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Abstract

This thesis presents a hierarchical study of the reactions of H atom addition to and
abstraction from both linear and branched Cz — Cs alkenes. The subsequent C-C and C-H -
scission reactions and H-atom transfer reactions are also considered. As mentioned
throughout this thesis, alkyl radicals are prominent in combustion chemistry as they are
formed by hydrogen abstraction from a stable molecule or from radical attack on
hydrocarbons. The addition of H atoms to the carbon-carbon double bond (C=C) plays a
significant role in controlling experimental high-temperature ignition delay times, flame
speeds, and species profiles measured as a function of temperature and/or time in reactors
including jet-stirred (JSR) and flow reactors. Therefore, accurate determinations of the
thermochemistry and kinetics of their unimolecular isomerisation and decomposition
reactions and related addition reactions to alkenes are important in simulating the combustion
chemistry of virtually all hydrocarbon fuels. Despite their importance, alkenes have not been
as extensively studied as alkanes, especially the larger alkenes such as pentene. By having a
consistent set of rate constants for C, — Cs alkenes + H using the same level of theory, the
calculation results help constrain available models and the development of recommended
rules for rate constants associated with certain reaction types. This will provide a tool in
developing mechanisms describing the pyrolysis and oxidation of larger alkenes for which
calculations do not exist in the literature.

Thermochemical values for species on the C2Hs, CsH7, CaHg and CsHai potential energy
surfaces (PESSs) are calculated as a function of temperature (298 — 2000 K), with enthalpies of
formation determined using a network of isodesmic reactions. High-pressure limiting and
pressure-dependent rate constants are calculated using Rice-Ramsperger-Kassel-Marcus
(RRKM) theory coupled with a one-dimensional (1-D) master equation (ME). Geometries are
optimised using the density functional theory (DFT) ®B97XD method coupled with the aug-
cc-pVTZ basis set. Harmonic frequency analysis is simultaneously carried out at the same
level of theory to verify the nature of each stationary point. Low-frequency torsional modes
are treated via relaxed PES scans in 10-degree increments with the ®B97XD / 6-311++G(d,p)
method, with the potential energies as a function of dihedral angle used as input for a one-
dimensional (1-D) hindered rotor approximation as implemented in the Master Equation
System Solver (MESS). To compute barrier heights, single point energies for minima and
transition states are calculated with coupled cluster theory, specifically (CCSD(T)), and
Magller-Plesset perturbation theory (MP2), with cc-pVXZ basis sets, where X =D, T and Q



levels of theory. As a validation of the theoretical results calculated in this thesis, the results
are implemented into kinetic models (AramcoMech3.0, NUIGMech1.0 and NUIGMechl.2)
and simulations are compared to new hydrogen atomic resonance absorption spectrometry
(H-ARAS) experimental measurements taken as part of a collaboration with Dr. Sebastian
Peukert at Duisburg-Essen University. The H-ARAS experiments measured for 1- and 2-
pentene + H provide the first measurements of the global rates of reaction of H atoms with 1-
and 2-pentene, with the theoretical results predicting the experiments well. Satisfactory
agreement is also observed for the theoretical results compared to the single-pulse shock tube
pyrolysis experiments of linear and branched 1-alkenes recorded at NUIG, both of which
serve as direct and in-direct validation targets for the current calculations.

Additionally, as part of this thesis, rate constants for the low-temperature reaction class:
cyclisation of hydroperoxyl-alkyl (QOOH) radicals to form cyclic ethers and hydroxyl
radicals (QOOH « cyclic ether + OH) are calculated, involving species ranging in size from
C2Hs02 to CsH1102. These rate constants are determined using density functional theory
(DFT) and ab initio approaches. Geometry optimisations are conducted using the M06-2X
method, coupled with the 6-311++G(d,p) basis set. Single point energies are calculated using
coupled cluster (CCSD), specifically CCSD(T) and second-order Mgller-Plesset perturbation
theory (MP2) methods, with relatively large basis sets (cc-pVXZ, where X = D,T,Q).
Standard statistical thermodynamics and canonical transition state theory are employed to
derive the kinetic data of interest. The use of these new rate coefficients in the NUIG pentane
oxidation model produces favourable agreement with Cs cyclic ether concentration
measurements in JSRs at Nancy and Orléans. These had previously been over-predicted by

the model utilising literature rate constant values.
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Chapter 1 : General Introduction

1. Combustion
Over 80% of the world’s energy production is generated from the combustion of fossil
fuels [1]. In Ireland alone, a similar situation prevails, with fossil fuels accounting for 89% of

our energy production in 2018, as reported by the SEAI [2].

% share primary energy by fuel 2018

9

@0l @Gas @ Renewables @ Coal ® Peat
© Wastes Non-Renewable ~ @ Electricity Imports

Figure 1.1. Overview of energy use in Ireland broken down by fuel [2].

On a fundamental level, the combustion of fossil fuels involves harnessing the chemical
energy produced when organic molecules are oxidised to form carbon dioxide (CO2) and
water (H20). However, the process is much more complicated, with the combustion of a fuel
occurring via hundreds to thousands of fundamental reactions. These reactions may form
other secondary stable products in addition to the primary products CO2 and H-O.

These secondary products can include carbon monoxide (CO), and nitrogen oxides
(NOx). Unburned hydrocarbons can also be released into the atmosphere. Carbon monoxide is
a gas which is extremely toxic to humans, while nitrogen oxides are associated with acid rain.
A large proportion of unburned hydrocarbons is carcinogenic and can lead to the formation of
particulate matter (PM). Additionally, when nitrogen oxides are combined with unburned
hydrocarbons, it leads to the formation of ground level ozone and smog. The primary
products of combustion, CO2 and H>O are also classified as pollutants, due to their
contribution to the atmospheric greenhouse effect as greenhouse gases (GHGs). Several
combustion exhaust gases have been demonstrated as GHGs including CO2, methane (CHa),
and NO3, while the role of H>O is still unclear [3].

The transportation sector in Ireland is responsible for the largest source of final energy

demand, accounting for over 40%, with the residential sector coming in second accounting



for over 25%. The percentage of the transportation sector contributing to energy consumption
tends to fluctuate with economic growth and contraction. In terms of transportation, private
cars are the mode of transport with the highest energy use and accounted for 40% of transport
fuel energy demand in 2018. In the past cars primarily ran on petrol, while commercial
vehicles used diesel. In response to changes in car taxation and European Union (EU)
obligations for manufacturers to mitigate fuel emissions, the amount of petrol consumed in
Ireland fell by more than half between 2007 —2018 as a result of the shift to diesel cars [2].

The Sustainable Energy Authority of Ireland (SEAI) states that for the average new car
purchased, CO2 emissions fell by 32% within this period [2]. There has been a slight increase
in the use of renewable transport fuels, which is mostly from biofuels blended with petrol and
diesel. This minor increase has grown from a very low base to 3% of the transport fuel energy
use in 2018. Electrification remained at 0.1% of final energy demand in 2018 [2]. Light-duty
ground vehicles powered by batteries are becoming popular due to advances made in battery
technologies. These batteries can be charged from alternative stationary sources and have
demonstrated themselves as alternatives to combustion engines. However, in terms of
aviation and other heavy-duty ground and marine vehicles, batteries are not a viable option
due to their low energy density [3]. As a result, the combustion of these energy dense fuels
will be the primary means of energy for powering these heavy-duty vehicles for the
foreseeable future. We cannot eliminate CO> entirely from the combustion of fossil fuels but
we can aim to minimise the emissions they produce through increasing the efficiency of
combustors.

Therefore, combustion science serves a great purpose in society today, as it facilitates the
study and analysis of the problems associated with the generation of air pollutants. Here in
the Combustion Chemistry Centre, through the application of combustion research to the
design of energy-efficient engine and gas turbine combustion systems help address and
mitigate the problems of air pollution and climate change [4].

The availability of high-speed supercomputers in tandem with cost-effective yet accurate
computational methods has provided the combustion community with the tools needed to
build kinetic models from ab-initio calculations. This data which is implemented into these
kinetic models is often very difficult to obtain experimentally. These models provide an
insight to the physical reality of the fuels combustion, but must be validated against
experimental data, such as shock-tube and jet-stirred reactor data.

The first four steps, which are highlighted in blue in Figure 1.2 are the main focus of this

thesis.
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Figure 1.2. Schematic diagram (courtesy of Dr. Kieran Somers) showing the steps in the
development of the understanding of combustion from the molecular level to its application at
the device level.

The following sub-sections describe in part the methods employed in these four steps for
the work carried out in this thesis, with further descriptions provided in detail in later sub-

sections containing peer reviewed articles.

2. Quantum chemistry

Quantum chemistry applies quantum mechanics to problems in chemistry, and its
application can be seen in all branches of chemistry. For physical chemists, quantum
mechanics is generally used for a number of purposes; (1) theoretically calculate molecular
properties, (2) calculate properties of transition states in chemical reactions, which are
ultimately used for rate constant calculations, (3) calculate thermodynamic properties such as
formation enthalpies, entropies and heat capacities of gases, through the aid of statistical
mechanics, (4) interpret molecular spectra, thus allowing experimental determination of

molecular properties such as molecular geometries, (5) understand intermolecular forces, and



(6) deal with bonding in solids. The rapid increase in computer speed and DFT methods have

made quantum chemistry a practical tool in all areas of chemistry [5].

“Quantum mechanics...underlies nearly all of modern science and technology. It governs the
behaviour of transistors and integrated circuits...and is...the basis of modern chemistry and

biology”— Stephen Hawking 1988 (A Brief History of Time, 1988, Bantam, Chapter 4.)

Quantum mechanics states that the energy and other related properties may be obtained
by solving the Schrddinger equation. However, for any but the smallest systems, the exact
solution to the equation is not computationally practical, therefore the Born-Oppenheimer
(BO) approximation is used [6, 7]. In this approximation, it is assumed that the nuclei are
stationary, while the electrons move around them since nuclei are so much heavier. With the
position of the nuclei fixed at arbitrary locations, the position of the electrons can be defined
relative to them. By fixing the inter-nuclear separation the electronic Schrodinger equation
can be solved for the electrons for that nuclear separation [7]. Electronic structure methods
are classed into three main groups by their various mathematical approximations to its
solution. (1) semi-empirical, (2) ab-initio and (3) density-functional theory (DFT). Semi-
empirical and ab-initio differ in terms of the trade-off between computational expense and
accuracy. Semi-empirical methods are relatively inexpensive and provide relatively good
qualitative descriptions of molecular systems and quantitative predictions of energies and
structures for systems where good parameter sets exist. The word “ab initio” is Latin for
“from the beginning”. Ab initio calculations compute solutions to the Schrédinger equation,
which is the fundamental equation of quantum mechanics [5, 6]. The Schrdédinger equation is
a differential equation, and the time-independent Schrddinger equation, for a single particle of

mass m moving with energy E can be written as [7]:

h? d?y

— - tVY=EyY @)

2m dx?

where v is known as the wavefunction or the state function. V is the potential energy function

and A is a convenient modification of Plank’s constant:

h
h =— =1.055x 1073%/s
21

Equation (1) is also widely written as:

HY = Ey @)



where H is called the Hamiltonian of the system after the mathematician William
Hamiltonian who had formulated a version of classical mechanics that used the concept. Hiy
represents everything to the left of equation (1).

The widely used interpretation of a wavefunction is that from a German physicist Max
Born. The Born interpretation states that: The probability of finding a particle in a small
region of space of volume OV is proportional to |p|?0V, where ¥ is the value of the
wavefunction in the region [7]. The Born interpretation implies that for a small “inspection
volume” OV of a given size that wherever 12 is large, there is a high probability of finding the
particle and vice versa for a small 2. It accepts that we can make predictions only about
finding a particle somewhere, which is in contrast to classical physics, which claims to be
able to predict precisely the location of a particle at a given point and time [7]. DFT methods
are similar to ab-initio methods in many ways, however they are advantageous in the way
they include the effects of electron correlation-they account for the instantaneous interactions
of pairs of electrons with opposite spin. In this thesis, to study elementary gas-phase
combustion reactions, ab initio and DFT methods are used, which are considered the current
gold standard due to the accuracy they provide in the computation of molecular geometries,

vibrational frequencies, and electronic energies [8, 9].

2.1. Quantum chemistry calculations

In this thesis, computational quantum chemical methods are used to determine a
hierarchical set of high-pressure limiting and pressure-dependent rate constants for the
reaction class of H atom addition to, and abstraction from, both linear and branched C; — Cs
alkenes. The subsequent C—C and C—H B-scission reactions and H-atom transfer reactions are
also considered. These rate constants are then implemented into kinetic models
(AramcoMech3.0 [10], NUIGMech1.0 [11-18] and NUIGMech1.2, in which calculation
results from Chapter 4 are implemented into the base chemistry of NUIGMechl.1), and
simulated against a range of shock-tube data, including new hydrogen atomic resonance
absorption spectroscopy (H-ARAS) experiments taken as part of this work [19] and literature
pyrolysis experiments on linear and branched 1-alkenes using the single pulse shock tube at
NUIG [12, 16], and serve as direct and in-direct validation targets for the current calculations,
with good agreement being observed. Additionally, rate constant recommendations for H
atom addition to, and abstraction from, both linear and branched C, — Cs alkenes, as well as
alkyl radical decompositions are proposed. Detailed descriptions of the methodologies

employed in the derivation of these rate constants and rate constant recommendations are
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provided in published peer-reviewed articles or articles under review presented later in this
thesis [16, 19-22], with a brief description of the methods provided here. Density functional
theory (DFT) and ab initio methods are employed in this study in order to derive rate
coefficients of high enough accuracy to warrant their direct use in chemical kinetic models
describing combustion processes.

Geometries are optimised using the density functional theory (DFT) ®B97XD [23]
method coupled with the aug-cc-pVTZ [24] basis set. Harmonic frequency analysis is
simultaneously carried out at the same level of theory to verify the nature of each stationary
point. Low-frequency torsional modes are treated via relaxed PES scans in 10-degree
increments with the ®B97XD / 6-311++G(d,p) method, with the potential energies as a
function of dihedral angle used as input for a one-dimensional (1-D) hindered rotor
approximation as implemented in the Master Equation System Solver (MESS) [25]. To
compute barrier heights, single point energies for minima and transition states are calculated
at the coupled cluster level, (CCSD(T)) and Magller-Plesset perturbation theory (MP2), with
cc-pVXZ basis sets, where X = D, T and Q levels of theory.

Moreover, as part of this thesis, rate constants for the low-temperature reaction class: the
cyclisation of hydroperoxyl-alkyl (QOOH) radicals to form cyclic ethers and hydroxyl
radicals (QOOH « cyclic ether + OH) are calculated involving species ranging in size from
C2Hs02 to CsH1102 [20]. These rate constants are determined using density functional theory
(DFT) and ab initio approaches. Geometry optimisations are conducted using the M06-2X
method coupled with the 6-311++G(d,p) basis set. Single point energies are calculated using
coupled cluster (CCSD), specifically CCSD(T), and second-order Mgller-Plesset perturbation
theory (MP2) methods, with relatively large basis sets (cc-pVXZ, where X = D,T,Q).
Standard statistical thermodynamics and canonical transition state theory are employed to
derive the kinetic data of interest. The methods used in deriving the rate coefficients represent
the highest level of theory employed for a large set of reactions of this type. The values tend
to be lower than those present in the literature and provide better modelling results than ones
used previously in the literature, which is described in Section 3.3 of Chapter 5.

All calculations were performed using the supercomputer, Fionn and Kay, run by the
Irish Centre for High-End Computing (ICHEC). All electronic structure calculations were
carried out using Gaussian software packages, Gaussian 09 [26] and Gaussian 16 [27]. The
application Chemcraft [28] was used to visualise the output structures and frequencies, and

also to generate the input geometries.



3. Kinetic/thermodynamic properties

3.1. Pressure-dependent rate constants

Unlike high-pressure limiting rate constants, where the rate constant is independent of
pressure, pressure dependent rate constants vary with pressure [9]. The pressure dependence
is as a result of the competition between thermal equilibration via collisional excitation/de-
excitation and the dissociation process. The distribution of reacting energy states, and
ultimately the thermal rate constant, depends on the rate of collisions between both the bath
gas and the excited molecule. At very high pressures, thermal equilibration is complete, and
this distribution is simply Boltzmann. However, at lower pressures, higher energy states are
depleted by reaction and collisions. Every molecule that gets excited above the dissociation
threshold ultimately dissociates, and the rate of dissociation is thus determined by the rate of
collisional activation. This rate is linearly dependent on the number of collisions and thus the
pressure. The collisions are not fast enough to maintain a Boltzmann distribution. Ab initio
kinetics which involves the combination of ab-initio electronic structure theory, transition
state theory (TST) and the master equation (ME) is an effective way of determining unknown
rate coefficients [9]. The master equation system solver (MESS) [25], which is adopted in
this thesis, works by first constructing the global relaxation matrix that describes both
chemical transformations and collisional energy relaxation. It then finds the eigenstates of the
relaxation matrix, and extracts from those the full set of phenomenological chemical rate
coefficients [25].

3.2. Transition state theory
The expression for the temperature-dependence of the rate constant for pressure-

independent reactions is generally written as [9]:

4
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where « is a correction factor to account for tunnelling and non-classical reflection, kB and h
are the Boltzmann and Planck constants, respectively. The Boltzmann factor accounts for the
probability of having sufficient energy (AE¥) to cross the barrier. Qreac and Q* are the partition
functions for the reactants and the TS, respectively. These quantities can be readily obtained
from ab initio electronic structure theory described in this thesis. The relationship between
the reaction rate constant and temperature was experimentally elucidated by Svante
Arrhenius [29] in 1889 based on earlier work by Van’t Hoff in 1884 [30]. Arrhenius deduced



that a plot of In(k) vs 1/T showed a linear dependence, with the slope equal to —Ea/R. If the
activation energy is high, this corresponds to a reaction rate that is very sensitive to
temperature, while a small activation energy indicates a reaction rate that is not sensitive to
temperature. Finally, a reaction with zero activation energy has a rate that is independent of
temperature, for example some radical recombination reactions in the gas phase. This

correlation was further improved to a modified form, which is shown as follows:
k = AT" exp(-Ea/RT) 4

where A is the pre-exponential factor, n is a factor which accounts for curvature in the rate
constant as a function of temperature, R is the gas constant and Ea is the activation energy.
These three parameters are termed the Arrhenius parameters and are fundamental to chemical
kinetic modelling. The equation offers a concise way to represent a rate constant over a wide

temperature range and is thus widely adopted in chemical kinetic modelling.

3.3. Chemical kinetics

For the studies of H + alkenes [19, 21, 22], high-pressure limiting and pressure-
dependent rate constants are calculated using Rice-Ramsperger-Kassel-Marcus (RRKM)
theory with a one-dimensional (1-D) master equation (ME) analysis using the Master
Equation System Solver, (MESS). Tunnelling is accounted for via an un-symmetric Eckart
model, as implemented in MESS, where parameters include the imaginary frequency, and the
forward and reverse barrier heights. To model collisional energy transfer, the single-
exponential down model is used, with appropriate estimations for the average energy
transferred in a downward collision discussed within the articles.

In the case of the cyclic ether study [20], the thermo application of MultiwWell [31] is
used to compute high-pressure limit rate coefficients as a function of temperature (298.15—
2000 K) from canonical transition state theory. Quantum mechanical tunnelling is accounted
for via inclusion of 1-D tunnelling through an unsymmetrical Eckart energy barrier, with
further details discussed in Section 2.1 of Chapter 5.

3.4. Thermodynamics

Thermodynamics and kinetics go hand in hand in developing detailed combustion
models. The fundamental thermodynamic properties of interest in kinetic model development
are the formation enthalpy, entropy and heat capacity as a function of temperature, which are

used during the modelling simulations to determine species thermodynamic properties,



thermal transport properties, and reaction equilibrium constants. The equilibrium constant
may be expressed in terms of the standard reaction Gibbs energy.
4,G% = —RT InK, (5)
One use of equation 5 is to determine 4,-G®by measuring the equilibrium constant of a

reaction. A reaction is thermodynamically feasible in the sense (K, > 1) if 4,G%<0.

Conversely, if 4,,G%> 0, a reaction is not thermodynamically feasible.

A,6% = A,.H% —TA, S (6)
the standard reaction Gibbs energy is negative if both 4,H® <0 and 4,59 > 0. It is also
negative if the reaction is endothermic (4,H® > 0) and TA4,.5%is sufficiently large and
positive. For an endothermic reaction to have 4,.G? <0, its standard reaction entropy must be
positive. Moreover, the temperature must be high enough for T4,-S¢ to be greater than A, H.

Thermochemical values for species on the CzHs, CsH7, C4Hg and CsH11 potential energy
surfaces (PESSs) are calculated as a function of temperature (298 — 2000 K), with enthalpies of
formation determined using a network of isodesmic reactions. For species where ATcT, [32,
33] ANLDO, [34] and ANL1 [34] formation enthalpy values do not exist, quantum chemical
composite methods (CBS—-QB3, CBS-APNO, G3, and G4) [35-37] are used to calculate
formation enthalpies at 0 K via a network of isodesmic reactions suitable for each species,
using ATcT values for the molecular and radical chaperones. Comparisons between
atomisation and isodesmic values obtained in these studies are made, with excellent
agreement observed. However, as mentioned, although isodesmic and atomisation methods
give similar nominal 0 K enthalpy of formation values, the isodesmic approach is often used
to approach “chemical accuracy”. The uncertainties in the enthalpies of formation are
calculated using the methods employed by Simmie et al. [38] and are described in detail in
Section 2.2 of in Chapter 2.

Temperature-dependent enthalpies, entropies, and heat capacities are calculated using
traditional statistical thermodynamics methods, as implemented in MESSPF [25], with
Chemkin format NASA polynomials fitted using PAC99 [39].

4. Detailed kinetic mechanism development

In Fig. 1.3, Curran describes the history of chemical kinetic modelling development. The
major classes of elementary reactions considered in most of the mechanisms include 25
reaction classes, which were described in detail in his earlier work [40]. The number of

reaction classes has been extended to 31 by Bugler et al. [41], through an evaluation of recent



quantum-chemically derived rate coefficients with associated rate constants to describe the

low temperature oxidation of the pentane isomers.

high T . .
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+ OH, HO,, CH;0,, H, CH;, O

high T .
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i Low T

: , chain branching
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Figure 1.3. General schematic mechanism for fuel oxidation [40, 42].

Detailed mechanism development is a key focus of the Combustion Chemistry Centre,
C3. A detailed chemical kinetic mechanism consists of tens, through hundreds to thousands of
elementary chemical reactions with associated rate constants, thermodynamic, and transport
properties for each species. For example, hydrogen requires eight species and approximately
22 elementary reactions to describe its oxidation over a wide range of pressure and
temperature, while methane requires approximately 30 species and 200 elementary reactions.
The development of such chemical kinetic model requires modelers to adopt the best
measured and/or calculated rate constant and thermochemistry for target reactions from the
literature. The performance of a mechanism is generally compared to experimental results
and, in practice, some optimizations of the mechanism maybe needed by adjusting the rate
constants to fit a wide range of experimental targets. The oxidation of any fuel at high
temperatures depends largely on Co — Cs4 chemistry. It is now commonly accepted that it is

possible to manually or automatically generate mechanisms by first generating a core Co— Cs
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mechanism and then building the chemistry for larger components upon this, in a “ground
up” approach [42]. Our earlier kinetic mechanism AramcoMech3.0 [10], which mainly
focuses on Co — Cs kinetics, has been widely recognized and used in the combustion
community. This has recently been built upon and adapted, with the Co — C7 chemistry being
comprehensively validated, and is named NUIGMech1.0 [11-18].

As part of this work on 1- and 2-pentene + H [19], which is described in Section 2.4 of
Chapter 2, hydrogen atomic resonance absorption spectroscopy (H-ARAS) experiments were
performed on the H atom addition and abstraction reactions of 1- and 2-pentene by Dr.
Sebastian Peukert at the University of Duisburg-Essen, Germany. These represent direct
validation targets for our theoretical results. The a priori model is found to reproduce
important absolute species concentrations and product ratios. An initial chemical kinetic
model was built by implementing the computed rate constants and thermochemistry into
AramcoMech3.0 [10], including higher-level RO-aug-cc-pVXZ singe point energies (SPES)
for reactions which were found to be important in predicting the available experimental data,
which are again explained in further detail in a peer reviewed article herein [19]. A series of
secondary reactions are also added to the mechanism, which are found to be important to
accurately model the experiments. Preliminary simulations showed that the H atom yields
were sensitive to pentene isomer unimolecular decomposition reactions. Therefore, high-
pressure limiting rate constants are estimated for the recombination of the radical products,
with the forward decomposition rate constants calculated using the species thermochemistry.
Thermochemistry and kinetics for radical initiators and scavengers are also incorporated to

appropriately model these literature experiments by Awan et al. [43] and Manion et al. [44].
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5. Model validation

As mentioned above, one of the most important components in developing chemical
kinetic models is having reliable data with which to validate the model [42]. In this thesis,
(H-ARAS) experiments were performed on the H atom addition and abstraction reactions of
1- and 2-pentene by Dr. Sebastian Peukert in the University of Duisburg-Essen, Germany.
These represent direct validation targets for our theoretical results. Additionally, the
theoretical results presented in this thesis are simulated against other literature experimental
results and are described in detail Section 4.2 of Chapter 2 [20].

5.1. H-ARAS experimental measurements

Temporal H-atom profiles have been measured for H-atom reaction with 1- and 2-
pentene and have been simulated with a detailed kinetic model described in further detail in a
later sub-section. H-atom concentrations were monitored behind reflected shock waves by
applying the sensitive hydrogen atomic resonance absorption spectrometry (H ARAS)
technique.

Table 1.1: Experimental Mixture Composition (ppm, the Balance is Ar) for H-ARAS
Experiments Used to Study the Reactions of 1- and 2-Pentene + H.

CzHsl CsHio-1 CsH10-2 p (atm) T/K
0.34 0.00 8.49 ~1.5 9801055
0.35 8.90 0.00 ~1.5 9851046

These experiments were taken by Dr. Sebastian Peukert as part of this work at the
University of Duisburg-Essen, Germany and provide direct validation targets for the
calculation results. The shock-tube apparatus currently used and the method for gas mixture
preparation were described previously [45, 46]. Dilute gas mixtures containing small amounts
of ethyl iodide (C2Hsl) as the H-atom precursor and excess 1-pentene and 2-pentene were
prepared, using argon as the diluent. The rise of H -atom concentration is based on the
thermal decomposition of C2Hsl, which is a well-characterized two channel process.

CaHsl «» CoHs + 1 (1)
CoHsl < CoHa + HI (2)

The H atoms then react with the excess 1-pentene or 2-pentene through addition and
abstraction reactions. The experiments cover a narrow temperature range as at temperatures

around 1100 K, the thermal decomposition of 1- and 2-pentene starts to contribute to H -atom
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formation, and at lower temperatures, there is a limit due to the slow decomposition of CzHsl
(<1000 K). By incorporating the calculations into a detailed kinetic model (AramcoMech 3.0)
as described herein, excellent agreement with these experiments is observed. Further
validation of the results for 1- and 2-pentene + H reaction systems are validated against a
comprehensive series of simulations of literature data [43, 47, 48], with the a priori model

reproducing important absolute species concentrations and product ratios.

985K, 1.47 bar, C,H.1=0.35 ppm, CH, -1 =8.9ppm zoxégsl K, 1.52 bar, C,H,=0.35 ppm, C,H -1=28.9 ppm
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Figure 1.4. Experimental (black) and simulated (red) H-atom profiles for CaHsl/1-
pentene/Ar mixtures at (a) 985 K, (b) 1031 K and (c) 1046 K [19].

5.2. Pyrolysis experiments
Theoretical results for C,— C4 alkenes and the branched pentene isomers + H reaction
systems calculated in this thesis are validated against a series of literature pyrolysis
experiments taken by Nagaraja et al. using the NUIG single-pulse shock-tube, with
satisfactory agreement being observed. In the study of pentene isomer pyrolysis [16],
calculations from work in this thesis on the branched pentene isomers + H [21] are used in
their model (NUIGMech1.0), with detailed discussions of the modelling results discussed

within the article. This model also includes the published results on the 1- and 2-pentene + H
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systems [19]. As previously mentioned, good agreement against species mole fractions is

observed.

5.3. Cyclic ether validation

The calculated rate coefficients are implemented into the NUIG pentane oxidation model
and it is shown that the model now produces favourable agreement with Cs cyclic ether
concentration measurements in the JSRs at Nancy and Orléans. These had previously been
over-predicted by the model utilising literature rate coefficient values. Detailed descriptions
of the modelling results are presented in the published article [20].

Theoretical and kinetic modelling approaches are performed to provide a comprehensive
hierarchical set of rate constants for the reactions of H atoms with linear and branched
alkenes, ranging in size from C, — Cs. H-ARAS experiments were taken as part of this work
and provided direct validation targets for the 1- and 2-pentene + H calculations. Further
validation of these results are made with literature studies and discussed herein. Also, rate
constants for the low-temperature reaction class: cyclisation of hydroperoxyl-alkyl radical to
form a cyclic ether and a hydroxyl radical (QOOH « cyclic ether + OH) are calculated,
involving species ranging in size from C;HsO2 to CsH1102. This work is available to the
scientific community in five peer reviewed articles, either published or “in review”, and are

produced in full in the remaining sections of this thesis.
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Abstract

Alkyl radicals are prominent in combustion chemistry as they are formed by hydrocarbon
decomposition or from radical attack on hydrocarbons. Accurate determinations of the
thermochemistry and kinetics of their unimolecular isomerisation and decomposition
reactions and related addition reactions of alkenes are therefore important in simulating the
combustion chemistry of virtually all hydrocarbon fuels. In this work, a comprehensive
potential energy surface (PES) for H atom addition to, and abstraction from 1- and 2-pentene,
and the subsequent C-C and C-H f-scission reactions, and H-atom transfer reactions have
been considered. Thermochemical values for the species on the CsH11 PES were calculated as
a function of temperature (298 — 2000 K), with enthalpies of formation determined using a
network of isodesmic reactions. High-pressure limiting and pressure-dependent rate constants
were calculated using Rice-Ramsperger-Kassel-Marcus theory coupled with a one-
dimensional master equation. As a validation of our theoretical results, hydrogen atomic
resonance absorption spectrometry experiments were performed on the H atom addition and
abstraction reactions of 1- and 2-pentene. By incorporating our calculations into a detailed
chemical kinetic model (AramcoMech 3.0), excellent agreement with these experiments is
observed. The theoretical results are further validated via a comprehensive series of
simulations of literature data. Our a priori model is found to reproduce important absolute
species concentrations and product ratios reported therein.

1. Introduction

Alkenes are key components of hydrocarbon fuels and are formed as intermediates
during the pyrolysis and oxidation of alkanes. Therefore, understanding their combustion
chemistry will help in our understanding of hydrocarbon fuel combustion. Despite their
importance, alkenes have not been as extensively studied as alkanes, in particular larger
alkene species such as pentene, which is an important component of gasoline [1].

Based on previous studies of propene [2] and the butene isomers [3, 4] (1- and 2-butene
and iso-butene), it was found that the reactions of H atom addition to carbon—carbon double
(C=C) bonds plays a significant role in controlling experimental high-temperature ignition
delay times, flame speeds and species profiles measured as a function of temperature and/or

time in jet-stirred and flow reactors.
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Table 2.1: Summary of Experimental and Theoretical Studies Relevant to CsH11 Species.

Year Author Reactions T/K p/kPa  Method
2013 Manion et al.[5] H + 2-pentene; decomposition of ~ 973-1121 120-800  Experiment/Theory
2-pentyl and 3-pentyl radicals. SPST/(G3MP2B3, G3B3)
2012 Awan et al.[6] decomposition of a 1-pentyl 880-1055 80-680  Experiment/Theory
radical SPST/(G3MP2B3, G3B3)
2012 Comandini et al.[7] decomposition of a 1-pentyl 833-1130  100-5000 Experiment/Theory
radical SPST/(G3MP2B3, G3B3)
2012  Sirjean et al.[8] H-atom transfer reactions for 500-2000 high Theory
species ranging in size from pressure  CBS-QB3
pentyl to octyl radicals limit
2011 Davis et al.[9] H-atom migration across n-alkyl 200-2500 high Theory
radicals pressure G2, G4,CBS-Q
limit
2011  Yuetal.[10] 1—4 isomerization of a 1-pentyl 200-2400 high- Theory
radical pressure \ 1o \TST
limit
2009 Zheng et al.[11] H-atom transfer isomerisation of ~ 200-2400 high Theory
1-pentyl and 1-hexyl radical. pressure  MCG3-MPW//MO06-
limit 2X/IMG3
2003 Jitariu et al.[12] 1,2,13,14,and 1,5 400-2000 high Theory
isomerisation, B-scission and H- pressure  PUMP-SAC2/6-
atom elimination reactions of limit 311G**//|AM1
pentyl radicals
2002  Miyoshi et al.[13] 1-4 isomerisation of 1-pentyl 440-520 0.13-0.93  Experiment
radical Laser_phc_JtoI_ysis—
photoionisation mass
spectrometry
1999  Yamauchi et al.[14] unimolecular reactions of C3—Cs ~ 900—-1400 =101 Experiment
alkyl radicals ST/H-ARAS
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Alkyl radicals are important intermediates in alkane pyrolysis/oxidation and can undergo
unimolecular decomposition and isomerisation reactions. Unimolecular decomposition of the
radical species results in the formation of lower molecular weight alkyl radicals and alkenes.
For larger alkyl radicals, including pentyl radicals, H-atom isomerisation reactions are
important, leading to many different branching possibilities in the reaction pathway [9].
These unimolecular decomposition reactions compete with bimolecular oxidation steps which
lead to chain branching and are also responsible for endothermicity under some conditions
[15]. However, at high temperatures alkyl radical lifetimes are so short that bimolecular
reactions cannot compete, and unimolecular decomposition reactions dominate [6]. The
fragmentation pattern of the parent radical determines both the way in which the species
oxidises and also the formation of the product species [5]. Therefore, a knowledge of these
decomposition mechanisms and quantitative predictions of the rate constants is essential in
developing accurate combustion models.

There have been quite a number of experimental and theoretical studies on the
unimolecular reactions of pentyl radicals, which are synopsised in Table 2.1. Perhaps the
most significant for the construction and validation of detailed chemical kinetic combustion
models are a trio of studies from Manion et al. [5], Awan et al. [6], and Comandini et al. [7]
which provide valuable data for the development and validation of theoretical combustion
models.

The first study by Awan et al. [6] used 1-iodopentane as a source of pentyl radicals.
Dilute mixtures of 1-iodopentane were thermally decomposed, with an excess of radical
scavenger [1,3,5-trimethylbenzene (135TMB) and m-xylene]. Decomposition and H-atom
transfer reactions of 1-pentyl radical were characterised in a single-pulse shock tube over
temperature and pressure ranges of 880 — 1055 K and 80— 680 kPa, respectively.

Gas chromatographic analysis with mass spectrometric and flame ionisation techniques
were used to quantify the reaction products, with ethylene and propene identified as the
dominant olefinic products, with secondary products such as (E)-2-pentene, (Z)-2-pentene
and 1-butene accounting for less than 1% of olefin yield. A mechanism was postulated based
on the measured products, with the ethylene/propene ratio determined largely by the kinetics
of 1l-pentyl < ethylene + n-propyl relative to 1-pentyl = 2-pentyl via a 5-member ring
transition state.

As part of their work, an initial kinetic model was developed based on the G3MP2B3
determinations of the reactants and transition state properties. Partition functions and

thermochemical values were derived using a rigid-rotor harmonic oscillator (RRHO) model
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with the widely used modification for internal rotors. Statistical thermodynamics and Rice-
Ramsperger-Kassel-Marcus RRKM / master equation (ME) analyses [16] were employed to
compute the thermochemistry of minima, and to compute rate constants as a function of
temperature and pressure. These theoretical results were then validated directly against their
experimental results [6], via construction of a detailed chemical kinetic model.

To improve agreement with experimental results, Awan et al. [6] made alterations to
their G3MP2B3-derived molecular properties. To derive rate constants, a combined analysis
of their data and data from the literature was carried out [6]. The rate constant for the reaction
1-pentyl < ethylene + n-propyl was determined based on three criteria, (i) on their
G3MP2B3 calculations [6], (ii) the evaluation of direct experiments by Knyazev and Slagle
[17] on the decomposition of butyl radicals, and (iii) existing theoretical and experimental
data on alkyl radical addition reactions [18, 19]. For 2-pentyl < propene + ethyl, their
G3MP2B3 calculations were used together with (i) evaluated data from Knyazev and Slagle
[17], (ii) data on the decomposition of secondary butyl radical by Knyazev and Tsang [20]
and (iii) theoretical and experimental results on alkyl radical addition reactions [18, 19].

For 3-pentyl <« 1-butene + methyl, their G3MP2B3 calculations were used in tandem
with experimental data on 2-butyl decomposition [20, 21] and theoretical and experimental
data on alkyl radical addition reactions [18, 19]. For 1-pentyl = 2-pentyl, a combination of
their G3MP2B3 calculations with a number of experimental and theoretical studies of the
isomerisation of the 1-pentyl = 2-pentyl reaction were used [8, 11-14, 22-27]. No
experimental data was available for the 1-pentyl = 3-pentyl reaction; thus, to derive a rate
constant, their G3MP2B3 calculations were used in tandem with the work of Hayes et al.
[28], who calculated barriers for H-atom transfer reactions for a range of alkyl, allylic and
oxo-allylic radicals.

Other changes to the potential energy surface (PES) were made by altering the energies
of the transition states (TSs) by adjusting the lowest vibrational frequency in the TSs to alter
the pre-exponential parameters, with some changes made to enthalpies of formation for key
species as described in Table AS8 of Appendix A. Energy barriers were kept within 6 kJ mol~
1 of the original unadjusted values and pre-exponential factors were kept within a factor of
2.5 of the original values, which is in line with the uncertainties of the G3MP2B3 method.
This best-fit model optimised against their shock-tube data was then used to calculate rate
constants over temperature and pressure ranges of 700 — 1900 K and 10' — 10° kPa,

respectively.
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A companion study by Comandini et al. [7] on the thermal decomposition of 1-pentyl
radicals provided new experimental data from pressures of 80 — 5000 kPa, and temperatures
of 833 — 1130 K. This work also used 1-iodopentane to generate the radicals of interest but
removed all inhibitors from the initial mixtures, to ensure that all olefinic products were
derived from the starting substrate, and the results confirm that there is no significant
alteration of the ethylene/propene ratio due to the absence of an inhibitor. The theoretically
derived model of Awan et al. [6] gave good agreement with the new experimental data [7].

Manion et al. [5] subsequently studied the isomerisation and decomposition reactions of
2-pentyl and 3-pentyl radicals in a single-pulse shock tube over the temperature and pressure
ranges of 973 - 1121 K and 120 — 800 kPa, respectively. This was the first direct study of the
olefin branching ratio resulting from the competitive kinetics of isomerisation and C-C /-
scission for secondary straight chain alkyl radicals at high temperatures. A small amount of
precursor, hexamethylethane (HME) was used to thermally generate H-atoms in the presence
of excess (E)-2-pentene, resulting in the formation of the radicals of interest by the addition
of a H-atom to the double bond. The stable products, ethylene, propene and 1-butene were
detected using the same procedure as Awan et al. [6], and predictions made by the best-fit
model [6] were found to be in good agreement with experiment [5].

Other recent experimental studies of note include the works of Yamauchi et al. [14] and
Miyoshi et al. [13]. Yamauchi et al. [14] studied the thermal decomposition of a range of Cs3—
Cs alkyl radicals using a shock-tube coupled to a hydrogen atomic resonance absorption
spectrometry (H-ARAS) detection system. A series of alkyl iodides were used to generate the
alkyl radical of interest, and the hydrogen atoms generated from the thermal decomposition
of these alkyl radicals were quantified as a function of time for temperatures of 900 — 1400 K.
High-pressure limiting rate constants for the unimolecular decomposition and isomerisation
of 1-pentyl and 2-pentyl radical were derived via RRKM/ME modelling of their experiments
and literature data.

Miyoshi et al. [13] studied the unimolecular isomerisation reaction of 1-pentyl to 2-
pentyl radical using laser photolysis photoionisation mass spectrometry over the temperature
and pressure ranges of 440 — 520 K and 1 — 7 Torr, respectively, in He bath gas. The
photolysis of 1-chloropentane was used to produce the 1-pentyl radical, which then
isomerised to 2-pentyl radical. The 2-pentyl radical was then photo-ionised and detected
based on its lower ionisation potential relative to 1-pentyl radical. The experimental rate

constants were found to be both temperature and pressure-dependent and an RRKM/ME
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analysis fitted to the experimental data allowed a high-pressure limiting rate constant to be
derived.

Other than the above experimental works, there have been many purely theoretical works
[8-12, 29], which have studied the unimolecular decomposition and isomerisation reactions
of pentyl radicals. Unlike the work of Manion et al. [5], Awan et al.[6], and Comandini and
co-workers [5-7], the provision of a validated and comprehensive set of temperature- and
pressure-dependent rate constants for use in combustion modelling was not the aim of any of
these studies. Rather, these studies [8-12, 29] tend to focus on the influence of various
theoretical approximations on computed high-pressure limiting rate constants, such as the
influence of electronic structure method, tunnelling models, multi-structural torsional an-
harmonicity, and variational effects. A full series of comparisons of our computed rate
constants with relevant literature studies [8-12, 29] are provided in Figure AS2 of Appendix
A.

Table 2.2: List of Reaction Channels Considered in This Work.

Reaction number Reaction channel

R1 1-CsHio+ H <> CsHol-1 + H2

R2 1-CsHio+ H < CsHol-2 + H2

R3 1-CsHio+ H <> CsHel-3 + H2

R4 1-CsHio+ H <> CsHol-4 + H2

R5 1-CsHio+ H <> CsHol-5 + H2

R6 (E)-2-CsHio + H < CsHg2-1 + Ha
R7 (E)-2-CsHio + H <> CsHg2-2 + Hy
RS (E)-2-CsH1o + H <> CsHg2-3 + Hy
R9 (E)-2-CsH1o + H <> CsHo2-4 + Hy
R10 (E)-2-CsHio + H < CsHg2-5 + Hy
R11 1-CsHio+ H < CsHi1-1

R12 1-CsHio+ H < CsH11-2

R13 CsHu-2 > (E)-2-CsHo + H

R14 CsHu1-3 > (E)-2-CsHo + H

R15 CsH11-1 <> CoHa + C3Hy

R16 CsH11-2 <> C3Hg + CoHs

R17 CsH11-3 < C4Hs-1 + CH3

R18 CsH11-1 = CsHi1-2
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R19 CsHi1-1 = CsH11-3
R20 CsH11-2 = CsH11-3

The aims of the current work parallel those of Manion et al., Awan et al., and Comandini
et al. [5-7]. The first is to revisit the kinetics and thermodynamics of the pentyl radical
decompositions to construct an RRKM/ME model for the complete list of relevant reactions
(Table 2.2) within a single theoretical framework. Despite the large number of studies in the
literature of relevance to pentyl radicals, this work is the first to provide a complete set of
temperature- and pressure-dependent rate constants for all well-to-well, bimolecular product-
to-well, and bimolecular-to-bimolecular reactions, including formally direct well-skipping
reactions. The second aim of this work is to study the abstraction reactions of hydrogen atom
with 1- and 2-pentene, which have not been considered in past works. Here, we show through
a combination of theory and experiment that they are non-negligible in the high-temperature
pyrolysis of 1- and 2-pentene. Our results are subsequently incorporated into a detailed
chemical kinetic model [30] and validated against experimental data by Manion, Awan,
Comandini and co-workers [5-7], Yamauchi et al. [14], and Miyoshi et al. [13], together with

new hydrogen atomic resonance absorption spectrometry experiments from this work.

2. Computational Details

2.1. Electronic Structure Calculations

All electronic structure calculations were performed using Gaussian 09 [31] and
Gaussian 16 [32]. As many of the species have multiple equilibrium geometries,
conformational searches were carried out to obtain the minimum energy structure of all PES
minima and saddle points. Each stationary point was initially optimised using ®B97X-D
[33]/aug-cc-pVTZ [34] level of theory to ensure the entire PES could be studied using a
single method. These were then used as input for a conformer sampling routine, where the
dihedral angles of each non-methyl internal rotational group were assigned a value between —
180° and +180°.

For each well, a minimum of 23 samples were generated for species with one non-methyl
rotor, a minimum of 29 samples for species with two non-methyl rotors, and a minimum of
50 samples for species with three non-methyl rotors. For transition states, a minimum of 60
samples were generated for each structure. In total, approximately 1600 geometries were
generated for the Cs PES of interest, which were then used as input for a geometry

optimisation and frequency analysis with modest basis sets («B97X-D [33]/6-31+G(D) for
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wells, ®B97X-D [33]/6-31G(D) for transition states). The zero-point-vibrational-energy-
corrected electronic energy was computed for each conformer, and the conformer with the
lowest zero-point-vibrational-energy-corrected electronic energy was taken as being the
global minimum. The resulting lowest energy conformer were optimised using the ®B97X-D
[33]/aug-cc-pVTZ method [34], with harmonic frequency analyses simultaneously carried out
to verify the nature of each stationary point, with a single imaginary frequency indicative of a
transition state structure.

Low frequency torsional modes were treated separately from vibrational modes, via
relaxed PES scans carried out with a ten degree increment with the wB97X-D [33]/6-
311++G(d,p) method. The potential energies as a function of dihedral angle were then used
as input for a one-dimensional (1-D) hindered rotor approximation as implemented in the
Master Equation System Solver (MESS solver) [35].

