) Utilising
hydrogen peroxide raditarecursor witht-butanol,640K, 130 Torr, {-butanol] = 4x
10" molecule cri¥ and an estimated starting OH concentration »fl®*?moleculecm?.
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Table 4-3: Summary of experimental conditions for compdrie experiment:
conducted using hydrogen peroxide and oxalyl chloride at high temperature

t-butanol.

Temperature /  Pressure/ Torr H202 krecycle value  (COCI)2 Krecycle Value /

K /st st
579 125 3290 + 450 570 + 1480
637 131 9400 = 500 8360 + D90
644 128 10300 + 490 13830 + 6140

Table 4-3 highlights thereasonable agreement for the OH recycling parameter
krecycle Obtainedbetween the two differemtadical precusors usedThevalues obtained
for the oxalyl chloride precursor have significantly larger errors, as a result of the larger
number of parameters obtained during the fitting of traces. The measurements obtained
at the lowest temperature show the worst agreement betivedwo initiating radical
precursors, as this is likely where the reaction of OH wiibitanol was comparable to
the rate of unimolecular decomposition of #rydroxybutyl radical, and there was not

good separation of the two rate constants.

While thechlorineradicalexperimats did not allow forobustparameter retrieval
of the OH recycling paramaetet did provide qualitativeconfirmation that the recycled
OH is produced via the proposed oxygen free mechar$rthe highst temperatures
studied,whilst the retrieved parasters had significant errors, they were in agreement
with the values obtaineflom the hydrogen peroxide experimemighin the calculated

error bounds
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4.5 j-Butanol

i-butanol possesses one potential abstraction site that vesuldin the appropriate
b-hydroxyalkyl radical for decomposition to an alkene and an OH radical, which is a
tertiary @ H site. Similar to the decomposition of thebutanol b-radical scission, the
decomposition of-hydroxybutyl radical results in formation of ibmtene and OHas
outlined inSchemet-7.

*OH .
— = — OH
OH . OH

Schemed-7: b-scission @éammposition mechanism following-site abstraction from
i-butanol.

The decomposition of thebutanol 5-hydroxybutyl radical h& been observed
qualitatively previously by Welet al.in a study examining the low temperature oxidation
chemistry ofi-butanol at 550 K and 700 H40]. A significant increas in the isebutene
signal at 700 K ws attributed to this unimolecular decomposition channel. The
observation of isdutene despite the presence of approximatelyl®® molecule cri?
of oxygen in the system suggests this unimolecular decompositioneti@nompetitive
with the addition boxygen at temperatures relevant to low temperature combustion, and
therefore of interest to combustion chemistry modelling.

4.5.1 Experimental results

All experimentally obtainetecycie parameters are summarisedliable4-4, and
represented graphically ifrigure 4-13. The differentsymbols represent different
approximate groupgs of pressure, with experiments conducted ati 339 Torr
represented by black hollow squares, and results obtained &2Tor represented by
hollow red circlesExperiments conducted at 82 Torr of total pressure utilised a total flow
of gas around®2 L min?, and consequently the temperature correction has a larger
uncertainty associated of + 5 K, whereas experiments at 38 Jauirl L mirt total flow,

and are subject to a smaller uncertainty 8fik
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Table 4-4: Summary of experimental conditions and obtained OH recycling

parametekecyciefor i-butanol

T/K Pressure Reagent Precursor Globally Globally  Yield
| Torr Rangée obtained obtained 1 %
Krecycle/ S Knon-on/ St

493 36 0.45i1 3.85 H202 38+3 248 £27 13+%2
510 81 9.71 16.1 H202 113 + 27 1396 + 550 7 %5
518 37 0.9371 3.77 H202 885 468+ 32 162
527 37 0.4371 3.77 H202 107 +6 545+31 162
540 81 9.17 26.6 H202 241 + 19 1515+ 227 14+ 3
550 37 0.891 3.46 H202 245 +13 907+40 21+2
551 81 9.01 25.6 H202 343 + 22 1849 +171 16+2
564 81 8.71 19.6 H202 507 + 20 1882 +106 21+2
580 38 1.2471 3.50 H202 369 + 25 1379+63 212
587 82 10.57 24.0 H202 908 +35 2269+105 29+2
587 81 10.271 23.0 H202 874 +37 2345+ 133 272
595 82 16.41 22.7 H202 1006 + 28 2180+77 32%2
600 39 2.661 3.38 H202 383+19 1313+50 23+2
607 82 8.91 20.1 H202 1732 + 46 2381 +78 42%2
614 82 13.271 19.6 H202 1746 + 55 2181 +94 44+3
621 82 18.21 20.2 H202 2656 + 111 2532+ 137 51+4

a7y 10" molecule cri®
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Figure 4-13: Globally obtainedkrecycie for i-hydroxybutyl &-radical decomposition as a
function of temperature and pressure, with hollow biapkares representing experiments
at 37 Torr and hollow red circles fexperiments at 82 Torr. €hreported error bars
represent thesl errors obtaed from the biexponential global fit to the experimental

traces multiplied by a factor of 4.

4.5.2 Ab initio Calculations and Master EquationAnalysis

As before, the optimized geometries of trydroxybutyl species, the resulting
OH and isebutene speciesnd the transition state were all obtained at the DFT level
MO6-2X/augcc-pVTZ [145, 150] using the Gaussian 09 progrgib#6]. The enegy of
the Van der Waals complex was not calculated in this work farllianol system, but

by analogy with thé-butanol system, has been includedrigure4-15 for completion.

The optimized structures were used to calculate dimgle point energies at the
CCSD(T)/augec-pVTZ level[147]. The harmonic oscillator approximation was used for
the majority of the vibrational frequena@ensity of state calculation3he i-butanol
b-hydroxybutyl radical speciesind the isebutene product were treated with hindered

rotor approximations, with the bonds involved showRigure4-14. The descriptions of
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these hindered rotors weeobtained through a relaxed sadreach dihedral angle at 15°
steps, with optimisations carried out at thi®@6-2X/augcc-pVTZ at each stepThe
potential energy surface calculated is representeBigare 4-15, with energies (in

kJmol?) relative to OH + isdoutene, which has been defined as zero.

J -

&
%, Y

Figure 4-14: Rotations described by hinderesbtors calculated fori-butanol
b-hydroxybutyl radical and isbutene Bonds described are highlighted by red arrows.

4 0.00

/// i-butene
7 + OH

/

vdW ’ *‘l ‘J

complex ‘J
J
*Q/Jt 9
J

Relative Energy / kJ mol!

1384 |

Pradical (@

Figure 4-15: Potential energy surface for the decompositiofr Bhydroxybutyl radical,
calculated at CCSD(Taugcc-pVTZ//IMO6-2x/augcc-pVTZ level. Van der Waals
complex not calculated but included based on analogytvidtiianol system (shown in

orange).
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Using these calculated energies and vibratidreuencies, master equation
mocelling was again conducted using MESMER packag§l44]. Thevalues ofkrecycle
calculatedby MESMER were compared with experimentally obtained values with the
barrier fori-C4HsOH decomposition to OH and idoutene as a variable parameféne
MESMER fit to the experimental rate coefficients obtained predicts a barrier of
(93 + 4) kImol™ for b-scissionwith the error quoted encompassing the error calculated
by MESMER (1.0 kJmol) and an estimate of the systematic eframsreasonable
agreemetwith theab initio calculated barrigfor the transition staf®9.9kJ moft. From
Figure 4-16, the experimentally obtainedecyce Values are in good agreement with
MESMER predicted rate coefficients across all of the pressamd temperatures studied,

with the largest discrepancy observed at the highest temperatures studied.

Figure 4-16 also shows the MESMER predicted recycling parameters at an
assumed high pressure limit of 8000 Torr. Despiteghasanable agreement between the
experimental values and the MESMER predidéegce values, the mssure dependence
of the unimolecular decomposition is not well defined. This is highlighted by the
MESMER predictedDEQown parameter possessimgsignificant error of over 100 %,
(DEQown = 180 = 279cml). Whilst good agreement is observed between the
experimental and MESMER predictdgtcyce vValues obtained at low pressures and
temperatures less than 560 K, at higher pressures, the experimentahkaa@ssistently
faster than the MESMER predicted was. At 580 K, the MESMER predicted value for
the low pressure reading is almost a factor of two faster than the experimentally measured
value. This is likely a consequence of a lack of low pressureimgrdal measurements
at the highest temperatures died. However,the value obtained for théDEQown

parameter is reasonable for a species in nitrogen bath gas.
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Figure 4-16: Globally obtained krecycle for i-butanol b-hydroxybutyl radical
decomposition as a function of temperature and pressargyared with corresponding
MESMER fitted values and MESMER high pressure limit predictatues for
decomposition. Decomposition barrier estimated by MESMEB3= (1) kJ mof*. The
errors reportedn temperatures are + 3 K for pressures araBindorr and+ 5 K for
pressures around8orr, and the errors reported for the experimekitalce values are

the Is errors obtained from the biexponential global fit to the experimental traces

multiplied by a factor of 4.

Figure4-17 shows a graph of the MESMER predicted valuestferunimolecular
recycling parameter against the experiméytaieasured values with their associated
errors. A line of best fit with a fixed origin at zero has been fit to the data, alongside a
perfect ratio of 1:1 linear fit, which would be obtainethi¢ MESMER predicted values
matched perfectly with the expermtally obtained values. This also demonstrates the
reasonable agreement obtained between the MESMER predicted values and the
experimentally measured values, with the experimentally measursssuaing slightly
slower than the MESMER calculated.
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Figure 4-17. A graph of the MESMER predicted valuder i-butanol radical
decompositioncompared to the experimentally obtained recycling parametéis,aw

linear fit (red solid line). A perfect 1:1 fit (blacklgbline) has also been fit.