To refine the computed barrier heights, single point energies for minima and transition
states were calculated at the CCSD(T)/cc-pVXZ (where X = D and T) and MP2/cc-pVXZ
(where X = D, T and Q) levels of theory. The resulting energies were extrapolated to the
complete basis set limit using the following formula [36]

Eccsomycas = Eccso) / ce-pvrz + (Eccspm / ce-pvz — Eccos(r) 1 cepvpz) (341 4%~ 3%) + Empz/
ce-pvaz + (EMP2/ cepvoz — Emp2/ ce-pvtz) (4% 5% — 4%) — Emp2/ ccpvrz— (EMP2/ ce-pvTz — EMP2 /o
pvpz) (3*/4%-3%. (1)

An initial model was constructed based on these results, and higher level RO-aug-cc-pVXZ
SPEs were carried out for reactions which were found to be important on the CsHi; PES.
These reactions included; R3, R6, R9, R11-20. The energies were extrapolated using the
formula:

Eroccspmycas = Erocesp() / aug-ce-pvtz + (ERocesp(T) / aug-ce-pvTz — ERoCCDS(T) / aug-ce-pvpz) ( 3*
| 4*— 3% + Eromp2 / aug-ce-pvaz + (EROMP2 / aug-cc-pvaoz — EROMP2 / aug-ce-pvTz) (4% 5% — 4*) — Eromp2/

aug-cc-pVTZ — (EROMPZ [ aug-cc-pVTZ —EROMPZ/aug—cc—pVDZ) (34/ 44 34)- (2)

The T1 diagnostic [37] for all minima and transition state species is < 0.025, indicating that

single reference methods to describe the wave function are appropriate [36].
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2.2. Thermochemistry

Table 2.3: Formation Enthalpies and Uncertainties (20) Computed via Isodesmic and

Atomisation Methods, Together with ATcT, ANLO and ANL1 Formation Enthalpies and

Uncertainties.
Species Isodesmic Isodesmic Atomisation Atomisation ATcT (0K, ATcT (298.15K, ATCcT (20) ANLO ANL1
(0K, kJ/mol) (20) (0K, kJ/mol) (20) kJ/mol) kJ/mol)

CoHs —-69.48 2.65 —-69.44 7.67 —68.33 -83.96 0.13 —-68.90 —-69.00

CoHs 60.54 0.45 61.36 3.85 60.91 52.39 0.12 60.20 60.20

CoHs 131.66 0.76 131.40 6.65 130.94 119.87 0.28 131.30 131.00

CoH3 303.37 0.97 301.26 5.41 301.14 296.94 0.34 300.90 300.50
CsHs -82.75 0.18 -83.53 11.12 -82.74 -105.03 0.19 -83.20 -
CsHe 35.02 0.36 35.85 7.33 34.98 19.98 0.21 34.50 -
C3H7-1 117.68 0.65 118.15 9.75 118.27 100.87 0.60 118.20 -
C3H7-2 105.17 0.92 105.71 9.63 105.05 88.18 0.56 105.10 -
C3Hs-1(Cis) 277.79 0.87 278.38 7.53 277.99 267.20 0.79 278.40 -
C3Hs-1(Trans) 279.72 0.68 280.30 7.20 280.03 269.22 0.81 - -
C3Hs-2 262.22 0.95 262.80 6.86 262.81 252.46 0.78 263.00 -
C3Hs-3 178.15 1.32 179.03 6.69 179.54 167.82 0.55 179.60 -
CaH1o -98.24 0.24 -98.68 14.36 -98.65 -125.96 0.26 -98.80 -
CsHe-1 21.14 0.20 22.40 10.66 20.86 -0.09 0.38 21.30 -
CqHg-2-E 9.40 0.25 10.63 10.86 9.24 -11.32 041 9.60 -
CyHg-2-Z 14.68 0.40 15.91 11.07 13.93 -7.34 0.42 - -
CqHo-1 102.04 0.78 102.04 13.08 102.52 80.02 0.72 103.20 -
CqHg-2 90.43 0.74 91.55 12.82 90.19 65.42 0.98 90.90 -
CqH-1 263.30 0.90 263.97 10.27 - - - - -
Cy4H7-2 248.39 0.94 249.16 9.84 - - - - -
CqH--3 152.21 0.82 152.04 9.48 - - - - -
Cy4Hs-4 222.68 0.78 224.34 12.26 - - - - -
CsHio-1 5.29 0.25 7.08 14.01 - - - - -
CsHjo-2 -5.07 0.29 -3.43 1431 - - - - -
CsHyi-1 86.45 0.76 86.95 16.40 - - - - -
CsHy-2 73.99 0.77 75.86 16.21 - - - - -
CsHy-3 75.40 0.71 77.27 16.04 - - - - -
CsHol-1 247.57 0.76 248.19 13.53 - - - - -
CsHol-2 231.91 0.77 233.06 13.02 - - - - -
CsHol-3 137.77 0.81 138.02 12.77 - - - - -
CsHol-4 193.95 0.59 196.13 14.78 - - - - -
CsHol-5 205.46 0.83 207.68 14.83 - - - - -
CsHg2-1 137.60 1.18 138.02 12.77 - - - - -
CsHg2-2 224.62 1.28 225.54 13.24 - - - - -
CsHg2-3 225.18 1.33 226.39 13.29 - - - - -
CsHg2-4 125.86 0.83 126.10 12.75 - - - - -
CsHg2-5 194.40 2.39 196.70 15.69 - - - - -
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Table 2.3 presents formation enthalpies and uncertainties (26) computed via isodesmic
and atomisation methods, together with ATcT [38, 39], ANLO [40] and ANLL1 [40] formation
enthalpies and uncertainties (26). For the species CaH71-1, CaH71-2, C4H71-3, C4H71-4 and
all Cs species, ATcT, ANLO and ANL1 formation enthalpy values do not exist. Quantum
chemical composite methods (CBS-QB3, CBS-APNO, G3 and G4) [41-43] were therefore
used to calculate formation enthalpies at 0 K via a network of isodesmic reactions suitable for
each species, using ATcT values for the molecular and radical chaperones.

Formation enthalpies at 0 K for the 18 C,— Cs4 species, for which ATcT values exist were
calculated initially via the isodesmic approach in order to verify our method and confirm the
ATCT results. A systematic and hierarchical approach was taken, where C> species were used
as chaperones for Cs species, and C> and Cs species for Cs species, etc. These calculated
values were then compared with ATcT, ANLO and ANL1.

Excellent agreement is observed, with differences, defined as the mean absolute error
(MAE), between ATcT and this work being on average 0.56 + 1.08 kJ mol™. Differences
between this work and ANLO are on average 0.67 + 1.12 kJ mol1. The remaining 20 species
were then calculated using ATcT values for the chaperones. In the case of the Cs radical
species, formation enthalpies at 0 K for the four C4Hy radicals were first calculated using the
isodesmic approach, and these were then used as chaperones in conjunction with ATcT
values, to derive the Cs radical species isodesmic networks.

Comparisons between atomisation and isodesmic values obtained in this work were
made and excellent agreement is observed, with a MAE of 0.97 + 1.30 kJ mol. However,
although isodesmic and atomisation methods give similar nominal 0 K heats of formation, the
isodesmic approach is often used to approach “chemical accuracy”, and our computed final
heat of formation uncertainties for the isodesmic reactions are between 0.18 —2.65 kJ mol .

Uncertainties in the enthalpies of formation of each species via the isodesmic approach
were calculated using the methods described by Simmie et al. [44] The formation enthalpy of
the target species x;, for the isodesmic reaction j is computed with an associated uncertainty
uj. In this work uj is given by,

= Tud +u? ()

where uc and ur are the uncertainties in the heat of formation of the chaperone species
and in the heat of reaction of the isodesmic reaction, respectively, and ur is computed with 2¢
uncertainties of the four compound methods employed.

The final enthalpy [44] is calculated via a weighted grand mean,
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X =3 ()X (?) - (4),
and the final uncertainty is given by
u=1[Xu"?  (5)

Table 2.4 provides an example of how the enthalpy of formation at 0 K in kJ mol~ was
determined for CsHio-1 using the isodesmic approach. Values in bold represent AiHok along
with its 26 uncertainty for each isodesmic reaction and the final AfHok is given at the end of
the isodesmic reaction list. Section A.4 of Appendix A provides a complete list of isodesmic

reactions.

Table 2.4: Illustrative Isodesmic Reactions Used To Calculate the Formation Enthalpy
of 1-Pentene.

Q) Method CsHyp-1l  + CH,4 = CoH4 +  CsHpo AH
CBS-QB3 14.95 —66.34 64.16 -9245  23.09
CBS-APNO —2.08 —70.85 59.79 -108.94  23.78

G3 7.19 —67.73 60.61 —97.76 23.39

G4 8.24 —66.62 60.86 —95.58 23.67

AH 5.33 —66.56 60.91 —98.65 23.48

+2¢ 0.61 0.06 0.12 0.26 0.53

2 Method CsHyp-1l  + CH,4 = Cs3Hs + CsHs AH
CBS-QB3 14.95 —66.34 40.38 —78.90 12.87
CBS-APNO —-2.08 —70.85 31.41 —91.50 12.84

G3 7.19 —67.73 35.61 -82.89 13.27

G4 8.24 —66.62 35.99 —-80.84 13.53

AH 5.66 —66.56 34.98 -82.74 13.13

+2¢6 0.64 0.06 0.21 0.19 0.58

3) Method CsHyp-1l  + CH, = GC4He1 + CoHe AH
CBS-QB3 14.95 —66.34 28.57 —66.40 13.56
CBS-APNO —-2.08 —70.85 15.58 —74.94 13.57

G3 7.19 —67.73 22.35 —69.08 13.81

G4 8.24 —66.62 23.11 —67.32 14.17

AH 5.31 —66.56 20.86 —68.33 13.78
+2¢6 0.64 0.06 0.38 0.13 0.50

(@) Method CsHyp-1l  + C2He = CsHs +  C4Hyo AH
CBS-QB3 14.95 —66.40 40.38 -9245 -0.62
CBS-APNO —-2.08 —74.94 31.41 -108.94 -0.51
G3 7.19 —69.08 35.61 -97.76  -0.25
G4 8.24 —67.32 35.99 -9558 051
AH 5.14 —68.33 34.98 -98.65 -0.48
+20 0.45 0.13 0.21 0.26 0.27

30



(5) Method CsHip-1 + CzHe = CiHe-1 + CsHs AH

CBS-QB3 14.95 —66.40 28.57 —78.90 1.13
CBS-APNO —2.08 —74.94 15.58 -91.50 1.09
G3 7.19 —69.08 22.35 -82.89 1.36
G4 8.24 —67.32 23.11 —80.84 1.36
AH 5.21 —68.33 20.86 —82.74 1.23
+20 0.50 0.13 0.38 0.19 0.25

AfHok =5.29 £ 0.25

As these isodesmic reactions are based on ATcT values for the heat of formation of each
chaperone, the final value is dependent on the uncertainties of these chaperones and on the
enthalpy of reactions, both of which are less than 2 kJ mol™* for the reactions we utilise.
Temperature-dependent enthalpies, entropies and heat capacities were then calculated using
traditional statistical thermodynamics methods as implemented in MESSPF [35], with
Chemkin format NASA polynomials fitted using PAC99 [45]. The fitted polynomials are
provided in the Supporting Information.

2.3. Transition State Theory (TST), Rice Ramsperger-Kassel-Marcus (RRKM) and
Master Equation (ME) Calculations

High-pressure limiting and pressure-dependent rate constants were calculated using
RRKM theory with master equation (ME) analysis using the Master Equation System Solver
program, MESS [35].

Tunnelling was accounted for via an asymmetric Eckart model [46], as implemented in
MESS [35], where parameters include the imaginary frequency, and the forward and reverse
barrier heights. To model collisional energy transfer, the single-exponential down model was
used, with the average energy transferred in a downward collision at a given temperature
estimated as (AEdown(T)) = 202.5 x (T/300)1° cm= based on previously optimised values
employed in studies of sec-butyl [20] and pentyl [5-7] radical decompositions.

Predictions of hydrogen atom profiles from this work were found to be insensitive to this
parameter, with factor of two perturbations changing predictions by 1-3%. Sl contains a
comprehensive comparison of the effect of this parameter on the predictions of literature data,
where factor of two perturbations were found to change predictions of absolute mole
fractions by up to = 20% for experiments where 1-pentyl radical decomposition controls
product yields [6, 7]. For experiments where 2-pentene and hydrogen atom were the effective
reactants [5], this parameter was again found to be insensitive. Lennard Jones parameters of
=4.04 A and ¢ = 235 cm™ were estimated for the CsH11 radicals by analogy to CsHi2 [47],

while ¢ = 3.462 A and ¢ = 89 cm™ were used for Ar. Rate constants for all thermally and
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chemically activated reactions were calculated over the temperature and pressure ranges 500
—1500 K and 0.01 - 1000 atm for use in general modelling work, and 750 —-1150 K and 0.5 —
60 atm to specifically model current experiments and literature experiments [5-7]. These rate
constants are fitted in PLOG format and are provided as Supporting Information.

2.4. Experimental Section

Temporal H-atom profiles have been measured for H-atom reaction with 1- and 2-
pentene and have been simulated with a detailed kinetic model described subsequently. H-
atom concentrations were monitored behind reflected shock waves by applying the sensitive
hydrogen atomic resonance absorption spectrometry (F-ARAS) technique. The shock tube
apparatus currently used and the method for gas mixture preparation were described
previously [48, 49]. Dilute gas mixtures containing small amounts of ethyl iodide (C2Hsl) as
the H atom precursor, and excess 1-pentene and 2-pentene were prepared, using argon as the
diluent.

Table 2.5: Experimental Mixture Composition (ppm, the Balance is Ar) for H-ARAS
Experiments Used To Study the Reactions of H + 1- and 2-Pentene.

CoHsl CsHio-1 CsHzo-2 p (atm) T/K
0.34 0.00 8.49 ~15 9801055
0.35 8.90 0.00 ~15 985-1046

Due to the high sensitivity of the H-ARAS detection technique, even small uncertainties
in the initial mole fractions of C,Hsl can affect the simulated temporal H atom concentration
profiles. With reactant mole fractions below 0.5 ppm, previous H-ARAS studies indicated
mole fraction uncertainties to be within + 0.02 ppm. The rise in H atom concentration is
based on the thermal decomposition of CzHsl, which is a well-characterised two channel
process [50].

o CoHsl = CoHs +1
e CyHsl = CoHs + HI

The H-atoms then react with the excess 1-pentene or 2-pentene through addition and
abstraction reactions. The experiments cover a narrow temperature range as at temperatures
around 1100 K, the thermal decomposition of 1- and 2-pentene starts to contribute to H atom
formation, and at lower temperatures there is a limit due to the slow decomposition of CzHsl
(< 1000 K). Table 2.5 outlines the mixture compositions studied in the experiments, with
detailed conditions provided in Table AS1 of Appendix A.
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2.5. Chemical Kinetic Modelling
An initial model was built by implementing our computed thermochemistry and rate
constants into AramcoMech 3.0 [30], including higher level RO-aug-cc-pVXZ SPEs
calculations for the reactions, R3, R6, R9, and R11-20, which were found to be important in
predicting the available experimental data. In order to accurately model experiment, rate
constants for a series of secondary reactions were also added to the mechanism.

Preliminary simulations showed that the H atom yields were somewhat sensitive to
pentene isomer unimolecular decomposition reactions, in particular, the reaction CsHio-2 <
C4H7-13 + CHa. High pressure limiting rate constants were estimated for the recombination
of the radical products, with the forward decomposition rate constants computed using the
species thermochemistry, Table 2.6.

For H-atom recombination reactions with alkyl, alkenyl and allylic radicals, rate
constants of 1 x 10 cm® mol s were estimated by analogy to the recombination of CHs
with H atoms [30]. For the recombination of two carbon-centred radicals, a recombination
rate constant of 5 x 10*2 cm?® mol* st was employed by analogy to the high pressure limiting
self-recombination reaction of allyl radicals [51]. To estimate fall-off effects for the
decomposition reactions, quantum Rice-Ramsperger-Kassel (QRRK) theory with a modified
strong collision (MSC) approximation was implemented via the ChemDis code [52, 53]. To
carry out the QRRK/MSC calculations, estimates of vibrational frequencies for each well
were derived from molecular heat capacities through methods described by Bozzelli et al.
[54]. These were then fitted using the THERM [55] package. Ultimately, fall-off effects were
found to have only a modest influence on predictions of the measured H-atom yields under
the current conditions.

There are few direct measurements or high-level theoretical calculations of the
unimolecular decomposition rate constants of the pentene isomers from which all channel-
specific temperature and pressure-dependent rate constants can be derived.

There exist a few recommendations for the total decomposition rate constants of 1-
pentene [56-60]. The pyrolysis study of Tsang [57] is perhaps of most relevance, with the
formation of C3Hs-a and C2Hs found to be the dominant process, with a concerted pathway
forming propene and ethylene of secondary importance. Our estimated high-pressure limiting
rate constant of 3.75 x 10 T113 exp(—38347.3/T) s for the radical formation pathway is
approximately a factor of 6-10 lower than that of Tsang in the temperature range 900-1200
K, and the use of their rate constants would imply radical recombination rate constants of the

order of 5 x 10 cm® mol~* s based on the thermochemistry employed in AramcoMech 3.0
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[30], which appears be an upper limit for such a process. If one employs the thermochemistry
for ethyl and allyl radicals published by Goldsmith et al. [36] and our estimated
recombination rate constant, a decomposition rate constant of 4.96 x 10'° T11 exp(-
37655.7/T) s results, which is within a factor of 3 — 4 of the Tsang recommendation. Our
estimated decomposition rate constants are therefore dependent not only on the estimated
recombination rate constants, but also the species thermochemistry.

Figure AS8 of Appendix A illustrates predicted H-atom yields if the rate constants of
Tsang [57] are implemented in our mechanism, with a systematic increase in predicted yields
observed. Inclusion of the molecular elimination pathway forming ethylene and propene has
virtually no influence on predictions of the experimental data herein.

Table 2.6: Estimated Rate Constants for Radical Recombination and Unimolecular
Reactions Relevant to 1- and 2-Pentene Decompositions.?

Reaction Ar Ny Ear Auni Nuni Ea.uni

H + CsHol-1 =CsHio-1 1x10% 0.0 0.0 2.55 x 10%° 0.13 461.9
H + CsHgl-2 =CsHio-1 1x 10" 0.0 0.0 6.49 x 10%° 0.04 447.3
H + CsHg1-3 =CsHio-1 1x 10 0.0 0.0 2.19 x 10% 0.24 350.5
H + CsHgl-4 =CsHio-1 1x 10 0.0 0.0 2.20 x 107 -0.31 4111
H + CsHgl1-5 =CsHio-1 1x 10 0.0 0.0 7.90 x 10%° 0.17 4215
CHs+ C4H71-4 =CsHio-1 5 x 10%? 0.0 0.0 3.05 x 10%° -1.16 374.3
CsHs-a + CoHs =CsHio-1 5 x 10%2 0.0 0.0 3.75 x 10%° -1.13 318.8
CoHs + n-CsH7 =CsHio-1 5 x 10% 0.0 0.0 3.86 x 10%* -1.41 425.4
H + CsHo1-3 =CsHi0-2 1x10% 0.0 0.0 5.24 x 103 0.52 361.2
H + CsHg2-2 =CsHy0-2 1x10% 0.0 0.0 5.02 x 10%° 0.02 450.6
H + CsHg2-3 =CsH1o-2 1x 10 0.0 0.0 5.21 x 10° 0.02 451.5
H + CsHg2-4 =CsH1o-2 1x 10 0.0 0.0 2.07 x 10%* 0.23 350.3
H + CsHg2-5 =CsHio-2 1x 10 0.0 0.0 1.15 x 106 0.14 422.4
CHs+ C4H71-1 =CsH10-2 5 x 102 0.0 0.0 5.32 x 108 -0.70 425.8
C3H5-S + C2H5 =CsH10-2 5 x 10'? 0.0 0.0 5.96 x 10%° -1.22 419.7
CHs+ C4H71-3 2CsHy0-2 5 x 102 0.0 0.0 7.56 x 10V -0.61 311.8

aA;, nr (cm3mol™ s), Auni, Nuni (7). Activation energies are in kJ mol=.

The C4H7 radical isomers formed from pentene isomer decomposition can ultimately
form CsHs isomers + H, and theoretically-derived pressure-dependent rate constants for C4H7
radical decomposition from Li et al. [61] were added to the mechanism.

Following H-atom abstraction from 1- and 2-pentene, a range of CsHy radicals are
formed, whose unimolecular reactions can lead to a variety of saturated and unsaturated

radicals and stable species, some of which are important products in the Manion et al. [5]
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study (e.g. 1,3-butadiene). As part of a separate work [62], we have carried out a systematic
study of the thermochemistry and kinetics of relevance to the 1,3-pentadiene (13-CsHg) + H
potential energy surface using a similar methodology to that of the current work. A set of
high-pressure limiting rate constants which account for the unimolecular decomposition and
isomerisation reactions of CsHg radicals were included based on preliminary results.

In terms of other important alkyl radical/alkene chemistry within the mechanism, rate
constants for the unimolecular decomposition of C,Hs and CsH7 radicals are based on the
theoretical results of Miller and Klippenstein [63]. The high-pressure limiting rate constant
for the decomposition of C2Hs was previously modified by 30% as part of the development of
AramcoMech 3.0. This optimisation is removed as part of the current work, although it has
only a minor effect on the current results.

Rate constants for abstraction reactions of hydrogen atoms from alkyl and allylic sites in
CsH10-1 and CsHio-2 by CHs radical are pre-existent in the mechanism [3, 4, 30], and are
based on the work of Tsang for propane [64] and propene [65] and these are left unchanged.

Thermochemistry and kinetics for radical initiators and scavengers were incorporated to
appropriately model literature experiments. In order to simulate both the literature and current
H-ARAS shock tube experiments, rate constants for pentyl iodide decomposition from Awan
et al. [6], and ethyl iodide decomposition from Bentz et al. [50] were added to the
mechanism. The experiments of Manion et al. used hexamethylethane (HME) as an initial
source of hydrogen atoms, the latter being produced via the reaction sequence HME « t-
C4Hg + t-C4Ho, and t-C4Hg «> i-C4Hg + H. Thermochemistry for HME was calculated via
group additivity, together with a rate constant of 10%™* exp(-31100/T) s* for HME
decomposition, as recommended by Manion et al. [5].

For the literature experiments from Awan et al. [6] and Manion et al. [5], 1,3-
dimethylbenzene (13DMB) and/or 1,3,5-trimethylbenzene (135TMB) were added to mixtures
to act as a radical scavenger, with initial simulations showing that exclusion of these species
from the mechanism had a clear influence on the model predictions of species yields, in
particular, for CH4/C2Hs. We therefore include a skeletal aromatic mechanism which allows
for the unimolecular decomposition of these species, including their abstraction reactions
involving methyl radicals and hydrogen atoms, and the ipso-substitution reactions of
135TMB + H forming 13DMB + CHs, and 13DMB + H forming CeHsCHs + CHs. Initial
thermochemistry and kinetics for 135TMB and 13DMB were sourced from the recent work
of Liu et al. [66]. The kinetics for H-atom abstraction reactions by CHs radicals from

135TMB and 13DMB were subsequently updated based on the theoretical results for the
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reaction C¢HsCHs + CH3 [67], with appropriate corrections to rate constant A-factors for
hydrogen atom degeneracy. Similarly, for the abstraction and addition reactions of H atom
with 135TMB and 13DMB, rate constants for the analogous pathways in CsHsCH3z were
adopted based on the rate constants [68] in AramcoMech3.0, considering hydrogen atom
degeneracy.

In order to interpret the shock-tube modelling results, rate-of-production and sensitivity
analyses have been used to identify important reactions and rate constants. Sensitivity
analyses for H atom concentrations were carried out by individually increasing and
decreasing A-factors for =300 reactions in the kinetic model by factors of two, with the
perturbed model then used to simulate the specific experimental measurements of interest.
The sensitivity coefficient for a given reaction, i, at a time, t, is given by

Si(t) = logwo([H]c2/[H]w2)  (6),
with positive sensitivity coefficients thus indicating reactions which increase H atom vyields,
and vice versa for negative coefficients.

A similar series of analyses were carried out for literature experiments, where a broader
range of stable alkane, alkene, and diene species were measured. A preliminary brute-force
sensitivity analyses for =~ 350 pyrolysis reactions relevant to the primary and secondary
chemistry were carried out for various mixtures [5-7]. For each experimentally measured
species (e.g. CHas, CoHs, C2Ha, etc.), a smaller subset of ~ 50 reaction rate constants whose
perturbation by a factor of + 2 resulted in a minimum of 5% change in a measured species
concentration were identified. For each experimental data point, brute-force sensitivity
analyses were carried out for these 50 reactions by varying A-factors by factors of + 2, and
computing the species mole fractions at the experimentally reported conditions of Ts, ps,
residence time (z), and mixture composition. The sensitivity of a given species concentration,
xi» to a given reaction, i, was computed via Sij = logiwo([xjlk2/[xilk2). These sensitivity
coefficients were also computed in cases where y; was taken as the ratio of two species mole
fractions, e.g. the ratio of ethylene to propene, and so reactions which are important in
predicting both the absolute yield of a given species, and the ratio of two species yields, have
been identified.

This analysis was repeated for every data point in every literature dataset, and the
subsequent sensitivity coefficients for a given species in a given dataset were averaged to
arrive at a mean sensitivity coefficient for the mixture. These mean sensitivity coefficients
were found to be generally invariant to mixture composition and are reported in Supporting

Information.
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An important point to note is that the absolute yields of certain species in the literature
experiments are rarely sensitive to the primary CsHio + H or CsHi1 chemistry alone. For
instance, absolute CH4 and C2He yields from the studies of Awan et al. [6] and Manion et al.
[5] are sensitive to reactant decomposition reactions (e.g. CsHiil, HME, CsHio-2), the
reactions of CH3 with radical scavengers/reactants, and the reactions CHsz + CHs (+M) <
C2Hs (+M) and CHsz + H (+M) «> CHa4 (+M), which are not the direct focus of the present
work.

Unlike Awan et al. and Manion et al. [5, 6], the Comandini et al. [7] experiments were
carried out in the absence of radical scavenger, and simulations showed that one cannot
predict absolute yields of their reactant, pentyl iodide, or CH4 and C2He, without inclusion of
some secondary bimolecular reactions to consume the pentyl iodide (e.g. CsHiil + CHs
abstraction reactions), although the ethylene/propene ratios are insensitive to this chemistry.
This caveat in mind, predictions of the current model are generally within a factor of two of
all the absolute species concentrations and product ratios reported in the literature. Detailed
simulations and sensitivity analysis for all literature species measurements are presented in
separate SI documents.

All shock tube simulations were performed assuming a zero-dimensional, constrained-
UV homogeneous batch reactor in Chemkin-Pro [69]. Initial fuel and bath gas concentrations,
Ts and ps and residence time, as provided in the literature supplementary material were used
as the initial simulation conditions [5-7]. The model described above will be denoted as “this

work” throughout and any alterations are specifically annotated.

3. Theoretical Results

3.1. Thermochemistry

Table 2.7 compares the enthalpies of formation of Cs species computed in this work with
literature data, with the 298 K values in generally good agreement [6, 70]. The Awan et al.
[6] unadjusted values (model A) are within 2.6 + 2.68 kJ mol of this work; however, these
differences decrease to 1.05 + 1.05 kJ molif one compares with their best-fit model values.

The enthalpies of formation for the Awan et al. [6] unadjusted model are derived from
atomisation energies and RRHO zero point energies. For 1-pentene, the best fit AfH2gs value
was derived using AfHqy [1-pentene 298 K] = —46.94 +0.42 kJ mol from Wilberg et al. [71]
and AvapH2esk = 25.47 +0.1 kJ mol™ from Steel and Chirico. [72] For (E)-2-pentene, the best
fit AfH29s value was derived by averaging the values of AfHqy [(E)-2-pentene 298 K] of —
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58.24 + 0.42 kJ mol™* and —57.98 + 0.76 kJ mol™ from Wilberg et al. [71] and Good and
Smith [73], together with AvapHz29s k 26.86 +0.09 kJ mol~ from Steel and Chirico [72].

Table 2.7: Comparisons of the Formation Enthalpies Computed in This Work with
Literature Data®.

AiHok ArHok

Name Formula | this work Isodesmic this work A_szgg < | Ao | A | Arasa ) Artzsac
Atomisation this work [1] [1] [2] [3]

1-pentene CsHio-1 5.29+0.25 7.08 £14.01 —20.57 420 | -23.29 | -2150 | -21.28

2-pentene CsH10-2-E -5.07£0.29 -3.43+1431 -31.81 -5.10 | -32.18 | -31.25 | -30.33

1-pentyl CsHii-1 86.45 +0.76 86.95 +16.40 57.85 90.10 60.10 59.10 60.98

2-pentyl CsH11-2 73.99 £0.77 75.86 £16.21 44.73 78.30 49.20 46.70 49.27
3-pentyl CsH1u:-3 75.40 £0.71 77.27 £16.04 46.95 79.40 50.23 46.40 -
1-penten-1-yl CsHol-1 24750 £0.76 248.19 +£13.53 224.93 - - - -
1-penten-2-yl CsHol-2 23191 +£0.77 233.06 +£13.02 210.19 - - - -
1-penten-3-yl CsHo1-3 137.77 £0.81 138.02 +12.77 114.31 — — - —
1-penten-4-yl CsHol-4 193.95 +0.59 196.13 +14.78 172.21 — - - —
1-penten-5-yl CsHol-5 205.46 £0.83 207.68 +14.83 184.58 - - — -
2-penten-2-yl CsHg2-2 224.62 £1.28 225.54 +13.24 202.19 - - - -
2-penten-3-yl CsHg2-3 22518 £1.33 226.39 £13.29 203.09 - - - -
2-penten-4-yl CsHo2-4 125.86 +0.83 126.10 £12.75 102.83 - - - -
2-penten-5-yl CsHg2-5 194.40 £2.39 196.70 +15.69 172.74 - - - -

aUnits: Enthalpies of Formation (kJ mol™?); [1] Awan Model A (G3MP2B3) [6], [2]
Awan best-fit model [6], [3] Burcat [70].

The enthalpy of formation at 298 K for 1-pentyl radical was derived using AfH(g,208) [N-

pentane] = —146.8 + 0.59 kJ mol™ from Good [74], and a C—H bond dissociation energy

(BDE) of 423.8 kJ mol. For 2-pentyl radical and 3-pentyl radical, enthalpies of formation at

298 K were derived in the same way as 1-pentyl radical, but using C—H BDEs of 411.5 for 2-

pentyl and 411.2 kJ mol for 3-pentyl radical. If one employs the enthalpies of formation

values for the three pentyl radicals calculated in this work, along with AfH(g) [n-pentane(g)
298 K] = —146.8 + 0.59 kJ mol* from Good [74], BDEs of 422.65, 409.53 and 411.75 kJ
mol for 1-pentyl, 2-pentyl and 3-pentyl radical result, which are within 1.22 +1.43 kJ mol*

of Awan et al. [6] Differences between this work and Burcat [70] enthalpies of formation are
within 2.46 +2.96 kJ mol .
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With the exception of 1-pentene, for which the literature entropies and the result from
this work are in good agreement, the differences in the entropies calculated in this work and

published in the literature [6, 70] appear larger than those for the enthalpies (Table 2.8).
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Table 2.8: Comparisons of Entropies Computed in This Work with Literature Data?.

Name Formula -8298 K Saes k Sae8 K Saes k
this work [1] [2] [3]

1-pentene CsHio-1 346.25 347.0 347.0 347.11

(E)-2-pentene CsHi0-2 342.76 3432 3432 370.09

1-pentyl CsHp-1 373.44 370.8 370.8 367.17

2-pentyl CsH11-2 379.52 375.4 375.4 363.67
3-pentyl CsHu-3 380.89 3727 372.7 -
1-penten-1-yl CsHol-1 354.10 — - -
1-penten-2-yl CsHol-2 357.37 - - -
1-penten-3-yl CsHe1-3 341.61 - - -
1-penten-4-yl CsHol-4 367.53 - - -
1-penten-5-yl CsHel-5 365.82 - - -
2-penten-2-yl CsHg2-2 350.23 - - -
2-penten-3-yl CsHg2-3 350.72 - - -
2-penten-4-yl CsHo2-4 337.28 - - -

2-penten-5-yl CsHe2-5 363.20 - - 357.78

aUnits: Entropies at 298 K (J K mol?) [1] Awan Model A (G3MP2B3) [6], [2] Awan
best-fit model [6], [3] Burcat [70].

Awan et al. [6] used the same entropy values in both model A (unadjusted results) and
their best-fit model, indicating that no optimisation of their RRKM/ME input parameters took
place with respect to species entropies. Our computed entropies are on average 2.75 = 6.57 J
K1 mol? larger than reported by Awan et al. When we compare our results to those
recommended by Burcat, and excluding the 2-pentene entropy which appears to have an
erroneous polynomial fit, the differences appear larger, and the present results tend to
compare more favourably with the results of Awan et al. [6] than with the Burcat data [70].

Awan et al. [6] and Burcat [70] take a similar approach to the computation of their
thermochemistry, and one which is not dissimilar to the current work. Geometries, external
rotational constants, and vibrational frequencies are determined with the G3MP2B3 and
G3B3 composite methods, respectively, and the translational, vibrational and rotational
partition functions are computed with the usual statistical thermodynamics formulae with
appropriate corrections for molecular symmetry and electronic level degeneracies.

In their work(s), an-harmonicity arising from torsional/internal rotational modes is
accounted for using a 1-dimensional Pitzer-Gwinn [75] like treatment, where the potential
energy is approximated via symmetric n-fold potentials of the form

V = 0.5Vmax{1-cos(ngp)}[14] (7
where V is the hindrance potential at angle ¢, Vmax IS the maximum barrier to rotation,

and n is the number of minima along the potential. Further corrections are subsequently
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employed to correct the hindered rotor partition function for symmetry, for example, the
threefold symmetry of methyl rotations and two-fold symmetry of methylene radical (—-CH2)
rotors.

To compute energy levels, and hence partition functions and thermochemistry, the
moment of inertia, or rotational constant, for the internal rotation is also required, along with
an appropriate method to solve the 1-D Schrédinger equation. To rationalise the differences
shown in Table 2.8, we have carried out test calculations on the individual and combined
effects of the rotational constants and potential energies used in the hindered rotor treatments
of this work and Awan et al. [6]. These are described in detail in Appendix A, with most of
the discrepancies accounted for through cumulative differences from the treatment of
torsional modes.

In contrast, Table 2.9 compares heat capacities for the Cs species common to this work,
the Awan et al. [6] study and the Burcat database [70]. The differences observed are on a par
with those observed for the entropy results presented previously. The Awan et al. [6] heat
capacities are greater than those of this work, with mean absolute differences of 2.7 £3.4 ]
mol! K1 computed at 300 K, and 4.3 + 1.5 J mol! K1 at 1500 K. There are no systematic
differences when the Burcat data are compared with the present work, but the mean absolute
differences for the six common species are 3.0 +4.3 Jmol K at 300 K and 1.7 2.4 J mol~
1K1 at 1500 K. A comparison of the Awan et al. [6] heat capacities with those of Burcat [70]
for 1-pentene, 1-pentyl, and 2-pentyl shows that the Awan et al. [6] heat capacities are also
systematically greater than those of Burcat at 300 K (1.8 + 1.3 J mol* K1), and that this
difference increases at 1500 K (4.4 + 1.8 J mol™* K™1). A further comparison of their (E)-2-
pentene heat capacities, keeping in mind that the Burcat polynomial may be erroneous, shows
that Burcat’s recommend heat capacities are 10.5 and 6.6 J mol™ K™ lower than the
recommendations of Awan et al. at 300 K and 1500 K, respectively.

These differences in heat capacity can again be attributed in some part to different
treatments of torsional an-harmonicity, but also, to differences in harmonic frequencies
computed by the G3MP2B3 and G3B3 methods employed by Awan et al. and Burcat, both of
which rely on a B3LYP optimisation and frequency analysis with the 6-31G(d) basis set.
Some test calculations on the pentyl radicals imply that the application of a scale factor of
0.96-0.97 to our ®B97X-D/aug-cc-pvtz results, which is typical of corrections to frequencies
for DFT computations, would resolve the differences in vibrational heat capacities, although
differences arising from their different approximations of the hindered rotor contributions

would remain.
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Table 2.9: Comparisons of the Heat Capacities Computed in This Work with Literature
Data. Units: (J K™ mol™) [a] This work, [b] Burcat [70], [c] Awan et al. [6].

Cpsw | Cpao | Cpsowo | Cpsoo | Cpsoo | Cp oo | CP 1500
CsHio-1 [a] | 109.55 | 135.63 | 160.85 | 183.31 | 217.61 | 244.22 | 285.39
[b] | 108.72 | 136.92 | 163.55 | 186.79 | 221.11 | 246.52 | 284.57
[c] | 109.75 | 140.60 | 167.39 | 190.22 | 225.47 | 251.22 | 289.93

CsHio-2-E | [a] | 107.18 | 132.97 | 157.84 | 180.19 | 215.15 | 242.04 | 284.39
[b] | 101.04 | 125.87 | 151.59 | 175.36 | 212.32 | 240.45 | 281.17
[c] | 111.55 | 139.56 | 164.56 | 186.44 | 221.38 | 247.63 | 287.73

CsHu-1 [a] | 115.77 | 144.08 | 171.08 | 194.92 | 231.10 | 259.14 | 302.80
[b] | 115.17 | 144.01 | 171.30 | 195.41 | 232.29 | 260.65 | 303.74
[c] | 116.76 | 149.62 | 178.40 | 202.98 | 240.62 | 267.82 | 308.34

CsHu-2 [a] | 110.93 | 138.85 | 166.10 | 190.52 | 227.95 | 256.73 | 301.73
[b] | 112.37 | 139.59 | 166.67 | 191.26 | 229.46 | 258.84 | 303.05
[c] | 114.99 | 145.40 | 173.09 | 197.44 | 235.76 | 263.96 | 306.22

CsHu1-3 [a] | 111.73 | 139.00 | 165.83 | 190.00 | 227.27 | 256.01 | 301.23
[b] | 115.53 | 145.65 | 172.74 | 196.48 | 234.11 | 262.21 | 304.94

CsHe-21 | [a] | 103.20 | 129.52 | 154.07 | 175.45 | 207.40 | 231.71 | 269.62
[b] | 106.80 | 133.84 | 157.70 | 177.89 | 207.98 | 230.96 | 266.17

CsHe-25 | [a] | 106.19 | 129.54 | 152.13 | 172.35 | 203.61 | 227.65 | 265.50
[b] | 111.44 | 136.11 | 158.37 | 177.67 | 207.52 | 230.48 | 265.95

As a final point on thermochemistry, we have compared our Gibbs free energies as a
function of temperature to those of the best fit model of Awan et al. [6] to illustrate how the
combined thermochemical effects influence chemical equilibria for the pentyl radicals
(Figure AS5 of Appendix A). In the temperature range 300 — 2000 K, we find a maximum
difference of =7 J mol™* K1 in the Gibbs Free Energy for the 1-pentyl radical at 1000 K, and
the worst-case changes in the chemical equilibria for an arbitrary chemical reaction involving
any of the pentyl radicals amounts to a factor of 4.5 for the 1-pentyl radical at 300 K. In the
temperature range 500 — 2000 K, changes in equilibrium constants, and hence, any rate
constants involving pentyl radicals reliant on thermodynamic reversibility, would amount to a
factor of approximately 1.6 £ 1.1, where uncertainties are 2c. In the case of the unimolecular

reactions of pentyl radicals and reactions of H atoms with the pentene isomers, we note that
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these changes in thermochemistry are unlikely to significantly influence detailed chemical

kinetic modelling predictions of the shock tube data we subsequently model.

3.2. Reactions of H with 1-pentene and 2-pentene

Both 1- and 2-pentene have seven plausible reactions with H atoms (two addition
reactions and five abstraction reactions), with 0 K barriers, reaction enthalpies and high-
pressure limiting rate constants provided in Table 2.10. 1-pentene has both internal addition
(C2, R11), and terminal (C1, R12) addition reactions producing 1-pentyl and 2-pentyl radical
respectively. A barrier of 15.2 kJ mol™ is computed for the former reaction, which is some
7.4 kJ mol™* greater than the terminal addition barrier of 7.8 kJ mol. The two internal H
atom addition reactions to 2-pentene, forming 2-pentyl radical and 3-pentyl radical, have
similar barriers of 10.9 (C3, R13) and 11.4 kJ (C, R14) mol* respectively.

These addition reaction barriers are found to be substantially lower than those for
abstraction. In the case of 1-pentene, a barrier of 21.9 kJ mol™? is computed for the
abstraction of a secondary allylic hydrogen atom forming CsHe-13 (R3). The reaction of 2-
pentene + H atom can yield two resonantly stabilised allylic radicals upon abstraction from
the primary allylic (R6, CsHg-13) and secondary allylic (R9, CsHo-24) sites, with respective
barriers of 28.94 kJ mol~tand 20.96 kJ mol* computed.

Figure 2.1 compares the computed high-pressure rate constants (Table 2.10) for the
reactions of H atom with 1- and 2-pentene, along with computed temperature- and pressure-
dependent branching ratios for abstraction and addition processes. For both isomers, addition
reactions dominate the reaction flux over the entirety of the temperature range as a result of
their lower barriers. For 1-pentene, terminal addition is kinetically dominant, and for 2-
pentene there is close to a 50:50 ratio between the two internal addition pathways.
Abstraction reactions from the allylic sites become increasingly competitive as temperature
increases, accounting for approximately 10, 20 and 40% of the branching ratio at 700, 1000
and 1500 K. Figure 2.2 show that the branching ratio between abstraction and addition

pathways is effectively pressure-independent for both 1- and 2-pentene.
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Table 2.10: Computed Energy Barriers, Heats of Reaction, and High-Pressure Limiting Rate
Constant Fits for the Reactions of H with 1- and 2-Pentene. Units (AT" = cm® mol~ s, energies = kJ
mol?). R1-R10 fit between 298 - 2000 K, R11—R14 fit between 500 —2000 K.

Reaction A'Hok | ArHok A n Ea
R1 | 1-CsHio+ H <> CsHol-1 + H 64.50 27.24 | 7.29x10° | 2.47 | 53.84
R2 | 1-CsHio+ H <> CsHgl-2 + H 51.89 12.53 | 4.81x10° | 2.17 | 40.50
R3 | 1-CsHio+ H <> CsHgl-3 + Hy 21.89 | —83.57 | 4.53x10° | 2.49 | 10.39
R4 | 1-CsHio+ H <> CsHol-4 + H 31.08 | —25.88 | 6.56x10° | 2.46 | 19.57
R5 | 1-CsHio+ H <> CsHgl-5 + Hy 40.86 | —15.71 | 5.52x10*| 2.81 | 28.38
R6 | (E)-2-CsHio+ H <> CsHo2-1 + Hy | 28.94 | —73.24 | 1.06x10* | 2.98 | 14.13
R7 | (E)-2-CsHio+ H <> CsHg2-2 + H2 | 53.73 15.70 | 4.81x10° | 2.44 | 42.88
R8 | (E)-2-CsHio+ H <> CsHe2-3 + H | 5350 | 16.52 | 7.35x10° | 2.39 | 42.56
R9 | (E)-2-CsHio+ H <> CsHo2-4 + Hz | 20.96 | —85.34 | 5.47x10° | 2.47 | 11.47

R10 | (E)-2-CsHio+ H <> CsHe2-5 + Hp | 42.21 | —14.89 | 2.52x10° | 2.63 | 29.33

R11 | 1-CsHio+ H <> CsHu1-1 15.20 | -136.98 | 1.97x10% | 1.63 | 9.04
R12 | 1-CsHio+ H <> CsH11-2 7.80 | -148.16 | 7.87x10° | 1.52 | 4.12
R13 | (E)-2-CsH10+ H <> CsH11-2 10.92 | -137.83 | 6.86x10° | 1.50 | 6.55
R14 | (E)-2-CsHio+ H <> CsH11-3 11.40 | -136.73 | 6.02x10% | 1.51 | 6.66

Figure 2.2 (a), (b) show the temperature- and pressure-dependencies of the product
branching ratios for H atom addition to 1- and 2-pentene in the temperature range 750 — 1500
K, and at pressure of 0.1, 1 and 10 atm, which is indicative of the conditions of the shock
tube data simulated in subsequent sections.

For 1-pentene + H atoms at 0.1 atm and 1 atm, the chemically activated formation of
propene and ethyl radical accounts for 80% of the reaction flux across this temperature range,
with direct chemically activated formation of ethylene and n-propyl radical accounting for
10-20%. At 10 atm, the importance of stabilisation increases, with formation of stabilised 2-
pentyl and 1-pentyl radicals accounting for at least 50% of the reaction flux up to 1000 K.

For 2-pentene + H atoms a similar situation prevails, with direct chemically activated
formation of propene and ethyl radical, and 1-butene and methyl radical, being nearly
equivalent under all conditions, and dominant at 0.1 and 1 atm. At 10 atm, stabilisation to
form 2-pentyl and 3-pentyl radicals is dominant up to 1050 K, with chemically activated

reactions governing the reaction flux at higher temperatures.
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Figure 2.1. (Top) high-pressure limit rate constants for the reactions of (a) 1-pentene + H

and (b) 2-pentene + H.
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Figure 2.2. Temperature and pressure-dependent branching ratios for (a) 1-pentene + H and
(b) 2-pentene + H via hydrogen atom addition reactions at 0.1 atm (dotted lines), 1 (dashed

lines) and 10 (solid lines) atm.

3.3. Reactions of pentyl radicals

The unimolecular reaction mechanism of pentyl radicals is generally well understood [5-
14, 28, 29] and only a brief overview of the key features of the potential energy surface from
this work is provided here. SI provides a detailed comparison of barriers and rate constants
computed in this work with literature data.

The 1-pentyl radical has two decomposition pathways: C—C B-scission (R15) forming
ethylene + n-propyl radical, and C—H B-scission forming 1-pentene and a H atom, with 0 K
barriers of 123.26 kJ mol~ and 153.56 kJ mol~* computed in this work.

Its isomerisation reactions are slightly more complex, as it can react via 1,2-(C1 to Cy)
1,3-(C1 to C3) and 1,4-(C1 to C4) hydrogen atom transfers. For the latter reaction, there exists
kinetically distinct equatorial and axial transition states, which cannot be interconverted by
internal rotation, Figure 2.3. Barrier heights of 96.51 and 97.36 kJ mol~* were computed for

the two pathways, with the equatorial conformation found to be slightly more stable than its
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axial counterpart. Inclusion of the higher energy pathway in our RRKM/ME modelling leads
to less than a factor of two increase in the total isomerisation rate constant, although this
correction is non-negligible for the modelling of literature experiments [6, 7] on 1-pentyl
decomposition.
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Figure 2.3. Axial (left) and equatorial (right) transition states for the 1,4-hydrogen atom
transfer reaction of 1-pentyl to 2-pentyl. Figures can be viewed in colour through the online

version.