4.5.3 Discussion of Branching Ratios

Assuming that all abstractions that occur at brste ofi-butanol result in the
recycling of OH, the yield parametealculated can be assumed to be a proxy for the
percentage of abstractions occurring at this agedescribed previously fébutanol In
this work, the calculated yield parametersgiays a slight positive temperature
dependence across the temperatares$ pressures studied. The values obtained in this
work can be seen summarised previouslyable4-4, and are represented graphically in
Figure4-18, compared to branching ratios for abstraction by OH atibiée obtained

from the literature.
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Figure 4-18: A graph of yield of OHor i-butanol radical decompositi@s a function of
temperature and pressure, where tierebars represent propagated errork€jceand
knonoH Obtained fronglobal analysis. The literature lines represent the branching ratio of
i-butanol abstraction reactions occurring at the beta site from Uiteréarathyet al.
(purple dashed line), McGilleet al. (blue dashed line) anthe SAR of Atkinson (green
dashe line), the updated SAR of Kwok and Atkinson (red dashed line) and SAR of
Bethel et al. (orange dashed linepata replicated from[55], [78], [114], [130], and
[101].

In this work, the yield parameter calculated demonstrates a slight positive
temperature dependence, with reasonable agreement between the two pressitinesets
the experimental errorst temperatureabove 600 K, the yield parameter increases at a
steeper rate than at temperatures and pressures below this, with the experimentally
obtained krecyce Values at these temperatures also possessing the most significant

uncertainty measuredfi-butanol radtal unimolecular decomposition.

As reflected in the branching ratios obtained from the literature, with increasing
temperature, one would expect a slight decrease in the percentage of abstractions
occurring at the beta site sbutanol,as therelativecontributionsdrom the methyl groups
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(gsites) would be expected to increase with elevated temperatures. This however is not
reflected in the yield parameter calculated here. As describeebfdanol in Section

4.4.3 the yiet parameter represents an overall OH regeneration yield, which factors in
both the initial abstraction branching ratio and the branching ratio of the decomposition
of the resuing 6-hydroxybutyl radical to give OH and butene or otfegnoval reactions

Whilst for t-butanol the not©OH producing channels were assumed to be minor, this may
not be the case farbutanol, and some other loss process may be competing with

decompositia to give OH and butene.

At the highest temperaturebove 600 Kit is postble that there has been some
small amount of interference from the residual amount of oxygen present in the system
(seeSection2.7.1.). Additional OH recycling may occuwia O, addition to the other
hydroxybuyl radicals formed during OH abstraction reactions, followed by isomerisation
to QOOH and dcomposition to mgenerate OH, as highlighted in Sectibry. The
recycled OH from QOOH decomposition would be indistinguishable fromQHe
produced by unimoleculadecomposition of theb-hydroxybutyl radical, and would
manifest as an increaské:yce parameter and an increased yield parameter. As this occurs
from the other-butanol radicals generated by the initial OH abstraction reactions, it
would not affect tk yield of recycling ocurring through thé-abstraction channel, but

may appear as an increase in the total yield obtained.
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Table 4-5: Fraction of OH abstractions occurring at beta sitelaftanol, according

to brandiing ratios from literature.

T/K Sarathyet  McGillen et Atkinson [114] Kwok et  Bethelet
al. [55] al. [78] (1987) al. [130] al. [101]
(2012) (2013) (1995) (2001)
298 0.61 0.42 0.36 0.34 0.57
460 0.29 0.33 0.23 0.25 0.41
480 0.27 0.32 0.22 0.24 0.40
500 0.25 0.31 0.21 0.23 0.39
520 0.23 0.30 0.20 0.22 0.38
540 0.22 0.30 0.20 0.22 0.37
560 0.21 0.29 0.19 0.21 0.36
580 0.20 0.29 0.19 0.20 0.35
600 0.19 0.28 0.18 0.20 0.35
620 0.18 0.28 0.18 0.19 0.34
640 0.18 0.27 0.17 0.19 0.33
660 0.17 0.27 0.17 0.19 0.33