As expected, substantially higher barrier heights of 161.1 and 162.3 kJ mol™ were
calculated for the 1,2- isomerisation forming 2-pentyl radicals via a 3-membered ring
transition state, and the 1,3-isomerisation reactions via a 4-membered ring transition state.

Similarly, 2-pentyl radicals can undergo C-H g-scission to form 2-pentene + H-atoms
(R13) with a barrier height of 148.75 kJ mol, with C—C g-scission to form propene + ethyl
radicals (R16) having a more favourable barrier of 122.9 kJ mol™. Isomerisation of 2-pentyl
radicals forming 3-pentyl radicals can also occur via a 3-membered ring transition state (Cz to
Cs, R20), with a barrier of 166.0 kJ mol~ computed for the lowest energy structure, in which
the Co-bound methyl and Cs-bound ethyl moieties are in an anti-configuration. The
corresponding syn-conformer is energetically disfavoured, with a barrier of 172.4 kJ mol
computed, although both are included in our RRKM/ME analysis. In turn, 3-pentyl radicals
can decompose via C—H f-scission to form 1-butene + methyl radicals (R17), with a barrier
height of 129.7 kJ mol™, or via C—H g-scission to form 2-pentene + H atoms (R14) through
a barrier of 148.1 kJ mol =,

Whilst these enthalpy effects are dominant at low temperatures, under the experimental
conditions of the present work, entropy effects cannot be neglected, and the larger loss of
entropy in isomerisation transition states relative to f-scission reactions leads to temperature-

dependence in the branching ratios between the two classes of reaction. Figures AS6 and AS7
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of Appendix A presents plots of tunnelling-uncorrected pre-exponential factors and entropies
of activation for the unimolecular reactions of the pentyl radicals, with the well-known
correlation between frequency factors and number of rotors lost in transition state rings
observed [23, 76, 77]. Beyond the well-known enthalpy and entropy factors, the energy
transfer effects must also be considered and the product branching ratios are also pressure-
dependent. Figure 2.4 illustrates the temperature- and pressure-dependent branching ratios for
1-, 2- and 3-pentyl radical unimolecular reactions at 0.1, 1.0 and 10 atm.

Under pyrolysis conditions, the fate of the 2-pentyl and 3-pentyl radicals is clear — the
former almost exclusively produces propene and ethyl, with 1-butene and methyl being the
solitary decomposition product of 3-pentyl radical. It is interesting to note that significant
competition between isomerisation-stabilisation reactions, and reactions forming bimolecular
products exists only for the 1-pentyl radical, Figure 2.4 (a). The formation of 2-pentyl radical
is dominant up to 825 K, 850 K and 950 K at 0.1 atm, 1.0 atm and 10 atm respectively. At
higher temperatures, decomposition to ethylene and propyl radical becomes the dominant
pathway, with formation of propene and ethyl through a well-skipping reaction mediated
through 2-penty! also featuring, particularly at low-pressures and high temperatures.
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Figure 2.4. Branching ratio at 0.1, 1 and 10 atm for (a) 1-pentyl, (b) 2-pentyl and (c) 3-pentyl
radicals. Dotted line (0.1 atm), dashed (1 atm) and solid (10 atm).
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In terms of the accuracy of our rate constants, high-pressure limiting rate constants for
the reactions of 1-pentyl and 2-pentyl are compared with literature studies in detail in SI with
varying levels of agreement observed depending on the electronic structure and statistical rate
theory approximations employed. Under the high-temperature conditions (> 1000 K) of
relevance to this work, most studies agree to within factors of two, although disagreement can
be substantially larger at low temperature where differences in barriers, tunnelling
corrections, and internal rotor treatments may be enhanced.

The theoretical studies of Yu et al. [10] and combined experimental and theoretical study
of Miyoshi et al. [13] provide what are perhaps the best benchmarks results, with both studies
in excellent agreement as to the high-pressure limiting rate constant for the reaction CsHii-1
= CsH11-2. Yu et al. [10] used this system as a validation of their newly formulated multi-
structural variational TST (MS-VTST), which extends the multi-structural (MS) family of
methods [78].

Figure AS4 of Appendix A show that our rate constants for the CsHii-1 = CsHi1-2
reaction are slower than both works, underestimating the Yu et al. [10] result by a factor of =
7 at 400 K, with this difference reduced to a factor of approximately two at 1000 K. For the
reverse reaction, our rate constant under-predicts that of Yu et al. [10] to a lesser extent, and
is within a factor of two from 3002000 K.

Our computed barriers are in excellent agreement with those of Yu et al., over-predicting
their CCSD(T)-F12b/jul-cc-pVTZ//M06-2X/MG3S result by =1 kJ mol?, which accounts for
a factor of 1.4 difference at low temperatures where disagreement is largest. Indeed,
tunnelling corrections are more important at these temperatures, with our Eckart tunnelling
correction factor of 14.1 at 400 K underestimating the small curvature tunnelling correction
of Yu et al. [10] by a factor of two. The remaining factor of 3—4 difference can be assigned to
their treatment of multi-structural torsional an-harmonicity, variational effects, differences in
electronic structure methods, and symmetry corrections, which are somewhat difficult to
disentangle.

Despite the apparent importance of multi-structural an-harmonicity, the entropies we
compute for 1-pentyl radical with a straight-forward 1-dimensional hindered rotor treatment
is in quite good agreement with multi-structural an-harmonic results from Zheng et al. [78],
our entropies being 0.95, 2.34, 4.34 J mol~! K less than theirs at 298.15, 400 and 600 K, and
one might expect these differences to be diminished for the transition states which are

conformationally less complex than the pentyl radicals.
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4. Detailed Kinetic Modelling
4.1. H-ARAS Experiments
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Figure 2.5. Experimental (black) and simulated (red) H-atom profiles for C,Hsl/1-pentene/Ar
mixtures at (a) 985 K, (b) 1031 K and (c) 1046 K.

Figure 2.5 presents experimentally measured and simulated H atom profiles for CoHsl/1-
pentene/Ar mixtures with the model capable of predicting the qualitative and quantitative
trends observed experimentally. Accompanying sensitivity and rate-of-production analyses
are presented in Figure 2.6 and Figure 2.7 respectively. The most important H atom
production pathways are the decomposition of C2Hsl to C2Hs and i, with the subsequent
decomposition of C2Hs to ethylene and H atom being facile, and the rate limiting C-I fission
reaction is expectedly more sensitive.

Of the reactions of 1-pentene, the major pathways consuming H atoms are the chemically
activated pathways forming propene and ethyl radicals (> 45.6%), and ethylene and propyl
radicals (> 14.3%). Despite the fact that the former pathway consumes three times more H-
atoms compared to the latter, it is much less inhibiting, as the ethyl radicals formed can
readily decompose to recycle H atoms, whereas the products of the latter pathway are
ethylene and CHs radicals. H atom addition leading to the formation of stabilised 2-pentyl and
1-pentyl consume 12% and 4% of the 1-pentene at 985 K, with the more important pathway
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forming 2-pentyl radical only mildly inhibiting as the 2-pentyl radical rapidly decomposes to

products which regenerate H atoms.

C2H51=C2H5+I

H-+C2H4(+M)=C2H5(+M)

C5H10-1=C3H5-A+C2H5

C2H51=C2H4+HI

7] T = 1046 K, tlus = 1200
T = 1046 K, t/us = 600
T = 1046 K, t/us = 300
I T = 985K, t/us = 1200
I T =985 K, t/us = 600
I 7 =985 K, t/us = 300

C5H10-1+H=C5H91-5+H2
C5H10-1+H=C5H91-4+H2

C5H10-1+H=C3H6+C2H5

C5H10-1+H=C5H91-3+H2 ﬂ
C5H10-1+H=C2H4+NC3H7 ﬂ

Figure 2.6. Sensitivity analysis to H atom concentrations for CoHsl/1-pentene/Ar mixtures at
985 K and 1046 K and at times of 300, 600 and 1200 ps.

Abstraction reactions from allylic and alkyl sites account for close to 20% of 1-pentene
consumption, with all three pathways found to be inhibiting. The dominant abstraction
pathway forming the resonantly stabilised CsHg-13 radicals consume = 13% of the 1-pentene,
and is the second most inhibiting reaction with respect to H-atoms yields, as the subsequent
decomposition of the pentenyl radicals lead largely to the formation of 1,3-butadiene and
methyl radicals. The unimolecular decomposition of 1-pentene consumes less than 1% of the
reactant, and is found to be the only 1-pentene-specific reaction which produces H-atoms,
and therefore, it is the only reaction of 1-pentene which has a positive sensitivity coefficient,

albeit, a small one.
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consumption pathways.

Figure 2.8 shows the corresponding experimental and simulation results for CoHsl/2-
pentene/Ar mixtures, with the model again found to give good agreement with experiment.
The important chemical reactions are delineated in the sensitivity and rate-of-production
analyses presented in Figure 2.9 and Figure 2.10. As in the case of 1-pentene, the
unimolecular decomposition of 2-pentene, forming CH3 and C4H71-3, is the only reaction of
the reactant species which is found to promote H-atom production, as the C4H71-3 radical
decomposes to form 1,3-butadiene and H atoms almost exclusively. The importance of this
reaction tends to increase with increasing temperature, and at longer reaction times.

The major consumption pathways of H atoms are the addition reactions, which consume
~ 70% of the reactant. The dominant pathways are the chemically activated reactions forming
propene and ethyl radicals, and 1-butene and CHs, which both consume 20-30% of the 2-
pentene. The latter reaction forming 1-butene and CHs is the most inhibiting reaction with

respect to H atom predictions, as the pathway forming propene and ethyl radicals regenerates
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H atoms via ethyl radical decomposition. The stabilisation pathways forming 2-pentyl and 3-
pentyl radicals are relatively less important, consuming 15-20% of the reactant. The pathway
forming 3-pentyl radical is found to inhibit H-atom production given that 3-pentyl
decomposes to form 1-butene and CHs, and stabilisation forming 2-pentyl does not inhibit H
atom production due to the subsequent formation of propene and ethyl radicals, which
ultimately recycle H atoms.

Abstraction reactions are also found to be important, consuming up to 25% of 2-pentene.
The pathways forming the resonantly stabilised CsHo1-3 via abstraction at the Ci position,
and CsHg2-4 via abstraction at the C. site, are dominant. Both reactions inhibit H atom
production as they largely lead to the formation of 1-butene and CHs radicals, with the

pathways which recycle H-atom with CsHg dienes of lesser importance.

980K, 1.5 bar, C,H,1=0.34 ppm, CH, -2 = 8.49 ppm 1032 K, 1.58 bar, C2H5I=0.34ppm, CH, -2=8.49 ppm
T T T T T T

1.5x10%

1.5x10"

T T T
= This Work (a) ] —— This Work (b)
1.0x10% 4 1.0x10% 4
@
£
S
z
5.0x10" 4 5.0x10" 4
0.0 ; . : 0.0 . . :
0 300 600 900 1200 0 300 600 900 1200
t/us t/ps
1044 K, 1.52 bar, C,H,]=0.34ppm, CH, -2=28.49 ppm 1055 K, 1.58 bar, C,H1=0.34 ppm, CH, -2 = 8.49 ppm
1.5x10% T T T T 1.5x10% T T T T
—— This Work (c) —— This Work ()
1.0x10% 4 1.0x10" 4
. ]
£
S
z
5.0x10" 4 5.0x10"
0.0 T T T 0.0 . . v
0 300 600 900 1200 0 300 600 900 1200

t/ps t/ps

Figure 2.8. Experimental (black) and simulated (red) H atom concentrations for CoHsl/2-
pentene/Ar mixtures at (a) 980 K (b) 1032 K and (c) 1044 K and (d) 1055 K.
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Figure 2.9. Sensitivity analysis to H atom concentrations for CoHsl/1-pentene/Ar mixtures at
980 and 1055 K and times of 300, 600 and 1200 ps.
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Figure 2.10. Rate of production analysis for H atoms for C,Hsl/2-pentene/Ar mixtures at 980
K (bold) and 1055 K (italics), at 300 ps (black), 600 us (red) and 1200 ps (blue). Solid blue
arrows represent H-atom producing pathways, while red arrows represent H-atom

consumption pathways.
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Figure 2.11. Model predictions (colour) of measured (black) H atom profiles upon factor of
two perturbations to the most promoting and inhibiting reactions for 2-pentene (top) and 1-
pentene (bottom). Solid lines illustrate the result of increasing a rate constant by a factor of

two, and vice versa for dashed lines.

Figure 2.11 illustrates the effect of changing the most sensitive promoting and inhibiting
reactions within the un-optimized model by factors of + 2. Whilst the uncertainty in the rate
constant for unimolecular decomposition of C2Hsl is not this large, it illustrates that it largely
controls the initial formation of H-atoms, and a slight increase to this rate constant would
improve agreement with experiment on short timescales. For both 1-pentene and 2-pentene,
the most inhibiting reactions are those which lead to the production of alkenes and CHs
radicals, and these rate constants largely influence the predictions of H-atom concentrations

at later times once H-atom yields have reached a maximum.
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4.2. Literature Experiments

The experimental conditions of important literature studies are presented in Table AS2
and Figure AS1 of Appendix A. A comprehensive comparison of the predictions of the
unoptimized model from this work against literature data [5-7, 14] and sensitivity analyses for

the same are also provided therein.
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Figure 2.12. Comparison of the experimentally measured and theoretically predicted ratios

(D) of ethylene to propene from the studies of Awan et al.[6] (W) and Comandini et al.[7]
(UIC: A, NIST: V). ® = Xethylene/ Xpropene, Where X is the mole fraction.

For the experiments of Awan et al. [6] and Comandini et al. [7] the ethylene/propene
ratio is the crucial measurement, which is largely determined by the branching ratio between
1-pentyl = ethylene + propyl relative to its isomerisation to form 2-pentyl, with the latter
decomposing to form propene and ethyl radical. Figure 2.12 presents comparisons of
experimental ethylene to propene product ratios with the predictions of the model from this
work, with theory and experiment agreeing to within 25% at low temperatures (800 K), and
to within 10% at temperature above 1000 K. Sensitivity analyses presented in supplementary
material confirm this ratio is most sensitive to the direct decomposition of 1-pentyl <

ethylene + propyl, which increases the predicted ratio due to the effective production of two
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ethylene molecules and a methyl radical, and the isomerisation of 1-pentyl = 2-pentyl, which

ultimately leads to the prediction of propene, ethylene and a H-atom. Sensitivity analyses also

show that the well-skipping reaction 1-pentyl <> propene + ethyl also reduces this ratio.
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Figure 2.13. Comparison of the experimentally measured and theoretically predicted ratios

(D) of (a) ethylene to butene and (b) propene to butene from the study of Manion et al.[5]. ®

= Xspecies/ Xbutene Where X = mole fraction.

The experiments of Manion et al. [5] differ from those of Awan et al. [6] and Comandini

et al. [7] in that they probe the reactions of H atoms with 2-pentene, and the corresponding

reactions of 2-pentyl and 3-pentyl radicals, which lead to the formation of ethylene, propene

and butene through addition reactions, and 1,3-butadiene via H atom abstraction reactions.

Figure 2.13 illustrates the performance of the current mechanism in predicting the ratios of

ethylene to 1-butene, and propene to 1-butene, with these important ratios predicted to within

25% and 45%, respectively.

Sensitivity analyses show that the ethylene to 1-butene and propene to 1-butene ratios are

dominated by the competition between H atom addition reactions of 2-pentene at the C, and

Cs positions. Addition at the Cs position leads to the formation of propene and ethyl radicals,
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and hence ethylene, through chemical activation, hence increasing these ratios. This reaction
is in direct competition with addition at the Cz position, which solely leads to formation of 1-
butene and CHs radicals.

Sensitivity analysis also shows that under the experimental conditions of Manion et al.
[5] the ratio of ethylene to propene is governed by a more complex spectrum of reactions than
the same ratio as measured by Awan et al. [6] and Comandini et al. [7], with the sensitivity of
the reactions of radical precursors (HME, tert-butyl radical) and scavengers
(trimethylbenzene + H) on a par with the reactions of 2-pentene + H. Indeed the reactions of
tert-butyl radical are amongst the most sensitive in terms of predicted propene yields, and
hence ratios of ethylene to propene, as its it contributes directly to the formation of propene
via isomerisation to i-CsHo and the subsequent decomposition of i-C4Hg to produce CsHg and
CHs radicals.

5. Conclusions

Small-molecular-weight alkenes are amongst the most important species in combustion
given they are components of virtually all real-world fuels, with pentenes of particular
importance as components of gasoline. To contribute to the development of combustion
models for these species, we have studied the potential energy surfaces of relevance to the
reactions of hydrogen with 1- and 2-pentene in detail.

Thermochemical data for species of relevance to the CsHiix PES were calculated as a
function of temperature with enthalpies of formation derived from an isodesmic reaction
network built upon benchmark literature data and electronic structure calculations. High-
pressure limiting and temperature- and pressure-dependent rate constants have been
calculated using Rice Ramsperger-Kassel Marcus (RRKM) theory with a 1-dimensional
Master Equation (ME) analysis. The theoretical data are implemented in a detailed chemical
kinetic model in order to simulate a wide range of literature pyrolysis data, including new
hydrogen atomic resonance absorption spectrometry (H-ARAS) experiments which provide
the first measurements of the global rates of reaction of H atoms with 1- and 2-pentene. The
theoretical results predict the H-ARAS experiment well, and rate-of-production and
sensitivity analyses show that there is competition between H atom addition and abstraction
reactions under the conditions of the H-ARAS experiments. For the addition reactions, there
is further competition between chemically activated and collisionally stabilised products.

Furthermore, past experimental and theoretical studies on the title reactions and on

corresponding decomposition reactions of 1-, 2- and 3-pentyl radicals have been reviewed
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and available data simulated. The rate constants computed in this study tend to agree with
literature data to within factors of two under high temperature conditions (>1000 K), with our
model capable of reproducing experimentally measured species profiles to within factors of
two or better. The current model should provide a useful basis for those who wish to model a
variety of practical combustion scenarios (e.g. shock-tubes, rapid-compression machines,
flames, jet-stirred reactors).

Despite the good agreement between our un-optimised model predictions and high-
temperature shock tube data, there is some disagreement between theoretical studies at lower
temperatures (300 — 600 K). Whilst the current theoretical calculations and chemical Kinetic
model likely super cede many of these works in terms of utility for combustion modelling,
there are important factors which this work, and few others [10, 78], have not considered in
their thermochemical and kinetics computations, including the influence of vibrational an-
harmonicity (including umbrella modes), the treatment of multidimensional torsions, and
variational effects. Future work should aim to address these topics with the aim of developing

a more comprehensive RRKM/ME model to use as a basis for combustion modelling.

Supporting Information
MESS input and output files; tabulated single point energies; tabulated isodesmic reactions;
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format/PLOG rate constant fits, mechanism and thermochemistry files used in simulations
(21P)
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Abstract

This paper presents a comprehensive potential energy surface (PES) for hydrogen atom
addition to and abstraction from 2-methyl-1-butene, 2-methyl-2-butene, and 3-methyl-1-
butene and the subsequent R-scission, and H-atom transfer reactions. Thermochemical
parameters for species on the CsHi1 potential energy surface (PES) were calculated as a
function of temperature (298 — 2000 K), using a series of isodesmic reactions to determine the
formation enthalpies. High-pressure limiting and pressure-dependent rate constants were
calculated using Rice-Ramsperger-Kassel-Marcus theory with a one- dimensional master
equation. A number of studies have highlighted the fact that Cs intermediate species play a
role in poly-aromatic hydrocarbon formation and that a fuel’s chemical structure can be key
in understanding the intermediate species formed during fuel decomposition.

Rate constant recommendations for both H atom addition to, and abstraction from, linear
and branched alkenes have subsequently been proposed by incorporating our earlier work on
1- and 2-pentene, and these can be used in mechanisms of larger alkenes for which
calculations do not exist. The current set of rate constants for the reactions of H atoms with
both linear and branched Cs alkenes, including their chemically activated pathways, are the
first available in the literature of any reasonable fidelity for combustion modelling and are
important for gasoline mechanisms. Validation of our theoretical results with pyrolysis
experiments of 2-methyl-1-butene, 2-methyl-2-butene, and 3-methyl-1-butene at 2 bar in a

single pulse shock tube (SPST) were carried out, with satisfactory agreement observed.

1. Introduction

Alkenes are key components of commercial fuels and are formed as intermediates during
the pyrolysis and oxidation of alkanes. Despite their importance, alkenes have not been as
extensively studied as alkanes, especially pentene, which is a major component of gasoline
[1, 2]. Understanding alkene combustion chemistry is therefore important in our
understanding of all hydrocarbon fuel combustion and hierarchical mechanism development
[3]. Based on previous studies of propene [4] and the butene isomers [5, 6], it was found that
H atom addition to the C=C double bond plays an important role in controlling experimental
high-temperature ignition delay times (IDTs), laminar burning velocities (LBVs) and species
profiles measured as a function of temperature and/or time in jet-stirred and flow reactors.

Recent studies have shown that reactions of Cs hydrocarbon intermediate species play a
role in aromatic ring formation combustion processes [7], and that PAH formation pathways

can depend on the specific chemical structure of the fuel molecule. Therefore, a deeper
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understanding of fuel specific decomposition pathways and isomer specific combustion is of

great interest, especially for Cs fuels, for which few studies exist [8-10].

Following our previous work on the reactions of hydrogen atoms with 1- and 2-pentene

[2] (CsH1o-1 and CsHaio-2), this study will focus on the reactions of hydrogen atoms with

three branched pentene isomers; 2-methyl-1-butene (2M1B or aCsHio), 2-methyl-2-butene
(2M2B or bCsHso) and 3-methyl-1-butene (3M1B or cCsHao).

Table 3.1: List of Experimental and Theoretical Data of Related Studies.

Year Author Fuel Type of Measurement Method
study
2015 | Westbrook et al. [11] 2M2B Experimental | Ignition delay shock-tube and jet-stirred reactor
/ Modelling | times & species
mole fractions
2017 | Cheng et al.[12] Nn-CsHio, Experimental | Laminar flame Constant volume combustion
CsH1o-1, / Modelling | speeds bomb
CsHio-2,
2M2B
2017 | Ruwe et al.[9] 2M2B Experimental | Species mole Flame sampling molecular beam
fractions mass spectrometry / vacuum-
ultraviolet single-photon
ionisation
2018 | Ruwe et al.[10] n-CsHig, Experimental | Species mole Flame sampling molecular beam
CsHio-1, fractions mass spectrometry / vacuum-
2M2B ultraviolet single-photon
ionisation
2018 | Zhong et al.[13] 2M2B Experimental | Laminar flame Constant volume combustion
speeds bomb
2019 | Leon et al.[8] n-CsHio, Experimental | Species mole Flame sampling molecular beam
2M2B / Modelling fractions mass spectrometry / vacuum-
ultraviolet single-photon
ionisation
2020 | Nagaraja et al.[14] CsHio-1, Experimental | Species mole ®B97XD /aug-cc-pVTZ / Single-
CsH10-2, / Modelling fractions pulse shock-tube / gas
2M1B, chromatography/mass
2M2B, spectrometry
3M1B
2020 | Arafin et al.[15] 2M1B, Experimental | IDTs & carbon Shock-tube / laser absorption
2M2B, / Modelling monoxide (CO)
3M1B time histories

There have been a number of experimental and mechanistic studies of 2M2B [8-13] but
there are few theoretical studies available for all of the branched pentene isomers. 2M2B has
a RON of 97.3 and a MON of 84.7, thus showing a high octane sensitivity and anti-knock
properties, and is therefore a promising fuel for engine applications [11, 16]. 2M2B can also
serve as a model compound for larger hydrocarbons containing linear and branched
structures. However, the formation of allylic radicals due to the presence of multiple allylic
bonds, influences the fuel specific reaction kinetics which include the formation pathways to
PAHSs as the resonantly stabilised radicals accumulate in high concentrations and do not

undergo scission to smaller radicals [17, 18].
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Westbrook et al. [11] carried out experimental studies on the oxidation of 2M2B,
measuring IDTs behind reflected shock waves and fuel, intermediate and product species
mole fractions in a jet-stirred reactor (JSR). These JSR experiments were the first to report
detailed species measurements for an unsaturated, branched hydrocarbon larger than
isobutene.

Cheng et al. [12] carried out an experimental and kinetic modelling study of CsHio-1,
CsHi-2, 2M2B and n-CsHi> (n-pentane) in laminar flames using a constant volume
combustion bomb. They were able to study the roles of differences between alkanes and
alkenes and of the branched structures in flame speed measurements. It was found that the
laminar flame speeds increased in the order: 2M2B < n-CsH12 < CsH10-2 < CsHio-1.

Ruwe et al. [9] studied the consumption and hydrocarbon growth processes in a 2M2B
flame using flame sampling molecular beam mass spectrometry (MBMS) with vacuum-
ultraviolet single-photon ionisation in order to gain new insights into its combustion
chemistry, which is expected to be dominated by allylic-type resonantly stabilised radicals.
Their experimental data are in the form of isomer-resolved species mole fraction profiles as a
function of height above the burner. The results imply that 2M2B consumption proceeds
through H-atom abstraction at the allylic carbon sites as well as H atom addition reactions to
the double bond.

To understand the fuel-structure-dependent Cs chemistry involved in PAH formation
Ruwe et al. [10] subsequently studied the high temperature oxidation kinetics of n-CsHio,
CsHi10-1 and 2M2B experimentally in laminar non-premixed opposed-flow diffusion flames.
Molecular beam mass spectrometry (MBMS) employing electron ionisation (EI) was used for
the simultaneous detection of nearly all species involved in the combustion process.
Supportive  MBMS measurements using single-photon ionisation (Pl) by tuneable
synchrotron-generated vacuum-ultraviolet (VUV) radiation was used to gain insight into the
fuel-specific reaction kinetics of PAH formation tendencies for the CsH1o-1and 2M2B flames.
It was shown that the formation tendency of species, such as PAHs yielded through mass
growth reactions increases considerably in the order n-CsH1> < CsHio-1 < 2M2B.

Zhong et al. [13] studied the pressure dependence of laminar flame speed of 2M2B/air
flames in the 1.0 — 10 bar range in a spherical constant volume bomb. An empirical
correlation describing the dependence of laminar flame speed was proposed and validated by
experimental laminar flame speed results.

Leon et al. [8] developed a mechanism based upon previously validated mechanisms [19-

23] in order to identify the important carbon growth reactions in a 2M2B flame compared to
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an n-CsHi> flame. To make the mechanism more comprehensive, rate constants and their
temperature dependencies were then subsequently added to this mechanism by using existing
ones in the literature and analogies where required. Agreement of their mechanism with
speciation data for 2M2B and their newly measured mole fraction data for a fuel-rich (¢ =
1.8) n-CsH1 flame, in which species profiles up to phenol were quantified using the low-
pressure flame apparatus coupled with flame-sampling molecular-beam mass spectrometry
(PI-MBMS) were then found to be satisfactory.

Nagaraja et al. [14], performed a single pulse shock-tube study, where five pentene
isomers were pyrolyzed in a single pulse shock-tube using gas chromatography—mass
spectrometry (GC-MS) analyses to identify product species for CsHio-1, CsHio-2, 2M1B,
2M2B and 3M1B which were then quantified using flame ionisation detection (FID) to
demonstrate the effect of fuel molecular structure on pyrolysis. The simulations performed
were conducted using NUIGMech1.0 [14, 24-27], including preliminary quantum chemical
results from the present study which are discussed in detail herein.

To the best of our knowledge, the most recent study of the pentene isomers is by Arafin
et al. [15], where a shock-tube and laser absorption study was carried out on 2M1B, 2M2B
and 3M1B, measuring IDTs and carbon monoxide (CO) time histories behind reflected shock
waves at high temperatures (1350 — 1630 K) and pressures (8.3 —10.5 atm) for stoichiometric
mixtures of 0.075% fuel in O2/Ar. It was found that 3M1B is fastest to ignite, while 2M1B
dissociates earlier but ignites later than 2M2B. Their measured CO time-histories were
compared with mechanisms from Leon/Ruwe [8], AramcoMech3.0 [28] and Westbrook et al.
[11]. The Westbrook et al. [11] model performed better than AramcoMech3.0 and that of
Leon/Ruwe et al. in predicting the slopes of accelerated CO formation near ignition and the
rapid CO depletion for all three isomers. However, it falls short in capturing IDTs and the
initial rate of CO formation.

While these studies give an excellent insight into the understanding of Cs combustion,
the mechanisms used rely on rate rules and estimates with analogous reactions for kinetic
parameters. As fore-mentioned, limited theoretical studies exist in the literature for all of the
pentene isomers. One of the main aims of the current work is to therefore provide accurate
kinetics and thermochemistry using the same level of theory for the reactions of H atoms with
all of the pentene isomers, which can be used in the development of combustion models.
Also, the discrepancies observed between the rate constants calculated in the current work
and other literature studies [8, 11, 29] suggests that a refinement of these reaction systems is

necessary.

70



This study is the first to address the reactions of H atoms with 2-methyl-1-butene, 2-
methyl-2-butene and 3-methyl-1-butene, and together with our previous paper on 1- and 2-
pentene + H, including H-ARAS experiments which are the only experiments to directly
measure H + Cs alkene chemistry [2], the results are the most comprehensive investigation of
these reaction systems. Figure 3.1 illustrates the naming nomenclature for the Cs species
considered in this work, with Table 3.2 providing the names and structures of these species.
Table 3.3 provides a list of reactions considered in this study, with their corresponding
reaction number, which will be used throughout. In the current study, there are six H atom
addition/C—H scission reactions, leading to four CsHi1 radicals. Each radical can isomerise
and R-scission and we account for all of them. The H-atom abstraction reactions have also
been considered.

Thermochemical parameters for Cs species on the CsHi1 PES are calculated, with the
enthalpies of formation determined using a series of isodesmic reactions. High-pressure
limiting and pressure-dependent rate constants are also calculated using RRKM/ME analysis
for reactions on the CsHi1 PES, including their chemically activated pathways. Section 2
describes the methodology for both electronic structure calculations and thermochemistry and
Section 3 presents the theoretical results and comparisons of these results with literature,
where possible. Section 4 presents the kinetic modelling results of the experiments by
Nagaraja et al. [14].

Additionally, rate constant recommendations for both H atom addition to, and abstraction
from, linear and branched alkenes have been proposed and provide a useful tool for the use in

mechanisms of larger alkenes for which calculations do not exist.

2. Computational Details

2.1. Electronic Structure Calculations

The methods are similar to those in our previous studies and were adopted for all of the
electronic structure calculations using Gaussian 09 and 16 [30, 31]. Since many of the species
have multiple equilibrium geometries, conformational searches were carried out to obtain the
minimum energy structure of all PES minima and saddle points, with details of the
conformational sampling described in our earlier study [2]. The resulting lowest-energy-
conformer was optimised using the ©®B97XD /aug-cc-pVTZ method, with harmonic
frequency analysis simultaneously carried out to verify the nature of each stationary point,
with a single imaginary frequency indicative of a saddle point structure.
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Low frequency torsional modes were treated via relaxed PES scans carried out with a ten
degree increment at the ®B97XD/6-311++G(d,p) level of theory. The potential energies as a
function of dihedral angle were then used as input for a 1-D hindered rotor approximation as
implemented in MESS [32]. Single point energies for minima and saddle points were
calculated at the CCSD(T)/cc-pVXZ and MP2/cc-pVXZ (where X = D, T and Q) levels of
theory. The resulting energies were extrapolated to the complete basis set (CBS) limit using
the following formula (1) [33].

Eccspmyces = Eccspyec-pvTz + (EccspmyeepvTz - Eccspryeepvpz) (3* 1 4* — 3% + Emposec-
pvaz + (Emp2ice-pvoz — Emparce-pvrz) (4* 1 5% — 4%) — Emparcc-pvTz — (EMP2/ce-pvTz — EMposccpvpz) (3%
/4% —3%. (1)

The T1 diagnostic for closed shell species is less than ~0.02, and for radicals less than
~0.03, indicating that single reference methods to describe the wave function are appropriate
[33, 34]. A table of T1 values for the different Cs species and transition states is available in

the Supplementary material.

2.2. Naming scheme for Cs species on the CsHi1 PES

a a a2

(a) (b) (©)

Figure 3.1. (a) Schematic of aCsHao, (b) aCsHa1, and (c) aCsHe-al.

Figure 3.1(a) presents a schematic of the structures aCsHio (2-methyl-1-butene), where
the letters a, b, ¢, and d indicate the positions of the carbon sites. The labelling system is used
to assign the position of the double bonds and radical sites. In Figure 3.1(a), 2-methyl-1-
butene is written as aCsHao, indicating that the C=C double bond is at the “a” position. Thus
2-methyl-2-butene and 3-methyl-1-butene can be written as bCsH1o and cCsHio, respectively.
Figure 3.1(b) presents a schematic of the aCsHi1 radical, where the radical on the “a”
position. Figure 3.1(c) represents the aCsHg-al radical, where the letter following the aCsHg
name indicates the site of the abstracted hydrogen atom.
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Table 3.2: Cs Species Considered in This Work.

Species Structure
aCsHio

/\/
bCsH1o

/\v
cCsHio /\/
aCsH11 /\ /
bCsHu1 /\ /
cCsH1 /ﬁ/
dCsHu1 /\(
aCsHe-al
aCsHo-a2 \

-/v
aCsHo-C
aCsHo-d )\/

73




bCsHo-C

\
cCsHo-a /\/
cCsHo-b 25N /
cCsHo-C /
cCsHe-d

\

Table 3.3: List of Reaction Channels Considered in This Work.

Reaction number

Reaction channel

R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19

aCsHio + H <> aCsHg-al + Hy
aCsHio + H < aCsHge-a2 + H»
aCsHio + H < aCsHo-c + H,
aCsHio + H < aCsHg-d + H>
bCsH1o + H <> aCsHe-C + H,
bCsHio + H <> bCsHe-C + H,
bCsHio + H <> cCsHg-b + H,
cCsHio + H <> cCsHo-a + H.
cCsHio + H > cCsHg-b + Hz
cCsHio + H < cCsHo-C + H,
cCsHio + H < cCsHg-d + H>
aCsHio + H < aCsHu
aCsHio + H <> bCsHu1
bCsHio + H <> bCsHu1
bCsH1o + H <> cCsHus
cCsHio + H < cCsHu
cCsHio + H < dCsHus
aCsHi1 <> CsHe + CoHs
aCsHi1 <> C4Hg-1 + CHs
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R20
R21
R22
R23
R24
R25
R26
R27
R28

bCsH11 <> iC4Hg + CH3
cCsHi1 <> C4Hg-2 + CH3
dCsH11 <> CoHg + iC3H7
aCsHi1 = bCsH1
aCsHii = cCsHu
aCsHi1 = dCsHu
bCsH11 = cCsHu
bCsHi1 = dCsHus
cCsHir = dCsHu

2.3. Thermochemistry

Table 3.4: Formation Enthalpies and Uncertainties (20) via Isodesmic and Atomisation

Methods.

Species Isodesmic Isodesmic Atomisation Atomisation Burcat[35]

(0 K, ki molh) (20) (0K, kI molh) (20) (0K, ki molh
aCsHuo -9.37 0.23 —7.78 14.03 —-6.61+8
bCsH1o —15.50 0.35 -13.95 14.29 -13.21+8
cCsHuo -1.91 0.29 —0.43 13.81 -1.60+8
aCsHu 82.72 0.70 82.49 16.42
bCsHys 61.99 0.66 62.36 16.65 74.74+ 8
cCsHu 70.20 0.85 70.40 16.25
dCsHy 79.34 0.86 79.43 16.43 85.76 + 8
aCsHg-al 235.25 0.66 236.12 13.42
aCsHg-a2 138.59 0.78 139.26 12.71
aCsHg-C 128.97 0.70 129.28 12.81
aCsHg-d 191.53 1.08 193.47 15.19
bCsHo-c 213.66 0.73 214.65 13.19
cCsHg-a 200.09 0.93 201.96 18.42 204.11 +8
cCsHo-b 122.44 0.68 122.21 12.69 126.52 + 8
cCsHg-C 226.89 0.82 227.60 13.02
cCsHg-d 240.07 0.94 240.86 13.64 243.19+8

Units: enthalpies of formation (kJ mol-2).

Table 3.4 presents formation enthalpies and uncertainties (26) computed via the

isodesmic and atomisation methods. The same approach as in our previous study [2] was

used in the current work to calculate the thermochemical properties of all Cs species on the
PES. Quantum chemical composite methods (CBS-QB3, CBS-APNO, G3 AND G4) [36-38]
were used to calculate formation enthalpies at 0 K via a network of isodesmic reactions

suitable for each species, using the most recent ATcT values [35, 39] for the molecular

chaperones. Uncertainties in the enthalpies of formation of each species via the isodesmic

approach were calculated using the methods described by Simmie et al. [40], and are

described in our earlier work [2].
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It is again observed that although the isodesmic and atomisation methods give similar
nominal 0 K heats of formation, the uncertainties using the isodesmic approach are lower and
are between 0.23 —1.08 kJ mol L. Tables of the isodesmic reactions used to calculate the 0 K
heat of formation are provided as Supplementary material (SM). Temperature-dependent
enthalpies, entropies and heat capacities were calculated using traditional statistical
thermodynamics methods as implemented in MESSPF [32], with Chemkin format NASA
polynomials fitted using PAC99 [41]. The fitted polynomials are provided in the
Supplementary Material.

2.4. Transition State Theory (TST), Rice Ramsperger—Kassel Marcus (RRKM) and
Master Equation

High-pressure limiting and pressure-dependent rate constants were calculated using
RRKM theory with Master Equation (ME) analysis using the master equation system solver
program, MESS [32]. Rate constants for thermally and chemically activated reactions are
calculated over the temperature and pressure ranges 298 — 2000 K and 0.01 — 1000
respectively, which are fitted in PLOG format and provided as SM. Quantum mechanical
tunnelling was accounted for by the inclusion of 1-D tunnelling through Eckart function [42].
For the collisional model, the average downward energy transfer parameter model was the
same as our previous study [2] and was estimated as (AEdown(T)) = 202.5 x (T/300)*° cm™
based on previously optimized values employed in studies of sec-butyl[43] and pentyl radical
decompositions [44-46]. Lennard-Jones parameters of ¢ = 4.04 A and & = 235 cm™* were
estimated for the CsH11 radicals by analogy to CsHiz, whereas o = 3.462 A and & = 89 cm™
were used for Ar [47].

3. Theoretical Results

3.1. Thermochemistry

Table 3.5 presents enthalpy of formation comparisons with available literature data. Our
values presented are our values computed via the isodesmic approach. There is reasonable
agreement found between enthalpies of formation at 298 K computed in this work and
literature. The heat of formation values at 298 K by Leon et al. [8] appear to be outliers when
compared to those from this work, NIST, Burcat [48] and AramcoMech3.0 [28], Cheng et al.
[12] and Westbrook et al. [11] However, as mentioned earlier, it is duly noted in their study
[8] and in other studies that these semi-empirical methods used such as PM7 [49] may not be
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the most accurate available for all molecules. Differences expressed as mean absolute error
(MAE = 20) between Leon [8] and this work were found to be 44.31 + 48.74 k] mol 2.

Table 3.5: Enthalpy of Formation Comparisons of Cs Species with Literature Data.

Name ArHagg ArHa08 AfHag8 AfHag8 AfH208 AfHag8 AHa08 K
this work NIST Leon [8] | Burcat [48] AramcoMech3.0 [28] Cheng [12] Westbrook [11]

aCsHio -36.39 -35.1+0.84 -41.57 -33.92 -37.87 -37.87 -37.87
bCsHio —42.52 -41.5+0.88 -57.03 -39.79 -49.04 -49.04 -49.04
cCsHyo —28.84 -25.5 —25.42 —28.14 —33.22 —33.22 —33.22
aCsHy, 53.05 5.93 53.27 52.64 53.27
bCsH1y 33.60 28.0+3.0 —45.00 43.72 30.55 28.75 30.55
cCsHyy 41.02 -23.03 40.38 39.75 40.38
dCsHyy 50.04 2.19 55.71 53.27 52.64 53.27
aCsHq-al 213.19 211.48
aCsHo-a2 114.60 74.55 111.93 111.93 111.93
aCsHq-c 104.93 51.05 101.89 101.89 104.36
aCsHq-d 169.41 102.30 167.38 167.38 168.76
bCsHe-c 191.48

cCsHe-a 178.60 121.85 180.35 172.02 172.02 172.02
cCsHg-b 98.48 45.06 102.48 104.44 104.44 104.53
CC5H9'C 204.04

cCsHo-d 217.11 219.09

aUnits: enthalpies of formation (kJ mol2).

Differences in heats of formation at 298 K between NIST database and this work are in

reasonable agreement and are within 2.81 + 4.13 kJ mol?. Agreement between

AramcoMech3.0 [28] and this work are also reasonable and are within 3.30 * 4.45 kJ mol™?,

while differences between this work and Burcat [48] database are slightly higher at 3.92 +
6.02 kJ mol™. The thermochemistry adopted by both Cheng et al. [12] and Westbrook et al.

[11] in their mechanisms are almost exactly the same as those in AramcoMech3.0 [28], which

were calculated using THERM [50] with the exception of a few species. Heats of formation
at 298 K by Cheng et al. [12] are within 3.46 + 4.14 kJ mol™, while the value used by
Westbrook et al. [11] is within 2.89 +4.70 kJ mol~* of those calculated in the current work.

Table 3.6: Entropy Comparisons of Cs Species with Literature Data (Units: J K-t mol™).

Name _5298 K Sa98 K Sa98 K Sa98 Kk Soog k S298 k
this work Leon [8] Burcat [48] | AramcoMech3.0 [28] | Cheng [12] | Westbrook [11]

aCsHuo 338.18 346.60 342.01 339.27 339.27 339.27
bCsH1o 336.51 356.28 337.68 328.48 328.48 328.48
cCsHuo 336.73 336.70 349.98 334.50 334.50 334.50
aCsHu 366.17 358.29 364.80 365.01 364.80
bCsHys 370.87 375.83 359.01 362.62 361.11 362.62
cCsHu 365.29 370.67 363.00 363.21 363.00
dCsHy 358.28 353.74 344.87 359.06 359.27 359.07
aCsHg-al 347.08 345.43
aCsHg-a2 339.71 337.89 335.25 335.25 335.26
aCsHo-C 335.09 348.30 323.33 323.33 323.67
aCsHo-d 354.18 352.38 352.75
bCsHo-c 343.93
cCsHo-a 355.97 348.53 348.39 354.13 348.40
cCsHg-b 335.01 342.90 329.88 313.33 313.33 320.11
cCsHo-C 343.72
cCsHg-d 342.18 335.40
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Table 3.6 presents entropy comparisons with available literature data. With the exception
of Leon et al. [8], the differences in the entropies calculated in this work and published in
literature are larger than those for the enthalpies. Differences between our computed
entropies and those by Leon [8] are approximately 6.88 +11.32 J K- mol?, while differences
between this work and Burcat [48] and AramcoMech3.0 are 7.86 £9.12 and 6.32 +12.53 J K~
1 mol, respectively. Similar to the formation enthalpies, the entropies reported by Cheng et
al. [12] and Westbrook et al. [11] are almost identical to those in AramcoMech3.0 [28] which
were calculated using THERM [50] with the exception of a few species. Entropies at 298 K
reported by Cheng et al. [12] are within 5.92 + 12.95 J K™ mol™, while the value used by
Westbrook et al. [11] is within 5.04 +9.15 J KX mol™ of those calculated in this work.

Table BS2 of Appendix B compares heat capacities for the common Cs species of NIST,
Leon [8], Burcat [48], AramcoMech3.0 [28], Cheng [12] and Westbrook [11] with this work.
For where common species exist, differences between this work and NIST are 5.42 + 4.03 J
K1 mol?, however only heat capacity values at 298 K for three species are available.
Differences in heat capacities between Leon et al. [8] are the largest and are 19.52 + 16.76 J
K1 mol*. Reasonable agreement is observed for Burcat [48] and AramcoMech3.0 [28] when
compared with this work, with differences being within 3.52 + 4.79 and 3.70 + 9.92 J K1
mol for Burcat and AramcoMech3.0, respectively. Again, values reported by Cheng et al.
and Westbrook et al. are similar to those in AramcoMech3.0 which were calculated by
THERM, with the exception of a few species. The values used by Cheng et al. are within 2.53
+3.56 J K1 mol, while those used by Westbrook et al. are within 3.20 +4.21 J KX mol of

those calculated herein.
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3.2. Potential energy surface (PES)
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Figure 3.2. Potential energy surface for H atom addition reactions of aCsHio, bCsHio and
cCsHio. Black lines represent H atom addition reactions. C—C R-scission reactions are
presented in blue and H atom shift isomerisation reactions in red. Energies in kJ mol .

3.2.1. Reactions of H with the CsHzo isomers

Table 3.7 presents 0 K barriers, reaction enthalpies and high-pressure rate constant fits
for the reactions of H with the CsH1o isomers. aCsHio has both internal addition (R12) and
terminal addition (R13) reactions producing aCsHi1 and bCsHi: radicals, respectively. An
energy barrier of 19.88 kJ mol is calculated for the internal addition, which is 14.01 kJ mol~
! greater than the terminal addition barrier of 5.87 kJ mol. Addition to the terminal carbon is
also much more favoured than internal addition as a tertiary radical (bCsHi1) is formed,
which is much more stable than the primary radical formed (aCsHi1) through internal
addition by 19.83 kJ mol1. The site of H atom addition to the double bond of aCsH1o forming
the aCsH11 has a methyl substituent, which sterically hinders its addition, resulting in a higher
barrier in comparison to addition to the site forming bCsHii;, which has no methyl
substituents (Figure 3.2).

The two internal H atom addition reactions to bCsHao, forming bCsH11 (R14) and ¢CsH11
(R15) radicals, have barriers of 8.15 and 16.26 kJ mol™, respectively. Again, it is observed
that the addition pathway leading to the formation of a tertiary radical (bCsH11) is more

favoured, which is to be expected as the stability of radicals increases from primary to tertiary
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as there is more potential for hyper-conjugation to take place. Moreover, the site of H atom
addition to the double bond of aCsHio forming the cCsHi1 has two methyl substituents,
whereas the site of addition forming the bCsH11 has one. These steric effects again influence
the reaction barriers. cCsHio has both internal (R17) and terminal addition (R16) reactions
forming cCsHi11 and dCsH1a radicals, with barriers of 17.15 and 8.99 kJ mol =, respectively.
The barrier to the formation of the secondary radical (cCsH11) is 8.16 kJ mol™ lower in

energy than that leading to the formation of the primary radical (dCsHu1).