Thecalculated yield parameter in this work displays a slight positive temperature
dependence, whereas all literature sources demanstligiht negative temperature
dependences (sdable4-5). Despite the total bimolecular rate coefficient calculated by
Sarathyet al[55] for i-butanol with OHdemonstratingslower overall reactivity at the
temperatures relevant to this results sediser sectioB3.5.1), the calculated beta channel
branching ratio is in reasonableragment. The structure activity relationship of
Atkinson (1987]114] demonstrates similar agreement withélkperimental yield values
obtained in this work to that of Sarathy, with excellent agreement at the intermediate
temperatures. The updated SAR of Betbehl. [101] however alculates a beta site
abstraction ratio that is consistently higher than the experimental yields of this work

below 600 K, with the calculated branching radto540 K more than double what was
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measured here. The parameterisation of McGiieal. [78] was constrained using the
SAR of Bethelet al, anda single measuremeat room temperature of an eptoduct
yield of acetone by Andersest al. [84]. While this eneproduct yield will assist in
constraining the room temperature branching ratio, it does not priafédmation about
the temperature dependence of the different abstraction sites, and insesadndhe
temperaturedependentbranching ratios of Bethedt al, which shows the greatest

discrepancy with the experimental results obtained in this work.

4.5.4 i-butanol + Chlorine

As the OH recycling mechanism suggeste8d¢hemel-7 does not depend on the
presence of oxygen in the system, experiments conducted at temperatures where
unimolecularrecycling is observed that use a guaran@eayenfree precursor should
still demonstrate OH recycling. As before fisbutanol, experiments were conducted
utilising oxalyl chloride as a chlorine radical precursor, to initiate the chain of reactions
descibed in equation® 4-117 R 4-18.

(COCIR Y Cl+CO +COCl R4-11
COCI+MY CO+Cl+M R 4-12
Cl + i-C4HoOH Y i-C4HsOH (b-abstraction) HCI R 4-13

Cl +i-C4HgOH Y i-C4HsOH (All other abstraction channels) + HCl R 4-14

i-C4HsOH (All other abstraction channeld) loss R 4-15
i-C4HsOH (b-abstraction)Y OH +i-CsHs R 4-16
OH + i-C4HoOH Y i-C4HsOH (b-abstractiony H.0 R 4-17

OH +i-C4HgOH Y i-C4HsOH (All other abstraction channels)H.O R 4-18
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Figure 4-19: Example kinetic traces obtained a) Utilising oxalyl chloride as the radical
precursor with-butanol, 640 K, 130 Torrj{utanol] = 9.8x 10**molecule crf and an
estimatedstarting Cl concentratioof 1 x 13 molecule cri¥. b) Utilising hydrogen
peroxide radical precursor witlbutanol, 640 K, 130 Torr,i{outanol] = 9.8x 10
molecule cr? and an estimated starting OH centration of 2x 10*?molecule cri¥.
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An example trace utilising oxalyl chloride precursor afmlitanol is Bownin
Figure4-19, showing a growth of OH fluorescence signal after thalrphotolysis pulse
to generate the chloenradicals. As there is no introduction of hydrogen peroxide to the
system, it can be stated with confidence that these experiments are oxygen free, and thus
the OH recycling mechanism is ndépendenbn oxygen,and is likely a result of the
unimoleculardecomposition mechanism outlined previously. As the photolysis pulse in
these experiments does not photolyse an OH radical precursor, the signal appears and
decays over time, as a result of the formation and vahreactions outlined in reactions
R 4-117 R 4-18 The same fitting equation outlined $ection4.4.4was used to fit the
kinetic traces obtained. Experiments were also conducted using hydrogen peroxide at the
same conitions (Figure 4-19 b), in order to obtain values for psedfiist order rate
constants, such as that of Oltbutanol, which could be fixed in the chlorine trace fitting

to assist in obtaining reasonable parameters.

As was thecase witht-butanol, die to the complex nature of the reaction
mechanism, analysis of these experimental traces was complicatest;camaitefitting
to the kinetic traces could not be carried out. Despite the fixing of the pseudo first order
rate constanfior the reaction of-butand with OH, a solution to the fitting equation that
resulted in reasonable rate constants for the other reactions and a good fit to the
experimental trace was not possible. The best example comparison of the fitting
parameterslatained from fitting to tworices that share experimental conditions is shown
in Table4-6 below.

Table 4-6: Kinetic parametergall in s') obtained from fitting to traces obtauhet
640K and 130 Torr, utilising either hydrogen peroxide or oxalyl chloride as

initiating radical source.

Precursor K'p-abs+ K'nonb-abs Krecycle Knon-oH Kd K'ci
H202 1153+ 680 1690 + 370 2770 + 80 150* -
(COClx 11500* 3710+ 610 6930 + 260 50* 135200 + 2300

* Fixed value
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While the chlorine experiments did not allamy parameter retrieval, they did
provide qualitative confirmation that the OH recycling observed occurs via the proposed

oxygen free mechanism.

4.6 n-Butanol

In order to genextte then-butanolb-hydroxybutyl radical, abstraction by OH must
occur from either of the secondary K bonds in the beta position of the four carbon
chain. The beta scission decomposition of this radical then genesatiésne (ibutene)
and the hydroxyl radical, as outéid inSchemet-8.