Table 3.7: Computed Energy Barriers, Heats of Reaction, and High-Pressure Limiting
Rate Constant Fits for the Reactions of H with aCsH10, bCsH1o and cCsH1o. Units (AT" = cm?®
mol s, energies = k] mol™). R1—R17 Fit Between 298 and 2000 K.

Reaction A*Hok ArHok A N Ea
R1 aCsHio + H > aCsHg-al + H; 65.85 30.37 2.17 x 108 2.36 56.48
R2 aCsHyo + H — aCsHe-a2 + H, 31.45 —64.58 9.57 x 102 3.26 15.31
R3 aCsHio + H « aCsHo-C + Ha 21.34 —74.60 2.79 x 10° 2.62 10.96
R4 aCsHio + H & aCsHo-d + H» 43.44 -15.44 3.72 x 10° 2.52 30.17
R5 bCsHio + H <> aCsHe-c + H» 28.12 —68.57 1.26 x 10* 3.02 13.56
R6 bCsHio + H <> bCsHe-c + H; 52.90 15.77 4,38 x 10° 2.44 42.26
R7 bCsHyo + Heo CC5H9-b + H» 26.89 —74.87 5.51 x 103 3.03 13.01
R8 cCsHio + H & cCsHg-a + H> 42.18 -12.50 1.49 x 10° 2.72 29.16
R9 cCsHio + H & cCsHo-b + H, 17.37 —88.86 1.94 x 10° 2.20 9.67
R10 cCsHio + H & cCsHo-C + H> 52.35 14.61 2.63 x 10° 2.48 40.63
R11 cCsHio + H > cCsHo-d + Hy 64.73 27.58 1.45 x 10° 2.43 54.81
R12 aCsHyo + Ho aC5H11 19.88 -125.21 1.33 x 1013 0.03 20.91
R13 aCsHyo + H & bCsH11 5.87 -145.04 4,96 x 101 —0.52 11.83
R14 bCsHio + H <> bCsHyy 8.15 -139.01 8.98 x 10* —-0.38 12.44
R15 bCsHio + H < cCsHys 16.26 -131.56 9.36 x 10%? 0.10 16.73
R16 cCsHio + H & cCsHu 8.99 —145.55 4.07 x 10 -0.24 13.05
R17 cCsHio + H & dCsHus 17.15 -136.27 5.09 x 10™ -0.42 20.07

The H atom addition reaction barriers are found to be substantially lower than those for
abstraction. In the case of aCsHio, a barrier of 31.45 kJ mol is computed for the abstraction
of a primary allylic hydrogen atom forming aCsHe-a2 (R2), while a barrier of 21.34 kJ mol™
is computed for the abstraction of a secondary allylic hydrogen atom (R3). For bCsH1o, two
resonantly stabilised allylic radicals can be formed upon abstraction from the primary allylic
(R5, aCsHo-c) and (R7, cCsHe-b) sites, with respective barriers of 28.12 and 26.89 kJ mol™
computed. For cCsHio, abstraction from the tertiary allylic site (R9, cCsHe-b), has a

computed barrier of 17.37 kJ mol™.
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15438+,

Figure 3.3. PES for H-atom abstraction reactions. (a) aCsH1o, (b) bCsH1o and (c) cCsH1o. Red
lines represent the reactions which lead to resonantly stabilised radicals. Energies in kJ mol™.

In our previous work on 1- and 2-pentene [2], a barrier of 29.75 kJ mol~* was calculated
for abstraction of a primary allylic hydrogen atom (CsHi-2 + H < CsHo-13 + Hy) .
However, as previously described [2], higher-level RO-aug-cc-pVXZ SPEs were carried out
for important reaction channels on the CsH11 PES. These calculations showed systematically
lower reaction barriers, and a reaction barrier of 28.94 kJ mol was subsequently computed
for abstraction of this primary allylic hydrogen atom [2]. Both values are within ~2.5 kJ mol™
1 of the value computed in this work for (R2, aCsHio + H <> aCsHg-a2 + Hy). For (R5, bCsH1o
+ H < aCsHo-c + Hy) and (R7, bCsHio + H <> cCsHg-b + Hy), differences in energy barriers
for the analogous reaction of (CsHio-2 + H <> CsHg-13 + Hy) are within 2.86 kJ mol for
unrestricted (aug-cc-pVXZ) values and 2 kJ mol for restricted open shell values (RO-aug-
cc-pVXZ).

Reaction barriers of 22.31 and 21.41 kJ mol™ were calculated for abstraction of
secondary allylic hydrogen atoms for CsHio-1 + H «<» CsHgo-13 + H and CsHi0-2 + H «
CsHo-24 + Ho, respectively [2]. Again barriers for these reaction channels were computed
using RO-aug-cc-pVXZ SPEs and were found to be 21.89 and 20.96 kJ mol for CsHio-1 +
H < CsHe-13 + Hzand CsH1o-2 + H <> CsHe-24 + Hy, respectively [2]. All values are within
1 kJ mol™ of the barrier computed for aCsHio + H <> aCsHg-c + H. calculated in the current

work.
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Figure 3.4. Evans—Polanyi correlation for (a) H atom addition to Cs alkenes, and (b) H-atom
abstraction from Cs alkenes. In Fig. 3.4 (a), solid symbols represent external addition
reactions of H atom and open symbols represent internal addition. Different colours
correspond to different reactions classes, which are further divided into different symbols to
represent different reactants. (1) 1-alkenes, black ® 1-pentene, black @2-methyl-1-butene,
black A 3-methyl-1-butene. (2) 2-alkenes, red ¥ 2-pentene, red % 2-methyl-2-butene. In
Fig.3.4 (b), different colours represent different reactants while different symbols correspond
to the different abstraction sites. Black(1-pentene), red (2-pentene), magenta (2-methyl-1-
butene), orange (2-methyl-2-butene) and blue (3-methyl-1-butene). B (primary), @
(secondary), A (primary allylic), ¥ (primary vinylic), % (secondary allylic), 4 (secondary
vinylic) and @ (tertiary allylic).

Figure 3.4 compares the barrier heights versus reaction enthalpies at 0 K for the reactions
of hydrogen atoms with Cs alkenes from both our previous work [2] and the current work.
The barrier heights and reaction enthalpies for these reactions are listed in Table 3.7. For 1-
alkenes, the barrier heights for external addition are consistently lower than internal addition
for the same species. In the case of 2-alkenes, both internal H atom addition reactions for 2-

pentene forming the secondary radicals CsH11-2 and CsH11-3 have similar reaction barriers of
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10.92 and 11.4 kJ mol™, respectively. However, for 2-methyl-2-butene, the two internal H
atom addition reactions forming the tertiary (bCsH11) and secondary (cCsH11) radicals are
quite different in barrier heights with barriers of 8.15 and 16.26 kJ mol2, respectively. This is
expected as two different radical types are formed. The Evans-Polanyi correlation for H atom
addition to 1-alkenes is fitted to A*Hok = 0.62 (* 0.12) x AHok + 99.27 (+ 16.88) kJ mol™
with an R? of 0.84, while the correlation for H atom addition to 2-alkenes is fitted to A*Hok =
1.0 (x 0.14) x AHox + 148.90 (+ 19.41) kJ mol? with an R? of 0.94. For the H-atom
abstraction reactions, Fig. 3.4 (b), an Evans-Polanyi correlation was fitted to A*Hok = 0.34 (=
0.02) x AiHok + 49.54 (* 1.0) kJ mol, with an R? of 0.94. These Evans-Polanyi correlations

may be useful to estimate energy barriers, where literature values are unavailable.
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Figure 3.5. High-pressure limit rate constants of (a) aCsHio + H, (b) bCsHio + H and (c)
cCsHio + H.

Figure 3.5 compares the computed high-pressure limiting rate constants (Table 3.7) for
the reactions of a H atom with aCsH1o, bCsH10 and cCsHio. For aCsH1o and cCsHao, terminal

addition is kinetically dominant, and for bCsHao, internal addition forming the tertiary bCsH1z

radical dominates.
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Figure 3.6. Temperature- and pressure- dependent branching ratios for (a) aCsHio + H, (b)
bCsHio + H and (c) cCsH1o + H via hydrogen atom addition reactions at 0.1 atm (dotted lines),

1 atm (dashed lines) and 10 atm (solid lines).

Parts a-c of Figure 3.6 present the temperature- and pressure- dependencies of the
product branching ratios for H atom addition to aCsHio, bCsHio and cCsHio in the
temperature range 5002000 K and at pressures 0.1, 1.0, and 10 atm.

For both aCsHio and bCsHio, the stabilised formation of the bCsHi1 radical through H
atom addition is dominant up to 600 K, 800 K and 1000 K at 0.1, 1.0 and 10 atm respectively.
The chemically activated formation of isobutene and methyl radical then governs the reaction
flux at higher temperatures, which can also be observed in Fig. 3.12 (b). In Fig. 3.6 (a), at
higher temperatures and pressures (~1700 — 2000 K and 10 atm), it is observed (green solid
line) that a small percentage (~10%) of the reaction flux goes through a chemically activated
pathway to form bCsHio + H atom.

For bCsHio + H, Fig. 3.6(b), a small percentage of the reaction flux goes through
chemically activated pathways which can form (i) aCsHio + H (8 — 24 %) and (ii) C4Hs-2 +
CH3 (1016 %). In the case of (i) aCsH1o + H, this occurs from 1100 K for 0.1 atm and 1200
K for 1 and 10 atm. For (ii) C4Hs-2 + CHs, the flux occurs from 800, 1000 and 1200 K for
0.1, 1.0, and 10 atm, respectively. In the temperature range of ~700 — 1000 K, at 10 atm, it
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can be observed that the stabilised formation of cCsHii radical formed through H atom
addition to bCsHao accounts for ~10% of the reaction flux.

For cCsHao, a similar scenario prevails, with the direct H atom addition pathway, forming
cCsHu1 radical dominating up to 600 K, 800 K and 1000 K at 0.1, 1.0, and 10.0 atm
respectively until the chemically activated pathway, forming 2-butene and methyl radical,
dominates in the higher temperature range. A small percentage of the flux, through chemical
activation forms CoHs + iC3H7. (10 —24%) from 700, 800 and 1000 K for 0.1, 1.0, at 10 atm,

respectively.

3.2.1.1. Rate Constant Comparisons

Large differences are observed between the rate constants for H atom addition to aCsHuo,
bCsH1o and cCsHyo calculated in this work and those used in the current models for pentene
[8, 11]. In Fig. 3.7 (a), Westbrook et al. [11] used rate constants for external and internal H
atom addition to isobutene by analogy based on the recommendation of Curran [29]. At 1000
K, the rate used by Westbrook [11, 29] is a factor of ~2 slower than that calculated in this
work and the rate constant for internal addition is a factor of ~3.7 faster than this work. Those
by Leon et al. [8] are a factor of ~6.8 and 1.8 slower than the current work at 1000 K for
external and internal addition, respectively.

For bCsHio + H (Fig. 3.7 (b)), Westbrook et al. [11] again used analogies based on
Curran [29]. The rates for internal addition to isobutene and internal addition to 1-butene
were used, which are a factor of ~2.82 and 1.24 slower at 1000 K. Leon et al. [8] are again
slower than the current work for the internal addition forming the bCsHi1 and cCsHas radical
by a factor of ~3.3 and 6.4, respectively.

Figure 3.7 (c) presents the rate constants for H atom addition to cCsHz1o. Westbrook et al.
[11] used the same analogies as those for bCsHzo. Their rates [11] are a factor of ~3 and ~1.3
slower than the ones calculated in this work at 1500 K for external and internal addition,
respectively. Leon et al. [8] are a factor of 3.38 and 1.28 times slower at 1000 K than the
current work for external and internal addition, respectively. These discrepancies highlight
the need for a re-evaluation of these reaction systems, which can also be concluded from the
rate constant comparisons for pentyl radical decompositions and alkyl radical additions to

olefins in Section 3.2.2.1.
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Figure 3.7. High-pressure limiting rate constants for H atom addition to (a) aCsHio, (b)
bCsHio and cCsHio. External addition is represented in black, while red represents internal
addition. For bCsH1o, black lines represent the formation of the tertiary bCsH11 radical, while
red represents the formation of the cCsHi: radical. Solid lines represent the current work and
dotted lines represent rate constants by Leon et al. [8] Rate constants used in the models of

Westbrook et al. [11] are shown as dashed lines.

Figure 3.8 presents rate constants for both terminal and internal H atom addition to (a)
linear and (b) branched Cs alkenes. Preliminary results for the reactions of H with C4 alkenes
have been included for comparison. Different trends are observed for addition to linear and
branched alkenes.

In the case of linear alkenes, terminal H atom addition (solid lines) leads to the formation
of secondary radicals (red) (CsHio-1+ H «<» CsH11-2 and C4Hg-1 + H <> C4Ho-2), with the rate
constants being very similar. Internal addition (dashed lines) can lead to primary (1°) (CsHio-
1+ H < CsHu-1, C4Hs-1 + H <> CsHo-1) or secondary (2°) radicals (red) (CsHio-2+ H <>
CsH11-2, CsH10-2+ H <> CsH11-3 and CsHg-2+ H <> C4Ho-2). The rate constants within each
class, i.e. (i) formation of primary radicals through internal addition and (ii) formation of

secondary radicals through internal addition are very similar. Also, it can be observed that the
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rates for the formation of these primary radicals are slower than formation of the secondary

radicals, which can be correlated with radical stability.
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Figure 3.8. Rate constants for terminal and internal H atom addition to (a) linear and (b)
branched Cs alkenes from previous[2] and current work. Solid and dashed lines represent
terminal and internal addition, respectively. Different colours represent different radical types
formed. Black (primary), red (secondary) and blue (tertiary). Different symbols correspond to
the different reactants. B (1-pentene), @ (2-pentene), A (2-methyl-1-butene), ¥ (2-methyl-
2-butene), € (3-methyl-1-butene), @ (1-butene), « (2-butene) and % (iso-butene).

For branched alkenes, terminal H atom addition can lead to either the formation of
tertiary (3°) (blue) (aCsHio + H <> bCsH11 and iCsHg + H «> tC4Hg) or secondary radicals
(cCsH1o + H <> cCsHa1) (red). Rate constants for aCsHio + H <> bCsH11 and iCsHs + H <
tC4Ho are in good agreement, with the rate constant forming the secondary radical cCsHio +
H < cCsH11 being slower, which is to be expected. Internal addition (dashed lines) for the
branched alkenes can form primary (aCsHio + H <> aCsH11, cCsHio + H <> dCsH11 and iCaHs
+ H < iC4Ho), secondary (bCsHio + H <> cCsHi1) and tertiary radicals (bCsHio + H «
bCsH11). Again, a trend is observed such that the rate constants for formation of tertiary

radicals are the fastest, followed by secondary and primary radicals, respectively.
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Recommended rate constants have been suggested based on (i) whether its addition to a
linear or branched alkene (ii) terminal or internal addition and (iii) the type of radical formed.
An average of the rate constants within each sub-class was taken as the recommended rate
constant and these values are shown as dotted lines in Fig.3.8. If only one rate constant was
available, for example in the case of internal addition to a branched alkene forming a
secondary radical (bCsHio + H <> cCsHa1), the rate constant for the reaction is taken as the
recommended rate constant. For the rate constant recommendations (Tables 3.8 and 3.9),
activation energies are expressed in cal mol units for ease when implementing into kinetic

mechanisms.

Table 3.8: Recommended Rate Constants for H atom Addition to Linear and Branched
Alkenes (units: cma/mol/s/cal).

Structure Site Radical Formed A n Ea Uncertainty Bounds
(Upper, Lower)
Linear External 2° 7.36E+08 1.55 11447 1.15,1.18
Internal 1° 1.33E+08 1.69 2248.5 1.32,1.46
Internal 2° 5.25E+08 1.53 1612.3 1.24,1.43
Branched External 2° 4.07E+14 -0.24 3119.0 -
External 3° 2.79E+09 1.47 830.9 1.23,1.29
Internal 1° 3.42E+07 1.81 2891.9 197,21
Internal 2° 9.36E+12 0.10 3999.0 -
Internal 3° 8.98E+14 -0.38 2973.0 -

In relation to the uncertainty bounds presented in Tables 8 and 9, upper and lower
bounds are given, which are defined as:

Upper = Kmax / Krecommendation
Lower = Krecommendation / Kmin

where Krecommendation refers to the recommended rate coefficient, while kmin and kmax refer to
the minimum and maximum rate coefficients used in the rate coefficient estimations,
respectively.

Figure 3.9 presents high-pressure limiting rate constants for H-atom abstraction from (a)
primary, (b) primary allylic, and (c) primary vinylic carbon sites on a per H-atom basis. For
each sub-class, a factor of + 2 of the recommended rate constant for that class are shown as

dotted lines.
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Work-in-progress results for C, — C4 alkenes + H have been included as comparisons. By
comparing our rate constants for the same reaction classes; i.e. primary, primary allylic, etc.,
we have shown that our computed rate constants for the pentene systems are consistent and
allow for the definition of rate rules for higher order alkenes. By having a consistent set of
rate constants for C, — C4 alkenes + H using the same level of theory, our results help
constrain available models and the development of recommended rate constants which
provide a tool for the use in mechanisms of larger alkenes for which calculations do not exist
in the literature.

Excellent agreement is observed for H-atom abstraction from the primary carbon sites.
Good agreement is also observed for the rates calculated for abstraction from the primary
allylic sites, Fig 3.9(b). If the rate constant for aCsHio + H < aCsHe-a2 + Hy (black line) is
taken as the recommended rate constant for abstraction from primary allylic carbon sites, all
the other calculated rate constants fall within a factor of ~two of this rate constant (dotted
black line), including the rate calculated by Miller and Klippenstein [51] for H-atom
abstraction from propene. It can be observed that the rate constants for the reactions bCsHio +
H < aCsHo-Cc + Hz, bCsHio + H < c¢CsHo-b + Hz and CsH10-2 + H «» CsHe-13 + H> are
slightly faster at lower temperatures than their analogous comparisons, but this can be

attributed to the differences in reaction barriers.
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Figure 3.9. High-pressure limiting rate constants for H-atom abstraction from (a) primary, (b)

primary allylic, and (c) primary vinylic carbon sites. (on a per H-atom basis)

Again, good agreement is found for abstraction rates from primary vinylic sites. If the

rate constant for iCsHg + H «> CaHy-iv + Hy (blue) calculated in this work is taken as our

recommended value, our rate constants for the other analogous reactions fall within a factor

of two of this (dotted blue), including the rate constant calculated by Miller and Klippenstein

[51] for the reaction CsHg + H <> C3Hs-s + Ho.
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Figure 3.10. High-pressure limiting rate constants (on a per H-atom basis) for H-atom
abstraction from (a) secondary allylic and (b) secondary vinylic carbon sites.

Figure 3.10 presents high-pressure-limiting H-atom abstraction rate constants on a per H-
atom basis for (a) secondary allylic and (b) secondary vinylic carbon sites, with good
agreement among our calculated results being observed. For secondary allylic H-atom
abstraction, the rate constant for CsHio-2+ H <> CsHe-24 + Ha is recommended (magenta).
The rate constants for the analogous reactions fall within a factor of + 2 (dotted magenta) of
this recommendation. For secondary vinylic H-atom abstraction, Fig 3.10 (b), the rate
constant for C4sHs-1 + H <> C4H7-12 + Hz is recommended (magenta). The rate constant from
Klippenstein [51] is slightly slower than those calculated in this work by a factor of ~3 at
1000 K (dashed orange).
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Table 3.9: Recommended Rate Constants for H-atom Abstraction From Alkenes®

Recommended rate constants

Class A n Ea Uncertainty Bounds
(Upper, Lower)
Primary 1.84 x 10% 281 6782. 1.17,1.73
Primary Allylic 3.37 x 10% 3.25 3673. 3.70, 1.53
Primary Vinyllic 1.36 x 10% 2.33 13711. 2.80, 1.68
Secondary Allylic 2.73 x 10% 2.47 2744, 1.63, 1.83
Secondary Vinyllic 2.11 x 10% 2.54 9720. 2.84,2.05

3.2.2. Reactions of Pentyl Radicals

1. R18-R28 Fit between 298 and 2000 K.

30n a per H-atom basis (AT" = cm® mol~ s2, energies = cal mol™). Fit between 298 and 2000 K.

Table 3.10: Computed Energy Barriers, Heats of Reaction, and High-Pressure Limiting
Rate Constant Fits for the Reactions of Pentyl Radicals. Units (AT" = s%, Energies = kJ mol~

reaction AHok ArHok A n Ea
R18 aC5H11 = CsHg + C2H5 121.05 82.75 1.33 x 1016 -0.77 128.28
R19 aCsHiy = C4Hs-1 + CHs 128.79 87.15 3.61 x 10% -0.57 136.40
R20 bCsH11 = iC4Hs + CH3 124.36 90.16 2.90 x 1018 0.03 129.83
R21 cCsHi1 = C4Hg-2 + CH3 128.13 87.96 5.59 x 10%4 -0.33 134.31
R22 dCsHy = CoHy + iC3Hy 115.58 85.76 6.03 x 106 —-0.93 123.26
R23 aCsHi1 = bCsHys 150.54 -19.83 3.26 x 102 3.95 107.61
R24 aCsHi1 = cCsHiy 158.15 -12.38 4.45 x 10715 7.52 83.89
R25 aCsHi1 = dCsHys 99.62 -3.10 4,37 x 1072 3.54 61.71
R26 bCsH11 = cCsHus 170.03 7.45 1.87 x 10°% 4.87 120.50
R27 bCsH11 = dCsHu 171.54 16.73 8.42 x 1077 7.98 97.24
R28 cCsHy 2 dCsHyg 168.72 9.28 2.71 x10% 494 121.42
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Figure 3.11. Evans—Polanyi correlation for (a) H-atom isomerisation, and (b) C—C scission of

pentyl radicals.

Figure 3.11 compares the barrier heights versus reaction enthalpies at 0 K for (a) H-atom
isomerisation and (b) C—C scission reactions of pentyl radicals from both our previous work
[2] and those calculated here. The barrier heights and reaction enthalpies for these reactions
are listed in Table 3.10. The Evans-Polanyi correlation for H-atom isomerisation reactions
forming 3-membered ring transition states is fitted to A*Hox = 0.61 (£0.1) x ArHok + 164.86
(1.1) kJ mol* with an R? of 0.91, while the correlation for H-atom isomerisation forming a
4-membered ring transition state is fitted to A*Hok = 0.41 (+0.1) x AHok + 164.74 (+ 1.27) kJ
mol™ with an R? of 0.90. For H-atom isomerisation reactions forming a 5-membered
transition state, the Evans-Polanyi correlation is fitted to A*Hok = 0.33 (x 0.1) x AHok +
100.65 (+0.85) kJ mol~ with an R? of 0.86. There is a very weak correlation for C-C scission
reactions, and no obvious trend was observed.

There are five unimolecular decomposition reactions for the pentyl radicals (aCsHu1,
bCsH11, cCsH11 and dCsH11). The aCsHia radical has two decomposition pathways: C-C B-
scission (R18) forming propene and ethyl radical and a second (R19) forming 1-butene and
methyl radical, with 0 K barriers of 121.05 and 128.79 kJ mol™?, respectively. Its
isomerisation reactions can yield bCsHi1 (R23), cCsHi1 (R24) and dCsHi1 (R25) radicals with
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barrier heights of 150.54, 158.15 and 99.62 kJ mol™ respectively. The reaction R25 involves
a five membered ring transition state and thus has a substantially lower barrier height than
R23 and R24, which are three and four membered ring transition states.

For bCsHi1, C-C B-scission occurs (R20), leading to the formation of isobutene and
methyl radicals with a barrier height of 124.36 kJ mol. cCsHia radicals can form 2-butene
and methyl radicals (R21) through C—C B-scission, with a barrier height of 128.13 kJ mol?,
while C-C p-scission of dCsHi1 radicals (R22) has the lowest reaction barrier of the
unimolecular decomposition pathways. Its decomposition leads to the formation of ethylene
and iso-propyl radicals, with a barrier height of 115.58 kJ mol™. Isomerisation of bCsH11 to
cCsH11 (R26), can occur with a barrier height of 170.03 kJ mol™, while isomerisation of
bCsH11 to dCsHu (R27) radicals has a computed barrier of 171.54 kJ mol?. The cCsHus
radical can isomerise to dCsH1s1, with a barrier height of 168.72 kJ mol 2.
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Figure 3.12. Branching ratio at 0.1, 1, and 10 atm for (a) aCsHi1, (b) bCsHis, (¢) cCsHia
and (d) dCsH11. 0.1 atm (dotted lines), 1 atm (dashed lines) and 10 atm (solid lines).

Figure 3.12 illustrates the temperature- and pressure-dependent branching ratios for
aCsH11, bCsH11, cCsHip and dCsHag radical unimolecular reactions at 0.1, 1.0, and 10 atm. The
isomerisation of CsHa1 to dCsHa; is favoured at temperatures up to 600 K for all pressures. At
higher temperatures, the formation of propene and ethyl radicals dominates the reaction flux.

The fates of the bCsH11 and ¢CsHag radicals are clear: the former almost exclusively produces
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isobutene and methy! radicals, while cCsHia radicals primarily produce 2-butene and methyl
radicals. For dCsHa; radicals, isomerisation to aCsH11 radicals is favoured at temperatures up
to 500 K, while the formation of ethylene and iso-propyl radicals dominates at higher

temperatures.

3.2.2.1. Rate Constant Comparisons
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Figure 3.13. High-pressure limit rate constant comparisons for pentyl radical decomposition
reactions. Rate constants are expressed as a ratio of Kiiterature / Kthis work. Different literature
studies are represented as follows; Power [2] (black), Awan [44] (red), Comandini [45] (blue),
Jitariu [52] (cyan), Curran [29] (magenta), and Leon [8] (orange).
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There are limited data available for the decomposition of branched pentyl radicals.
However we have compared our theoretical results with those used in the current pentene
models [11] and analogous reactions from the literature and from our previous study on H +
1- and 2-pentene [2]. The rate constants by Leon et al. [8] have been plotted but appear to be
outliers, except for the reaction bCsHi1 «» iCsHs + CHs, which was taken from the
recommendations by Curran [29]. Good agreement is observed between the current work and
other literature studies by Awan, Comandini and Jitariu [44, 45, 52]. Our results are within a
factor of two of these literature studies for the analogous reactions in the temperature range
5002000 K and are also consistent with our earlier pentene results. However as noted, large
deviations from earlier work are observed. Curran [29] estimated rate constants for C1 to Cs4
alkyl and alkoxy radical decomposition. Rate constants for the addition of a radical species to
the olefin were studied, with the forward rate expression then being determined through
microscopic reversibility. Although these provide very useful tools for the combustion
community, the calculated rate constants employed in the current work using ab-initio
methods, are more reliable.

Figure 3.13 (a) presents rate constant comparisons for aCsHi1 <> CsHs-1 + CHs. Rate
constants for the reaction CsH11-3 «<» CsHg-1 + CH3 from our previous work [2], Awan [44]
and Comandini et al. [45] will be used as a comparison for the reaction aCsHi1 <> CsHs-1 +
CHj calculated here. Additionally, the rate constant recommended by Curran [29] for iC4Hg
> C3Hgs + CH3 will be used as an analogous comparison. The rate constant from our previous
work [2] is in excellent agreement, with the rate constants being almost identical. Awan and
Comandini et al. [44, 45] are within a factor of ~1.5 of this work from 500-2000 K. This
difference can be attributed to the difference of 4.59 kJ mol in reaction barrier, using their
[44] “best fit model” energy barrier values. The rate constant from Curran [29] is within a
factor of ~6—7 from 800 K.

Rate constants for CsH11-2 decomposition to CsHg + C2Hs from our previous work [2],
Curran [29], Awan [44], Comandini [45] and Jitariu et al. [52] have been used as
comparisons for the reaction aCsH11 <> CsHg + C2Hs, Fig. 3.13(b). Our previous work [2] is a
factor of ~2 slower than that of the current work at 1000 K, and reduces to a factor of ~1.6 at
2000 K. The difference of 1.89 kJ mol in energy barrier accounts for a factor of 1.3 of this
difference at 1000 K. Awan and Comandini et al. [44, 45] are in excellent agreement with
this work, with rate constants being within a factor of ~1.5 over the temperature range 300—
2000 K. Jitariu et al. [52] are a factor of ~2 slower than the current work at 600 K, reducing
to a factor of ~1.5 at T > 1200 K. Again, the difference of 3.35 and 6.14 kJ mol™ in energy
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barriers between this work and Awan/Comandini and this work and Jitariu, respectively
would account for the differences observed. The rate constant recommended by Curran [29]
for CsH11-2 «<» C3He+C2Hs is within a factor of 2 — 3 of this work across the temperature
range 3002000 K.

Good agreement is observed for the reaction bCsHi; «<» iC4Hs + CH3 between Curran
[29] and this work, and is within a factor of 3 —4. The reaction of CsHi11-3 <> C4Hg-1 + CH3
computed in our previous work is a factor of ~1.4 — 3.6 slower than that of the current work,
with the difference attributed to the difference in reaction barrier of 3.95 kJ mol 2.

Figure 3.13(d) presents comparisons for the reaction cCsHiz < C4Hs-2 + CHa.
Comparisons of our previous work for CsH11-3 <> C4Hg-1 + CHs is in excellent agreement
with the current work and is a factor of ~1.5 slower across the entire temperature range. Rate
constants by Curran [29] for the decomposition of iC4Hj radical to CsHg + CHj is a factor of
~6 — 7 times faster than the rate for cCsHi1 <> C4Hs-2 + CHs calculated in this work over the
temperature range 600 —2000 K.

Finally, Fig. 3.13(e) presents rates for the reaction dCsHi1 = C2Has+iCsH5. Rate constants
by Curran [29] for CsH11-2 <> CsHg + C2Hs is in excellent agreement and is within a factor of
~1.6 of the rate dCsHi1 <> C2H4 + iC3Hy calculated here. Rate constants from our previous
work [2] for CsHi1-1 «<» C2H4 + nC3Hy is a factor of ~4 slower at 1000 K, reducing to a factor
of ~2 at 2000 K, which can be attributed to the difference in barrier height of 7.68 kJ mol ™.
The rate constant for CsH11-2 < C3Hs + C2Hs in our previous work is a factor of ~6 times
slower at 1000 K, reducing to a factor of ~3 at 2000 K. However, our calculated rate constant
for CsHi11-2 <> C3Hs + C2Hs [2] s in excellent agreement with Awan, Comandini and Jitariu
et al. for the same reaction [44, 45, 52].
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Figure 3.14. High-pressure limit rate constant comparisons for alkyl radical additions to
olefins. Rate constants are expressed as a ratio of Kiiterature / Kihis work. Different literature studies
are represented as follows; Power [2] (black), Curran [29] (magenta) and Westbrook [11]

(wine).

Figure 3.14 presents high-pressure limiting rate constant comparisons for alkyl radical
additions to olefins. For the reaction C4Hs-1 + CH3 <> aCsH11, Westbrook et al. [11] adopt a
rate constant based on recommendations by Curran [29] for the reaction CsHs + CHsz <> iCsHg
and is within a factor of ~2 with this work in the temperature range 1000 — 2000 K. The rate
for C4Hs-1+CHs <> CsH11-3 calculated previously [2] is a factor of ~5 faster at 1000 K than
our rate for C4Hs-1 + CH3 <> aCsHa1, reducing to a factor of ~3 at 2000 K but is within a
factor of ~2.5 at 1000 K with the rate adopted by Westbrook et al.
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The rate constants used by Westbrook et al. [11] in their model were taken from rate
constant recommendations by Curran [29], except for the reaction CsHg + C2Hs <> aCsHus.
From 800 — 2000 K, the rate adopted by Westbrook [11] is within a factor of ~4.4 of the rate
computed here and is almost identical to the rate calculated in our previous work for CsHs +
C2Hs <> CsHi1-2. The rate recommended by Curran [29] for CsHs + C2Hs «<» CsHiui-2 is a
factor of ~9 faster at 1000 K and ~5 at 2000 K than the rate for CsHs + C2Hs <> aCsHu1
calculated here. However, the value recommended by Curran [29] is within a factor of ~2.5
with our computed rate for CsHes + C2Hs <> CsH11-2 from our previous work over the
temperature range 8002000 K [2].

Westbrook adopt the rate constant by Curran [29] for iCsHs + CH3z <> bCsHa1, which is in
excellent agreement with the current work. The rate constant for C4Hs-2 + CHz <> cCsHi1
adopted by Westbrook is taken from Curran [29], using CsHs + CH3 <> iC4Hg as an analogy,
and again excellent agreement is observed, with rate constants being within ~1.6 across the
entire temperature range. Additionally, rate constants from our previous work for C4Hs-1 +
CHs < CsH11-3 are a factor of ~3 slower across the entire temperature range. The difference
of 6.24 k] mol~! in energy barrier accounts for this difference.

For CoHa + iC3H7 «<» dCsH11, good agreement is observed. Westbrook [11] adopt the rate
recommended by Curran [29] for CsHg + C2Hs <> CsH11-2 and is within a factor of two across
the temperature range 800 — 2000 K. The rate constant for CsHs + C2Hs <> CsHi1-2 from our
previous work is also in excellent agreement with the rate CHs + iCsH7 <> dCsH11 calculated

here, with the discrepancy explained by the difference in energy barrier of 2.53 kJ mol .
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Figure 3.15. High-pressure limit rate constant comparisons for H-atom shift isomerisation
reactions. Rate constants are expressed as a ratio of Kiiterature / Kthis work. Different literature
studies are represented as follows; Power [2] (black), Comandini [45] (blue), Matheu [53]
(orange), Yu [54] (green), and Westbrook [11] (wine). P—P, P—S, and P—T represent
hydrogen atom shift from primary carbon to primary, secondary and tertiary carbons,

respectively.

Similarly, limited results for the isomerisation reactions for branched pentyl radicals
exist, therefore comparisons with what is in the current models [8, 11], analogous reactions
from literature and our previous work [2] will be made. Figure 3.15 (a) presents the rate
computed for aCsHi1 = dCsHi1 with some literature studies of 1,2 H-atom shift through a
five-membered ring transition state. At 1000 K, the rate adopted by Westbrook [11] for this
reaction is a factor of ~4.5 faster than this work, reducing to a factor of ~2 at higher
temperatures. The rate constant published by Matheu et al. [53] (1,4 isomerisation of a
primary to primary) is within a factor of ~2 of the rate calculated in this work. The rate
constant from our previous work for CsHi1-1 = CsH11-2 is within a factor of 2— 3 of our rate

constant for aCsHi1 = dCsH11 from 500 K. The difference of 3.11 kJ mol™ in energy barrier
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would account for a factor of 2.11 at 500 K. Also plotted is the rate constant from Yu et al.
[54], who are a factor of ~5 faster at 1000 K, reducing to a factor of ~2 at higher
temperatures, which was also found in our previous work for the reaction CsHi1-1 = CsHu-2.
A further description for comparisons with this rate constant can be found in the
supplementary material of our previous work [2]. The main finding was that these multi-
structural variational effects seem to influence rate constants at lower temperatures more so
than higher temperatures. At higher temperatures, the rate constants calculated in the current
and past works are within a factor of two, and our validation against the [FH-ARAS shock tube
experiments show that our rate constants are accurate to within this factor.

For dCsHi11 = c¢CsHi1, comparison with the rate by Matheu et al. [53] for a 1,2 H-atom
isomerisation from primary to secondary is in excellent agreement with the current work.
Figure 3.15 (c) presents rate constants for the reaction aCsH11 = cCsHi1. Matheu et al. [53]
rate for (1,3 isomerisation from primary to secondary) are within a factor of ~2-2.5 over the
entire temperature range with the current work. The rate by Comandini et al. [45] for CsH11-1
= CsH11-3 is approximately seven times faster at 1000 K, reducing to a factor of five at 2000
K. As discussed in the Supplementary material of our previous work [2], their [44] energy
barrier for the reaction CsH11-1 = CsHi1-3 was corrected to 144.5 kJ mol ™!, which is 14.95 kJ
mol~ lower than our computed barrier for aCsHi1 = c¢CsHi1, which would account for the
difference. Excellent agreement with our previous work on CsHi1-1 = CsH11-3 is observed.

At temperatures in the range 500 — 2000 K, the rate constant for 1,2 H-atom
isomerisation from primary = tertiary by Matheu [53] is within a factor ~2 — 3.7 of our rate
for aCsHi1 = bCsHaa.

Finally, comparison of our rate for dCsH11 = bCsHa1 is presented in Fig.3.15 (e) Matheu
et al. [53] are a factor of ~5 faster than the rate in the current work at 1000 K, reducing to a
factor of ~3 at 2000 K.

4. Detailed Kinetic Modelling

All simulations were performed using Chemkin-Pro [55] assuming a constant volume
homogeneous batch reactor. The model was developed by implementing our computed
thermochemistry and rate constants into NUIGMechl.0 [14, 24-27] which contains our
guantum chemical calculations based on this work. This model was then used to simulate
recent results from a pyrolysis study of the pentene isomers using the NUIG single pulse
shock-tube (dotted lines).
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The reaction flux analyses for 2M1B, 2M2B and 3M1B pyrolysis are described in detail
by Nagaraja et al. so we shall not reproduce that here. To summarise, propene and isobutene
are formed through the chemically activated pathways of H atom addition to 2M1B. The
current model over-predicts the mole fraction of isobutene, but propene is sufficiently
captured, (Fig. 3.16). Upon H-atom abstraction from the primary and secondary allylic sites
of 2M1B, the aCsHs-a2 and aCsHo-c radicals are formed, respectively. The aCsHo-a2 radical
forms allene, while aCsHo-c produces isoprene, both of which are captured well by the

current model.
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Figure 3.16. Species profiles for 2M1B pyrolysis. Dotted lines are model simulations with
the current model, dashed lines represent approximate variational effects predictions, dashed-
dot lines represent these approximate variational effects along with changes to CHs
abstraction reactions in the current model and solid lines represent all these changes in

addition to altering CHs abstraction from isobutene by a factor of two.

Isobutene and 2-butene are formed through the chemical activated pathways of H atom
addition to 2M2B. Similar to 2M1B, the aCsHoq-c radical is formed via H-atom abstraction,

and dissociates to from isoprene + H. All species are captured well by the current model,

(Fig.3 .17).
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reactions in the current model and solid lines represent all these changes in addition to altering

CHjs abstraction from isobutene by a factor of two.

In the case of 3M1B, ethylene and 2-butene are the products formed via the chemically
activated pathways of H atom addition. It can be observed in Fig.3.18 that ethylene is
sufficiently captured, while 2-butene is slightly over-predicted. Upon H-atom abstraction
from the tertiary allylic site of 3M1B, the cCsHe-b radical is formed which again dissociates
to isoprene, which is captured well by the current model.

Whilst the current model shows a good performance against the ST data, it is worth
commenting on the influence of factors which have not been explicitly treated in our
RRKM/ME model. Test calculations showed that the inclusion of vibrational anharmonicities
has a modest effect, accounting for ~2-5% variations in the calculated high-pressure limiting
rate constants (Section 2.0 of Supplementary_Material_2. of ESI). Variational effects were
found to be completely negligible for isomerisation reactions [52, 56-58] and abstraction

reactions, amounting to 15% in the latter case. However, for hydrogen atom addition
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reactions, variational effects may be considerable, with test computations implying that the
high-pressure limiting rate constant for external H atom addition to 2M1B is over-estimated
by a factor of 2-3. This is in line with the variational effect observed by others for H atom
addition reactions to large molecular weight species [59]. To assess the influence of
variational effects on predictions of experimental data, indicative simulations have been
carried out and presented in Section 1.0 of Supplementary Material_2 included as ESI, by
systematically reducing the rate constants for H atom addition by a factor of two in the
RRKM/ME model and re-computing k(T,p). Reductions in the rate constants for the H atom
addition pathways (dashed lines) do not lead to significant changes in the predictions of
major species mole fractions for 2M1B and 2M2B. For 2M2B, iso-butene yields were found
to increase by up to ~20%, Figure 3.17 (c). For 2M1B isobutene yields decreased by up to
20%, while 2-butene yields decreased by up to 66 % for 3SM1B.

For 2M2B, preliminary simulations showed that CH3 abstraction from isobutene is a
major consumption pathway for isobutene. The rate constant that is currently in the
mechanism is twice the rate constant of CHz abstraction from propene [60]. This was changed
to the recommended rate constant for CHs from isobutene, with the largest difference being a
factor of 1.44 at 298 K [60]. Additionally, the rate constant for CHs abstraction from 2M2B is
twice the rate constant for CHs abstraction for primary allylic sites. This was reduced by a
factor of two. The combined effect of variational effects and alterations to both these
abstraction rate constants is represented by dashed-dotted lines. This results in a slight
decrease of isobutene yields for both 2M2B and 2M1B.

Wang et al. [60] quotes an uncertainty of a factor of two in the rate rules. Therefore, the
rate constant for CHs abstraction from isobutene was increased by a factor of two. The
combined variational effects and abstraction reactions, with the rate constant for CHs
abstraction from isobutene increased by a factor of two is represented by solid lines.
Increasing this rate constant leads to better agreement in the predicted formation of isobutene
from 2M1B and 2M2B. Additionally, for 2M1B and 2M2B, allene and propyne yields also
increase since there is an increase in iC4H7 radicals formed. The propene yields decrease due
to the increased importance of CHjs abstraction from isobutene which competes with iCsHg +
H < C3He + CHs.

Since the inclusion of variational effects worsens the agreement with the experiments of
Nagaraja et al. [14] in one instance (isobutene mole fractions for 2M2B), the agreement of
our non-variational model with experiment is potentially fortuitous as it is dependent on the

cancellation of multiple errors, albeit ones which are typical of those found in chemical
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kinetic models for species of this size. The uncertainty in these secondary reactions which are
based on estimated rate constants [60] is on a par with or greater than the systems studied
herein, and test simulations show that modifications of a factor of two in CH3 abstraction rate
constants coupled with an estimate of variational effects (solid lines) leads to predictions of
iso-butene to within a within ~40 % at temperatures greater than ~1100 K for 2M1B and
~40% for 2M2B. Theoretical studies of CHs abstraction reactions from alkenes for which
theoretical data and direct experimental measurement is currently sparse, especially for larger
alkenes [60] would therefore be of use in reducing uncertainty in available kinetic models.
Direct measurements of the reactions of H atoms with branched alkenes would also provide a

more direct means to validate the theory presented in this work.

5. Conclusions

Alkenes are key components of real-world fuels, with pentenes of particular importance
as components of gasoline. This study extends our earlier study on the reactions of hydrogen
atoms with 1- and 2-pentene [2] to those with the branched pentene isomers; 2-methyl-1-
butene, 2-methyl-2-butene and 3-methyl-1-butene. Together, these results are the most
comprehensive investigation of these reaction systems and contribute to the development of
combustion models. Thermochemical data for species on the CsHi1 PES were calculated as a
function of temperature with formation enthalpies derived using a network of isodesmic
reactions based upon benchmark literature data and electronic structure calculations. Rice-
Ramsperger-Kassel-Marcus (RRKM) theory with a one-dimensional master equation (ME)
analysis was used to calculate high-pressure-limiting and temperature- and pressure-
dependent rate constants. The theoretical results are implemented into a detailed chemical
model and simulated against species mole fractions from the pyrolysis study of the pentene
isomers using the NUIG single pulse shock-tube. The chemically activated pathways of H
atom addition to each of the pentene isomers, as well as their abstraction reactions were
found to be important in capturing the species profiles of the products from pyrolysis, with
satisfactory agreement being observed. Although good agreement is observed between our
model predictions and experiment, future works should consider addressing VTST, treatment
of multi-dimensional torsions, and anharmonic effects in the aim of developing a more
comprehensive RRKM/ME model for combustion modelling. Additionally, rate constant
recommendations for H atom addition to and abstraction from linear and branched alkenes
have been proposed and serve as a tool for the use in mechanisms of larger alkenes for which

calculations do not exist in the literature.

106



Associated Content

The supplementary material (SM) contains MESS input and output files, tabulated
isodesmic reactions, thermochemical values for all Cs species in NASA polynomial format,
Chemkin format PLOG rate constant fits and mechanism/thermochemistry files used in

simulations (ZIP).

Acknowledgements

The authors would like to acknowledge the support of Science Foundation Ireland in
funding this project under 15/IA/3177 and also to the Irish Centre for High-End Computing,
ICHEC, under project numbers ngche058c and ngche080c.

107



References

[1] S. Kikui, H. Nakamura, T. Tezuka, S. Hasegawa, K. Maruta, Study on combustion and
ignition characteristics of ethylene, propylene, 1-butene and 1-pentene in a micro flow reactor
with a controlled temperature profile, Combust. Flame 163 (2016) 209-2109.

[2] J. Power, K.P. Somers, C.-W. Zhou, S. Peukert, H.J. Curran, Theoretical, experimental,
and modeling study of the reaction of hydrogen atoms with 1- and 2-pentene, J. Phys . Chem.
A 123 (2019) 8506-8526.

[3] M. Mehl, T. Faravelli, F. Giavazzi, E. Ranzi, P. Scorletti, A. Tardani, D. Terna, Detailed
chemistry promotes understanding of octane numbers and gasoline sensitivity, Energy Fuels
20 (2006) 2391-2398.

[4] S.M. Burke, W. Metcalfe, O. Herbinet, F. Battin-Leclerc, F.M. Haas, J. Santner, F.L.
Dryer, HJ. Curran, An experimental and modeling study of propene oxidation. Part 1:
speciation measurements in jet-stirred and flow reactors, Combust. Flame 161 (2014) 2765-
2784,

[5] Y. Li, C.-W. Zhou, K.P. Somers, K. Zhang, H.J. Curran, The oxidation of 2-butene: a
high pressure ignition delay, kinetic modeling study and reactivity comparison with isobutene
and 1-butene, Proc. Combust. Inst. 36 (2017) 403-411.

[6] C.-W. Zhou, Y. Li, E. O'Connor, K.P. Somers, S. Thion, C. Keesee, O. Mathieu, E.L.
Petersen, T.A. DeVerter, M.A. Oehlschlaeger, a. et, A comprehensive experimental and
modeling study of isobutene oxidation, Combust. Flame 167 (2016) 353-379.

[7] M.R. Djokic, K.M. Van Geem, C. Cavallotti, A. Frassoldati, E. Ranzi, G.B. Marin, An
experimental and kinetic modeling study of cyclopentadiene pyrolysis: first growth of
polycyclic aromatic hydrocarbons, Combust. Flame 161 (2014) 2739-2751.

[8] L. Leodn, L. Ruwe, K. Moshammer, L. Seidel, K.P. Shrestha, X. Wang, F. Mauss, K.
Kohse-Hoinghaus, N. Hansen, Chemical insights into the larger sooting tendency of 2-
methyl-2-butene compared to n-pentane, Combust. Flame 208 (2019) 182-197.

[9] L. Ruwe, K. Moshammer, N. Hansen, K. Kohse-Hdinghaus, Consumption and
hydrocarbon growth processes in a 2-methyl-2-butene flame, Combust. Flame 175 (2017) 34-
46.

[10] L. Ruwe, K. Moshammer, N. Hansen, K. Kohse-Hoinghaus, Influences of the molecular
fuel structure on combustion reactions towards soot precursors in selected alkane and alkene
flames, Phys. Chem. Chem. Phys 20 (2018) 10780-10795.

[11] C.K. Westbrook, W.J. Pitz, M. Mehl, P.-A. Glaude, O. Herbinet, S. Bax, F. Battin-
Leclerc, O. Mathieu, E.L. Petersen, J. Bugler, H.J. Curran, Experimental and kinetic
modeling study of 2-methyl-2-butene: allylic hydrocarbon kinetics, J. Phys . Chem. A 119
(2015) 7462-7480.

[12] Y. Cheng, E. Hu, X. Lu, X. Li, J. Gong, Q. Li, Z. Huang, Experimental and kinetic study
of pentene isomers and n-pentane in laminar flames, Proc. Combust Inst. 36 (2017) 1279-
1286.

[13] B. Zhong, Z. Zeng, H. Peng, The pressure dependence of laminar flame speed of 2-
methyl-2-butene/air flames in the 0.1-1.0 MPa range, Combust. Sci. Technol. 190 (2018)
1886-1899.

[14] S.S. Nagaraja, J. Power, G. Kukkadapu, S. Dong, S.W. Wangon, W.J. Pitz, H.J. Curran,
A single pulse shock tube study of pentene isomer pyrolysis, Proc. Combust. Inst. 38 (2021).
[15] L.A. Arafin F, Ninnemann E, Greene R, Rahman RK, Vasu SS, Influence of the double
bond position incombustion chemistry of methyl butene isomers: a shock tube and laser
absorption study, Int. J. Chem. Kinet.,
doi:https://onlinelibrary.wiley.com/doi/abs/10.1002/kin.21396(2020).

108


https://onlinelibrary.wiley.com/doi/abs/10.1002/kin.21396(2020

[16] W.G. Lovell, Knocking characteristics of hydrocarbons, Ind. Eng. Chem 40 (1948)
2388-2438.

[17] H. Wang, Formation of nascent soot and other condensed-phase materials in flames,
Proc. Combust Inst. 33 (2011) 41-67.

[18] K. Johansson, M. Head-Gordon, P. Schrader, K. Wilson, H. Michelsen, Resonance-
stabilized hydrocarbon-radical chain reactions may explain soot inception and growth,
Science 361 (2018) 997-1000.

[19] K. Hoyermann, F. Maul3, T. Zeuch, A detailed chemical reaction mechanism for the
oxidation of hydrocarbons and its application to the analysis of benzene formation in fuel-
rich premixed laminar acetylene and propene flames, Phys. Chem. Chem. Phys 6 (2004)
3824-3835.

[20] P. ORwald, K. Kohse-Hoinghaus, U. Struckmeier, T. Zeuch, L. Seidel, L. Leon, F.
Mauss, Combustion chemistry of the butane isomers in premixed low-pressure flames, Z.
Phys. Chem 225 (2011) 1029.

[21] M. Schenk, L. Leon, K. Moshammer, P. OBwald, T. Zeuch, L. Seidel, F. Mauss, K.
Kohse-Hoinghaus, Detailed mass spectrometric and modeling study of isomeric butene
flames, Combust. Flame 160 (2013) 487-503.

[22] A. Nawdiyal, N. Hansen, T. Zeuch, L. Seidel, F. MauB, Experimental and modelling
study of speciation and benzene formation pathways in premixed 1-hexene flames, Proc.
Combust Inst. 35 (2015) 325-332.

[23] L. Seidel, K. Moshammer, X. Wang, T. Zeuch, K. Kohse-Héinghaus, F. Mauss,
Comprehensive kinetic modeling and experimental study of a fuel-rich, premixed n-heptane
flame, Combust. Flame 162 (2015) 2045-2058.

[24] S.S. Nagaraja, J. Liang, S. Dong, S. Panigrahy, A. Sahu, G. Kukkadapu, S.W. Wagnon,
W.J. Pitz, H.J. Curran, A hierarchical single-pulse shock tube pyrolysis study of C>—Cs 1-
alkenes, Combust. Flame 219 (2020) 456-466.

[25] M. Baigmohammadi, V. Patel, S. Nagaraja, A.K. Ramalingam, S. Martinez, S.
Panigrahy, A.A.E. Mohamed, K.P. Somers, U. Burke, K.A. Heufer, A. Pekalski, H.J. Curran,
Comprehensive experimental and simulation study of the ignition delay time characteristics
of binary blended methane, ethane, and ethylene over a wide range of temperature, pressure,
equivalence ratio, and dilution., Energy Fuels 34 (2020) 8808-8823.

[26] M. Baigmohammadi, V. Patel, S. Martinez, S. Panigrahy, A. Ramalingam, U. Burke,
K.P. Somers, K.A. Heufer, A. Pekalski, H.J. Curran, A comprehensive experimental and
simulation study of ignition delay time characteristics of single fuel C:—C> hydrocarbons over
a wide range of temperatures, pressures, equivalence ratios, and dilutions, Energy Fuels 34
(2020) 3755-3771.

[27] A.A.E.-S. Mohamed, S. Panigrahy, A.B. Sahu, G. Bourque, H.J. Curran, An
experimental and modeling study of the auto-ignition of natural gas blends containing C1—C~
n-alkanes, Proc. Combust. Inst. 38 (2021).

[28] C.-W. Zhou, Y. Li, U. Burke, C. Banyon, K.P. Somers, S. Ding, S. Khan, J.W. Hargis,
T. Sikes, O. Mathieu, e. al, An experimental and chemical kinetic modeling study of 1,3-
butadiene combustion: Ignition delay time and laminar flame speed measurements, Combust.
Flame 197 (2018) 423-438.

[29] H.J. Curran, Rate constant estimation for C; to Cs alkyl and alkoxyl radical
decomposition, Int. J. Chem. Kinet. 38 (2006) 250-275.

[30] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, G.
Scalmani, V. Barone, G.A. Petersson, H. Nakatsuji, e. al., Gaussian 09, 2009.

[31] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, G.
Scalmani, V. Barone, G.A. Petersson, H. Nakatsuji, e. al., Gaussian 16 Rev. B.01,
Wallingford, CT, 2016.

109



[32] Y. Georgievskii, J.A. Miller, M.P. Burke, S.J. Klippenstein, Reformulation and solution
of the master equation for multiple-well chemical reactions, J. Phys. Chem. A 117 (2013)
12146-12154.

[33] C.F. Goldsmith, G.R. Magoon, W.H. Green, Database of small molecule
thermochemistry for combustion, J. Phys. Chem. A 116 (2012) 9033-9057.

[34] S.J. Klippenstein, L.B. Harding, Kinetics of the H+NCO reaction, Proc. Combust Inst.
32 (2009) 149-155.

[35] B. Ruscic, R.E. Pinzon, G.v. Laszewski, D. Kodeboyina, A. Burcat, D. Leahy, D.
Montoy, A.F. Wagner, Active thermochemical tables: thermochemistry for the 21st century,
J. Phys. 16 (2005) 561-570.

[36] J.M. Simmie, K.P. Somers, Benchmarking compound methods (CBS-QB3, CBS-APNO,
G3, G4, W1BD) against the active thermochemical tables: a litmus test for cost-effective
molecular formation enthalpies, J. Phys. Chem. A 119 (2015) 7235-7246.

[37] K.P. Somers, J.M. Simmie, Benchmarking compound methods (CBS-QB3, CBS-APNO,
G3, G4, W1BD) against the active thermochemical tables: formation enthalpies of radicals, J.
Phys. Chem. A 119 (2015) 8922-8933.

[38] J.M. Simmie, K.P. Somers, W.K. Metcalfe, H.J. Curran, Substituent effects in the
thermochemistry of furans: A theoretical (CBS-QB3, CBS-APNO and G3) study, J. Chem.
Thermodyn. 58 (2013) 117-128.

[39] B. Ruscic, R.E. Pinzon, M.L. Morton, G. von Laszevski, S.J. Bittner, S.G. Nijsure, K.A.
Amin, M. Minkoff, A.F. Wagner, Introduction to active thermochemical tables: several
“key” enthalpies of formation revisited, J. Phys. Chem. A 108 (2004) 9979-9997.

[40] J.M. Simmie, G. Black, H.J. Curran, J.P. Hinde, Enthalpies of formation and bond
dissociation energies of lower alkyl hydroperoxides and related hydroperoxy and alkoxy
radicals, J. Phys. Chem. A 112 (2008) 5010-5016.

[41] B.J. McBride, S. Gordon, Computer program for calculating and fitting thermodynamic
functions, (1992).

[42] H.S. Johnston, J. Heicklen, Tunnelling corrections for unsymmetrical Eckart potential
energy barriers, J. Phys. Chem. 66 (1962) 532-533.

[43] V.D. Knyazev, W. Tsang, Chemically and thermally activated decomposition of
secondary butyl radical, J. Phys . Chem. A 104 (2000) 10747-10765.

[44] ILA. Awan, D.R. Burgess, Jr., J.A. Manion, Pressure dependence and branching ratios in
the decomposition of 1-pentyl radicals: shock tube experiments and master equation
modeling, J. Phys Chem. A 116 (2012) 2895-2910.

[45] A. Comandini, I.A. Awan, J.A. Manion, Thermal decomposition of 1-pentyl radicals at
high pressures and temperatures, Chem. Phys. Lett. 552 (2012) 20-26.

[46] J.A. Manion, ILA. Awan, The decomposition of 2-pentyl and 3-pentyl radicals, Proc.
Combust. Inst. 34 (2013) 537-545.

[47] AW. Jasper, J.A. Miller, Lennard-Jones parameters for combustion and chemical
kinetics modeling from full-dimensional intermolecular potentials, Combust. Flame 161
(2014) 101-110.

[48] A. Burcat, B. Ruscic, Third millenium ideal gas and condensed phase thermochemical
database for combustion (with update from active thermochemical tables), Argonne National
Lab.(ANL), Argonne, IL (United States), 2005.

[49] J.J.P. Stewart, Optimization of parameters for semiempirical methods VI. more
modifications to the NDDO approximations and re-optimization of parameters, J. Mol.
Model, 19 (2013) 1-32.

[50] E.R. Ritter, J.W. Bozzelli, THERM: Thermodynamic property estimation for gas phase
radicals and molecules, Int. J. Chem. Kinet. 23 (1991) 767-778.

110



[51] J.A. Miller, S.J. Klippenstein, Dissociation of propyl radicals and other reactions on a
C3H7 potential, J. Phys . Chem. A 117 (2013) 2718-2727.

[52] L.C. Jitariu, L.D. Jones, S.H. Robertson, M.J. Pilling, I.H. Hillier, Thermal rate
coefficients via variational transition state theory for the unimolecular
decomposition/isomerization of 1-pentyl radical: ab initio and direct dynamics calculations, J.
Phys. Chem. A 107 (2003) 8607-8617.

[53] D.M. Matheu, W.H. Green, J.M. Grenda, Capturing pressure-dependence in automated
mechanism generation: reactions through cycloalkyl intermediates, Int. J. Chem. Kinet. 35
(2003) 95-1109.

[54] T. Yu, J. Zheng, D. Truhlar, Multi-structural variational transition state theory. Kinetics
of the 1,4-hydrogen shift isomerization of the pentyl radical with torsional anharmonicity,
Chem. Sci. 2 (2011) 2199-2213.

[55] A Chemkin-Pro - ANSY'S Reaction Design: San Diego.

[56] J.J. Zheng, D.G. Truhlar, Direct Dynamics Study of Hydrogen-Transfer Isomerization of
1-Pentyl and 1-Hexyl Radicals, J. Phys. Chem. A 113 (2009) 11919-11925.

[57] A. Ratkiewicz, B. Bankiewicz, Kinetics of 1,5-Hydrogen Migration in Alkyl Radical
Reaction Class, J. Phys . Chem. A 116 (2012) 242-254.

[58] B. Bankiewicz, L.K. Huynh, A. Ratkiewicz, T.N. Truong, Kinetics of 1,4-Hydrogen
Migration in the Alkyl Radical Reaction Class, J. Phys. Chem. A 113 (2009) 1564-1573.

[59] A.W. Jasper, N. Hansen, Hydrogen-assisted isomerizations of fulvene to benzene and of
larger cyclic aromatic hydrocarbons, Proc. Combust Inst. 34 (2013) 279-287.

[60] K. Wang, S.M. Villano, A.M. Dean, Reactions of allylic radicals that impact molecular
weight growth Kkinetics, Phys. Chem. Chem. Phys 17 (2015) 6255-6273.

111



Chapter 4 : A hierarchical study of the reactions of
hydrogen atoms with alkenes: A theoretical study of the

reactions of hydrogen atoms with C, — C4 alkenes

Published in: J. Phys. Chem. A.125(23) (2021) 5124-5145
Publication Date: June 8, 2021
DOI: https://doi.org/10.1021/acs.jpca.1c03168

Author Contributions

(1) Jennifer Power: Performed electronic structure calculations, modelling work and
wrote the manuscript

(2) Kieran P. Somers: Performed electronic structure calculations and provided input for
theoretical and modelling work. Reviewed the manuscript prior and post review
process.

(3) Shashank S. Nagaraja: Performed pyrolysis experiments.

(4) Henry J. Curran: Managed the project throughout and reviewed the manuscript prior
and post review process.


https://doi.org/10.1021/acs.jpca.1c03168

113



Abstract

The present study complements our previous studies on the reactions of hydrogen atoms
with Cs alkene species including 1- and 2-pentene and the branched isomers (2-methyl-1-
butene, 2-methyl-2-butene, and 3-methyl-1-butene), by studying the reactions of hydrogen
atoms with C, — C4 alkenes (ethylene, propene, 1- and 2-butene, and isobutene). The aim of
the current work is to develop a hierarchical set of rate constants for H atom addition
reactions to C, — Cs alkenes, both linear and branched, which can be used in the development
of chemical kinetic models. High-pressure limiting and pressure-dependent rate constants are
calculated using Rice-Ramsperger-Kassel-Marcus (RRKM) theory and a one-dimensional
master equation (ME). Rate constant recommendations for H atom addition and abstraction
reactions in addition to alkyl radical decomposition reactions are also proposed and provide a
useful tool for use in mechanisms of larger alkenes for which calculations do not exist.
Additionally, validation of our theoretical results with single-pulse shock-tube pyrolysis
experiments is carried out. An improvement in species mole fractions predictions for alkene

pyrolysis is observed, showing the relevance of the present study.

1. Introduction

Alkenes are important intermediates formed during the oxidation and pyrolysis of larger
alkanes and are key components of hydrocarbon fuels. An understanding of their combustion
chemistry is therefore important in our understanding of hydrocarbon fuel combustion. The
reactions of H atom across the C=C double bond plays an important role in controlling
experimental high-temperature ignition delay times (IDTs), flame speeds and species profiles
measured as a function of temperature and/or time in jet-stirred and flow reactors [1-3].

In the current work, the reactions of H atoms with C, — C4 alkenes are studied, while the
reactions of H atom addition to Cs alkenes were studied previously [4, 5]. There have been a
number of theoretical and experimental studies of H atoms with C, — Ca alkenes [6-19]. This
study aims to complement these by providing a comprehensive hierarchical set of rate
constants for H atom addition and abstraction potential energy surfaces (PES’s), including
their chemically activated pathways for C, — Cs alkenes, determined at the same levels of
theory. By having a consistent set of rate constants for C2 — Cs alkenes + H atoms calculated
at the same level of theory, our results help constrain available models and the development
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of recommended rate constants which provide a tool for use in mechanisms of larger alkenes
for which calculations do not exist in the literature.

Ethylene is the smallest alkene in our series and has been extensively studied [6, 10-19].
Miller and Klippenstein [17] studied the kinetics of H + C,H2 and H + C2Ha, including their
reverse dissociation reactions using variational transition state theory (VTST) and a 2-D
master equation. Matsugi [16] performed direct trajectory calculations on C2Hs radical
dissociation and discovered a reaction pathway that directly eliminates H, from C2Hs, leading
to the formation of vinyl (C2H3) radicals. The resulting C2H3 radicals can dissociate to CoH:
+ H. They suggest that this may be an explanation for the unexpectedly slow H atom
formation previously observed in photo-dissociation experiments of C2Hs radicals [21, 22].
Barker et al. [6] studied the reaction of H + C;Hs as a function of He pressure at room
temperature with three experimental techniques; (i) a discharge flow system with Lyman-a
photometry, (ii) a time resolved Lyman-a photometric system and (iii) a discharge flow
system with time-of-flight mass spectrometry. Rate constants were obtained in both excess
ethylene and hydrogen environments and an experimental value for the third body
recombination coefficient for H + CHs (+M) was obtained.

Michael et al. [12] used Lyman-a photometry to obtain the pressure dependence of the H
+ CoHs reaction at room temperature. Through computer simulation analysis, the rate
constants were adjusted for H atom depletion in reactions subsequent to the initial reaction.
Experiments at high pressures of He permitted extrapolation to the high-pressure limit of the
rate constant. Lee et al. [9] experimentally measured the rate constant for the H + CzH4
reaction as a function of temperature (198 —320 K) at high pressures of Ar bath gas using the
flash photolysis-resonance fluorescence technique. Sugawara et al. [14] measured the high-
pressure limiting rate constants of H and D atom addition to C,Ha, C2HsD, C2D4, C2H, and
C2D- in the temperature range 206 —461 K using pulse radiolysis-resonance absorption.

Pacey et al. [13] performed pyrolysis experiments on ethane at 902 K and concentrations
of 1.8 x 10% 4.5 x 1073 mol L in a flow system. Rate constants for the reactions CoHs +
CoHs «» CaHi1o and CoHs + CoHs «<» CaHg + CaHa were determined. Moreover, pressure-
dependent rate constants for CoHs «<» CHs + CH3 and C2Hs «» C2Hs + H were determined
using unimolecular reaction rate theory. Lightfoot et al. [10] measured the rate constant of the
reaction H + C,Hs <> C,Hs as a function of temperature and pressure, over the temperature
and pressure ranges 285 — 604 K and 50 — 600 Torr respectively, using laser flash

photolysis/resonance fluorescence, with helium diluent.
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Feng et al. [7] investigated the unimolecular decomposition of C2Hs radicals in helium
over the temperature and pressure ranges 876 — 1094 K and 0.8 — 14.3 Torr, respectively in
time-resolved experiments. The reaction was isolated for quantitative study in a heated
tubular reactor coupled to a photoionisation mass spectrometer. Hanning et al. [8] studied the
reaction H + CoHs «<» C2Hs at 800 K in He. Exciplex laser flash photolysis at 193.3 nm of
ethene-helium mixtures was used to generate H atoms, which were detected using time-
resolved resonance fluorescence. Rate coefficients for the forward and reverse reactions were
deduced from measurements of the equilibrium constant and relaxation rate coefficient at
nine pressures in the range 97 — 600 Torr. More recently, Yang et al. [15] investigated the
decomposition of ethyl iodide and subsequent dissociation of ethyl radicals behind incident
shock waves in a diaphragm-less shock tube using laser schlieren (LS) densitometry (1150 <
T<1870K, and 55 <p <123 + 3 Torr).

Fewer studies exist for the reactions of H atoms with propene and the butene isomers.
Experimental studies of H atoms with propene include [20, 23-32], with the most recent one
by Chen et al. [20] studying the temperature and pressure dependence of the product
branching ratio of the H + propene reaction. This was done behind reflected shock waves in a
diaphragm-less shock-tube using the H-ARAS technique in the temperature range 1065 —
1306 K at 1 and 2 bar. Quantum chemistry calculations were also performed at the
CCSD(T)/CBS//ICCSD/6-311++G(3df,2p) level of theory. The predicted high-pressure limit
rate constant ratio for terminal versus non-terminal addition agrees well with that reported by
Manion et al. [19] for the analogous reaction of H atoms with butene. Both Chen et al. [20]
and Manion et al. [19] state that their predicted branching ratio for terminal versus non-
terminal addition differ to that calculated by Miller and Klippenstein who studied the
dissociation of propyl radicals and other reactions on the CsH; PES [18]. With minor
adjustments to several of the barrier heights, Miller and Klippenstein showed excellent
agreement between their theoretical values and experimental results available in the literature
over a wide range of conditions.

Manion and Awan [19] investigated the kinetics of terminal and internal H atom addition
to 1-alkenes. Single-pulse shock tube methods were employed to thermally generate H atoms
and their reactions with 1-butene were investigated over the temperature and pressure ranges
of 880 — 1120 K and 145 — 245 kPa, respectively. Relative and absolute rate constants for the
displacement of methyl and ethyl radicals by H atoms were determined and related to the
high-pressure limit rate constant for H atom addition to the terminal and internal sites of 1-

butene. It was found that addition to the terminal site is favoured by a factor of 2.6 + 0.4 at
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1000 K. These results were combined with data from lower temperatures and used by Manion
and Awan to derive rate constants in the temperature range 220 — 2000 K. They state that
these branching ratio expressions should approximate the behaviour of other un-branched 1-
olefins and can thus be used as estimates for unstudied 1-olefins in detailed kinetic models
describing pyrolysis and combustion conditions. A factor of three discrepancy was noted in
the branching ratio for terminal to internal H atom addition by comparing their current
experimental results with the theoretical study [18], and they suggest that the difference
observed is well outside the experimental errors of their study and any expected differences
for 1-butene.

Wang et al. [33] studied the reaction kinetics of H-atom abstraction from C4 — Ce alkenes
by H atoms and CHs radicals using the G4 composite method with CTST and Eckart
tunneling corrections. The study provides the first systematic study on the key initiation
abstraction reaction classes for alkenes with H atoms and CHs radicals. However, large
discrepancies are observed between the Wang et al. [33] calculations and those already
present in the literature and calculated in this work.

Nagaraja et al. [32] performed a single-pulse shock-tube study on the pyrolysis of 2% C»
— Ce 1-alkenes at 2 bar in the temperature range 900 — 1800 K, with reactant intermediate and
product species obtained and quantified using gas chromatography-mass spectrometry
analysis.

One of the aims of the present study is to investigate the ratio of terminal to internal H
atom addition to C, — Cs alkenes taking into account our past studies [4, 5] of the Cs alkenes
since discrepancies remain in the literature. Rate constant recommendations for H atom
addition, abstraction and alkyl radical decomposition reactions will also be made and should
serve as a useful tool for their use in mechanisms for larger alkenes where calculations do not
exist.

Section 2 describes the computational methods employed in the current work and Section
3 presents the theoretical results including comparisons with literature studies, where
available. Section 4 presents our simulation results compared to the shock tube pyrolysis

experiments of Nagaraja et al. [32].

117



Table 4.1: Summary of Experimental and Theoretical Studies Relevant to C,—Csalkenes + H.

Year Author Reaction(s) T (K) p (kPa) Method
2020 . . Experiment
Nagaraja et al. [32] pyrolysis of C>—Cs 1-alkenes 900-1800 200 single pulse shock tube (SPST)
2020 Theory/Experiment
: H-ARAS / shock-tube
Chen et al. [20] H + C3He 1065-1306 100-200 CCSD(T)/CBS//CCSD/6-
311++G(3df,2p)
2018 . . Theory
Wang et al. [33] C4—Cg alkenes + H and CH3 G4 composite method
2015 . . Experiment
Manion et al. [19] H + CsHs-1 880-1120 145245 single pulse shock tube (SPST)
2013 Theory
Matsugi et al. [16] photodissociation of C2Hs - — direct trajectory calculations
®B97X-D / 6-31 + G(d,p)
2013 S . . Theory
Miller et al. [18] dissociation of progy:_'radcl)ig:iiicl other reactions on B 0—HPL CCSD(T)/cc-pVTZ
3A7P MP2/6-311++G(d,p)
2012 . - . - Experiment
Yang et al. [15] decomposition of ethyl |o_d|de / dissociation of 1150-1870 7.3-16.4 | diaphragmless shock tube / laser
C2Hsradicals . X
schlieren (LS) densitometry
2011 Rosado-Reyes et al. [28] F1 + CsHs 922-1200 | 150-340 | . Experiment
' single pulse shock tube (SPST)
2004 Theory
. . variational transition state
Miller et al. [17] H + C2H2 and C2H4 300-2000 >0.13 / HPL theory (VTST), 2D master
equation
1993 Experiment
Hanning et al. [8] FI + CoHa 800 12.9-80,0 | &ciplexlaser flash photolysis /

time-resolved resonance
fluorescence




1993

Fengetal. [7]

Unimolecular decomposition of C2Hs

876—1094

01-19

Experiment
heated tubular reactor / to a
photoionisation mass
spectrometer

1993

Seakins et al. [23]

iCsH7 decomposition

720-910

Experiment
Laser flash photolysis /
photoionisation mass
spectrometry

1992

Tsang [35]

Database for hydrocarbon pyrolysis

Theory
Estimate

1992

Hidaka et al. [29]

Thermal decomposition of C3Hs

12001800

Experiment
Laser kinetic absorption
spectroscopy / GC

1991

Tsang [36]

Database for hydrocarbon pyrolysis

Theory
Estimate

1989

Loser et al. [30]

H atom abstraction by allyl radicals from fuels

Theory
BSBL

1987

Lightfoot et al. [10]

H + CoH4

285—-604

6.7—80.0

Experiment
laser flash photolysis /
resonance fluorescence

1986

Munk et al. [25]

iC3H7 and iC3H70:

298

101

Experiment
UV absorption / pulse
photolysis

1984

Pacey et al. [13]

Pyrolysis of C2Hs

902

HPL

Experiment
flow system

1982

Watanabe et al. [27]

H + C3Hs

200-500

Experiment
Pulse radiolysis resonance
absorption

1982

Harris et al. [31]

H + C3He,C4Hs

298 —455

Experiment
Flash photolysis resonance
fluorescence

1981

Sugawara et al. [14]

H and D-atom addition to CaHa, CoH3D, CoDa,

206461

Experiment
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C2H2 and C2D>

Pulse radiolysis-resonance

absorption.
1978 Experiment
Lee etal. [9] H + CoH4 198 -320 0.13 flash photolysis-resonance
fluorescence (FP-RF) technique
1973 . . Experiment
Michael et al. [12] H + CoHq - - Lyman a photometry
1972 Kerr et al. [24] Evaluated kinetic data on gas phase addition B B
reactions
1971 Experiment
: Resonance fluorescence of
Kurylo et al. [26] H + C3Hs 298 — Lyman
a radiation
1970 Experiment
Discharge Flow System with
Lyman-o Photometry, Time
Barker et al. [6] H + CoHa4 - - resolved Lyman-o Photometric

System and Discharge Flow
System with Time-of-Flight
Mass Spectrometry
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2. Computational Details

2.1. Electronic structure calculations

As mentioned earlier, we have employed the same methods here as those used in our
previous studies [4, 5] to carry out all electronic structure calculations, thus the description
here is brief. All calculations were carried out using Gaussian 09 [37] and Gaussian 16 [38]
Conformational searches were performed, with the resulting lowest energy conformer
optimised at the ®B97XD [39] / aug-cc-pVTZ [40] level of theory. An harmonic frequency
analysis was simultaneously performed at the same level of theory to verify the nature of
each stationary point.

Low-frequency torsional modes were treated via relaxed PES scans in 10-degree
increments with the ®B97XD/6-311++G(d,p) [39] method, with the potential energies as a
function of dihedral angle used as input for a one-dimensional (1-D) hindered rotor
approximation as implemented in the Master Equation System Solver (MESS) [41].

To compute reaction barrier heights, single point energies for minima and transition
states were calculated at the CCSD(T)/cc-pVXZ and MP2/cc-pVXZ (where X = D, T and Q)
levels of theory. The resulting energies were extrapolated to the complete basis set (CBS)
limit using the following formula (1) [42, 43]:

Eccsomyces = Eccsomyecpvrz + (Eccsomyce-pvrz - Eccspmyeepvoz) (3* 1 4* — 3%) + Emporce-pvoz + (Emparcc-pvoz

— Emporcepvrz) (4* 1 5% — 4%) — Empaicepvrz — (Empaicepvtz — Empaiecpvnz) (3* /44— 37). (1)

The T1 diagnostic for minima and transition state species is < ~0.03, indicating that
single reference methods to describe the wave function are appropriate [42]. However, for the
C2Hs radical well and the transition states of H atom addition to and abstraction from CzHa,
the T1 diagnostics are 0.04, 0.038 and 0.352, respectively. As a result, for the C> and Cs
reaction systems, ROCCSD(T)/aug-cc-pVXZ, (where X = T and Q) single point energies
were also calculated since they were computationally achievable. The energies were
extrapolated to the CBS limit using the formula (2):

Eroccsomyces = Eroccsp(yaug-ce-pvaz + (Eroccsp(yaug-ce-pvaz- ErRoccsp(myaug-cepvz) *44/(544%) (2)

with the resulting T1 diagnostics falling below 0.03. The largest difference in energy barriers
as a result of using the two formulas was for H-atom abstraction from the primary vinylic
sites of CoHa and CsHs, where differences of 1.57 and 1.39 kJ mol™ respectively, were
observed. These differences in energy barriers increased the rate constants for these reactions
by a factor of 1.87 and 1.71 at 298 K.



2.2. Thermochemistry

The methods employed to calculate the thermochemical parameters of species are
identical to those used in our previous studies [4, 5], with 0 K formation enthalpies
determined via the isodesmic approach using the most recent ATcT values for the molecular
and radical chaperones, and uncertainties computed using methods described by Simmie et al.
[44]. Temperature-dependent enthalpies, entropies, and heat capacities were calculated using
traditional statistical thermodynamic methods as implemented in MESSPF [41], with
Chemkin format polynomials fitted using PAC99 [45], and are provided as Supplementary
material (SM).

2.3. Transition-State Theory (TST), Rice-Ramsperger-Kassel-Marcus (RRKM), and
Master Equation (ME) Calculations

High-pressure limiting and pressure-dependent rate constants were calculated for the C»
— C4 PESs using RRKM/ME as implemented in MESS [41], in which tunnelling is accounted
for via an asymmetric Eckart model [46]. To model collisional energy transfer, a single
exponential down model was used and is estimated to be <AEdown(T)> = 75 x (T/300)}% c¢m?
for the C2Hs PES [17] and <AEdown(T)> = 200 x (T/300)%" cm for the C3H7 and C4Hg PESs
[47-50].

3. Theoretical Results

3.1. Thermochemistry

Table 4.2 presents formation enthalpies, along with their 2¢ uncertainties computed via
isodesmic and atomisation methods. Also presented are ATcT [51, 52], ANLO [53], and
ANLI1 [53] formation enthalpies with 2c uncertainties. The current study uses the most recent
ATCcT values for the molecular and radical chaperones [51, 52]. Similar to previous work [4,
5], ATcT, ANLO and ANL1 formation enthalpies do not exist for the species CaH7-11, CaH7-
12, C4H7-13, C4H7-14, C4H7-22, iCsH7, and iC4H7-i1. Quantum chemical composite methods
(CBS-QB3, CBS-APNO, G3, and G4) [55-57] were therefore used to calculate their
formation enthalpies at 0 K via isodesmic reactions suitable for each species, using ATcT

values as chaperones.
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Table 4.2: Formation Enthalpies and Uncertainties (20) Computed via Isodesmic and Atomisation Methods, Together with ATcT, ANLO,
and ANL1 Formation Enthalpies and Uncertainties.

Species isodesmic isodesmic atomisation atomisation ~ ATcT [51,52] ANLO[53] ANL1[53] Burcat [54]
(0 K, kI mol™?) (20) (0 K, kI mol™?) (20) (0 K, kI mol™) (0 K, ki mol™)
CoHas 60.60 0.45 61.36 3.85 60.88 60.20 60.20 61.03
C2Hs 131.65 0.74 131.06 6.65 131.06 131.30 131.00 130.77
CoHs 301.49 0.96 301.26 5.41 301.13 300.90 300.50 300.87
CsHe 35.03 0.36 35.85 7.33 34.93 34.50 — 35.01
nCsH7 117.78 0.66 118.15 9.75 118.34 118.20 — 119.15
iCsH7 105.33 0.92 105.71 9.63 105.32 105.10 — 108.24
CsHs-s 277.86 0.87 278.38 7.53 278.22 278.40 — 276.29
CsHs-t 262.28 0.95 262.80 6.86 262.98 263.00 —
CsHs-a 177.44 2.00 179.03 6.69 180.03 179.60 — 180.40
CsHs-1 21.15 0.20 22.40 10.66 21.00 21.30 — 20.82
C4Hs-2 9.40 0.25 10.63 10.86 9.38 9.60 — 9.39
C4Ho-1 102.20 0.77 102.52 13.08 102.74 103.20 — 105.91
C4Ho-2 90.76 0.74 91.55 12.82 90.84 90.90 - 94.95
C4H7-11 263.61 0.79 263.97 10.27 — — — 262.76
CqH7-12 248.88 0.81 249.16 9.84 — — — 248.45
CqH7-13 152.70 0.81 152.04 9.48 — — — 153.55
C4H7-14 222.83 0.77 224.34 12.26 — — — 220.92
CqH7-22 239.46 1.24 240.21 9.97 — — — 239.74
iCsHs 3.61 0.31 5.19 10.72 4.01 4.20 — 3.46
iCqHo 96.14 0.73 96.38 12.91 97.17 — — 97.92
tCsHo 73.86 0.73 75.31 13.23 75.60 — — 79.72
iCaH7 153.25 0.81 153.73 9.49 — — — 155.27

iC4H7-i1 250.60 0.70 251.18 10.45 — — —




Excellent agreement is observed between this work and the ATcT [51, 52] values, with
differences, expressed as mean absolute error (MAE =+ 26), being on average 0.59 + 1.38 kJ
mol. Differences between this work and ANLO [53] and ANL1 [53] computations are on
average 0.57 + 1.03 and 0.68 + 0.60 kJ mol™, respectively. Differences between this work
and Burcat [54] are slightly higher at 1.58 + 3.2 kJ mol~t. Comparisons between isodesmic
and atomisation values calculated in the current work are in excellent agreement, with a MAE
of 0.76 + 0.93 kJ mol1. As discussed in our previous work [4, 5], although the isodesmic and
atomisation methods give similar nominal 0 K heats of formation, the isodesmic method is
often used to achieve “chemical accuracy”. Our computed final heat of formation

uncertainties for the isodesmic reactions are between 0.36 and 2.00 kJ mol.

Table 4.3: Comparisons of the Formation Enthalpies Computed in This Work with
Literature Data.

Species ArH298K ArH298K ArH298K AtHag8x
(this work)  (Goldsmith) [42] (ATcT) [51,52] (Burcat) [54]
C2H4 51.99 52.30 52.36 52.50
C2Hs 120.61 120.92 119.99 119.70
C2Hs3 297.29 297.90 296.93 296.58
CsHs 19.88 19.25 19.93 20.00
nCsH7 100.23 101.67 100.94 101.32
iC3Hy 87.92 88.70 88.45 90.19
CsHs-s 267.07 268.19 267.38 265.53
C3Hs-t 251.79 253.13 252.58 237.65
CsHs-a 165.55 169.87 168.31 168.60
C4Hg-1 -0.21 -0.00 0.05 -0.03
C4Hs-2 -11.30 -11.30 -11.18 -11.19
CaHe-1 78.86 80.75 80.23 81.80
CaHo-2 68.02 69.45 66.07 70.22
CaH7-11 246.82 248.11 — 245.87
CaH7-12 232.66 — — 231.16
C4H7-13 135.21 137.65 - 136.11
C4H7-14 206.50 208.36 — 204.60
CaH7-22 223.32 225.10 — 223.85
iIC4Hs -17.60 -17.15 -17.05 -17.57
iC4Hg 72.29 74.48 73.18 73.79
tCsHg 50.77 54.39 50.30 55.04

iC4H7 134.68 139.32 - 137.60
iC4H7-i1 233.84 — —




Table 4.3 presents 298 K formation enthalpies between this work and literature data,
with the results generally in good agreement. Differences between this work and Goldsmith
[42] are on average 1.56 * 2.61 kJ mol . Excellent agreement is observed between this work
and ATcT, with a MAE of 0.76 + 1.43 kJ mol™. The values reported by Burcat [54] are
within 2.01 + 5.90 kJ mol* of this work.

Table 4.4: Comparisons of Entropies Computed in This Work with Literature Data.

. So98 k So08 k So08 k
Species (this work) (Goldsmith) [42]  (Burcat) [54]
CaHs4 218.66 218.82 219.32
C2Hs 247.38 247.27 242.98
CaHs3 233.38 233.47 233.66
CsHs 266.10 266.10 266.66
nCsH7 289.91 289.95 290.46
iCsH7 295.05 288.28 290.11
C3Hs-s 271.27 271.54 271.31
C3Hs-t 273.48 273.63 266.06
CsHs-a 257.07 257.32 257.88
CsHs-1 307.77 306.27 305.37
C4Hg-2 295.67 295.81 296.33
C4He-1 331.26 328.44 307.63
C4Hg-2 331.85 330.54 327.42
CqH7-11 312.91 311.71 311.28
C4H7-12 315.08 - 300.37
C4H7-13 300.56 301.25 306.09
C4H7-14 321.80 315.89 317.35
C4H7-22 310.77 311.28 313.26
iC4Hs 293.21 293.72 287.45
iC4Ho 319.07 319.66 304.66
tC4Ho 318.97 318.82 323.39
iC4H7 293.08 293.72 300.80
iC4H7-i1 305.54 — -

Table 4.4 presents comparisons of entropies calculated in this work and the literature,
with differences being larger than those observed for the enthalpies. Differences between
Goldsmith [42] and this work are on average 1.13 + 3.72 J Kt mol, while differences
between those recommended by Burcat [54] and calculated here are on average 5.09 +11.64 J
K™ mol™. In the case of iCsH7, the lowest energy conformer has Cs symmetry, with an
assigned symmetry factor of one. If it is assumed that the symmetry factor of iC3Hz is two,
the entropy value drops from 295.05 to 289.29 J K- mol, which is now only 1.01 J K

mol larger than the value computed by Goldsmith and 0.82 J K™* mol~ lower than that by
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Burcat [54]. For the CsH7-14 radical, our computed entropy is 5.91 and 4.45 J K mol*
larger than Goldsmith [42] and Burcat [54], respectively. However, Goldsmith [42] reports an
uncertainty of 5.86 J K* mol! for their reported entropy for C4H7-14, and our value falls
within this range.

Table 4.5: Comparisons of Heat Capacities Computed Here with Literature Data.

Cp

Species Study 300 400 500 600 800 1000 1500

C2oH4 This Work | 42.04 51.22 60.64 69.19 8207 9225 108.54
Goldsmith | 42.68 5230 6150 69.87 8284 92.88 109.20
Burcat 43.05 52.64 62.27 7093 83.89 94.09 109.58

Cz2Hs This Work | 50.83 60.85  70.92 80.13 9466 106.31 12531
Goldsmith | 51.46 61.92 7196 80.75 9540 107.11 12594
Burcat 50.86 6126 7164 8113 96.05 10791 126.21

C2H3 This Work | 43.02 5042  57.32 63.28 7212 79.19 90.65
Goldsmith | 4351 5146 58.16 63.60 7280 7950 91.21
Burcat 4220 4942 5630 62.33 7137 7858  89.98

CsHs ThisWork | 62.80 77.74 9234 10550 12594 14181 166.99
Goldsmith | 64.43 7991 9456 107.11 127.61 143.09 168.20
Burcat 64.71 80.19 9503 108.28 128.79 144.61 168.44

nCsH;  ThisWork | 71.53 88.04 103.86 117.96 139.72 156.80 184.17
Goldsmith | 72.38 89.96 105.86 119.24 14142 158.16 185.35
Burcat 71.61 88.44 10439 118,52 140.27 157.27 183.71

iCsH;  ThisWork | 67.68 83.16 ~ 99.11 113.83 136.88 15491 183.44
Goldsmith | 68.62 8494 100.83 11506 138.49 156.06 184.51
Burcat 65.81 81.67 97.76 11260 136.04 154.33 182.33

CsHs-s  ThisWork | 6251 7545  87.65 9844 11511 128.06 148.67
Goldsmith | 64.02 7740 89.54 9958 116.32 129.29 149.37
Burcat 63.63 7653 8846  98.97 11547 128.30 148.22

CsHs-t  ThisWork | 61.98 7430 86.40 97.33 11435 127.61 14857
Goldsmith | 63.18 76.15 87.86 98.74 11590 128.87 149.37
Burcat 61.94 7698 90.79 10280 121.04 13495 155.57

CsHs-a  ThisWork | 61.33  76.91  90.74 102.38 119.28 132.16 15254
Goldsmith | 62.34 7824  92.05 10293 120.08 133.05 153.13
Burcat 62.12 7774 9151 103.04 119.77 13252 152.17

CsHg-1  ThisWork | 84.31 105.66 12590 143.81 17131 19250 225.95
Goldsmith | 87.03 109.20 129.29 146.44 173.64 19456 227.61
Burcat 85.96 106.28 126.08 144.16 173.16 195.04 227.47

CsHg-2  ThisWork | 85.63 105.06 124.29 141.89 169.82 191.32 22543
Goldsmith | 88.28 108.78 127.61 144.77 17238 193.30 226.77

Burcat 88.03 108.22 127.84 145.62 173.80 19538 227.77

C4Ho-1  ThisWork | 93.56 116.39 137.92 156.88 185.81 208.19 243.65
Goldsmith | 96.23 119.24 140.58 158.57 187.86 210.04 245.18
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Burcat 9498 118.67 140.97 160.63 190.76 213.94 249.44
CsHe-2  ThisWork | 90.04 111.14 13242 151.82 181.88 205.36 242.30
Goldsmith | 91.63 113.80 135.14 153.97 184.10 207.53 243.93
Burcat 86.79 109.43 131.47 151.27 181.88 205.47 241.32
CsH7-11  ThisWork | 84.17 10350 121.34 136.89 160.62 178.88 207.72
Goldsmith | 86.19 106.27 123.85 138.91 162.34 180.33 208.78
Burcat 84.05 103.05 120.71 136.20 160.05 178.45 206.63
CsH7-12  ThisWork | 83.70 102.27 120.04 13577 159.75 178.27 207.41
Goldsmith
Burcat 84.33 103.88 121.97 137.87 162.53 181.46 210.28
CsH7-13  ThisWork | 8156 101.65 120.62 137.24 162.13 181.10 210.74
Goldsmith | 83.26 103.76 12259 138.49 163.59 18242 211.71
Burcat 81.15 101.15 120.07 136.69 161.70 180.78 209.69
CsH7-14  ThisWork | 83.27 102.21 120.16 13594 159.76 178.10 207.05
Goldsmith | 86.61 105.86 123.43 138.49 161.92 179.91 208.36
Burcat 85.14 10457 122.89 138.96 163.17 181.76 210.14
C4H7-22 ThisWork | 83.12 99.93 11693 13258 157.36 176.52 206.64
Goldsmith | 84.94 102.81 119.24 134.31 158.41 178.24 207.94
Burcat 83.51 99.85 116,58 132.13 157.01 176.30 205.65
iCsHs  ThisWork | 86.01 106.46 125.84 143.20 170.72 191.87 225.62
Goldsmith | 88.28 109.20 128.87 145.60 172.80 193.72 227.19
Burcat 86.44 109.53 130.81 149.22 176.71 197.59 228.66
iC4Ho  ThisWork | 95.21 118.37 139.73 158.34 186.70 208.68 243.73
Goldsmith | 96.65 120.92 142.26 160.25 188.70 210.46 245.18
Burcat 98.56 122.36 143.90 162.52 191.01 212.96 246.99
tCsHe  ThisWork | 88.45 108.45 129.49 149.13 180.04 204.10 241.76
Goldsmith | 90.79 111.29 132.21 151.04 182.00 205.85 243.09
Burcat 82.78 104.42 126.31 146.47 178.31 202.90 240.05
iCsH;  ThisWork | 80.50 102.35 121.72 138.17 162.72 18135 210.69
Goldsmith | 82.01 104.18 123.43 139.33 164.01 18242 211.71
Burcat 82.59 103.51 122.32 138.44 162.74 181.30 209.76
iC4H7-i1  ThisWork | 85.77 103.91 120.75 13571 159.46 177.78 207.03
Goldsmith - - - - - - -
Burcat - — - — - - -

Table 4.5 presents heat capacities for the C> — C4 species calculated in this work, by

Goldsmith [42] and present in the Burcat database [54]. Good agreement is observed, with a
MAE of 1.69 + 1.5 J mol™* K™ observed between this work and Goldsmith [42]. Differences
between this work and the Burcat database [54] are slightly higher, with a MAE of 1.87 +
3.36 J Kt mol ™,
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3.2. Reactions of H atoms with C2H4, C3Hs, C4Hs-1, C4Hs-2, and iC4Hs

Table 4.6: Computed Energy Barriers, Heats of Reaction, and High-Pressure Limiting
Rate Constant (298 — 2000 K) for the Reactions of H Atoms with C, — C4 Alkenes. Units (AT"

=cm®mol s, Energies kJ mol ™).