OH

RSP e " A

Scheme4-8: Decomposition mechanism followingsite abstraction from-butanol.

No quantitative experimental measurements for the decomposition bikig|
b-hydroxybutyl radical have been conducted to the best of our knowledge, however it has
been observed qualitatively by Wedt al. at 650 K and 700 H139]. The b-scission
decomposition has also been studied theoretically previously by ZKigmggnstein and
Law [141]. In their work, the resulting-butene and OH was described las éntrance
channel, and a submerged van der Waals complex was identified as an inner transition
state to the addition of OH tebutene. The well depth between the transititatesto
addition and the resultingb-radical was calculated as 106.7 kJ thoht the
[QCISD(T)/CBS]1//B3LYP/6311++G(d,p) level, and 105.0 kJ mdl at the
[QCISD(T)/CBS]1//CASPT2/augc-pVDZ level.

4.6.1 Experimental results

The results obtained are summarigedable4-7 and represented graphically in
Figure4-20. Experiments conducted at 135 Torr of total pressure utifigethl flow of
gas around 2 L miky and consequently the temperature correction has a larger uncertainty
associated of + 5 K, whereas experiments at 35 Torr used 1t totad flow, and are
subject to a smaller uncertainty of + 3 K.
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Figure 4-20: Globally obtained krecycle for n-butanol b-hydroxybutyl radical
decomposition, as a function of temperature and pres3ine reported error bars
represent thesl errors obtained from the biexponential global fit to the experimental

traces multiplied by a factor of 4.

As evident inFigure4-20, reasonable agreement was obtaibetiveen the two
pressure ranges studied. However, the steep exponential temperature dependence
expected for a unimolecular decomposition with a positive energy barrier is not observed,
as it was fo the other isomers studied. At the highest temperatumr@peessures, the
recycling parameter may not have been wegtlesated from the other kinetic parameters,
and resulted in an unreliable measuremenk&fce. Consequently, the parameters

obtainedabove 652 K were excluded from the master equation asalysied out.
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Table 4-7: Summary of experimental conditions and obtained OH recycling paral

krecyce fOr n-butanol

T/K Pressure/ Precursor Range ofn  Globally Globally  Yield
Torr butanol?  obtained  obtained | %
krecycle / ST knon-on/ st
535 34 H202 0.26-1.51 138+12 489+29 22+2
547 35 H202 0.71-1.34 20329 659+65 24+4
555 134 H202 0.28-2.84 428+32 1068+81 29+3
564 35 H202 0.68-1.31 24032 766+ 63 244
576 35 H202 0.83-1.41 306 +48 943+81 25%4
598 132 H202 9.36-14.0 607+35 962+74 39+3
602 35 H202 0.61-1.36 37467 1025%+97 275
652 128 H202 8.67-17.3 1573+61 1389%+69 53+3
670 133 H202 8.47-16.8 1082+53 1195+86 48+3
693 135 H202 15.1-18.4 1264+53 1503+87 46%3
718 136 H202 12.3-16.3 2167+94 2037+92 52%3

2/ 10" molecule cr?

4.6.2 Abinitio Calculations and Master EquationAnalysis

The potential

ermgy surface for the decomposition of the-butanol

b-hydroxybutyl radical was calculated at the DFT |leMéb-2X/augcc-pVTZ, obtaining

optimised geometries for the radical species, the transition state antutene and OH

products As for thei-butand system, the energy of the Van der Waals complex was not

calculated in this work for tha-butanol hydroxybutyl radicallecomposition, but by

analogy with the-butanol system, has been includedrigure4-22 for completion.

The optimised structures were then used to calculate theespaiht energy of

each species at the CCSD(T)/aaggpVTZ level. The harmonic oscillator approximation

was used for the majority of the vibrational frequency density of state calculations,

however Indered rotor approximations were used for some bondtiohgain the initial
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radical species and-butene products. The descriptions of these hindered rotors were
obtained through a relaxed scan of each dihedral angle at 15° steps, with optimisations
caried out at thé&/106-2X/augcc-pVTZ at each step. The bonasated with the hindered

rotor approximation are highlighted igure4-21 by red arrows.

Figure 4-21: Rotations dscribed by hinderedrotors calculated for then-butanol
b-hydroxybutyl radical and-buteneBonds described are highlighted by red arrows.

The potential energy surface calculated is outlindéignire4-22, relative to the
n-butene ad hydroxyl radical products of the unimolecular decomposition reaction,

which has been set akQ mot?.