Reaction A'Hok | AHok A n Ea

C2| R1|CyHi+H e CoHs 11.18 | -146.48 | 1.15x10'°| -0.41| 14.73
R2 | CoHa+ H e CoHz + Ho 63.12 24.09 | 4.79x10% | 255| 51.77

Cs| R3|CsHs+H < nCsHy 15.61 | —132.97 | 6.25x10'®| —0.73| 19.34
R4 | C3He + H « iC3H7 8.39 | -146.83 | 1.02x10*| -0.03| 11.43

R5 | CsHs + H <> C3Hs-s + Ho 63.97 27.14 | 1.21x10% | 2.43| 53.96

R6 | CsHe + H « CsHs-t + Hp 51.95 12.04 | 3.11x10% | 2.51| 40.36

R7 | CsHs + H « C3Hs-a + Ha 31.09| -71.88| 6.97x10%| 3.24| 13.93

Cs| R8|CsHs-1+H > CsHo-1 16.04 | —-136.49 | 2.23x10'* | -0.27 | 18.47
R9 | C4Hs-1 + H > C4Ho-2 9.32 | -147.65| 6.06x10% | —0.60 | 14.59

R10 | CaHs-2 + H < CsHg-2 1252 | -136.08 | 1.56x10'° | -0.42 | 15.68

R11 | C4Hg-1+ H < C4H7-11+H, | 64.81 27.38 | 2.01x10% | 2.44| 54.53

R12 | C4Hs-1+ H o C4H7-12 +H2 | 52.29 13.06 | 2.11x10% | 254 | 40.67

R13 | C4Hs-1 + H <> C4H7-13 + H> 2285 | -82.85| 237x10% | 256 | 12.24

R14 | C4Hg-1+ H — C4H7-14 +H, | 4270 | -14.76| 1.23x10%| 2.71| 29.03

R15 | C4Hg-2 + H o C4H7-13+H, | 3351 | -—69.77 | 2.60x10%| 2.95| 15.36

R16 | C4Hg-2 + H «> C4H7-22 + H> 54.25 15.91 | 1.21x10%| 2.41| 43.19

R17 | iCsHg + H <> iCaHg 2115 | -124.43 | 9.67x10% | —0.21| 22.08

R18 | iC4Hs + H «> tCaHo 6.13 | -145.60 | 7.89x10% | -0.53| 11.98

R19 | iC4Hg + H < iCsH7 + H2 30.50 | -63.73| 4.45x10%| 3.08| 14.81

R20 | iC4Hg + H <> iC4H7-i1 + Ha 66.75 32.19 | 2.60x10% | 234 | 57.34
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Figure 4.1. High pressure limit rate constants for the reactions of (a) ethylene + H, (b)

propene + H, (c) isobutene + H, and (d) 1- and 2-butene + H.

Figure 4.1 compares the high-pressure limiting rate constants (Table 4.6), for (a)
ethylene + H, (b) propene + H, (c) isobutene + H, and (d) 1- and 2-butene + H. Hydrogen
atom addition to, and abstraction from, ethylene have computed energy barriers of 11.2 and
63.1 kJ mol™, respectively. Terminal H atom addition to propene has a computed energy
barrier of 8.4 kJ mol™, which is 7.2 kJ mol? lower than that for internal addition. As
expected, H atom abstraction from the primary allylic site of propene is favored, with an
energy barrier of 31.1 kJ mol. Abstraction of the two H atoms on the primary vinylic site
have similar barriers of 63.7 and 64.6 kJ mol™, leading to cis- and trans- configurations of
CsHs-s, respectively. Terminal H atom addition to isobutene forming the tertiary tCaHg
radical has a computed barrier of 6.1 kJ mol, which is 15.0 kJ mol~ lower than internal
addition forming the primary iCsHo radical. Abstraction from the primary allylic site has a
computed barrier of 30.5 kJ mol™. Terminal and internal H atom addition can exist for 1-
butene, with respective barriers of 9.3 and 16.0 kJ mol™, while abstraction from the primary
allylic site has a barrier of 22.85 kJ mol™. Internal addition to 2-butene and abstraction from

the primary allylic site have respective barriers of 12.5 and 33.5 kJ mol =,
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Figure 4.2. High-pressure limiting rate constant comparisons for the reactions of H atom
addition with ethylene. Solid lines represent the current work (ROCCSD(T)/aug-cc-pVXZ),
dotted (Curran [58]), dashed (Miller and Klippenstein [17]), dashed-dotted (Feng et al. [7]), @
(Lee etal. [9]), A (Hanning et al. [8]), ® (Lightfoot et al. [10]), and A (Sugawara et al. [14]).

Figure 4.2. compares theoretical and experimental data [8-10, 14] for the reaction CoHs +
H < CzHs. Also plotted is the rate constant recommendation from Curran et al. [58] and the
transition state theory fit to the experiments by Feng et al. [7], with good agreement being
observed. The largest difference observed between the current work and Miller and
Klippenstein [17] is a factor of 1.75 at 300 K. The difference in energy barrier of 0.54 kJ
mol and the quoted uncertainty of their fits to replicate the master equation results of + 20%,

which would account for an accumulative difference of ~1.5.
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Figure 4.3. High-pressure limiting rate constant comparisons for the reactions of H atom
addition to propene. Solid lines represent the current work (ROCCSD(T)/aug-cc-pVXZ),
dotted (Curran [58]), dashed (Miller and Klippenstein [18]), dashed-dotted (Chen [20]), ®
(Seakins et al. [23]), A (Watanabe et al.[27]), O (Kurylo et al. [26]), « (Harris et al. [31]),
and O (Kerr et al. [24]).

Figure 4.3 presents high-pressure limiting rate constant comparisons for the H atom
addition reactions to propene. Relatively good agreement is observed between the current
work and theory and experiments from the literature. In order to improve agreement with
experiment, Miller and Klippenstein [18] altered some reaction barriers, including those for
terminal and internal H-atom addition and H-atom abstraction from the primary allylic site of
propene. The adjusted rate constant for internal addition to propene (red) is in excellent
agreement with the one calculated in the current work and the adjusted energy barrier of 15.5
kJ mol~ is almost identical to 15.6 kJ mol™ calculated in the current work, as shown in Table
4.6. The rate constant for terminal addition (black) is approximately a factor of two faster
than that calculated here. However, as mentioned by Chen et al. [20], the higher values
reported by Miller and Klippenstein may be attributed to input data errors. An error in
symmetry number affects the energy barriers and pressure dependent rate constant
expressions. If the effect of symmetry reduced the rate constant by a factor of ~1.5 (dashed
blue line, Fig 4.3), it would be in good agreement with that calculated here.

The rate constants reported by Chen et al. [20] are within a factor of two of the current
work over the temperature range 298 — 2000 K. Differences in energy barriers computed in
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this work and that by Chen are 3.01 and 2.49 kJ mol~ for non-terminal addition and terminal
addition, respectively. The recommendations by Curran et al. [58] are in good agreement at T
< 800 K, but differences become larger at higher temperatures, with a factor of ~5
discrepancy observed at 2000 K.

Branching Ratio

0.2 ——— 7 T
400 600 800 1000 1200 1400 1600 1800 2000

T/K

Figure 4.4. Temperature- and pressure-dependent branching ratios for propene + H via
hydrogen atom addition reactions at 0.1 (short-dotted lines), 1 (short-dashed lines), 10 (dotted
lines), 100 (dashed lines), and 1000 (solid lines) atm.

Figure 4.4 presents the temperature- and pressure-dependencies of the product branching
ratios for H atom addition to propene in the temperature range 298 — 2000 K and at pressures
of 0.1, 1.0, 10, and 100 atm. At 0.1 atm H atom addition to propene forming iC3H7 radicals is
favoured at temperatures up to 800 K, until the formation of C;H4 and CH3 dominates. For
pressures of 1.0, 10, 100 atm, the formation of iC3Hy is favoured at temperatures up to ~1000
K, 1200 K, and 1500 K, respectively.
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Figure 4.5. High-pressure limiting rate constant comparisons for the reactions of H atom
addition to the butene isomers. Solid lines represent the current work (ROCCSD(T)/aug-cc-
pVXZ) dotted (Curran [58]), dash-dotted (Manion et al.[19]), @ (Harris et al. [31]), and O
(Kyogotu et al. [59]).

Figure 4.5 presents high-pressure limiting rate constant comparisons for the reactions of
H atom addition to the butene isomers. Larger differences are observed for the reactions of H
atoms with C4 alkenes calculated here and in the literature. For terminal addition to 1-butene,
the rate constants determined by Manion et al. [19] and in this work are within a factor of
~2.22 over the temperature range 298 — 2000 K. The rate constants for internal addition to 1-
butene are in excellent agreement and are within a factor of ~1.3. Additionally, the current
calculations are in relatively good agreement with the experimental data by Kyogutu et al.
[59] and Harris et al. [31]. For terminal addition to isobutene, the recommendations by
Curran et al. [58] are again in good agreement at lower temperatures but there is a larger
deviation of a factor of five observed at 2000 K. The largest difference is observed for
internal addition to isobutene. However, the difference in rate constants calculated in the
current work for internal addition to 1-butene and isobutene is consistent with the difference
in the computed barrier heights of 5.1 kJ mol™, accounting for the factor of seven
discrepancy at low temperatures. Curran’s recommendation is a factor of ~30 times faster at
298 K. The rate constant recommendation used is 2.5 times the recommendation used for
internal addition to propene. However, it was found that our calculations for internal addition

to propene is ~10 times faster than that to isobutene at 298 K, which can be attributed to the
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energy barrier for internal addition to propene being ~5.54 kJ mol~ lower than that for

isobutene.
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Figure 4.6. Temperature- and pressure-dependent branching ratios for (a) 1-butene, (b) 2-
butene and (c) isobutene via hydrogen atom addition reactions at 0.1 (short-dotted lines), 1
(short-dashed lines), 10 (dotted lines), 100 (dashed lines), and 1000 (solid lines) atm.

Figure 4.6 shows the temperature- and pressure-dependencies of the product branching
ratios for H atom addition to (a) 1- and (b) 2-butene and (c) isobutene in the temperature
range 298 — 2000 K and at pressures of 0.1, 1.0, 10, and 100 atm. For both 1- and 2-butene, at
0.1 atm, H atom addition forming the C4Ho-2 radical is favoured at temperatures up to 500 K.
The formation of CsHe and CHs then dominates the reaction flux at higher temperatures.
Similar trends are observed in both Figs.4. 6(a) and (b) at 1.0, 10, and100 atm. However the
formation of C4Hs-2 is favoured at temperatures up to ~700, 900, and 1200K, respectively. In
the case of isobutene, H atom addition forming tC4Hg radicals is favoured at temperatures up
to 1000 K at 0.1 atm, whereas at higher temperatures the formation of CsHe and CHs
dominates. The same trends are observed at 1.0, 10, and 100 atm. However the formation of

tC4Ho radicals is favoured at temperatures up to 1200, 1400, and 1600 K, respectively.
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Branched H atom addition
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Figure 4.7. Rate constants (symmetry uncorrected) for terminal and internal H atom addition
to (a) linear and (b) branched C» — Cs alkenes from previous [4, 5] and current work. Solid
and dashed lines represent terminal and internal addition, respectively. Different colours
represent different radical types formed. Black (tertiary), red (secondary) and blue (primary).
Different symbols correspond to the different reactants. B (ethylene), @ (propene), A (1-
butene), ¥ (2-butene), @ (isobutene), « (1-pentene), » (2-pentene), ®(2-methyl-1-butene),
% (2-methyl-2-butene), and @ (3-methyl-1-butene).

Figure 4.7 presents rate constants for H atom addition reactions, which are reported with
no symmetry or optical isomer corrections between the transition state and reactants — i.e. the
reaction path degeneracy is set to one. Table S1 of SM presents the symmetry factors for the
reactants and transition states prior to this change. As expected, external H atom addition to
each of the alkenes (solid lines) dominates over internal addition (dashed lines). For the linear
alkenes, both external and internal H atom addition can lead to the formation of primary
(blue) or secondary radicals (red). The rate constants for external addition to propene, 1-
butene and 1-pentene are similar with respective barrier heights of 8.4, 9.3 and 7.8 kJ mol .
However, the rate constant for external addition to ethylene is approximately a factor of two

slower than external addition to propene and 1-butene at 500 K, reducing to a factor of ~1.4
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at 2000 K. This difference can be attributed to the difference in energy barrier of ~2.8 kJ
mol-1. This can also be correlated with radical stability as a primary radical is formed in the
case of ethylene, while secondary radicals are formed for propene, 1-butene and 1-pentene.

Internal H atom addition to linear alkenes form either primary (CsHs + H <> nCsHy,
CsHs-1 + H <> C4Ho-1, and CsHio-1 + H <> CsH11-1) or secondary radicals (CsHs-2 + H <>
Cs4Ho-2, CsH10-2 + H <> CsHu1-2, and CsH10-2 + H < CsH11-3). Rate constants for internal
addition to propene, 1-butene and 1-pentene are similar. Rate constants for internal addition
to 2-pentene are almost identical, with internal addition to 2-butene being slightly slower.
However, this can be attributed to an energy barrier difference of ~1.6 kJ mol™. The
branched alkenes have been described previously [5], so we shall not re-iterate here. A trend
was observed in that the rate constants for formation of tertiary radicals are the fastest,
followed by secondary and primary radicals, respectively [5]. In the rate rule determinations,
two rules were proposed for internal H atom addition to branched alkenes (one for addition to
a branched alkene where the branching occurs at the double bond and a second for where the
branching does not occur at the double bond. For the cases where branching occurs at the
double bond (iC4Hs + H <> iC4Hg and 2M1B + H «> aCsHa1), the energy barriers are similar,
being 21.15 and 19.9 kJ mol™, and are higher than that for 3M1B + H < dCsHu1 (17.15 kJ
mol-1), where the branching does not occur at the double bond.

Recommended rate constants were suggested based on (i) whether addition is to a linear
or branched alkene (ii) whether it is terminal or internal addition and (iii) the type of radical
formed. An average of the rate constants within each sub-class was taken as the
recommended rate constant. If only one rate constant was available, for example in the case
of internal addition to a branched alkene forming a secondary radical (bCsHio + H «»
cCsHi1), the rate constant for the reaction is taken as the recommended rate constant. For the
rate constant recommendations presented in Tables 4.7, 4.9 and 4.11, the activation energies
are expressed in cal mol units for ease in implementing into kinetic mechanisms.

In relation to the uncertainty bounds presented in, upper and lower bounds are given,
which are defined as:

Upper = Kmax / Krecommendation
Lower = Krecommendation / Kmin

where Krecommendation refers to the recommended rate coefficient and Kmin and Kmax refer to
the minimum and maximum rate coefficients used in the determinations of the recommended
rate coefficients, respectively. Appropriate symmetry corrections must be applied to these

recommendations for use in rate rule determinations.
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Figure 4.8. Rate constant recommendations (symmetry uncorrected) for H atom addition to

linear (A) and branched (M) C, — Cs alkenes. Solid, dashed and dotted lines represent the

formation of tertiary, secondary and primary radicals, respectively. Open symbols are internal

C-atom additions, solid symbols are external C-atom additions.

Table 4.7: Rate Constant Recommendations (Symmetry Uncorrected) for H atom

Addition to Linear and Branched Alkenes (C2 — Cs).

Uncertainty

Structure Site E(?gr:f;: A n Ea Bounds
(Upper, Lower)
External 1° 2.40x100%8 1.60 1526. —
Linear External 2° 4.35x10% 1.54 1144, 1.17,1.23
Internal 1° 7.79x10%7 1.67 2276. 1.32,1.45
Internal 2° 2.74x10%8 1.52 1621. 1.24,1.43
External 2° 4.21x10% 1.54 1292. —
External 3° 1.42x10% 1.47 836. 1.22,1.29
Branched Internal Casel 1° 2.27x10% 1.78 3326. 1.18,1.21
Interna_Case2 1° 4,29%x10% 1.71 2677. —
Internal 2° 5.09x10%7 1.65 2401. -
Internal 3° 5.45x10% 1.47 1070. -
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Table 4.8: Symmetry Corrections to be Applied to Rate Constant Recommendations for
H Atom Addition to Alkenes.

¢ Reactant ¢ Transition State Symmetry Corrected /
Symmetry Uncorrected
1 0.5 2
2 0.5 4
2 1.0 2
4 2.0 2
104 Linear Internal Addition Secondary Branched External Addition Tertiary
] — 1 1 T T T T — 1 r 1 r 1 T T

(b) |

k/cm®mol™s™?

Rule

1 - - Rule*2
<+ Rule*4 - - =Rule*2
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Figure 4.9. Examples of the application of the proposed rules for H atom addition to alkenes.

Figure 4.9 illustrates an example of the rules proposed for (a) internal H addition to a
linear alkene forming a secondary radical and (b) external addition to a branched alkene
forming a tertiary radical. The rule is represented by a black solid line. Factors of two and
four variations in the rule are represented by dashed and dotted lines, respectively. The
coloured lines represent the symmetry corrected rate constants for each respective reaction,
with the uncertainty bounds presented in Table 7. Presented in Fig. 4.9(a) are the
recommended rate constants (symmetry uncorrected) which is multiplied by four for CsHs-2
+ H < C4Ho-2 since the reactant has a symmetry factor of two and the transition state has a
symmetry factor of 0.5. For CsHio-2 + H «» C5H11-2 and CsHio-2 + H «» CsH11-3, the rule is
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multiplied by two, since the reactant has a symmetry factor of one, and both TSs have a
symmetry factor of 0.5. As mentioned earlier, Table S1 of SM presents the symmetry factors
for reactants and transition states prior to changing them to one. It was found that this change
decreased each H atom addition rate constant for both linear and branched alkenes by a factor

of two, with the exception of C4Hs-2 + H <> C4He-2, which is explained above.

3.2.1. Branching ratios of terminal/internal H atom addition to linear and
branched alkenes

25 T T T T T T T T
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Figure 4.10. Branching ratio for terminal to internal H atom addition to (a) linear and (b)

branched 1-alkenes.

As discussed earlier, Manion et al. [19] carried out a shock-tube study to investigate the
kinetics of terminal and internal H atom addition to 1-butene. They observed a factor of three
discrepancy in the branching ratio for terminal/internal H atom addition compared to that
calculated by Miller and Klippenstein [18] for the H + propene reactions. Manion et al. [19]
state that the difference is well outside the experimental error of their experiments or the
expected differences for 1-butene. One of the aims of the current work is thus to investigate
the branching ratio of terminal to internal H atom addition in 1-alkenes. Branching ratios for
H atom addition to linear 1-alkenes for C,—Cs alkenes are plotted in Fig. 4.10. The branching
ratios for propene and 1-butene calculated in the current work are within 5% of each other
while our calculated branching ratio for 1-pentene is approximately 40 —48% lower than that
for propene. Non-terminal addition to pentene is ~1.33 — 1.92 times faster than that for

propene and 1-butene at T < 300 K. However, terminal addition to propene and 1-butene is
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1.2 — 1.38 times faster than for 1-pentene at T > 1000 K. The solid black line represents an
average of the calculated rate constants for external addition to a linear 1-alkene forming a
secondary radical to internal addition to a linear alkene forming a primary radical and is in
excellent agreement with Curran’s recommendation [58], with the branching ratios being
within 10% of each other. This average branching ratio is also in good agreement with
Manion’s branching ratio for 1-butene and is within a factor of 1.57 at 2000 K. The dashed
blue line is the branching ratio for terminal/non-terminal addition if the rate constant for
terminal addition by Miller and Klippenstein [18] was reduced by a factor of 1.5. This
adjusted branching ratio still differs with that of Manion’s by a factor of ~2.6 and a factor of
1.5-2.0 of the branching ratios calculated in the current work at 2000 K.
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Figure 4.11. Branching ratio for terminal to internal H atom addition to branched 1-alkenes.

Figure 4.11 presents branching ratios for terminal to internal H atom addition to
branched 1-alkenes. 2-methyl-1-butene (2M1B) and isobutene have a branching ratio of 24.2
and 27.2, respectively at 1000 K. These branching ratios are significantly higher than 3-
methyl-1-butene, where the branching ratio of terminal to internal H atom addition is 6.21 at
1000 K. This is due to branching at the position of the double bond. This results in terminal
addition to 2M1B and isobutene forming a tertiary radical, which is more stable than a
secondary radical formed through terminal addition to 3M1B, resulting in faster rate
constants for terminal addition. Again, the solid black line represents the branching ratio of
our recommended rate constants of external addition to branched 1-alkene forming a tertiary
radical to internal addition to a branched alkene forming a primary radical. As mentioned

earlier, large deviations in rate constants for isobutene are observed between this work and

140



the recommendations by Curran [58], particularly for internal H atom addition. However,
Curran does state that no experimental studies for internal H atom addition existed, so the rate
constant recommendation was taken as 2.5 times the rate constant of internal H atom addition
to propene. Manion [19] states in his study that their [19] rates should not be applied to 1-
olefins that have branching at the double bond position. We also observe that branching at the
double bond significantly influences the branching ratio of 1-olefins and explains the
difference as why the branching ratio from Curran is lower than that of the current work.
Additionally, Manion [19] states that direct information is lacking on the impact of branching
removed from the double bond, but they believe it would have a minimal effect, which is also
supported by our calculations here, where our calculated branching ratio for 3M1B is 6.21 at
1000 K. Our calculated branching ratios for propene, 1-butene and 1-pentene are 4.42, 4.24
and 3.17, respectively at 1000 K.
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Figure 4.12. High-pressure limiting rate constants for H-atom abstraction from alkylic
(primary) carbon sites on a per H-atom basis.
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Figure 4.13. High-pressure limiting rate constants for H-atom abstraction from allylic carbon
sites on a per H-atom basis.
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Figure 4.14. High-pressure limiting rate constants for H-atom abstraction from vinylic carbon
sites on a per H-atom basis.

Rate constant comparisons for the H-atom abstraction reactions from C, — C4 alkenes
were discussed in our previous studies [4, 5] on the reactions of H atoms with the pentene
isomers, so we shall be brief here. As mentioned earlier, excellent agreement is observed for
H-atom abstraction from the primary carbon sites, Fig. 4.12. An average of our computed rate

constants for abstraction from the primary carbon site as well as the rate calculated by Li and
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Somers [2] is taken as the recommended rate constant. Good agreement is also observed for
the abstraction reactions from the primary allylic and vinylic carbon sites.

For H-atom abstraction from the primary allylic carbon sites, a trend was observed in
which abstraction from 2-alkenes is faster than that from 1-alkenes, Fig. 4.13(a). As a result,
two rate constant recommendations were proposed. The average energy barriers for
abstraction from the primary allylic site of 1-alkenes and 2-alkenes computed in this work are
31.0 and 28.6 kJ mol?, respectively which accounts for most of the difference observed. The
difference observed at higher temperatures can be attributed to the difference in entropy of
activation. For the rate constant recommendation for 1l-alkenes, an average of the rates
calculated in this work and previous studies as well as that by Chen is taken.

For 2-alkenes, an average of our computed rate constants and the rate constant by Li and
Somers is taken as the recommended value. For comparison purposes, the rate constant
calculated by Miller and Klippenstein was decreased by a factor of two since this was another
reaction for which they altered the energy barrier. The altered rate constant agrees well with
the rate constant calculated in the current work and with that from Chen. Moreover, for
abstraction from the secondary allylic and primary vinylic carbon site, an average of our
calculated rates and that by Li and Somers is taken as the recommended rate constant. For
abstraction from the secondary vinylic site, an average of our computed rate constants, Li and
Somers, Chen and Miller and Klippenstein is taken. A factor of two uncertainty is applied to
these recommendations and are represented by dotted purple lines in Figs. 4.12 — 4.14. For
clarity reasons, the factor of two uncertainty is not shown for Fig.4.13 (a) since there are two

recommended rate constants.

Recommended Rate Constants
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Figure 4.15. Rate constant recommendations for H-atom abstraction from C; — Cs alkenes.
Solid (allylic), dashed (alkyl) and dotted (vinylic).
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Table 4.9: Recommended Rate Constants for H-atom Abstraction from Alkenes on a per H-atom
basis. (A.T" = cm® mol s, Energies = cal mol). Fit between 300 and 2000 K.

Class A n Ea Uncertainty Bounds
(Upper, Lower)
Primary 4.69 x 10% 2.68 6959. 1.42,1.35
Primary Allylic: 1 9.14 x 10% 3.06 3582. 1.10, 1.28
alkenes
Primary Allylic: 2 1.32x10% 3.08 3203. 1.19,1.50
alkenes
Primary Vinylic 2.72x10% 2.54 12819. 2.39,2.95
Secondary 4,08 x 10% 2.44 4734, -
Secondary Allylic 1.06 x 10% 2.59 2654. 1.67, 2.67
Secondary Vinylic 2.41x10% 2.55 9611. 2.09, 2.02
Tertiary Allylic 2.10 x 10% 2.19 2329. —

cm?® /mol/s/cal units.

3.3. Reactions of alkyl radicals

3.3.1. Ethyl (C2Hs) radical
Ethyl radicals are formed via H atom addition to ethylene (11.2 kJ mol?). C-H p-

scission of ethyl radicals can also occur with a barrier height of 157.7 kJ mol .

Table 4.10: Computed Energy Barriers, Heats of Reaction, and High-Pressure Limiting
Rate Constant Fits for the Reactions of C3—Cs alkyl radicals. Units (AT" = s, Energies = kJ
mol1). Fit Between 298 and 2000 K.

Reaction A*Hok | ArHok A n Ea
nCzH7; = iCsHy 158.09 | -13.86 | 2.22x10% 2.05| 129.83
nCsH7 — C2Hs + CH3 127.91 91.40 | 1.10x10% -0.72 | 135.31
CsHo-1 = C4He-2 162.78 | —-11.15| 8.80x10°% 4.82 | 111.84
CsHo-1 & CoHa+ CoHs | 12429 | 89.93 | 3.64x10®° | —0.58 | 130.33
C4Ho-2 > C3Hs+ CH3 129.45 93.21| 1.87x10% -0.20 | 134.93
iC4Hg = C4Ho-t 150.21 | —21.17 | 8.08x10% 3.03 | 116.48
iC4Hg «» C3Hs+ CH3 129.86 86.81 1.46 x 10Y —0.91 | 137.99

3.3.2. Propyl (nCsH7 and iC3H-) radicals

Once nCsHy radicals are formed via internal H atom addition to propene, they can

undergo C—C B-scission to form ethylene and CHs radicals with an energy barrier of 127.9 kJ

mol~, which is more favourable (by 30.2 kJ mol?) than isomerisation to iC3H7 radicals. They

can also undergo C-H B-scission, with an energy barrier of 148.6 kJ mol™. The iCsH7

radicals formed can undergo a H atom elimination reaction, with an energy barrier of 155.2

kJ mol .
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3.3.3. Butyl (CsHs-1 and CsHo-2) radicals

C4Ho-1 radicals are formed via internal H atom addition to 1-butene, while terminal
addition leads to the formation of C4He-2 radicals. C4Ho-2 radicals are also formed through
internal H atom addition to 2-butene. C—C B-scission of C4Hs-1 radicals can occur forming
ethylene and C2Hs radicals, with a barrier height of 124.3 kJ mol-1, which is more favourable
(by 33.5 kJ mol?) than isomerisation to C4He-2 radicals. Additionally, C-H B-scission of
C4Ho-1 radicals can occur with a barrier height of 152.5 kJ molt. Two transition states are
available for the reaction CaHo-1 = CaHo-2, one occurring through a 3-membered ring and
the second one occurring through a 4-membered ring, with barrier heights of 160.6 and 162.8
kJ mol =, respectively. C—C B-scission of C4He-2 can also occur, forming propene and a CHs
radical, with an energy barrier of 129.45 kJ mol~, while C—H B-scission of CsHe-2 has a
barrier height of 148.6 kJ mol .

3.3.4. Branched butyl (iCsHo and tCsHo) radicals
Internal H atom addition to isobutene forms iC4Hg radicals, while terminal addition forms
tC4Ho radicals. C-H B-scission of iC4Hg radicals can occur, with a barrier height of 145.6 kJ
mol~t. However, C—C B-scission of iC4Hg radicals, forming propene and CHj radicals is more
favoured, with a reaction barrier of 129.9 kJ mol ™. Isomerisation of iC4Hg to tC4Hg occurs
with a higher energy barrier of 150.2 kJ mol™. C-H B-scission of tC4Hg can occur, with a
barrier height of 151.7 kJ mol .
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Figure 4.16. High-pressure limiting rate constants for alkyl radical decomposition, forming
(a) olefin + CHs. Solid (current work), dashed (Curran), dotted (Awan) and short-dotted
(Comandini).
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Figure 4.16 presents high-pressure limiting rate constants for alkyl radical decomposition
reactions forming an olefin + CHs. For comparison, rate constants for alkyl radical
decomposition from our previous work on Cs alkenes in addition to other literature sources
[4, 58, 60-62] are plotted. The rate constant for the reaction iC4Hy <« C3He + CHs
recommended by Curran [58] is a factor of 2.74 — 1.67 times faster than that calculated in this
work in the temperature range 500 — 2000 K. With the exception of this reaction, all other
rate constants calculated in this work for alkyl radicals leading to the formation of an olefin
and a CHjs radical are within a factor of 1.55 of our computed rate constant for nCzH7 <>
C2Hs + CHj3 over the temperature range 298 — 2000 K. The rate constant calculated in this
work for iC4Hg <> C3Hg + CHs is a factor of 2.54 —3.08 times faster than nCsH; < CoHg +
CHs. This may be due to the fact that iC4Hy radicals have three degenerate sites for C—C f-
scission to take place.

Alkyl Radical = Olefin + C_H,

0™ :
T T T T T T 1
500 1000 1500 2000

Figure 4.17. High-pressure limiting rate constants for alkyl radical decomposition, forming an
olefin + C2Hs. Solid (current work), dashed (Curran), dotted (Awan), short-dotted
(Comandini), and dashed-dotted (Jitariu).

Reasonable agreement is observed for the reactions of alkyl radicals forming an olefin
and C2Hs radicals calculated previously and in this work. In Fig.4.17, the rate constant
recommendation by Curran [58] for the reaction CsH11-2 «<» CsHg + C2Hs is the fastest in
comparison to the other analogous reactions. The Curran recommendation [58] is a factor of
~9.5 — 5.0 times faster than our calculated rate constant for CsHi1-2 < CsHg + C2Hs

calculated previously over the temperature range 300 — 2000 K [4]. The value from Awan and
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Comandini [60, 61] is a factor of ~3.4 times faster than our previous work [4] for the same
reaction at 500 K, with the rate constants converging at higher temperatures. Jitariu et al. [62]
are in excellent agreement with our previous work for the reaction CsHi11-2 «<» CsHg + CoHs
[4], with the rate constants being within a factor of ~1.3. The rate constant for the reaction
aCsHi1 <> C3Hs + C2Hs calculated in our most recent study [5] is a factor of ~3 times faster at
500 K than our calculated rate constant for CsHi1-2 <> CsHs + C2Hs [4]. An energy barrier
difference of 1.9 kJ mol? accounts for a factor of 1.6 of this difference. For the
decomposition of an alkyl radical forming an olefin and an ethyl radical, an average of the
rate constants calculated in our current and previous studies [4, 5] as well as those by Awan,
Comandini and Jitariu [4, 58, 60-62] is taken, with a factor of two of the recommended

represented as orange dotted lines.
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Figure 4.18. High-pressure limiting rate constants for alkyl radical decomposition, forming an

olefin + C3Hy7. Solid (current work), dotted (Awan), short-dotted (Comandini), and dashed-

dotted (Jitariu).

Figure 4.18 presents rate constant comparisons for alkyl radical decomposition forming
an olefin and propyl radicals. The reactions CsH11-1 <> C2Ha + nCsH7 and dCsH11 «» CoHag +
iC3H7 are plotted for comparison. The rate constants for the reaction CsHii-1 <> CoHa +
nCsH7 by Awan [60], Comandini [61] and Jitariu et al. [62] are in good agreement with our
previously calculated rate constant [4]. At 500 K, the values from Awan [60] and Comandini
[61] are a factor of ~4.5 times faster than our calculated rate constant for this reaction at 500
K, with the rate constants converging at high temperatures. The difference of 7.76 kJ mol~in
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the energy barrier accounts for the observed difference. Larger differences are observed
between the values calculated in this work and by Awan and Comandini at temperatures
below 500 K, therefore the recommended rate constant for CsHi1-1 <> CoHa + nC3Hy7 is taken
as an average of the rate calculated in the current work and by Jitariu et al. [62].The rate
constant by Jitariu et al. is in excellent agreement with our calculated rate constant for the
same reaction [4]. Our calculated rate constant for dCsHi1 <> CoHs + iC3Hy is also plotted in
this graph, which is taken as the recommended rate constant for alkyl radical decomposition

forming an olefin and an iC3sHy7 radical.

Recommended Rate Constants

—a— Alkyl radical <=> Olefin + iC_H,

—m— Alkyl radical <=> Olefin + C_H,

—m— Alkyl radical <=> Olefin + nC_H,
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Figure 4.19. Rate constant recommendations for alkyl radical decomposition to olefin +
radical.

Table 4.11: Recommended Rate Constants for Alkyl Radical Decomposition Forming an
Olefin + Radical. (AT" = s7%, Energies = cal mol™2). Fit between 300 K and 2000 K.

Class A n Ea Uncertainty
Bounds
(Upper, Lower)
alkyl radical <> olefin + CH3 2.54 x 10'° | 1.04 | 30573. 2.86, 3.71
alkyl radical <> olefin + CoHs 5.20 x 101! | 0.57 | 29308. 1.34,3.11
alkyl radical <> olefin + nCsH; | 9.62 x 10! | 0.55 | 30678. 1.61, 2.60
alkyl radical <> olefin +iCsH; | 6.87 x 1012 | 0.31 | 28225. —

4. Detailed kinetic modelling

All simulations were performed using Chemkin-Pro assuming a constant volume
homogeneous batch reactor. As described in our previous study of the pentene isomers [5],
test computations implied that the high-pressure limiting rate constant for external H atom
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addition to 2M1B was over-estimated by a factor of 2 — 3, which is also in line with the
variational effect observed by Jasper and Hansen [63] for H atom addition to large molecular
weight species. To assess the influence of variational effects on predictions of experimental
data, indicative simulations are carried out by systematically reducing the rate constants for H
atom addition by a factor of two in the RRKM/ME model and re-computing k(T,p). The
NUIGMechl1.2 model includes our computed rate constants and thermochemistry from our
previous studies on the pentene isomers [4, 5] and the approximate variational effect results
of the current work. This model was then used to simulate the recent results from a pyrolysis
study of 1-alkenes using the NUIG single pulse shock-tube [32] and is represented by solid
lines. Dashed lines represent model predictions of NUIGMechl.1. Improvements in species
mole fractions are observed, particularly for 2-butene and isobutene pyrolysis. The
supporting information contains PLOG fits for both the approximate variational results and

the original unadjusted results.

4.1. Ethylene pyrolysis

Figure 4.20 presents species profiles for ethylene pyrolysis at 2 bar [32]. The reaction
path analysis was already described by Nagaraja et al. [32] so we shall be brief here. H-atom
abstraction by H atoms from ethylene leads to the production of vinyl radicals, with vinyl
radicals decomposing to acetylene + H. Through the incorporation of the rate constants
calculated in this work (NUIGMech1.2), there is a slight improvement in the species profiles
for both ethylene and acetylene. The rate constant for H-atom abstraction from ethylene is
approximately a factor of two slower, which reduces the amount of vinyl radical produced,
which in turn decreases the production of acetylene and H atoms.
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Ethylene pyrolysis at 2 bar
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Figure 4.20. Species profiles for ethylene pyrolysis at 2 bar. Dashed lines represent
NUIGMechl.1 and solid lines represent NUIGMech1.2.

4.2. Propene pyrolysis

Figure 4.21 presents species profiles for propene pyrolysis at 2 bar [32]. Both H atom
addition and abstraction reactions are the main consumption pathways for propene. H atom
addition to propene and the subsequent decomposition of propyl radical, leads to the
formation of ethylene and a methyl radical. Abstraction of an allylic H-atom by H atoms or
CH; radicals leads to the formation of allyl and Hz and CHa. Allyl radicals are converted to
allene, which subsequently isomerises to propyne or undergoes H-atom abstraction to form
propargyl radicals, which in turn produces benzene. Acetylene is formed by the
decomposition of vinyl radicals, the reaction of H atoms with allene and propyne, and the B-

scission of propen-1-yl radical.
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Propene pyrolysis at 2 bar
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4.3. 1-Butene pyrolysis

Figure 4.22 presents species profiles for 1-butene pyrolysis at 2 bar [32]. The pyrolysis
chemistry is quite similar to that of propene, with both H atom addition and abstraction
reactions being important pathways. H atom addition to 1-butene produces propene and a
CH3 radical and ethylene and a C2Hs radical via two chemically activated pathways. Ethyl
radicals decompose to ethylene + H. Hydrogen atom abstraction by H or CHjs leads to the
formation of C4H71-3, which in turn forms 1,3-butadiene. Methane is formed primarily by H-
atom abstraction by CHs radicals from the fuel and other stable species. Acetylene is mainly
produced by the decomposition of vinyl radicals and the reactions of H atoms with allene and

propyne.
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Figure 4.22. Species profiles for 1-butene pyrolysis at 2 bar. Dashed lines represent
NUIGMechl.1 and solid lines represent NUIGMech1.2

4.4. Trans 2-butene pyrolysis

Figure 4.23 presents species profiles for 2-butene pyrolysis at 2 bar [32]. Again, the
pyrolysis chemistry is quite similar to that of propene and 1-butene. H atom addition to 2-
butene forms propene and CHjs radicals through a chemically activated pathway. H-atom
abstraction by H or CHs leads to the formation of CsH71-3, which in turn forms 1,3-
butadiene. The rate constant for H-atom abstraction from 2-butene forming CiH71-3
calculated in this work is a factor of 2.5 times slower than that used in NUIGMech1.1, which
in turn reduces the species mole fraction of 1,3-butadiene. For the propene species profiles,
there is an improvement in the predictions through the incorporation of the calculations
computed in the current work. The production of propene, as previously stated comes from
the chemically activated pathway of H atom addition to 2-butene. The rate constants in
NUIGMechl.1 are based on QRRK/MSC estimates and are approximately a factor of ~seven
times faster than those in NUIGMech1.2 at 1400 K. Again, methane is mainly produced by
H-atom abstraction by CHsz from the fuel and other stable species. Acetylene is mainly

produced by the decomposition of vinyl radicals and the reactions of H atoms with allene and

propyne.

152



2-Butene pyrolysis at 2 bar 0.005
@ )
0.02
0.004
B 2-butene
@ Methane
.5 A Ethylene .E 0.003
g W Acetylene E
= 0.01F .. nuiGMech1 1 < 9002k
<@ —— NUIGMech1.2 L =
o o
= =
0.001 -
0.00 b—as——a - 0.000
800 1000 1200 1400 1600
T/K
0.006 2-Butene pyrolysis at 2 bar
M 13-Butadiene (c)
@ Isobutene
1-Butene
Vinyl acetylene
0.004 x Benzene
s . i Cyclopentadiene
-§ - - - NUIGMech1.1
= —— NUIGMech1.2
[}
5 0.002
=
0.000

L a
800 1000 1200 1400 1600
T/K

Figure 4.23. Species profiles for 2-butene pyrolysis at 2 bar. Dashed lines represent

NUIGMech1.1 and solid lines represent NUIGMech1.2.

4.5. Isobutene pyrolysis

Figure 4.24 presents species profiles for isobutene pyrolysis at 2 bar [32]. H-atom
iC4H7 radicals, which decompose to

abstraction from isobutene leads to the formation of

produce allene and CHs radicals. The resulting allene then isomerises to propyne. Propene is
primarily formed through the chemically activated pathway of H atom reaction to isobutene.
There is an improvement in the propene predictions with the current model, due to the rate

constant for the chemically activated pathway of H atom addition to isobutene being
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approximately a factor of seven times slower at 1400 K.
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Figure 4.24. Species profiles for isobutene pyrolysis at 2 bar. Dashed lines represent
NUIGMech1.1 and solid lines represent NUIGMech1.2.

5. Chemically activated pathways

5.1. Effect of pressure

From the simulations, it is observed that the chemically activated pathways for the
reaction of H atoms with alkenes are important in capturing the species profiles of the
products during pyrolysis and oxidation. Taking propene as an example, which is described
in Figure 4.4 above, the formation of stabilised iCsHy radicals through the reaction of H
atoms with propene dominates at temperatures up to 800, 1000, 1200, and 1500 at pressures
of 0.1, 1, 10, and 100 atm respectively. The chemically activated pathway CsHs + H «
[nC3H7]*«> CzHa4 + CH3 then dominates the reaction flux at higher temperatures. At 1000
atm, the formation of stabilised iCsH7 radicals dominates over the entire temperature range.

At 1000 K and 0.1 atm, 70% of the reaction flux goes through this chemically activated
pathway for C3Hs + H. However, as the pressure increases, this percentage reduces, and the
stabilisation reaction channel becomes more favourable. The percentage reaction flux going
through this chemically activated pathway is 41%, 20%, 7% and 2% for pressures of 1, 10,
100, and 1000 atm respectively. It is therefore important to have accurate rate constants for
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the chemically activated pathways on these potential energy surfaces in order to predict the

species mole fractions across a wide range of temperatures and pressures.

25.1

Figure 4.25. Potential energy surface for H atom addition reactions of propene. Energies in kJ

mol .

Below is a list of some of the chemically activated pathways forming some of the major

products of pyrolysis calculated in the current study and in previous ones [4,5].

e CsHs + H < [nCsH7]*—CoHa + CH3

e CyHs-1+ H < [CqHo-1]*>C2Hg + CoHs
e CyHs-1+ H < [CqHo-2]*>C3Hs + CH3
e CiHsg-2 + H <> [CaHo-2]*«>C3Hs + CH3
e iCsHg + H <> [iCqHg]* > C3Hs + CHs

Moreover, chemically activated pathways were also found to be important for the
reactions of H with the pentene isomers in our previous studies [4,5].

e CsHio-1 + H < [CsH11-1]*C2Hs + n-CsHy
e CsHio-1 + H < [CsH11-2]*CsHg + C2Hs

e CsHio-2 + H & [CsH11-2]*CsHg + C2oHs

e CsHp-2+He [C5H11-3]*<—>C4H8-1 + CHs
e aCsHio + H < [aCsH11]*>CsHg + C2oHs

e aCsHio + H < [aCsH11]*>CqHs-1 + CH3

e aCsHio + H < [bCsH11]*<iCsHs + CH3

e bCsHio + H < [bCsH11]*«> iCsHs + CH3

e bCsHio + H < [cCsH11]*—CsHs-2 + CH3

e CCsHio + H & [cCsH11]*>CqHs-2 + CH3
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e CCsHio + H <> [dCsH11]*«>CoHg + iC3H7

5.2. Effect of molecular size

As the size of the molecule increases from propene to 1-butene, the effect of chemical
activation becomes greater, especially at lower pressures. At 1000 K and 0.1 atm, for 1-
butene 99% of the reaction flux proceeds through the chemically activated pathways

compared to 70% for propene.

26.29

T

C,4Ho-1 - CuHs-2

Figure 4.26. Potential energy surface for H-atom addition reactions of 1- and 2-butene.
Energies in kJ mol.

For the pentene isomers, it was shown that > 95% of the reaction flux proceeds through
the chemically activated pathways at 1000 K and 0.1 atm [4,5], which is similar to butene. As
the pressure increases, this percentage reduces to 93%, 65%, 25% and 4% at pressures of 1,
10, 100, and 1000 atm, respectively for 1-butene, compared to 41%, 20%, 7% and 2% for
propene. The formation of stabilised C4Ho-2 radicals through the reaction of H atoms with 1-
butene then dominates, which can be seen in Figure 4.6(a). A similar situation prevails for 2-
butene, Figure 4.6(b) where 98%, 87%, 57%, 20% and 3% proceeds through chemical
activation at 0.1, 1, 10, 100 and 1000 atm. In the case of isobutene, 33% of the reaction flux

goes through the chemically activated pathways at 1000 K and 0.1 atm, with the formation of
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stabilised tCsHy radicals then dominating the reaction flux. It is not until a temperature of
1200 K is reached that chemical activation is considerable, accounting for 74% at 0.1 atm,
Figure 4.6(c). It is observed that the effect of chemical activation becomes greater as the
molecular size increases from propene to butene. However, as the molecular size increases

from butene to pentene the effect of chemical activation is similar.

25.78

5.43

)\ iC,4Hg

/l\ tC 4 Ho

Figure 4.27. Potential energy surface for H-atom addition reactions of isobutene. Energies in
kJ mol 2.

6. Conclusions

To contribute to the development of combustion models, a hierarchical set of rate
constants for the reactions of H atom with C, — Cs alkenes, and the subsequent C-C and C-H
B-scission and H atom transfer reactions using the same level of theory now exist. The
reactions for the linear and branched Cs alkenes were performed in our previous studies,
while calculations for C> — C4 species are performed in the current work. Thermochemical
data are calculated as a function of temperature, with enthalpies of formation determined
from an isodesmic network, which is built upon benchmark literature data and electronic
structure calculations. High-pressure limiting and temperature- and pressure-dependent rate
constants are calculated using RRKM theory with a 1-D master equation (ME) analysis. Rate

constant recommendations for H atom addition/abstraction and alkyl radical decomposition
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are proposed and serve as a useful tool in mechanisms for larger alkenes for which
calculations do not exist.

As mentioned in our earlier work [5], test computations implied that the high-pressure
limiting rate constant for H atom addition were over-estimated by a factor of 2 — 3, which is
also in line with the variational effect observed by others for H atom addition reactions to
large molecular weight species [63]. To determine the influence of variational effects on
model predictions, indicative simulations are carried out by systematically reducing the rate
constants for H atom addition by a factor of two in the RRKM/ME model and re-computing
k(T,p). Similarly to our earlier work [5], it is found that the chemically activated pathways for
H atom addition to alkenes, as well as their abstraction reactions, are found to be important in
capturing the species profiles of the products from pyrolysis. Although good agreement is
observed between our model predictions and experiment, future work should consider to
address VTST, the treatment of multi-dimensional torsions, and an-harmonic effects with the

aim of developing a more comprehensive RRKM/ME model for combustion modelling.
Supporting Information
MESS input and output files, thermochemical values in NASA polynomial format and

Chemkin format PLOG rate constant fits are provided in the supporting information.
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Abstract

Cyclisation reactions of hydroperoxyl—alkyl radicals forming cyclic ethers and hydroxyl
radicals play an important role in low temperature oxidation chemistry. These reactions
contribute to the competition between radical chain propagation and chain branching reaction
pathways which dominate the reactivity of alkanes at temperatures where negative
temperature coefficient (NTC) behaviour is often observed. This work is motivated by
previous experimental and modelling evidences that current literature rate coefficients for
these reactions are in need of refinement and/or re-determination. In light of this, the current
study presents quantum-chemically-derived high-pressure limit rate coefficients for all
cyclisation reactions leading to cyclic ether formation in alkanes ranging in size from C> to
Cs. Ro-vibrational properties of each stationary point were determined at the M06-2X/6-311
++ G(d,p) level of theory. Coupled cluster (CCSD(T)) and Magller—Plesset perturbation theory
(MP2) methods were employed with various basis sets and complete basis set extrapolation
techniques to compute the energies of the resulting geometries. These methods, combined
with canonical transition state theory, have been used to determine 43 rate coefficients, with
enough structural diversity within the reactions to allow for their application to larger species
for which the use of the levels of theory employed herein would be computationally
prohibitive. The validity of an alternative, and computationally less expensive, technique to
approximate the complete basis set limit energies is also discussed, together with implications

of this work for combustion modelling.