4 0.00

,” n-butene ‘J
-15.9 //  +OH

A TSI vdW
k 9 complex

Relative Energy / kJ mol!
s& |
sﬁ

1147 |

Pradical

Q& v

gty
@

Figure 4-22: Potential energy surface for the decompositiofiwhydroxybutyl radical,
calculatel at CCSD(TYugcc-pVTZ//IM06-2X/augecc-pVTZ level. Van der Waals
complex not calculated but included based on analogytviitlianol system (shown in

orange).
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Theab initio calculated structures and vibrational frequencies were used in master
equation anlgsis in combination with théecycievaluesobtaired from experiments, in
order to calculate a barrier to the decomposition ofnt@HsOH radical to produce
n-butene and OHThe MESMER fit to the experimental rate coefficients obtained
predicts a barer of (100.0+ 2.6) kJmol! for #-scission with the error quoted
encompassing the error calculated by MESMER (2.6 kJyranid an estimate of the
systematic errorsn goodagreement with thab initio calculated barriefor the transition
state 98.8kJ moll. FromFigure4-23, the experimentallpbtainedkecycie Values are in
reasonable agreement with MESMER calculated rate coefficients across all of the
pressures and temperatures studied, with the largest discrepancy dladdhes lowest

temperatures studied.

As the errors associated wib initio calculatedbarriers are usually around 4 kJ
mol?, areasonablegreement is observed between this work and the work of Ztang
al. [141] despite the different levels of theoffhe MESMER optimised barrier (100
+ 4.0kJ moit) to decomposition obtained in this waskin better overall agreement with
both of theabinitio calculated barriers of Zharggal., calculated usig the two different
geometry optimisations (106.7 and 105 kJ fhowhen compared to thab initio

calculated barrier of this work.
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Figure 4-23. Globally obtained krecycle for n-butanol b-hydroxybutyl radical
decomposition as a function of temperatamne pressureeompared with corresponding
MESMER fitted values and MESMER high pressure limit priedl values for
decomposition. Decomposition barrier estimated by MESMER0S £12.6) kJ mott.
The errors reported in temperatures are + 3 K for pressures &@duiodr and + 5 K for
pressures around8orr, and the errors reported for the experimiekitaycevalues are
the Is errors obtained from the biexponential global fitthee experimental traces

multiplied by a factor of 4.

The master equation analysis carried out by the MESMER programme acts to
reduce the? value, ie. reducing the total error between the MESMERuWated values
for the rate constant and te&perimentally measured valyegthin the bounds of the
errors provideddee Sectiord.3.9. Therefore, despite the reasonably poor agreement
between the experimeititameasurediecycie Values and the MESMER predicted values,
the calculated barrier of (100 + 2.6) kJ mhgirovides the best overall fitting to the
experimental dat&igure4-24 shows a graph of the MESMER predicted values for the

unimolecular reycling parameter against the experimentally measured values with their
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associated errors. A line of best fit with a fixed origin of zero has been fit to the data. A
perfect réio of 1:1 linear fit has also been fit to the data, which shows what would be
obtained if the MESMER predicted values matched perfectly with the experimentally
obtained values. This demonstrates the moderate agreement obtained between the
MESMER predictedvalues and the experimentally measured values, with the
experimentally measuredhlues being on the whole slightly slower than the MESMER
predicted. The calculate@DEQown parameterDEQwn = 180 + 808cm!, possesses a
significant error. Thisuggests that the pressure dependence of the decomposition has not
been well captured ithe master equation solving, likely a result of the lack of high
pressure experimental data at the intermediate temperatures between 600 ané 650 K.
comparison of thealculated and optimised energetic barriers obtained for each isomer is
provided at thend of this chapter in Sectidn8.

2000 : I . I . I
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Figure 4-24: A graph of the MESMER predicted valuder n-butanol radical
decompositioncompared to the experimentally obtained recyclintgaipeeters, with a

linear fit (red solid line). A perfect 1:1 fit (black solid line) has alsaldfge
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4.6.3 Discussion of Branching Ratios

As discussed for the other isomers of butanol, assuming that all abstraction
reactions that occur at the beta site resulihe recycling of OH, the calculated yield
parameter can act as a proxy for the branchitig cd the initial abstractions occurring
at this site. A summary of the fraction of abstractions occurring at the beta site of
n-butanol as a function of tempeure calculated from the literature is summarised in
Table 4-8, and compared graphically to the yield parameters obtained in this work in
Figure4-25.

Table 4-8: Fraction of OH abstractions occurring at beta sita-bfitanol, according
to branching ratios from literature.

T/K Sarathyet  McGillen et  Atkinson Kwok et al. Bethel et

al. [55] al. [78] [114] [130] al. [101]
(2012) (2013) (1987) (1995) (2001)
208 0.21 0.26 0.22 0.20 0.38
460 0.15 0.18 0.21 0.20 0.37
480 0.14 0.18 0.21 0.20 0.37
500 0.14 0.18 0.21 0.20 0.37
520 0.14 0.18 0.21 0.20 0.37
540 0.13 0.17 0.21 0.19 0.37
560 0.13 0.17 0.21 0.19 0.37
580 0.13 0.17 0.21 0.19 0.36
600 0.13 0.17 0.21 0.19 0.36
620 0.12 0.17 0.21 0.19 0.36
640 0.12 0.17 0.21 0.19 0.36
660 0.12 0.17 0.20 0.19 0.36
680 0.12 0.17 0.20 0.19 0.36
700 0.12 0.17 0.20 0.19 0.36
720 0.12 0.17 0.20 0.19 0.36
740 0.12 0.17 0.20 0.19 0.36

If the high temperature (> 650 K) and pressure data is discounted from further

analysis, as it was in the MESMER parameter fitting to the experimental data, a very
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slight positive tempmature dependence of the yield is observed. This disagidesill
the literature branching ratios, which show varying degrees of negative temperature

dependence for the-abstraction site reaction with OH.

Between 500" 700 K, the branching ratios calated by Sarathyet al. [55],
McGillen et al.[78] and the SAR of AtkinsofiLl14] are in easonable agreement with
each other, varying betweed 1. 21 % at 500 K and 1R 20 % at 700 K. The updated
SAR of Bethelet al[101] shows the worst agreement with the otlierature, and is
almost a factor of two higher thaime calculated branching ratio of McGillehal This
work shows the best agreement with the SAR calculated branching ratios of Atkinson and
Kwok across the temperature range studied, however themne scatter obtained in
this work between the two msure sets. For the total overall bimolecular reaction of
n-butanol with OH, the bimolecular rate coefficient calculated from the parameterisation
of Sarathyet al. underestimates the experimentally s@&d values of this work by
approximately 25 %seeSection3.4.1). The poor agreement between the suggested beta
abstraction branching ratio obtathin this work and the branching ratio from Sarathy
al. may stem from an underestimation of the reactivity «f thiannel by Sarathet al It
can be assumed that acrease in the estimated rate coefficient for H atom abstraction
at this channel wdd increase the overall reactivity nfbutanol with OH to more in line
with what was measured experimentally in thisrk, and would also increase the
branching ratio to more in line with this work, the SAR estimates of Atkinson and Kwok,

and the estimatef McGillen et al.
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Figure 4-25: A graph of yield of OHor n-butarol radical decompositioas a funton

of temperature angdressure, where the error bars represent propagated eriei§ef
andknononobtained from global analysis. The literature lines represent the branching ratio
of n-butanol abstraction reactismccurring at the beta site from literature: Sarathy.

(purple dashed line), McGilleet al. (blue dashed line) and the SAR of Atkinson (green
dashed line), the updated SAR of Kwok and Atkinson (red dashed line) and the SAR of
Bethel et al. (orangedashed line)Data replicated from[55], [78], [114], [130], and

[101].
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4.7 s-Butanol

s-butanol possesses two distinct beta abstraction sites, aefbtieeis capable of
generating twa-hydroxybutyl elimination products, in contrast to the other isomers of
butanol. These two possible mechanisms for unimolecular decomposition are shown in
Scheme4-9: abstraction from the primary beta carbon (referred to as Glltsein
n-butene, and abstraction from the secondary beta carbon (C3) restiistan2, which

can exist in either cis or trans conformers.

OH OH .

. OH
)\/ -
/

OH . OH .

)\/ OH OH
—_— —_— /\/

e — * OH

Scheme4-9: Decomposition mechanisrollowing b&-site abstration from s-butanol.
Upper panel: Abstraction from C1 carbon, resulting-butene following decomposition.

Lower panel: Abstraction from C3 carbon, resulting in tr2iimitene orcis-2-butene.

Unimolecular @composition of the CB-radical has beereported previoushpy
Antonov and Zadof142], who conducted a theoretical and experimental study of OH +
cis- and transbutene at temperatures between 40800 K. In their work,ab initio
calculated energies fdahe radical species, transition states, submerged van der Waals
complexes ad the products were obtained at the CCSB{I2a/cepVTZ-F12//M06
2X/6-311++G(d,p) level. When combined with master equation solving alongside the
experimental rate constants obed for the association and dissociation reactions in their
work, the calclated barrier to the ci®-butene transition state was increased from 112.8
to 114.1 kJ mol, and the trang-butene transition state was increased from 108.5 to
111.0 kJ mot. In their work, they also make note of corrections of a similar magnitude
being applied to calculations of the analogous barriers for the OH + ethene and OH +

isoprene system, despite different levels of theory foathmitio calculations.
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4.7.1 Experimental results

For sbutanol, eperiments have been conducted at prass between
3471 113Torr total pressurél,, and at temperatures of 486692 K. Two different OH
radical precursors have been used to study the unimolecular decomposition of the
s-butanol 6-hydroxybutyl radical, and example kinetic traces obtained using both OH
precursors are shown Figure 4-26. All experimentally obtained global fittingecyde
recycling parameters are summarisedaile4-9, and represented graphicallyRigure
4-27.