1. Introduction

In recent years, there has been a proliferation of systematic theoretical studies concerning
reaction pathways of importance in the low-temperature oxidation of alkanes [1-15]. The
rapid increase in the number of studies of this kind is due, in part, to more readily available
computational resources. This, coupled with the computationally inexpensive yet relatively
accurate compound methods [16-22], as implemented in the Gaussian software packages [23]
has aided the investigation of large arrays of reactions for which little or no experimental data
are currently available. Several studies have determined high-pressure limit rate coefficients
for large numbers of reactions within the important low-temperature reaction classes.
Significant success has been achieved in chemical kinetic modelling of alkane oxidation
systems by utilising these values [24-26]. Despite these successes, it has been highlighted
that refinement of some important kinetic parameters is still necessary for further progress

[24]. Particular disparity is seen amongst literature values for the title reactions. As is the case
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with many of the important unimolecular reactions within the low-temperature oxidation
pathways, most theoretical rate coefficients for the reactions of interest in this study have
previously been derived using the CBS-QB3 compound method [16]. This is a popular
method, particularly when studying large quantities of species and/or reactions, due to its
relative speed and reliability [27]. Although relatively cost-effective, it has previously been
highlighted as being potentially biased towards the under-prediction of reaction barrier in
some instances [28]. For the reaction class of interest in this work, there may also be evidence
of this based on investigations by Villano et al. [1], where an average difference of
approximately 2.4 kcal mol™ in 0 K barriers is observed between their values and those of
DeSain et al. [29]. The barriers calculated by Villano et al. using the CBS-QB3 method are
consistently lower than those calculated for the same reactions by DeSain et al., who used a
combination of quadratic configuration interaction (QCISD(T)) and Magller-Plesset
perturbation theory (MP2) methods with varyingly sized basis sets (see [29] for more details)
to determine single point energies of stationary points characterised at the B3LYP/6-31G*
level of theory. In the instance of the cyclisation reaction of 4-hydroperoxyl-but-2-yl radical
forming 2-methyloxetane and a hydroxyl radical, the 0 K barrier determined in both studies
differs by 13.1 kcal mol! Further evidence of the under-prediction of reaction barriers for
these reactions by the CBS-QB3 method is observed in the recent study of Zhang et al. on the
oxidation of n-hexane [26]. It was found that without significant modifications to the rate
rules proposed by Villano et al. [1] for this reaction class, model-predicted cyclic ether
concentrations were too high when compared to those measured in a jet-stirred reactor.
Although the determination of accurate thermochemistry is not the focus of this study, it is
noteworthy that the CBS-QB3 method has recently been shown to lack both accuracy and
precision when deriving enthalpies of formation via the atomisation method for a range of
hydrocarbon and oxygenated species [27,30,31].

This study aims to provide high-fidelity rate coefficients for the reactions of interest
through utilisation of high-level quantum chemical methods. A comprehensive set of
reactions is chosen in order to allow application of the values derived in this work to similar
reactions occurring in larger molecules, for which the use of computational methods such as

those employed here is currently impractical.
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2. Computational methods

2.1. Rate coefficient determination

All calculations have been performed using Gaussian 09 [23]. Geometries of minima and
transition state (TS) structures have been optimised using the M06-2X functional [32] with
the 6-311++G(d,p) basis set. Harmonic frequency analyses were employed at the same level
of theory to verify the nature of the stationary points, with a single imaginary frequency
indicative of a first-order saddle point on the potential energy surface (PES), corresponding to
a TS structure. All frequencies were scaled by 0.98, with zero-point vibrational energies
(ZPVEs) scaled by 0.97, as recommended for the M06-2X functional by Zhao and Truhlar
[32]. Intrinsic reaction coordinate (IRC) calculations [33] were carried out with M06-2X/6-
311++G(d,p) on each TS to ensure it was connected to the desired reactants and products.
Single point energy (SPE) calculations have been carried out for all CoHs0. and C3H70>
reactants and TSs using the coupled cluster (CCSD(T)) method and employing relatively
large basis sets (cc-pVTZ and cc-pVQZ [34]). The resulting energies were extrapolated to the
complete basis set (CBS) limit using the following formula [35,36]:

Eccspmyces = Eccsomyoz + (Eccspmyoz — Eccsomyrz) 4* 1 5% — 4% (1)

where TZ and QZ are abbreviations for cc-pVTZ and cc-pVQZ, respectively. For the
C4H90O2 and CsH110, species, the CCSD(T)/cc-pVQZ calculations were computationally
prohibitive. For these species, the CBS energies were estimated based on extrapolations of
CCSD(T)/cc-pVDZ and CCSD(T)/cc-pVTZ energies. The MP2 method was then used to
correct for the difference in cc-pVDTZ and cc-pVTQZ extrapolation energies. Here, cc-
pVDTZ and cc-pVTQZ represent CBS extrapolations based on cc-pVDZ and cc-pVTZ, and
cc-pVTZ and cc-pVQZ energies, respectively. The final energies were calculated using the
following formula:

Eccso(myces = Eccsomyrz + (Eccspyrz — Eccspynz) 3* 1 4* — 3* + Empaigz + (Emp2ioz —
Emparrz) 4* 1 5% — 4* — Emparrz— (Emp2rrz — Empainz) 3%/ 4% — 34 (2)

Similar approaches have previously been used to approximate “higher-level” SPEs
[6,37,38]. The validity of the approximation is investigated in this study by comparing the
CCSD(T)/cc-pVTQZ energies of the CoHs02 and C3H7O2 species with those determined
using Eq. (2). This is further discussed in Section 3.1.

The T1 diagnostic [39] for all reactant species is < 0.013, indicating that the use of single-
reference methods to describe the wave function is appropriate. T1 values for the TSs range

from 0.031 to 0.040. While Ty values greater than 0.03 (for radicals) may be cause for
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concern [40], none of the TSs have an unusually high value, with only six of the forty three
complexes having a value greater than 0.035. Nevertheless, if lower uncertainties are re-
quired for the TS energies, multi-reference calculations are recommended. Relaxed PES
scans were carried out for internal rotations corresponding to low frequency torsional modes
in 10 degree increments as a function of dihedral angle with M06-2X/6-311++G(d,p).
Rotational constants were computed as a function of dihedral angle using the Lamm module
of the MultiWell program suite [41]. The resulting values were fitted to truncated Fourier
series, and used as input for 1-D hindered internal rotation approximations. The Thermo
application of Multiwell was used to compute high-pressure limit rate coefficients as a
function of temperature (298.15 — 2000 K) from canonical transition state theory [42].
Quantum mechanical tunnelling has been accounted for via inclusion of 1-D tunnelling
through an unsymmetrical Eckart energy barrier [43]. Although the Eckart formula depends
on the heat of reaction, we have not computed this at the level at which the SPEs of the
reactant and TS structures have been determined. In the present cases, where tunnelling
contributions are quite small, any reasonable value of the heat of reaction input into the
Eckart formula gives approximately the same value for the rate coefficient. Tests show that a
10 kcal mol variation in the heat of reaction results in a difference of ~1% in rate
coefficient at 800 K. The resulting rate coefficients were fitted to the following modified
Arrhenius expression:
kK =A (T/Teer)" exp(-E/RT) (3)

in which A is the A-factor, T is the temperature in units of Kelvin, Tref= 1 K, n is the
temperature exponent, and E is related to the activation energy (by Ea = E + nRT). This
modified Arrhenius form was adequate to represent the numerical data, with a maximum
deviation of 14% between computed and fitted rate coefficients. These expressions of the rate
coefficients are listed in Table 5.1, Section 3.2.

2.2. Uncertainty

Zador et al. [44] highlight an example of uncertainties in reaction barrier determinations
for a benchmark set of twenty H-atom abstraction reactions compiled by Lynch et al. [45].
Senosiain et al. (J.P. Senosiain et al., unpublished data) tested a variety of methods against
seventeen of these reactions in an attempt to quantify uncertainty in reaction barrier
determination for each method. Geometries were optimised using either B3LYP [46] or MP2
[47] methods with the 6-311++G(d,p) basis set. SPE calculations were carried out using
B3LYP, MP2, QCISD(T), and CCSD(T) methods with augmented and non-augmented cc-
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pVTZ and cc-pVQZ basis sets extrapolated to the CBS limit. Absolute error values are lowest
for the QCISD(T) and CCSD(T) methods, with > 50% of the calculated barriers within 1 kcal
mol? of the benchmark values. The absolute errors for these cases appear to be largely
independent of the method used for geometry optimisation. The methods used here are quite
similar to those used by Senosiain et al., so their results may be useful for estimation of
uncertainties in the barrier heights presented here, although they are different from those
compiled by Lynch et al. [45]. If it is assumed that the uncertainties in barrier heights
calculated in this study are normally distributed, with 50% of the probability density function
within 1 kcal mol™ of the calculated value, we arrive at a 26 uncertainty of 3.0 kcal mol™.
Estimating uncertainties in frequency factors is more difficult. The assumption that individual
contributions of hindered rotors are separable is likely to be adequate for the reactions of
interest in this study due to the lack of long-range interactions within the molecules.
Interactions such as hydrogen bonding tend to be more prevalent in molecules or complexes
with multiple oxygenated moieties and leads to coupling of the internal rotors. This coupling,
and the adequate treatment of rotors when it occurs, has been discussed previously by Sharma
et al. [10], and suitable methods were applied to reactions of hydroperoxyl-alkyl—peroxyl
radicals. Although the coupling of rotors is not likely to be significant in this study, neither is
it likely that there is complete separability of rotors. On this basis, we estimate uncertainties
in frequency factors to be approximately a factor of two per rotor “tied up” in the TS. A
further factor of two may be assumed due to uncertainties in harmonic vibrational frequencies

and the anharmonicities of these modes.

3. Results and Discussion

3.1. Validity of CBS limit extrapolation approach

Barrier heights (Eok + ZPVE) calculated using both Eq. (1) and Eq. (2) for the reactions
of C2Hs02 and C3H70O- species are compared, and are tabulated in the Supplemental Material,
Table S1. It is found that the barriers determined using coupled cluster and MP2 methods
(denoted CC/MP2 hereafter) are consistently higher than those calculated using the coupled
cluster (CC) method alone. The difference in values is quite consistent, with Eq. 2 giving
barriers which are higher by an average of 0.46 kcal mol, with a 26 dispersion of 0.09 kcal
mol. The comparison set is small, but with such a consistent offset it seems reasonable to
lower the barriers calculated using Eq. (2) for all of the reactions of CsHyO> and CsH110>
species by 0.46 kcal mol™ from their CC/MP2 values. This amount is within the uncertainty
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of the calculated barrier heights, but the aim is that this offset will result in a more consistent

set of values overall.

3.2. Comparisons with the literature

Computed rate coefficients are presented in Table 5.1. Due to spatial constraints we
provide comparisons of these rate coefficients with literature values, as well as a detailed
glossary of all species listed in Table 5.1, as Supplemental Material. However, an account of
the results is also given here. As discussed in Section 1, Villano et al. [1] note that the barrier
heights for these reactions calculated by DeSain et al. [29] are an average of 2.4 kcal mol™
higher than their own. The values calculated in this study fall between those calculated in the
two studies, with barrier heights an average of 1.2 kcal mol™ higher than those determined by
Villano et al. [1]. This may provide yet more evidence that CBS-QB3 tends to under-predict
barrier heights. An example comparison of literature rate coefficients is shown in Fig. 5.1 for
the cyclisation reaction of 3-hydroperoxyl-prop-2-yl radical forming methyloxirane and a
hydroxyl radical. This comparison reflects the general trend seen when comparing literature
rate coefficients with those calculated in this study, in that those computed here tend towards
the lower end of values which currently exist. These lower rate coefficients may have been
expected due to the findings of Zhang et al. [26], where some of the rate rules suggested by
Villano et al. [1] had to be lowered by approximately a factor of 4 in the temperature region
where these reactions are most important (~700 — 900 K) in order to improve model
agreement with cyclic ether concentration profiles measured using a jet-stirred reactor. This
was achieved by lowering the A-factor of the Arrhenius expressions by a factor of 2, and

increasing the activation energy by 1 kcal mol™?.

Table 5.1: Rate Coefficients Calculated in This Study.

Reaction A(s? n E (cal mol™?)
C;H,00H1-2 — C;H,01-2 + OH 1.68x 10%7 1.40 10880.
C3HsOOH1-2 — C3Hs01-2 + OH 1.45% 107 1.46 11850.
C3HgOOH1-3 — C3Hs01-3 + OH 7.56x 10% 1.56 18070.
C3HeOOH2-1 — C3Hs01-2 + OH 1.19x 10% 1.26 11630.
C4HgOOH1-2 — C4Hg01-2 + OH 3.06x 107 141 11310.
C4HgOOH1-3 — C4Hg01-3 + OH 6.57x 10% 1.79 16150.
C4HgOOH1-4 — C4Hs01-4 + OH 1.38x 10% 1.44 9920.
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C4HgOOH2-1 — C4Hs01-2 + OH
C4HgOOH2-3 — C4Hg02-3anti + OH
C4HsOOH2-3 — C4Hs02-3syn + OH
C4HgOOH2-4 — C4Hg01-3 + OH
C4HgOOHI-I — C4HgOI-1+ OH
C4HsOOHI-T — C4HgOI-T + OH
C4HgOOHT-I — C4HgOI-T + OH
CsH1oO0OH1-2 «— CsH;001-2 + OH
CsH10O0OH1-3 — CsH1001-3 + OH
CsH1oOOH1-4 — CsH3001-4 + OH
CsH1oO0H1-5 «— CsH1001-5 + OH
CsH1000H2-1 — CsH1001-2 + OH
CsH10OOH2-3 — CsH1002-3anti + OH
CsH10OOH2-3 — CsH1002-3syn + OH
CsH10OOH2-4 — CsH;002-4anti + OH
CsH10O0OH2-4 — CsH1002-4syn + OH
CsH10O0H2-5 «— CsH1001-4 + OH
CsH1oOOH3-1 — CsH3001-3 + OH
CsH10O0OH3-2 — CsHj002-3anti + OH
CsH1oO0OH3-2 — CsH1002-3syn + OH
CsH1000HA-A — CsH100A-A + OH
CsH10OOHA-B — CsH1gOA-B + OH
CsH10OOHA-C — CsHigOA—Canti + OH
CsH10OOHA-C — CsHi0OA-Csyn + OH
CsH10OOHA-D — CsH100A-D + OH
CsH10OOHB-A — CsH100A-B + OH
CsH10OOHB-C «— CsH10OB-C + OH
CsH10OOHB-D — CsH100B-D + OH
CsH10OOHC-A — CsHi0OA-Canti + OH

C5H1000HC—A — C5H100A—C5yn + OH
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CsH1gOOHC-B — CsH100B-C + OH 1.19x 1010 0.77 9420.

CsH1000OHC-D « CsH100C-D + OH 1.23x 10% 1.01 10180.
CsH10OOHD-A — CsHiOA-D + OH 4.60x 10% 1.30 9360.

CsH1000HD-B — CsH1OB-D + OH 1.14x 10% 1.65 13370.
CsH1OOHD-C «— CsH100C-D + OH 1.73x 107 1.41 11350.
neoCsH1oO0H — neoCsH10 + OH 5.88x 10% 1.55 15990.

C,H,OOH1-2 <=>C_H,01-2 + OH

500 600 700 800 900 1000 1100
Temperature (K)

Figure 5.1. Comparison of literature values with this work for the cyclisation reaction of 3-

hydroperoxyl-prop-2-yl radical forming methyloxirane and a hydroxyl radical. Black: This

work, Red: Villano et al. [1], Blue: Miyoshi [2], Magenta: Wijaya et al. [3], Cyan: Cord et al.

[4], Wine: Chan et al. [5], Orange: Goldsmith et al. [6].

3.3. Implications for combustion modelling

Figure 5.2 shows the effects of including the rate coefficients presented here for the
reactions of CsH1:02 to a recently published model describing oxidation of the pentane
isomers [25]. Constant volume and perfectly-stirred reactor simulations were run under some
representative conditions in which chemical kinetic models describing combustion processes
are often validated. n -Pentane is chosen as the representative fuel, and CHEMKIN- PRO
[48] was used for the simulations. The closed homogeneous batch reactor, and perfectly-
stirred reactor modules within CHEMKIN-PRO were used to simulate the ignition delay
times and species concentration profiles, respectively. Ignition delay simulations were run
under stoichiometric fuel/‘air’ conditions (2.56% n-pentane, 20.46% O, 76.98% N>) at 10
and 20 atm, and from 650 — 1400 K. The perfectly-stirred reactor simulations were also run
under stoichiometric conditions (1% n-pentane, 8% O, 91% N») at 1 atm, and from 500—

1100 K, at a residence time of 2 s. Also plotted are data presented in [25], Fig. 5.2 (a), as well
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as jet-stirred reactor data yet to be published [49], Fig. 5.2 (b) and (c). The simulation results
of two models (Model A and Model B) are shown. Model A is that presented in [25], with the
rate coefficients for Cs cyclic ether formation reactions taken from Villano et al. [1]. Model B
is the same, but with the rate coefficients for the same reaction class replaced with those
pertaining to n -pentane from Table 5.1 in this study. It is shown that there is an increase in
reactivity in the NTC region in both sets of simulations, where the title reactions are known
to be important, Fig. 5.2 (a) and (b). This reaction class is an important radical chain
propagating one, and so this effect is as expected given that the newly computed rate
coefficients are lower than those from Villano et al. [1]. The effects seen are not big in terms
of overall reactivity, but in Fig. 5.2 (c) the perfectly-stirred reactor simulated concentration
profiles of the two major cyclic ethers formed from n-pentane oxidation (2-
methyltetrahydrofuran and 2,4-dimethyloxetane) are shown, and a significant effect is seen.
Two peaks are observed in both concentration profiles at approximately 650 and 850 K, and
factors of ~2-4 differences are seen in the simulated profiles at these temperatures. While
model-predicted mole fractions of 2-methyltetrahydrofuran have gone from slightly over-
predicting the experimental data to under-predicting it, those of 2,4-dimethyloxetane have
improved considerably in terms of agreement with experiment. While the graphs in Fig. 5.2
are mainly for illustrative purposes, it is seen that the inclusion of the newly calculated rate
coefficients into an existing model can bring about significant changes and overall
improvement in predicting cyclic ether concentrations. Model B would require modifications
in order to restore the accurate prediction of overall reactivity, but this test provides insights

into the modelling implications of using the rate coefficients presented in Table 5.1.

100 5.0x10"
0.010

4.0x10"
0.008

3.0x10°
5
£ 0006

S 0.004

Mole fraction
o

Ignition delay time (ms)

0.002 1.0x10% (C)

— —— 0.000L | T T o 0.0y Ly S T
7 8 9 10 11 12 13 14 18 500 600 700 800 900 1000 1100 500 600 700 BOO 900 1000 1100

10000/ T (K') Temperature (K) Temperature (K)

Figure 5.2. Model-simulated effects of rate coefficients presented in this study on n-pentane
(@) ignition delay times at 10 (black) and 20 atm (red), and perfectly-stirred reactor profiles of
(b) n-pentane, (c) 2-methyltetrahydrofuran (black), and 2,4-dimethyloxetane (red). Symbols
represent experimental data, dashed lines represent Model A, and solid lines Model B (see
Section 3.3 for details). The thicker lines in (a) represent simulations accounting for facility

effects.
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4. Conclusions

This paper presents a systematic and comprehensive study of the high-pressure limit
kinetics of cyclic ether formation reactions from hydroperoxyl-alkyl radicals. The rate
coefficients are presented and compared with those from the literature, and we find that those
presented here are generally lower than the existing values. Two different approaches are
compared for the determination of reaction barrier heights, and we validate a method which
can approximate a “higher-level” answer at a lower computational cost. The implications that
these new rate coefficients may have for combustion modelling are discussed, with results
that are reasonably significant in terms of mechanism predictions.

While this study presents values which are determined at a higher level of theory than
other studies for this reaction class, the modelling successes achieved by using values from
these previous studies cannot be understated. Several recent studies emanating from this
research group and collaborators have proven just how useful systematic studies of important
reaction classes can be, even if the accuracy of those values are not state-of-the-art. It is likely
that these successes were possible due to most of the rate coefficients for important reaction
classes within low-temperature oxidation schemes being calculated at the same level of
theory (CBS-QB3). While the absolute accuracies of the values are probably less than
desirable, it may be the case that the relative values are more preferable, resulting in
favourable model predictions.

A more accurate determination of uncertainties in rate coefficients derived using
different theoretical methods would be extremely useful for chemical kinetic modellers. A
benchmarking study of different model chemistries, for instance, would go a long way in this
regard. However, obtaining suitable experimental data is likely difficult or currently
impossible, so any such studies would have to rely on comparisons with state-of-the-art
theoretical calculations. Computationally less accurate (and cheaper) methods with more

accurate uncertainties may prove to be the most useful.
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Abstract

A single-pulse shock tube study of the four pentene isomers is carried out at 2 = 0.16 bar
and 900 — 1600 K. C;z to Ce species profiles were recorded using gas chromatography mass
spectrometry analyses. The species are identified using mass spectrometry and quantified by
flame ionisation detection. High-pressure limiting and pressure-dependent rate constants for
2M1B, 2M2B and 3M1B + H were calculated using RRKM theory with a Master Equation
(ME) analysis using the Master Equation System Solver, MESS. A mechanism was
formulated based on rate rules and theoretical calculations. Comparisons between
experimental results and model simulations are provided for all of the five pentene isomers
investigated with satisfactory agreement. Furthermore, an insight is provided into the
influence of molecular structure on the reactivity of pyrolysis chemistry. Interestingly, it is
found that the HACA mechanism is much less prominent for benzene formation compared to
the role of cyclopentadienyl radical recombination with methyl radicals and also the
recombination of propargyl radicals.

1. Introduction

Alkenes are one of the major components of commercial fuels and understanding their
consumption reactions is important in producing more accurate predictions of their pyrolysis
and oxidation in combustors. The oxidation of alkenes has been widely studied due to their
importance as intermediates during ignition of alkanes and they are also known to impart
higher octane sensitivity (RON — MON) in commercial fuels [1]. In addition, olefins are
precursors to allene, propyne and isomers of butadiene which are known to be important
intermediates to the formation of benzene and polycyclic aromatic hydrocarbons (PAHSs)
[2,3]. Furthermore, recent studies have shown the importance of Cs species i.e. pentadiene
isomers and cyclopentadiene [4-6] in the formation of benzene and naphthalene, among
others. This explains our interest in studying the pyrolysis of Cs species.

Although there have been a few studies related to the oxidation of 1-pentene [7-10],
pyrolysis studies providing species profiles for reactants, intermediates and products are
scarce. Tsang [11] performed a few 1-pentene pyrolysis experiments at 1000-1200 K during
his study of cyclopentane but no further pyrolysis experiments are available. Manion and
Awan [12] performed experiments of 2-pentene pyrolysis with hydrogen radical precursors in
their study of the decomposition of pentyl radicals. Westbrook et al. [13] carried out an
experimental and modelling study on 2-methyl-2-butene (2M2B) in a shock tube and in a jet-

stirred reactor. Ruwe et al. [14] studied the consumption and hydrocarbon growth processes
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in a 2M2B flame. Furthermore, in a different study, Ruwe et al. [15] studied and
demonstrated the effect of molecular structure on sooting tendencies of n-pentane, 1-pentene
and 2M2B. From our literature review it is clear that the pyrolysis of the Cs olefins is not well
studied and structural effects influencing the formation of aromatics are not clearly
understood. Therefore we have studied the pyrolysis of the five pentene isomers in a single
pulse shock-tube and carried out gas chromatography/mass spectrometry (GC-MS) analysis.
Several important C1—Ce intermediates were quantified which demonstrate the effect of fuel
molecular structure on pyrolysis. Numerical simulations were conducted using a detailed
kinetic model from NUIG, and the differences in the pyrolysis chemistry of the isomers, and

the formation of benzene is discussed.

2. Experiments

Experiments were performed using the NUIG single pulse shock tube (SPST), Figure
6.1. The facility is described in detail in the Supplementary material (SM). 2M2B (> 95%)
was obtained from Sigma Aldrich. Trans-2-pentene (t-2-CsHio, > 99%) was obtained from
Fisher Scientific. 2M1B (= 98%) and 3M1B (> 95%) were obtained from TCI UK. Pure-
shield argon (Ar) supplied by BOC Ireland was used as the bath gas. 99.99% pure krypton
(Kr) obtained from Sigma Aldrich was used as an internal standard. 99.9% pure helium
supplied by BOC Ireland was used as the driver gas for all experiments. For all experiments,
mixtures containing the 2% fuel, 0.5% Kr and 97.5% Ar were prepared based on partial
pressures in a 40 L mixing vessel. KILC capacitance manometers were used to monitor

pressure levels.

Driver section

Driven section
i
End wall Pneumatic valve—
Sampling location .

Dump tank

Figure 6.1. Schematic of the NUIG SPST.

The uncertainties in reflected temperatures are calculated based on the uncertainties in
shock velocities and are approximately + 2% based on calculations suggested by Petersen et
al. [16]. Uncertainties in calibrated species concentration are approximately 10% and in
estimated species concentrations, calculated using effective carbon number method [17], are
approximately 20% respectively. The uncertainty in reactant mole fractions is £ 0.02%. The

uncertainty in the residence time is + 2%. The 2o variation in the calculated reflected
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pressures is approximately 8%. The MS system is used to identify and quantify Kr and an
FID is used for all other organic species. The sample is introduced into a GS-Gaspro column
through a split/split-less inlet which is maintained at 200 °C. Helium is used as the carrier gas
and a constant flow rate of 0.9 ml min! is maintained through the column for all the
experiments. The temperature programming of the GC was optimized for every fuel and the

system was calibrated using a 23 gas GC standard obtained from BOC Ireland.

3. Kinetic Modelling

Simulations were performed using Chemkin-Pro [18] assuming a closed homogeneous
batch reactor at constant volume. We used the residence time approach for all our simulations
in the range 3-4 ms, with details provided as SM [19]. The mechanism used to simulate the
data is provided as SM. Reaction rates for H-atom abstraction by methyl (CHs) radicals from
the fuel were obtained using rate rule analogy as shown by Cai et al. [20]. Rates for H-atom
abstraction from primary, secondary and tertiary allylic sites were obtained from a theoretical
study by Wang et al. [21].

3.1. Computational Methods

The methods are similar to the ones in our previous studies of 1- and 2-pentene + H [22]
and 1,3-pentadiene + H [23] and were adopted for all electronic structure calculations for the
2M1B, 2M2B and 3M1B + H potential energy surfaces (PES), which is a current work-in-
progress. Geometries of each minimum and transition state were optimised at the
®B97XD/aug-cc-pVTZ level of theory. Single point energies for minima and transition states
were calculated at the CCSD(T)/cc-pVXZ and MP2/cc-pVXZ, where X= D, T and Q, levels
of theory, which were then extrapolated to the complete basis set limit using equation (1) [2]:

Eccspmyces = Eccsomyce-pvtz + (Eccspmyee-pvTz — Eccspmyec-pvoz) (3* 1 4% — 3%) + Empocc-
pvaz + (Emp2iccpvaz — Emparcc-pvtz) (44 1 5% — 4%) — Empoice-pvtz — (Emp2ice-pvTz — EMparcc-pvpz) (3% /
4% — 3%,

High-pressure limiting and pressure dependent rate constants were calculated using
RRKM theory with Master Equation (ME) analysis using the Master Equation System
Solver, MESS, [24] which are available in the mechanism file provided as SM.

Thermochemical values for the Cs species were calculated as a function of temperature
(298 — 2000 K), with enthalpies of formation determined using a series of isodesmic reactions
as described in our previous work [22]. Temperature-dependent enthalpies, entropies and heat
capacities were then calculated using traditional statistical thermodynamics methods as
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implemented in MESSPF [24], with NASA polynomials fitted using PAC99 [25], which are
provided as SM.

4. Results and discussions

In this section, we first present comparisons of the experimental and simulated mole
fractions of the fuel and intermediates for the five pentene isomers. Thereafter, by comparing
the mole fractions of the intermediates produced during the pyrolysis of the five isomers, we

analyze the effect of molecular structure on the pyrolysis chemistry.

4.1. 1-Pentene
Experimental data for 1-pentene (1-CsHzo) is taken from our article on the pyrolysis of 1-
alkenes [26]. The current mechanism’s predictions are shown in Figure 6.2. A reaction flux

diagram (RFD) for 1-pentene pyrolysis at 1243 K is provided in Figure 6.3.

1-pentene pyrolysis at 2 bar 1-pentene pyrolysis at 2 bar

1-penfens pyroly g6 & Zhar
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0.02 T 00081, Ethane
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= 1-Pentene %H
* Methane
Ethylene
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Figure 6.2. Species profiles for 1-pentene pyrolysis. Solid lines: model simulations.
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Figure 6.3. RFD for 1-pentene pyrolysis at ~50% fuel consumption, 2.13 bar, 1243 K.

Based on kinetic simulations, 1-pentene decomposes to form either allyl and an ethyl
radical or undergoes a retro-ene reaction to produce ethylene and propene. Bimolecular
reactions of 1-pentene with H atoms can produce propene (CsHs) and ethyl radicals (C2Hs) or

ethylene (C2H4) and n-propyl (n-C3Hv) radicals. H-atom abstraction from 1-pentene produces

182



1-penten-3-yl (CsHy1-3) radicals which dissociate into 1,3-butadiene (1,3-CsHs) and methy!l
radicals. Allyl radicals (CsHs-a) decompose to form allene (CsHs-a) and H atoms and/or their
self-disproportionation reaction produces allene and propene. They can also undergo radical-
recombination reaction with CHjs radicals to form 1-butene (1-CsHs). The self-recombination
of methyl radicals and the allyl + ethyl disproportionation reaction are the main sources of
ethane (CzHs). Propyne (CsHa-p) is produced via the isomerisation of allene. Methane (CHa)
is produced via H-atom abstraction by CHs radicals from the fuel and other stable
intermediate species. Acetylene (C2H>) is produced from the dissociation of vinyl radicals and

the bimolecular reactions of allene and propyne with H atoms.

4.2. Trans-2-pentene

Pyrolysis experiments of t-2-CsH1o were carried out at 2 bar in the range of 900-1500 K.
The major products are methane, ethane, ethylene, acetylene, propene, 1-butene, 1,3-
butadiene, allene and propyne. The species profiles are illustrated in Figure 6.4. We found
two CsHg species but could not distinguish them as the mass spectra of pentadienes are
similar. However, from studies by Manion and Awan [12], one species can be assigned 1,3-
pentadiene and the other could be cyclopentene. We also observe the formation of cis-2-
pentene (c-2-CsHio). We believe this could be similar to the cis-trans isomerisation of 2-
butene as discussed by Lifshitz et al. [27]. An earlier ignition delay time study on 2-butenes
[28] had shown that the reactivities were similar for the cis and trans isomers and therefore,
the current mechanism includes one species to represent both.
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C5H8(?)
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Figure 6.4. Species profiles for t-2-pentene pyrolysis. Solid lines: model simulations.
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Figure 6.5. RFD for t-2-pentene pyrolysis at ~50% fuel consumption, 2.01 bar, 1205.4 K.
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A reaction pathway analysis diagram for t-2-pentene pyrolysis is provided in Figure 6.5.
Trans-2-pentene can decompose into CHsz and 1-buten-3-yl (CsH71-3) radicals, CaH71-
3subsequently produces 1,3-butadiene via H-atom elimination. The fuel and intermediates
can undergo H-atom abstraction by CHjs radicals to form methane. The reaction of 2-pentene
with H atoms produces propene and ethyl radicals. Ethyl radicals undergo B-scission to
produce ethylene and H atoms. Ethane is produced via CHjs radical self-recombination.

Acetylene formation channels are similar to those for 1-pentene as discussed earlier.

4.3. 2-methyl-1-butene

2-methyl-1-butene pyrolysis study was carried out at 2 bar in the range of 900 — 1600 K.
The major products are methane, ethane, ethylene, acetylene, propene, allene, propyne, iso-
butene (i-CsHg), 1,3-butadiene and isoprene (2M13BDE). Species profiles are shown in
Figure 6.6.
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Figure 6.6. Species profiles for 2M1B pyrolysis. Solid lines: model simulations.

2M1B can dissociate into 2-methyl-allyl (i-C4H7) and methyl radicals or can react with H
atoms to form isobutene. It can also undergo H-atom abstraction by CHj radicals or H atoms
from the primary and secondary allylic site to form 2-methyl-1-butenyl (aCsHq-a2) and 2-
methyl-1-buten-3-yl (aCsHo-c) radicals, respectively. aCsHe-c radicals dissociate to form
isoprene and aCsHg-a2 radicals dissociate to form allene and ethyl radicals. Also, 2-methyl-
allyl radicals decompose to form allene and CHjs radicals. aCsHg-a2 radicals can isomerise to
form 2-methyl-1-buten-4-yl (aCsHo-d) radicals. These dissociate to form ethylene and
propen-2-yl (CsHs-t) radicals which in turn dissociate to form propyne and H atoms. Propyne
is also formed by isomerisation of allene. Methane, ethane, ethylene and acetylene formation
reactions are similar to those for the linear pentenes. The RFD for 2M1B pyrolysis is shown

in Figure 6.7.
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Figure 6.7. RFD for 2M1B pyrolysis at ~ 50% fuel consumption, 2.01 bar, 1254.2 K.

4.4. 2-methyl-2-butene

A pyrolysis study was carried out at 2 bar and in the temperature range of 900-1750 K
and the major species are identical to 2M1B pyrolysis, Figure 6.8. 2M2B and isoprene co-
elute in the GC capillary column used in this study and could not be separated, so for

comparison we show the sum of the two molecules in both experiments and simulations.
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Figure 6.8. Species profile for 2M2B pyrolysis. Solid lines: model simulations.
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Figure 6.9. RFD for 2M2B pyrolysis at ~50% fuel consumption, 2.13 bar, 1451.2 K.

2M2B (b-CsH1o) can undergo H-atom abstraction by H atoms and CHs radicals from
three primary allylic sites to form isopentenyl radicals. These radicals form isoprene via H-
elimination. 2M2B can also react with H atoms to produce isobutene and methyl radicals.
Isobutene dissociates to methyl-allyl (iC4Hy) radicals which further dissociate to form allene
and CHs radicals. The current mechanism under-predicts the formation of 1,3-CsHs by a

factor of two. Propene is formed from isopentenyl radicals and isobutene. Ethane, ethylene,

185



methane and acetylene formation pathways for 2M1B and 2M2B are the same. An RFD for
2M2B pyrolysis is illustrated in Figure 6.9.

4.5. 3-methyl-1-butene

3M1B has a tertiary-allylic hydrogen and it enabled the study of the rate law for such H-
atom abstractions. 3M1B pyrolysis study was carried out at 2 bar and 800 — 1450 K. Methane,
ethane, ethylene, acetylene, propene, 2-butene, 1,3-butadiene, 2-pentene and isoprene are

major products. Species profiles with respect to temperature are illustrated in Figure 6.10.
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Figure 6.10. Species profile for 3M1B pyrolysis. Solid lines: model simulations.
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Figure 6.11. RFD for 3M1B pyrolysis at ~50% fuel consumption, 2.01 bar, 1205 K.

3M1B (c-CsHao) can either decompose to 1-buten-3-yl (C4H71-3) radicals or react with H
atoms to form 2-butene (2-CsHs). 3M1B can also undergo H-atom abstraction by H atoms or
CHs radicals from the tertiary allylic site to form isopentenyl radicals which dissociate to
isoprene. CsH71-3 radicals dissociate to 1,3-butadiene via B-scission. 2-butene reacts with H
atoms to form propene and methyl radicals. Ethylene is formed from c-CsHio+H, 1,3-C4He+H
and ethyl radical decomposition reactions. Ethane, methane and acetylene formation reactions
are similar to all of the other pentenes. An RFD at 1205 K is provided as Figure 6.11.

5. Discussion

5.1. Fuel reactivities and ethylene formation
From our experimental measurements, we were able to determine that the predicted

reactivities of all of the pentenes are sufficiently accurate, Figure 6.12. The reactivities appear
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to decrease with increasing number of allylic hydrogen atoms. 3M1B, with only tertiary
allylic hydrogen has the highest reactivity and 2M2B with nine primary allylic hydrogen
atoms has the lowest reactivity, while linear pentenes with secondary allylic hydrogen atoms

show intermediate reactivity.
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Figure 6.12. (a) Fuel reactivities for pentenes, (b) Ethylene formation. Solid lines: model

simulations.

Ethylene is one of the initial stable products, with its concentrations and shape being
significantly higher and different for 1-pentene corroborating the presence of the retro-ene
reaction. For the other isomers, 3M1B and t-2-pentene show similar concentrations due to
their initial unimolecular decomposition reactions producing CHs + C4H71-3 — 1,3-CsHe + H

— CoHs + CoHzand CH3 + CH3 — CoHs — CHa/H2 + CoHs — CoHag + H.

5.2. Formation of benzene and aromatic precursors
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P

Figure 6.13. Benzene formation pathways.

The reactions illustrated in Figure 6.13 show some of the important reactions of the
C3:—Cs intermediates forming benzene. We compared the concentrations of these
intermediates and conducted flux analyses to illustrate how the important pathways for
benzene changes with isomer molecular structure. Trans-2-pentene and 3M1B produce
higher concentrations of 1,3-butadiene due to their initial unimolecular decomposition
into 1-buten-3-yl radical, Figure 6.14(a). At > 90% fuel consumption, the amount of
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cyclopentadiene produced is higher for 2M2B and t-2-pentene compared to the other
isomers, Figure 6.14(b). This appears to show the significance of the location of the

double bond on the formation of cyclopentadiene.
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Figure 6.14. Experiment results for (a) 1,3-butadiene concentration; (b) Cyclopentadiene
concentration; (c) Allene and propyne total concentration; (d) Benzene concentration. Fuel
consumed is calculated as (initial fuel concentration — final fuel concentration)/initial fuel

concentration at a given temperature. This aids in offsetting the effect of fuel reactivity.

The concentrations of allene and propyne is higher in the pyrolysis of 2M1B, Figure 6.6 ,
owing to the unimolecular decomposition of the fuel to 2-methyl-allyl radicals and
abstraction from the primary allylic site, both of which undergo B-scission to produce allene,
Figure 6.14(c). 2M2B also produces lower amounts of allene and propyne compared to
2M1B due to the absence of a direct route to the formation of 2-methyl-allyl radical, Figure
6.8. An efficient way to allene and propyne is through abstractions from isobutene, produced
from 2M2B+H=isobutene+CHs, to produce 2-methyl-allyl radicals and subsequent
decomposition of these to allene+CHs. The absence of a direct pathway to the formation of 2-
methyl-allyl radicals explains the difference in concentrations of the CsHa4 isomers produced
during the pyrolysis of 2M1B and 2M2B. Interestingly, the concentrations of benzene
presented in Figure 6.14(d) shows that 2M2B produces more benzene than all of the other
isomers. Also, the predictions from the mechanism are satisfactory.

To gain insights into the effect of molecular structure on pyrolysis chemistry, we
conducted an integrated reaction path analysis of the different pathways to identify
differences in the chemistry producing benzene, Figure 6.15. It can be seen that propargyl
recombination is important for benzene formation. Moreover, the CsHs + CHs reaction
pathway is crucial for benzene formation irrespective of the geometry of the molecule.
Furthermore, vinyl addition to 1,3-butadiene seems important for linear pentenes and for

3M1B. Interestingly, the HACA mechanism is relatively less important than the propargyl
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pathway [29] as the bimolecular reaction of 1,3-butadiene with H atoms to produce ethylene

and vinyl radicals dominates over H-atom abstraction by H atoms [30].
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Figure 6.15. Relative ROP of Benzene at 1400 K and 2 bar.

6. Conclusions
A SPST pyrolysis study was carried out on t-2-pentene, 2M1B, 2M2B and 3M1B at 2 bar.

Species were identified using GC-MS and were quantified using an FID. High-pressure
limiting and pressure dependent rate constants for 2M1B, 2M2B and 3M1B + H were
calculated using RRKM theory with Master Equation (ME) analysis. A mechanism was
formulated based on rate rules and the theoretical calculations. Comparisons between
experimental and simulated results show that the predictions for all of the major species are
satisfactory. Furthermore, reactivities of the fuels studied clearly show the influence of
molecular geometry on unimolecular dissociation and H-atom abstractions from different
allylic sites. Also, the molecular geometry impacts the benzene formation pathways and this
study shows that 2M2B produces more benzene than other pentenes. In addition, the HACA
mechanism has a relatively lower prominence for benzene formation compared to other

pathways.
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Chapter 7 : General conclusions and future work

1. Conclusions

This thesis mainly focuses on the ab-initio and modelling studies of the reactions of H
atom addition to and H-atom abstraction by H atoms from C2— Cs unsaturated alkenes. These
include ethylene, propene, 1-butene, 2-butene, isobutene, 1-pentene, 2-pentene, 2-methyl-1-
butene, 2-methyl-2-butene, and 3-methyl-1-butene. Another work involved the study of
cyclisation reactions of hydroperoxyl-alkyl radicals forming cyclic ethers and hydroxyl
radicals, (Chapter 5). Chapter 6 entitled “A single pulse shock-tube study of pentene isomer
pyrolysis” includes results from Chapter 3, “ A Theoretical Study of the Reaction of
Hydrogen Atoms with Three Pentene Isomers; 1-Methyl-1-Butene, 2-Methyl-2-Butene, and
3-methyl-1-Butene”.

For the reactions of H atoms with C, — Cs unsaturated alkenes, the associated
thermochemical values of the species involved were calculated as a function of temperature
(298 — 2000 K), with the enthalpies of formation determined using a network of isodesmic
reactions. The density functional theory (DFT) ®B97XD method coupled with the aug-cc-
pVTZ basis set was used for geometry optimisations and frequency analyses. Low-frequency
torsional modes were treated via relaxed PES scans in 10-degree increments using the
®B97XD/6-311++G(d,p) method, with the potential energies as a function of dihedral angle
used as input for a one-dimensional (1-D) hindered rotor approximation as implemented in
the Master Equation System Solver (MESS). To compute barrier heights, single point
energies for minima and transition states were calculated at the coupled cluster level,
specifically (CCSD(T)) and Mgller-Plesset perturbation theory (MP2), with cc-pVTZ basis
sets, where X = D, T and Q levels of theory. High-pressure limiting and pressure-dependent
rate constants were calculated using Rice-Ramsperger-Kassel-Marcus (RRKM) theory
coupled with a one-dimensional (1-D) master equation (ME).

As a validation of the theoretical results calculated in this thesis, the results were
implemented into chemical kinetic models (AramcoMech3.0, NUIGMech1.0 and
NUIGMechl.2) and simulations were compared to new hydrogen atomic resonance
absorption spectrometry (H-ARAS) experimental measurements taken as part of a
collaboration with Dr. Sebastian Peukert at Duisburg-Essen University. These experiments
serve as direct validation targets for our calculation results, with good agreement being

observed. Moreover, pyrolysis experiments of linear and branched 1-alkenes using the single



pulse shock tube at NUIG were performed, and serve as in-direct validation targets. It was
found that both H-atom abstraction reactions and chemical activation pathways are important
in capturing the species mole fractions of the products of pyrolysis.

In Chapter 5, rate constants for the low-temperature reaction class: cyclisation of
hydroperoxyl-alkyl (QOOH) radicals to form cyclic ethers and hydroxyl radicals (QOOH «
cyclic ether + OH) were calculated, involving species ranging in size from C2HsO; to
CsH110.. The rate constants were determined using density functional theory (DFT) and ab
initio approaches. The use of these rate coefficients in the NUIG pentane oxidation model
produces favourable agreement with Cs cyclic ether concentration measurements in JSRs at
Nancy and Orléans. These had previously been over-predicted by the model utilising

literature rate constant values.

2. Future Work

(1) This thesis mainly focused on the reactions of H-atoms with C,— Cs alkenes. Studies
including OH and HO; radical addition and abstraction from larger alkenes such as
the branched pentene isomers would be useful in exploring the oxidation chemistry of
larger branched alkenes, particularly at practical combustor conditions.

(2) Chapter 3 presents the work on the reactions of H atoms with three branched pentene
isomers. Test calculations implied that variational effects were effectively negligible
for isomerisation and H-atom abstraction reactions. However, for H atom addition
reactions our calculations are over-estimated by a factor of 2-3.Therefore, although
good agreement is observed between our model predictions and experiment, future
works should include variational transition-state theory, treatment of multi-
dimensional torsions, and an-harmonic effects in order to develop a more
comprehensive RRKM/ME model for combustion.

(3) Direct experimental validation targets for the reactions of H atoms with the branched
butene and pentene isomers such as H-ARAS experiments like those presented in

Chapter 2 would be useful as additional validation targets.
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Appendix A

Supplementary Material: A Theoretical, Experimental and Modelling
Study of the Reaction of Hydrogen Atoms with 1- and 2-Pentene

A.1 Experimental Conditions

Table AS1: Experimental Mixture Compositions for H-ARAS Experiments.

Argon was used as the Diluent Gas. Reactant Mole Fractions are Expressed as ppm.