Table 4-9: Summary of experimental conditions and obtained OH recycling

parametekrecyciefor s-butanol

T/K Pressure Reagent Precursor  Globally Globally  Yield/

[ Torr Rangé obtained obtained %
Krecycle/ ST Knon-on / st
496 35 1.20- 2.66 H202 757 370+33 17%3
497 35 0.82-2.89  H0 50+ 6 280+36 15+3
516 35 0.45-2.79 H202 937 334+21 22%3
537 35 0.78-2.17 H202 177 +11 463+20 28+3
539 99 0.84-2.89  H0 156 + 8 472+19 25+2
540 35 0.78-2.18 H202 125+ 8 406 £20 242
549 38 10.4- 22.6 UHP 115+ 14 303+178 28*15
557 35 1.53-2.77 H202 296 + 16 727+26 29+%2
565 112 3.9-195 H202 259 + 15 611+94 30%5
578 36 1.72-2.72 H202 347 + 40 863+59 295
584 35 1.39-2.46 H202 547 + 45 1010+43 354
614 54 9.0- 27 UHP 666 + 31 1223 +118 35+4
617 98 8.4-31.1 UHP 522 + 36 1035+ 145 34+ 6
661 51 9.9-21.1 UHP 1230+ 37 1728 + 140 42+ 3
663 108 10.5-22.4 UHP 1989 + 93 2673 +164 43+4
692 36 7.1-18.0 UHP 2288 +118 3615+175 39+3
692 55 7.1-18.0 UHP 2963+ 164 4318+189 41+4
692 96 11.3-25.7 UHP 4144 +241 6713+390 38+4

2/ 10 molecule crif. UHP: Urea Hydrogen Peroxide.
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Figure 4-26. Example kinetic traces obtainéal s-butanolabove 490 Kusing different
OH radical precursors) Hydrogen peroxide/water precursik2Torr, 560K, 1.4x 10%°
molecule cri?. b) Urea hydrogen peroxide precurs87, Torr, 550K, 1.05 x 10
molecule crff. Insets to each trace show residual from fit of biexponential equation to

data.
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Figure 4-27: Globally olbiained keecycle for s-butanol b-hydroxybutyl radical
decomposition as a function of temperature and press@pen shapes represent
parameters obtained usihgdrogenperoxide precursor arfdled shapes represent those

obtained using thereahydrogenperoxide (UHP) preursor.

Filled data points ifrigure4-27 are experimental results obtained using hydrogen
peroxide as an OH precursor, and those with hollow data points utilisetydhemen
peroxide precursor, with different shapes representing differgogto@mate pressure
groupings for both precursors. As showrFigure4-27, the recycling parametéfecycie
increases in an exponential fashion, as would be expected for a unimolecular
decomposition as a function of temperature g@nelssure. Good agreement is also
observed between the different precursors, with increasing upeesgsulting in
increasindkecycls as expected. Excellent agreement is also observed between the different
OH radical precursors for the calculated yieddgmeter, as demonstrated-igure4-28.

Note that the significantly larger error bar for the low pressure UHP measurement is a
consequence of the 59 % error in the measkie@H, resulting from a poorer quality
experimental &ce, which was then propagated tlylouhe yield calculationFurther

discussion of the observed apparent yield can be fouBecton4.7.3
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Figure 4-28: A graph of yield of OHas a function of temperature and pressure for
s-butanol, where the error bars represent propagated errass,efandknonon Obtained

from global analysis.

4.7.2 Abinitio Calculations

The potential energy surface for the decomposition of tHeutanol
b-hydroxybutyl radicals was calculated at the DFT lew#06-2X/augcc-pVTZ,
obtaining optimised geometries which were then used to calculate the single point energy
of each species at tiECSD(T)/augcc-pVTZ level. Ass-butanol possesses two different
b-abstraction sites to the hydroxyl group, two different radicals are generated in this initial
abstractionFurther to this, abstraction at the secondary carbon results in a radical that
canexist in either a cis or trans conformation. Therefore, energibstbfconformers,
their respective transition states anbl2ene products have also been calculated. The full
potential energy surface can be seefigure4-29, relative to the energy of tlsebutanol
alcohol and OH starting spes, prior to the initial abstraction reactiofi$ie energy of
the Van der Waals complexes in each case have not been calculated in this work for the
s-butanol hydroxybutyl radical decompositions, but by analogy wehiutanol system,

have been includkin Figure4-29 for completion.
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Figure 4-29: Potential energy surface for thecdenposition othe twob s-hydroxybutyl
radicak, calculated at CCSD(Taugcc-pVTZ//IMO6-2X/augcc-pVTZ level. Water has
been omitted as a product from the initial abstraction readtimder Waals complexes
not calculated but included based on analogy withtanol system fown in orange).
































































































































































