Mixture CoHsl CsHio-1 CsH1o-2 p(atm) T/K
1.48 980
1.56 1032
A 0.34 0.00 8.49 5o Todd
1.56 1055
1.45 985
B 0.35 8.90 0.00 1.50 1031
1.47 1046

Table AS2: Mixtures Compositions from Literature Studies [1-3]: the Remaining
Balance is Argon

Components in mixtures (uUL/L)

Author Mixture 1-CsHul CCP 13DMB 135TMB HME (E)-2-CsHio
Awan [1] A 290 150 10800 - - -
B 190 100 - 8500 - -
C 200 100 - 4000 - -
D 50 100 - 4200 - -
E 50 100 - 4600 - -
Comandini [2] (UIC) A 45.7 - - - - -
B 49.8 - - - - —
C 95.2 - - - - -
D 98.3 - - - - —
Comandini [2] (NIST) A 40 - - - - -
Manion [3] A - 75 - 5896 46 4083
B - 75 - 3937 45 6230

1-CsH11l = 1-iodopentane, CCP = chlorocyclopentane, 13DMB = 1,3-dimethylbenzene,
135TMB = 1,3,5-trimethylbenzene, HME = hexamethylethane.
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Figure AS1. Temperature and pressure ranges of the experiments carried out by Awan [1]
(m),Comandini [2] — UIC (A), Comandini [2] — NIST ('¥) and Manion [3] (@).Manion [3]
closed @ represents mixture A, while open @ represents mixture B. Mixture A (black),
mixture B (red), mixture C (blue), mixture D (magenta), mixture E (cyan). Where there are
more than one composition for a mixture: mixture Al (black), A2 (red), A3 (blue), A4
(cyan). B1 (black), B2(red).

A.2 Theoretical Energies

Table AS3: Formation Enthalpies. Zero-point energy corrected 0 K Enthalpies and
ZPE’s (kJ/mol) for Species on CsHi11 PES based on the CBS extrapolations reported in the
main text. *RO-aug-cc-pVXZ energies. @ equatorial conformer, Paxial conformer, Ssyn

conformer, ¢ anti conformer.
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Species *Enthalpy / kJ mol*! Enthalpy / kJ mol* ZPE/kJ/mol
H 216.03 216.03 0.0

H» -0.96 -1.51 26.52
CHjs 149.63 150.49 78.24
CoHs 63.40 65.86 134.66
CoHs 132.74 134.94 156.16
CsHs 39.06 42.44 210.19
CsH7-1 121.82 125.01 233.14
CyHs-1 27.05 31.33 286.12
CsHq-11 - 263.29 324.59
CsHq-12 - 248.58 324.95
CsHq-13 146.76 154.85 324.69
CsHq-14 - 210.16 322.00
CsHq-15 - 220.33 321.90
CsHq-22 - 241.40 324.36
CsHq-23 - 242.22 325.32
CsHq-24 134.66 142.97 322.88
CsHq-25 - 210.81 320.32
CsHyo-1 13.34 18.50 361.64
CsH1o-2 3.01 8.16 360.42
CsHu-1 92.39 97.41 382.30
CsHu-2 81.21 86.40 382.26
CsHu-3 82.31 87.57 382.46
CsHi0-1+H=CsHo-11+H; — 299.04 354.70
CsHip-1+H=CsHe-12+H> — 286.43 354.02
CsHi10-1+H=CsHy-13+H; 251.27 256.84 354.77
CsHi0-1+H=CsHo-14+H; - 265.61 353.94
CsHip-1+H=CsHg-15+H, — 275.40 354.48
CsHi0-2+H=CsHg-13+H, 247.98 253.94 353.93
CsHi0-2+H=CsHo-22+H; - 277.92 353.39
CsHi10-2+H=CsHy-23+H; - 277.69 353.61
CsHip-2+H=CsHg-24+H; 240.00 245.60 353.66
CsHi10-2+H=CsHg-25+H; - 266.40 353.11
CsH1u1-1=2CsHu-2 (3MR) — 258.46 373.45
CsH11-1=2CsH11-2 (SMR)? 188.91 194.59 374.76
CsHi1-1=2CsHyi-2 (5MR)® 189.75 195.42 375.22
CsH11-1=2CsH13-3 253.76 259.68 372.48
CsH11-2=CsHy1-3¢ 253.59 259.01 374.07
CsHy1-2=CsHy;-3¢ 247.20 252.61 373.76
CoHs+C3H7-1=CsHya-1 215.66 222.41 375.74
C3He+CoHs=CsHj1-2 204.16 211.02 373.91
C4Hg-1+CH3=CsH3;:-3 210.62 217.31 372.66
CsHip-1+H=CsHi3-1 244.58 250.97 365.71
CsHip-1+H=CsHj3-2 237.17 243.46 364.92
CsHip-2+H=CsHj3-2 229.97 236.22 364.16
CsHip-2+H=CsH11-3 230.44 236.78 364.50
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Table AS4: Restricted open-shell 0 K electronic energies in hartrees for minima and transition states. ®equatorial conformer, axial

conformer, °syn conformer, %anti conformer.

ROMP2/AUG-CC-

ROMP2/AUG-CC-

ROMP2/AUG-CC-

ROCCSD(T)/AUG-CC-

ROCCSD(T)/AUG-CC-

Species PVDZ PVTZ PVQZ PVDZ PVTZ
CoHa -78.32774 -78.40438 -78.42759 -78.36788 -78.44347
CoHs -78.88563 -78.96460 -78.98775 -78.93046 -79.00790
CaHs -117.51886 -117.63382 -117.66842 -117.57656 -117.69003
CaHy-1 -118.07232 -118.18888 -118.22338 -118.13539 -118.24995
CaHg-1 -156.70624 -156.85865 -156.90450 -156.78186 -156.93228
CsHio-1 -195.89429 -196.08409 -196.14116 -195.98777 -196.17508
CsHio-2 -195.89719 -196.08754 -196.14473 -195.99043 -196.17832
CsHur-1 -196.44736 -196.63893 -196.69604 -196.54667 -196.73529
CoHi1-2 -196.45041 -196.64258 -196.69985 -196.55001 -196.73925
CsHi1-3 -196.45011 -196.64211 -196.69940 -196.54980 -196.73888
CsHo-13 -195.25796 -195.44294 -195.49914 -195.34631 -195.52916
CsHo-24 -195.26197 -195.44769 -195.50407 -195.34923 -195.53279
CHs -39.69825 -39.73876 -39.75033 -39.72425 -39.76365
H -0.99867 -0.49982 -0.49995 -0.49928 -0.49982
Hs -1.15612 -1.16500 -1.16671 -1.16467 -1.17264
CoHayCar-1=CsHup-1 -196.39367 -196.58561 -196.64251 -196.49765 -196.68634
CaHs+CoHs=CsHu1-2 -196.39749 -196.58977 -196.64675 -196.50081 -196.68987
CaHa-1+CH3=CsHy1-3 -196.39502 -196.58725 -196.64416 -196.49812 -196.68707
CsHio-1+H=CsHyi-1 -196.38635 -196.57681 -196.63398 -196.48289 -196.67074




CsHio-1+H=CsHp-2 -196.38912 -196.57979 -196.63703 -196.48496 -196.67311
CsHi0-1+H=CsHg.13+H: -196.37770 -196.56836 -196.62566 -196.47586 -196.66385
CsH10-2+H=CsHy-2 -196.39104 -196.58204 -196.63936 -196.48704 -196.67546
CsHip-2+H=CsH11-3 -196.39059 -196.58168 -196.63903 -196.48684 -196.67536
CsHio-2+H=CsHo-13+H> -196.37850 -196.56957 -196.62697 -196.47628 -196.66462
CsH10-2+H=CsHg-24+H; -196.38150 -196.57262 -196.63000 -196.47910 -196.66757
CsH11-1=2CsHu-2 (SMR)? -196.41291 -196.60418 -196.66130 -196.50757 -196.69572
CsH11-1=2CsH11-2 (BMR)P -196.41281 -196.60413 -196.66123 -196.50741 -196.69561
CsH1u1-1=CsH11-3 -196.38631 -196.57766 -196.63492 -196.48175 -196.66993
CsH11-2=CsH11-3° -196.38545 -196.57847 -196.63595 -196.48016 -196.67017
CsH11-2=CsHy1-3¢ -196.38783 -196.58081 -196.63833 -196.48243 -196.67242

Table AS5: 0 K electronic energies in hartrees for minima and transition states. a equatorial conformer, baxial conformer, csyn conformer,

d anti conformer.

Species MP2/CC-PVDZ | MP2/CC-PVQZ | MP2/CC-PVTZ | CCSD(T)/CC-PVDZ | CCSD(T)/CC-PVTZ
CoHa -78.31422 -78.42519 -78.39918 -78.35399 -78.43855
C2Hs -78.87159 -78.98464 -78.95856 -78.91544 -79.00244
CaHe -117.49906 -117.66482 -117.62574 -117.55590 -117.68220
CaHy-1 -118.05131 -118.21899 -118.17991 -118.11299 -118.24161
CuHa-1 -156.67943 -156.89966 -156.84762 -156.75372 -156.92152
CsHio-1 -195.86040 -196.13506 -196.07006 -195.95206 -196.16132
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CsHyo-2 -195.86404 -196.13875 -196.07372 -195.95548 -196.16475
CsHy-1 -196.41240 -196.68915 -196.62402 -196.50942 -196.72105
CsHy2 -196.41594 -196.69281 -196.62759 -196.51341 -196.72507
CsHu-3 -196.41541 -196.69233 -196.62715 -196.51302 -196.72476
CsHo-11 -195.17285 -195.43851 -195.37535 -195.27115 -195.47428
CsHo-12 -195.17835 -195.44473 -195.38141 -195.27616 -195.47979
CsHo-13 -195.21279 -195.47933 -195.41592 -195.31121 -195.51513
CsHo-14 -195.19785 -195.46515 -195.40154 -195.28895 -195.49293
CsHo-15 -195.19463 -195.46181 -195.39829 -195.28521 -195.48917
CsHo-22 -195.18166 -195.44761 -195.38433 -195.27910 -195.48237
CsHo-23 -195.18129 -195.44756 -195.38426 -195.27885 -195.48239
CsHg-24 -195.21653 -195.48303 -195.41960 -195.31502 -195.51890
CsHo-25 -195.19766 -195.46485 -195.40130 -195.28823 -195.49216

CHs -39.69037 -39.74864 -39.73566 -39.71578 -39.76098

H -0.49928 -0.49995 -0.49981 -0.49928 -0.49981

Hy -1.15513 -1.16655 -1.16462 -1.16346 -1.17234
CoH+CaHr-1=CeHy-1 -196.34741 -196.62627 -196.56130 -196.45713 -196.67115
CsHe+CoHs=CsHyp-2 -196.35151 -196.63009 -196.56515 -196.46103 -196.67484
CuHg-1+CHs=CsH11-3 -196.34875 -196.62765 -196.56267 -196.45791 -196.67192
CsHio-1+H=CsHys-1 -196.34257 -196.61907 -196.55376 -196.44417 -196.65576
CsHio-1+H=CsHy1-2 -196.34674 -196.62339 -196.55797 -196.44663 -196.65817
CsHi-1+H=CsHe-11+H, | -196.31533 -196.59181 -196.52650 -196.42188 -196.63331
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CeHio-1+H=CsHo-12+H, |  -196.32129 119659778 119653243 -196.42649 -196.63782
CeHio-1+H=CsHo-13+H, |  -196.33611 -196.61306 -196.54745 1196.43762 -196.64900
CeHio-1+H=CcHo-14+H, |  -196.33611 -196.61305 -196.54752 -196.43406 -196.64550
CeHio-1+H=CsHo-15+H, |  -196.33189 -196.60894 -196.54342 -196.43044 -196.64199
CsHi0-2+H=CsH11-2 -196.34840 -196.62508 -196.55970 -196.44900 -196.66067
CeHio-2+H=CeHui-3 -196.34778 -196.62466 -196.55923 -196.44867 -196.66050
CsH10-2+H=CsHo-13+H> -196.33693 -196.61335 -196.54790 -196.43889 -196.65002
CsH10-2+H=CsHo-22+H> -196.32416 -196.60082 -196.53537 -196.42929 -196.64068
CsH10-2+H=CsHo-23+H:> -196.32421 -196.60097 -196.53552 -196.42938 -196.64084
CsH10-2+H=CsHo-24+H> -196.34151 -196.61814 -196.55262 -196.44177 -196.65298
CsH10-2+H=CsHo-25+H> -196.33484 -196.61184 -196.54631 -196.43341 -196.64488
CoMii-1=CsHu-2 (BMR) | -196.34406 -196.62408 -196.55818 -196.44089 -196.65503
-196.37168 -196.64808 -196.58296 -196.46969 -196.68111

CsHu1-1=2CsHui-2 (SMR)?
-196.37125 -196.64806 -196.58289 -196.46915 -196.68091

CsH11-1=2CsH1i-2 (SMR)®
CsH11-1=2CsH11-3 -196.34373 -196.62114 -196.55581 -196.44292 -196.65511
CeHuz-2= CeHy1-3° -196.34387 -196.62386 -196.55798 -196.44098 -196.65510
CsHi1-2=CsHyy-3¢ -196.34632 -196.62629 -196.56034 -196.44333 -196.65732
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Table AS6: 0 K electronic energies in hartrees for compound methods used to construct

isodesmic reaction network.

Species CBS-QB3 CBS-APNO G3 G4
CoHa -78.41664 -78.53221 -78.50742 -78.52188
C2Hs -78.97155 -79.08864 -79.06398 -79.07909
C2Hs -79.63057 -719.74798 -79.72339 -79.73811

CsHs-11 -116.97143 -117.14475 -117.10669 -117.12912

CsHs-12 -116.97759 -117.15075 -117.11241 -117.13498

CsHs-13 -117.00951 -117.18315 -117.14490 -117.16578
CsHs -117.64623 -117.82051 -117.78219 -117.80388

CaHo-1 -118.19633 -118.37181 -118.33391 -118.35668

C3H7-2 -118.20141 -118.37676 -118.33814 -118.36138
C3Hs -118.85586 -119.03178 -118.99390 -119.01578
CaH1o -158.08156 -158.31591 -158.26482 -158.29393

CaHr-11 -156.19674 -156.42853 -156.37718 -156.40729

CsH7-12 -156.20257 -156.43432 -156.38265 -156.41278

CsH7-13 -156.23982 -156.47191 -156.41992 -156.44863

CuH-14 -156.21132 -156.44368 -156.39227 -156.42286

CiHs-1 -156.87127 -157.10402 -157.05249 -157.08132

CsHs-2 -156.87579 -157.10862 -157.05687 -157.08576

CaHo-1 -157.42207 -157.65602 -157.60488 -157.63539

CaHo-2 -157.42663 -157.66037 -157.60859 -157.63948

CsHio-1 -196.09699 -196.38824 -196.32352 -196.35951

CsHio-2 -196.10103 -196.39239 -196.32739 -196.36345

CsHii-1 -196.64779 -196.94017 -196.87582 -196.91411

CsH11-2 -196.65239 -196.94460 -196.87958 -196.91821

CsH11-3 -196.65188 -196.94404 -196.87911 -196.91761

CsHo-11 -195.42249 -195.71276 -195.64822 -195.68612

CsHo-12 -195.42851 -195.71868 -195.65377 -195.69169

CsHo-13 -195.46494 -195.75551 -195.69030 -195.72669

CsHo-14 -195.44172 -195.73257 NaN -195.70529

CsHo-15 -195.43758 -195.72850 -195.66368 -195.70157

CsHg-22 -195.43137 -195.72165 -195.65652 -195.69457

CsHo-23 -195.43104 -195.72142 -195.65621 -195.69414

CsHo-24 -195.46974 -195.76028 -195.69451 -195.73108




CsHo-25 -195.44120 -195.73215 NaN -195.70533
CHs -39.74480 -39.80368 -39.79329 -39.79995
CHy -40.41001 -40.46893 -40.45762 -40.46531

IC4H10 -158.08456 -158.31891 -158.26780 -158.29704

A.3 Comparison of Energies and Rate Constants Computed in This Work with
Literature Data

While comparing our high pressure limiting rate constants with those from the literature,
a large discrepancy for the reaction CsHi1-1 = CsHi1-3 was observed between this work and
Awan et al.. Their rate constant was a factor of ~400 times larger at 500 K. This prompted us
to re-calculate the rate constant using their ChemRate supplementary input files. Their
reported rate constant was 3.39 x 10° (T/298)88%7 exp(—9444/T), which was then corrected to
2.38 x 10° T%%’exp(—17144.8/T). By doing so, the rate constant for the reaction CsHi1-1 =
CsH11-3 is in better agreement with both this work and with the literature data, as shown
below.

Reaction barriers were also calculated using their ChemRate input files and compared to
those reported in their supplementary material. Differences were observed for two reactions,
CsHi1-1 = CsH11-2 and CsHi-1 = CsHii-3. Respective forward reaction barriers of 92.60
and 142.90 kJ mol* were obtained based on the ChemRate input files, and these are the
values compared with throughout. Corrected energy barriers at 0 K and 298 K are shown in
Table AS7.

Table AS7: Corrected Energy Barriers at 0 K and 298 K from Awan et al. [1]
Supplementary Material

Best-fit A priori
Reaction Ease® | Exs® | ChemRate | Eg? Eo Eaos® | Eoos” Eo® Eo®
CsHi1-1 = CsHy-2 | 105.00 | 92.60 92.60 108.00 | 94.60 | 105.30 | 94.48 | 108.60 | 96.80
CsH11-2 = CsHys-1 | 117.40 121.40 116.12 120.40
CsHi-1 = CsHyi-3 | 155.60 | 142.90 142.90 157.80 | 144.50 | 170.00 | 160.40 | 172.20 | 161.00
CsH11-3 = CsHys-1 | 168.30 171.10 179.60 183.40

3\Values reported in supplementary material °Corrected values *Units kJ mol ™
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Table AS8: Differences Between Literature O K Reaction Barriers to Those Calculated

in This Study

Reaction Reaction | [a] [b] [c] [d] [e]
CsHi1-2 = CsHyo-2 + H R13 |-955| -765| - - -
CsHii-1 = CoHs + n-C3Hy R15 -2.16 | -7.76 - 7.70 -
CsH11-2 = CsHg + CoHs R16 -3.14 | -5.24 - 4.25 -
CsHi1-3 = C4Hs-1 + CH3 R17 -531| 411 - - -
CsHu-1 = CsHyp-2 R18 029 | -191| 199 |-1659|-3.21
CsHi1-2 2 CsH1-3 R19 |-0.36|-16.86| 1.74|-1536| -
CsHi1-2 = CsHy-3 R20 - - -0.19 - —

Units: (kJ mol™) [a] Awan “a priori”’[1], [b] Awan “best fit model” [1], [c] Hayes et al.
G3MP2B3 [4], [d] Jitariu (PUMP-SAC2/6-311G**) [5], [e] Sirjean CBS-QB3 [6].

Differences in 0 K reaction barriers between this study and other literature sources are
shown in Table AS8, with differences defined as A'Hok Literature — A'Hok Thiswork, and the lowest
energy barrier calculated in this work is employed. Hayes et al. [4] calculated the reaction
barriers for H-atom transfer reactions in alkyl, allylic and oxoallylic radicals using the
G3MP2B3 composite method. Their [4] G3MP2B3 barriers are in very good agreement with
those calculated in this work, with a mean absolute error and 2¢ variation of 1.31 + 1.59 kJ
mol~! computed, with the reaction barrier of (R18) showing the largest difference of +1.99 kJ
mol. The corresponding barrier computed by Sirjean et al. [6] at the CBS-QB3 level of
theory is 3.21 kJ mol™* lower than this work, although it is known that CBS-QB3 tends to
under-predict barrier heights [7-8]. The largest discrepancies between this work and literature
are found when we compare the results of Jitariu et al. [5], with deviations of 9.82 + 9.07 kJ
mol are observed. Overall the agreement with Hayes and Sirjean is quite reasonable, and
some of the Jitariu results appear to be outliers. What is surprising are the deviations between
the Awan and Hayes results, since G3MP2B3 was used in both studies.

Figure AS2 compares high-pressure limiting rate constants, bearing in mind these
variations in the computed barriers, although differences in computed ro-vibrational
properties also influence these comparisons. Differences will be summarised based on an
absolute percentage error (¢), where € is the mean absolute percentage error and emax =
maximum absolute percentage error (%). We have compared our computed high-pressure
limiting rate constants with eight studies in the literature; Awan [1], Comandini [2], Jitariu
[5], Davis [9], Sirjean [6], Miyoshi [10], Yamauchi [11], and Yu [12].
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Figure AS2. Ratio of the literature [1-2, 5-6, 9-10, 13] rate constants to those computed in
this work as a function of temperature.

In terms of general trends, the rate constants in the present work appear to be consistently
lower than the literature data, particularly at low temperatures, where differences in computed
energies, tunnelling corrections, and torsional barriers tend to be most important. At
temperatures above 1000 K, where most of the available combustion relevant data are, high-
pressure limiting rate constants tend to agree to within a factor of two or less.

Awan and Comandini’s [1-2], reported high-pressure limit rate constants are fitted from
400-1900 K but as stated, their rate constants have been reported so as to allow for accurate
reproduction of their model results. They estimate that the uncertainty in the absolute rate
constants is about a factor of two at 100 K at the 90% confidence interval. For R13, R15,
R16, R17 and R18, our calculated rate constants at 1000 K are within a factor ~2 of those
reported by Awan and Comandini.
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For R19, Awan et al. [1] are a factor of ~6 faster at 1000 K. Their OK best fit reaction
barrier for this reaction, corrected in this work as described in Section 2, is 144.5 kJ mol™,
16.86 kJ mol™* lower than our computed reaction barrier. At 1000 K, a barrier difference of
16.86 kJ mol justifies this difference. Although, G3MP2B3 was used by both Awan and
Hayes, Hayes’[4] barrier for this reaction is in excellent agreement with this work. Our rate
constant for this reaction shows excellent agreement with Davis et al. [9] over the
temperature range 500-2000. The largest discrepancy observed between Matheu et al. [13]
and this work for R19 is approximately a factor of three at 1000 K.

This study also shows excellent agreement with Jitariu et al. [5] for R15 and R16 over the
temperature range 500-2000 K. However, there is quite a discrepancy across different
literature sources and this work for R18. The rate constants in this study are in good
agreement with those from Sirjean et al. [6] in the temperature range 500-2000 K with results
being within a factor ~2. For Miyoshi et al. and Yamauchi et al. [10-11], our rate constants
are within a factor ~3 above 700 K. Figure AS3 illustrates experimental rate constants by
Miyoshi with theoretically derived rate constants from this work. It can be observed by the
dashed lines that a 1.5 kcal mol™ reduction in all three barriers for the reaction CsHii-1 =
CsH11-2 bring the results to closer agreement. Agreement with Yu et al. [12] for R18 is within
a factor ~3 above 700 K. At lower temperature, differences are larger, and reasons accounting

for these differences are discussed within the main text.
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Figure AS3. Experimental rate constants (symbols) from Miyoshi et al. [10] for the
isomerisation of CsH11-1 = CsHi1-2 with theoretically-derived rate constants from this work
(lines). Solid lines represent unmodified RRKM/ME results, dashed lines represent the result
of a 1.5 kcal mol™? reduction in all three barriers for the reaction CsHi1-1 = CsHi1-2, and
dotted lines represent the result of a 0.5 kcal mol? reduction in these barriers with a
corresponding 10% increase in the imaginary frequencies. Lennard-Jones parameters of 7.098
cm™ and 2.576 A were used for the He bath gas, with energy transfer parameters the same as
used for Ar (see main text).
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Figure AS4. Comparison of absolute high-pressure limiting rate constants (left) and ratios of
rate constants for the reaction CsHi1-1 = CsH11-2 from Yu et al. [12] (solid) and this work
(dashed).
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A.4 Thermochemical Data

Isodesmic Reactions

CsHio-2
(1) CsHqo-2 + CH.4 = CoHs + CsH1o AH
AH -5.17 —66.56 60.91 -98.65 33.99
+ 0.91 0.06 0.12 0.26 0.86
(2) CsHio-2 + CH4 = CsHs + CsHs AH
AH —4.85 —66.56 34.98 -82.74 23.63
+ 0.46 0.06 0.21 0.19 0.37
(3) CsHyo-2 + CH.4 = CsHs-2 + CoHe AH
AH -5.04 —66.56 9.24 -68.33 12.51
+ 0.61 0.06 0.41 0.13 0.43
(4) CsHio-2 + CzoHe = CsHs + CsHio AH
AH -5.37 —68.33 34.98 -98.65 10.03
+ 0.55 0.13 0.21 0.26 0.42
(5) CsHio-2 + CyHs = CsHs-2 + CsHsg AH
AH -5.14 —68.33 9.24 -82.74 -0.04
+ 0.49 0.13 0.41 0.19 0.16
AfHok = -5.07 + 0.29 kJ mol*
CsHui-1
(1) CsHqi-1 + CH.4 = CsHo-1 + CoHe AH
AH 86.73 —66.56 102.52 —68.33 14.02
+ 1.92 0.06 0.72 0.13 1.78
(2) CsHii-1 + CoHs = CsHo-1 + CsHg AH
AH 86.63 -68.33 102.52 -82.74 1.47
+ 1.65 0.13 0.72 0.19 1.47
(3) CsHqi-1 + CsHs = CsHo-1 + CsH1o AH
AH 86.21 -82.74 102.52 -98.65 041
+ 1.49 0.19 0.72 0.26 1.26
(4) CsHii-1 + CoH4 = CsHo-1 + CsHg AH
AH 86.53 60.91 102.52 34.98 -9.94
+ 1.81 0.12 0.72 0.21 1.64
(5) CsHii-1 + CsHs = CsHo-1 + CsHs-1 AH
AH 86.28 34.98 102.52 20.86 2.12
+ 1.68 0.21 0.72 0.38 1.45

AiHok = 86.45 + 0.76 kJ mol!
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CsHu-2

(1) CsH11-2 + CH4 = CsHo-2 + CoHs AH
AH 74.27 —66.56 90.19 -68.33 14.14
+ 1.94 0.06 0.98 0.13 1.66
(2) CsHq1-2 + CoHe = CsHq-2 + CsHs AH
AH 74.17 -68.33 90.19 -82.74 1.60
+ 1.68 0.13 0.98 0.19 1.35
(3) CsH11-2 + CsHs = C4Hq-2 + CsH1o AH
AH 73.75 -82.74 90.19 —98.65 0.54
+ 1.55 0.19 0.98 0.26 1.15
(4) CsHq1-2 + CoHa4 = CsHq-2 + CsHe AH
AH 74.07 60.91 90.19 34.98 -9.81
+ 1.82 0.12 0.98 0.21 1.52
5) CsH11-2 + CsHg = C4Hg-2 + CsHs-1 AH
AH 73.82 34.98 90.19 20.86 2.25
+ 1.71 0.21 0.98 0.38 1.34
AfHok = 73.99 + 0.77 kJ mol!
CsH11-3
(1) CsH11-3 + CH.4 = CsHo-2 + CoHe AH
AH 75.68 —66.56 90.19 —68.33 12.73
+ 1.78 0.06 0.98 0.13 1.48
(2) CsH11-3 + CyHs = CsHo-2 + CsHg AH
AH 75.58 —68.33 90.19 -82.74 0.19
+ 1.54 0.13 0.98 0.19 1.17
(3) CsH11-3 + CsHs = C4Hq-2 + CsH1o AH
AH 75.16 -82.74 90.19 -98.65 -0.87
+ 1.40 0.19 0.98 0.26 0.95
(4) CsH11-3 + CoH4 = CsHq-2 + CsHg AH
AH 75.49 60.91 90.19 34.98 -11.23
+ 1.73 0.12 0.98 0.21 1.40
(5) CsH11-3 + CsHs = CsHo-2 + CsHs-1 AH
AH 75.236 34.98 90.19 20.86 0.84
+ 1.56 0.21 0.98 0.38 1.14

AfHok = 75.40 £ 0.71 kJ mol*
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(1) CsHol-1 + CH.4 = CsH71-1 + CoHe AH
AH 247.3 —66.56 263.30 -68.33 14.23
+ 2.08 0.06 0.90 0.13 1.87
(2) CsHol-1 + CoHs = C4H71-1 + CsHs AH
AH 247.19 —68.33 263.30 -82.74 1.69
+ 1.82 0.13 0.90 0.19 1.56
(3) CsHol-1 + CoHs = C4H/1-1 + CsHs-1 AH
AH 247.25 301.14 263.30 277.99 -7.10
+ 1.45 0.34 0.90 0.79 0.75
(4) CsHol-1 + CoH4 = CsH71-1 + CsHs AH
AH 248.00 60.91 263.30 34.98 -9.73
+ 1.75 0.12 0.90 0.21 1.73
(5) CsHol-1 =+ CsHs = CHL1l +  CiHel AH
AH 248.02 34.98 263.30 20.86 2.34
+ 1.56 0.21 0.90 0.38 1.53
AfHok = 247.50 + 0.76 kJ mol
CsHql-2
(1) CsHql-2 + CH,4 = C4H71-2 + CoHs AH
AH 232.07 —66.56 248.39 -68.33 14.55
+ 1.99 0.06 0.94 0.13 1.75
(2) CsHgl-2 + CoHg = CsH71-2 + CsHs AH
AH 231.96 —68.33 248.39 -82.74 2.01
+ 1.73 0.13 0.94 0.19 1.44
(3) CsHql-2 + CoHs = C4H71-2 + CsHs-1 AH
AH 232.02 301.14 248.39 277.99 -6.78
+ 1.44 0.34 0.94 0.79 0.68
(4) CsHgl-2 + CoH4 = CsH71-2 + CsHg AH
AH 231.87 60.91 248.39 34.98 -9.41
+ 1.88 0.12 0.94 0.21 1.61
(5) CsHol-2 + CsHs = CsH/1-2 + CsHs-1 AH
AH 231.89 34.98 248.39 20.86 2.66
+ 1.73 0.21 0.94 0.38 1.43

AHok = 231.91 = 0.77 kJ mol
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CsHol-3

(1) CsHo1-3 + CH4 = C4H71-3 + CoHs AH
AH 142.97 —66.56 152.21 -68.33 12.47
+ 1.77 0.06 0.82 0.13 1.56
(2) CsHol1-3 + CoHe = CsH71-3 + CsHs AH
AH 142.86 —68.33 152.21 -82.74 -0.07
+ 151 0.13 0.82 0.19 1.25
3 CsHo1-3 + CoH. = C4H71-3 + CsHs AH
AH 142.77 60.91 152.21 34.98 -11.49
+ 1.67 0.12 0.82 0.21 1.43
(4) CsHol1-3 + CsHg = CsH71-3 + CsHs-1 AH
AH 142.79 34.98 152.21 20.86 0.58
+ 1.50 0.21 0.82 0.38 1.23
AfHok = 137.77 + 0.81 kJ mol
CsHol-4
(1) CsHq1-4 + CH, = C4H1-4 + CoHs AH
AH 195.24 —66.56 222.68 —68.33 25.66
+ 0.95 0.06 0.78 0.13 0.52
(2) CsHol-4 + CoHs = CsH71-4 + CsHs AH
AH 195.17 —68.33 222.68 -82.74 13.09
+ 1.18 0.13 0.78 0.19 0.86
(3) CsHq1-4 + CoH4 = C4H71-4 + CsHs AH
AH 195.15 60.91 222.68 34.98 1.60
+ 0.82 0.12 0.78 0.21 0.83
(4) CsHqol-4 + CsHg = CsH/1-4 + CsHg-1 AH
AH 194.79 34.98 222.68 20.86 13.77
+ 0.89 0.21 0.78 0.38 0.93

AsHok = 195.08 = 0.47 kJ mol
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CsHol-5

(1) CsHol-5 + CH.4 = CsHs-1 + CoHs AH
AH 204.96 —66.56 20.86 130.94 13.67
+ 3.85 0.06 0.38 0.28 3.83
(2) CsHol-5 + CH4 = CsHs + CsH7-1 AH
AH 205.60 —66.56 34.98 118.27 14.21
+ 2.81 0.06 0.21 0.60 2.74
(3) CsHol-5 + CoHg = CsHs-1 + CsH:-1 AH
AH 205.43 —68.33 20.86 118.27 2.31
+ 2.49 0.13 0.38 0.60 2.40
()] CsHe1-5 + CoHs = CsHs + CsHo-1 AH
AH 205.71 —68.33 34.98 102.52 0.12
t 1.35 0.13 0.21 0.72 111
(5) CsHol1-5 + CsHs = CsHs-1 + CsHg-1 AH
AH 205.64 -82.75 20.86 102.52 0.77
+ 1.33 0.18 0.38 0.72 1.08
AfHok = 205.46 + 0.83 kJ mol™?
CsHg2-1
(1) CsHg2-1 + CH.4 = CsHs-13 + CsHs AH
AH 137.98 —66.56 179.54 -82.74 25.37
+ 2.58 0.06 0.55 0.19 2.52
(2) CsHg2-1 + CoHs = CsHs-13 + CsH1o AH
AH 137.46 —68.33 179.54 -98.65 11.76
+ 2.17 0.13 0.55 0.26 2.08
(3) CsHg2-1 + CoH4 = CsHs-13 + CsHg-1 AH
AH 137.43 60.91 179.54 20.86 2.06
+ 2.36 0.12 0.55 0.38 2.26
(4) CsHq2-1 + CsHs = C3Hs-13 + CsHio-1 AH
AH 137.61 34.98 179.54 5.29 12.24
+ 2.34 0.21 0.55 0.25 2.25

AsHox = 137.60 = 1.18 kJ mol
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CsHg2-2

(1) CsHg-22 + CH4 = CsHs1-2 + CsHs AH
AH 225.00 —66.56 262.81 -82.74 21.61
+ 2.84 0.06 0.78 0.19 2.72
(2) CsHgo-22 + CoHe = CsHs1-2 + CsH1o AH
AH 224.48 —68.33 262.81 -98.65 8.01
+ 2.39 0.13 0.78 0.26 2.24
3 CsHe-22 + CoH. = CsHs1-2 + C4Hs-1 AH
AH 224.46 60.91 262.81 20.86 -1.70
+ 2.58 0.12 0.78 0.38 2.43
(4) CsHgo-22 + CsHg = CsHs1-2 + CsHyo-1 AH
AH 224.63 34.98 262.81 5.29 8.49
+ 2.48 0.21 0.78 0.25 2.33
AfHok = 224.62 + 1.28 kJ mol
CsHg2-3
(1) CsHg2-3 + CH,4 = CsHs-1 + CsHs AH
AH 225.54 —66.56 280.00 -82.74 38.27
+ 2.91 0.06 0.81 0.19 2.79
(2) CsHg2-3 + CoHe = CsHs-1 + CsHio AH
AH 225.02 —68.33 280.00 -98.65 24.66
+ 2.53 0.13 0.81 0.26 2.38
(3) CsHg2-3 + CoH4 = CsHs-1 + CsHs-1 AH
AH 224.99 60.91 280.00 20.86 14.96
+ 2.65 0.12 0.81 0.38 2.49
(4) CsHg2-3 + CsHs = CsHs-1 + CsHio-1 AH
AH 225.17 34.98 280.00 5.29 25.14
+ 2.69 0.21 0.81 0.25 2.54

AfHok = 225.18 + 1.33 kJ mol™
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CsHo2-4

(1) CsHgq2-4 + CH.4 = CsH71-3 + CoHe AH
AH 126.04 —66.56 152.21 -68.33 24.40
+ 1.77 0.06 0.82 0.13 1.56
(2 CsHg2-4 + CoHs = C4H71-3 + CsHs AH
AH 125.95 —68.33 152.21 -82.74 11.85
+ 1.61 0.13 0.82 0.19 1.37
(3) CsHq2-4 + CoHa4 = CsH71-3 + CsHe AH
AH 125.84 60.91 152.21 34.98 0.44
+ 1.53 0.12 0.82 0.21 1.27
(4) CsHq2-4 + CsHe¢ = CsH71-3 + CsHs-1 AH
AH 125.59 34.98 152.21 20.86 12.50
+ 1.74 0.21 0.82 0.38 1.47
AfHok = 125.86 + 0.83 kJ mol™*
CsHs2-5
(1) CsHq2-5 + CH.4 = CsHe + CsH7-1 AH
AH 195.74 —66.56 34.98 118.27 24.06
+ 3.44 0.06 0.21 0.60 3.38
(2) CsHg2-5 + CH,4 = CsHs-1 + CoHs AH
AH 194.68 —66.56 20.86 13.94 23.68
+ 4.55 0.06 0.38 0.28 4.52
(3) CsHq2-5 + CoHg = CsHe + CsHg-1 AH
AH 195.99 -68.33 34.98 102.52 9.84
+ 1.75 0.13 0.21 0.72 1.58
(4) CsHq2-5 + CoHs = CsHs-1 + CsH7-1 AH
AH 195.28 -68.33 20.86 118.27 12.18
+ 3.06 0.13 0.38 0.60 2.98

AfHok = 195.72 + 1.32 kJ mol
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C4H71-1

(1) CsH71-1 + CH.4 = CsHs1-1 + CoHs AH
AH 263.35 —66.56 277.98 —68.33 12.86
+ 1.84 0.06 1.12 0.13 1.46
(2) CsH:1-1 + CH, = CoHs + CsHs AH
AH 263.31 —66.56 301.14 -82.74 21.64
+ 2.83 0.06 0.34 0.19 2.80
(3) CsH/1-1 + CoHe = CsHs1-1 + CsHs AH
AH 263.26 —68.33 277.98 -82.74 0.31
+ 1.62 0.13 1.12 0.19 1.14
(4) CsH;1-1 + CoHs3 = CsHs-1 + CsHs-1 AH
AH 263.30 301.14 277.98 277.98 -8.47
+ 1.53 0.34 1.12 1.12 0.58
AfHok = 263.30 + 0.94 kJ mol™
C4H71-2
(1) C4H71-2 + CH,4 = C3Hs1-2 + CzHs AH
AH 248.54 —66.56 262.40 -68.33 12.09
+ 1.72 0.06 1.20 0.13 1.23
2 C4H71-2 + CHa, = CoHs + CsHs AH
AH 248.49 —66.56 301.14 -82.74 36.46
+ 2.57 0.06 0.34 0.19 2.54
(3) C4H71-2 + CoHs = CoH3 + CsH1o AH
AH 247.96 —68.33 301.14 -98.65 22.86
+ 2.20 0.13 0.34 0.26 2.16
(4) CsH71-2 + CzoHe = CsHs1-2 + CsHs AH
AH 248..44 -68.33 262.40 -82.74 -0.45
+ 1.53 0.13 1.20 0.19 0.91

AiHok = 248.39 + 0.94 kJ mol™?
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C4H71-3

(1) C4H71-3 + CH4 = CsHs1-3 + CzHs AH
AH 152.39 —66.56 179.60 —68.33 25.44
+ 1.59 0.06 0.50 0.13 1.50
(2) CsH;1-3 + CH.4 = CoHs + CsH:-1 AH
AH 150.38 —66.56 60.91 118.27 95.35
+ 3.22 0.06 0.12 0.60 3.16
3 C4H71-3 + CaHs = C3Hs1-3 + CsHs AH
AH 152.29 —68.33 179.60 -82.74 12.90
+ 1.40 0.13 0.50 0.19 1.29
(4) CsH;1-3 + CoHs3 = CsHs1-3 + CsHs1-1 AH
AH 152.34 301.14 179.60 277.99 411
+ 1.41 0.34 0.50 0.79 1.00
AfHok = 152.21 + 0.82 kJ mol
CsH71-4
(1) CsH;1-4 + CH,4 = CsHeg + CoHs AH
AH 222.02 —66.56 34.98 130.94 10.46
+ 3.74 0.06 0.21 0.28 3.73
(2) CyqH71-4 + CH4 = CoHa4 + CsH7-1 AH
AH 222.68 —66.56 60.91 118.27 23.06
+ 2.63 0.06 0.12 0.60 2.56
3) CsH71-4 + CoHs = CsHs + CsH7-1 AH
AH 222.48 —68.33 34.98 118.27 -0.90
+ 2.40 0.13 0.21 0.60 2.31
(4) CsH;1-4 + CoHg = CoHa4 + CsHg-1 AH
AH 222.79 -68.33 60.91 102.52 8.97
+ 1.24 0.13 0.12 0.72 1.00
(5) CsH/1-4 + CsHsg = CsHs + CsHo-1 AH
AH 222.69 -82.74 34.98 102.52 -2.40
+ 1.27 0.19 0.21 0.72 1.00

AHok = 222.68 + 0.78 kJ mol*

A.5 Comparison Entropies and Heat Capacities from This Work and Literature Data

For the common species presented in the main text, the mean absolute errors (MAES)

between the rotational constants for each rotor calculated in this work, and by Awan et al. [1],
are on the order of 0.1 + 0.24 cm™, which leads to MAEs of 0.2 = 0.5 J KX mol* in the

computed entropies averaged over all rotors. The differences in the computed entropies can

therefore not be rationalised by differences in the computed rotational constants, which are

generally in good agreement. The treatment of the potential energy appears more sensitive

however, and we find that the symmetric n-fold potential treatment of the potential energy
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employed by Awan et al. [1] leads to a systematic underprediction of the entropies of each
rotor, and hence, each species. In the following paragraphs, the differences refer to those
derived from test calculations where the rotational constant employed by Awan et al. is
adopted for each rotor, and the differences in the entropy are entirely due to differences in the
treatment of potential energy as a function of angle, with a negative difference implying an
underprediction of the Awan et al. [1] entropy relative to ours.

In the case of the 1-pentyl radical, differences in entropy arising from different
treatments of the potential energy amount to approximately —0.1 (CH,—CH2CH2CH2CHj3), —
2.5 (CH2CH—CH2CH2CHs), —2.4 (CH2CH2CH2—CH,CHs) and —1.2 (CH2CH2CH2CH2-CHj)
J Kt mol. One would therefore expect the Awan et al. entropy for 1-pentyl to underestimate
ours by -6 J K* mol but this difference is reduced to —3.4 J K'* mol? due to their
subsequent over-prediction of the vibrational entropy relative to us by approximately +2.5 J
K1mol?,

For the 2-pentyl radical, no such difference in the vibrational entropy is observed, and the
differences between the Awan et al. [1] computed entropies and our calculations of —0.8
(CH3~CHCH2CH,CHj3), 0.6 (CH3CH-CH2CH2CH3), —2.2 (CH3CHCH>-CH,CH3) and 1.2
(CH3CHCH,CH,-CHs) J K mol™ account almost entirely for the —4.8 J KX mol* reduction
in their entropy values relative to ours.

For the 3-pentyl radical, the differences in the rotor contributions to the entropy are —1.3
(CH3—CH2CHCH,CHj3), 0.4 (CH3CH2—CHCH2CHj3), —0.4 (CH3CH,CH-CH,CHjs), and —1.3
(CH3CH2CHCH,-CHs) J K"t mol ™, leading to a combined difference of —3.3 J K- mol?, but
this difference accounts for less than half of the total observed difference of -8.6 J K mol .
Further tests prove that their vibrational and external rotational entropies are effectively the
same as ours (within < 0.5 J K-t mol?), and we can only account for the remaining 5.3 J K!
mol difference in entropies by applying an external symmetry correction of RxIn(2) (-5.8 J
mol K1) for 3-pentyl — a correction which we do not apply in our work, but one which
would explain entirely the remaining differences between our calculations and those by Awan
et al.

The differences in our results versus Burcat’s [14] can be explained with a similar
rationale to the above, given the similarity of their approach to that of Awan et al. For 1-
pentyl and 2-pentyl radicals we note that Burcat treated only 3 of the 4 internal rotations,
which likely leads to the their further under-prediction of the entropy relative to our values
and those from Awan et al. For 2-penten-5-yl radical (CsHg2-5), Burcat’s under-prediction of

the entropy relative to our calculation is consistent with the trends described above, whereby
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a Pitzer-Gwinn-like treatment [15] tends to under-predict the entropy contribution of internal
rotations, in particular, asymmetric rotors such as the ethyl rotors common to all Cs species in
this work. For the 2-penten-1-yl radical (CsHe2-1), our under-prediction of the entropy
relative to Burcat [14] is likely due to the fact that we do not treat the allylic CHz—
CH=CHCH>CHz moiety as a hindered rotor, whereas Burcat does.

In the clearly outlying case of E-2-pentene, we have re-computed the thermochemistry
using the rotational constants, vibrational frequencies, internal rotation properties, etc.,
provided by Burcat and we arrive at a result of =346 J K mol which is in excellent
agreement with this work and Awan et al, thus implying that their reported value of =370 J
K1 mol™* may be due to an error in their polynomial fitting, rather than their fundamental

statistical thermodynamics calculations.
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A.6 Comparison of Gibbs Free Energies and Boltzmann Factors computed in This work

with Literature Data
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Figure AS5. Gibbs Free Energies computed in this work for the pentyl radicals minus those
of Awan et al. (AAG, left y-axis) and corresponding Boltzmann functions (right y-axis,

dashed lines).
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Figure AS6. Tunnelling-less pre-exponential factors computed versus temperature for (a)

isomerisation and (b) R-scission reactions with corresponding results from Wang et al. [16]
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A.7 Kinetic Modelling of H-ARAS Experiments
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Figure AS8. Effect of the inclusion the recommended rate constants of Tsang [17] for 1-

pentene unimolecular decomposition on the predictions of H-atom time profiles measured for

1-pentene/CzHsI/Ar mixtures.
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Figure AS9. Model predictions of measured hydrogen atom profiles [11]. Solid black line are
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model from this work with the temperature- and pressure-dependent rate constants from
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Appendix B

Supplementary Material: A Theoretical Study of the Reaction of Hydrogen Atoms with
Three Pentene Isomers; 2-Methyl-1-Butene, 2-Methyl-2-Butene, and 3-Methyl-1-Butene.

Table BS1: Glossary of Cs species considered in this work, including IJUPAC name.

Name in mechanism Structure IUPAC
aCsHio )\/ 2-methyl-1-butene
bCsHio 2-methyl-2-butene

\
cCsHio /\ / 3-methyl-1-butene
aCsH11 /\ e ' 2-methyl-1-butanyl
bCsH11 /\ yd 2-methyl-2-butanyl
cCsHu /ﬁ/ 3-methyl-2-butanyl
dCsHu1 /\|/ 3-methyl-1-butanyl
aCsHg-al 2-methyl-1-buten-1-yl
aCsHg-a2 \ 2-methylene-but-1-yl

226




aCsHo-c

2-methyl-2-buten-1-yl

aCsHo-d

3-methyl-3-buten-1-yl

bCsHe-c

3-methyl-2-buten-2-yl

cCsHo-a

2-methyl-3-buten-1-yl

cCsHo-b

3-methyl-2-buten-1-yl

cCsHo-C

3-methyl-1-buten-2-yl

cCsHo-d

3-methyl-1-buten-1-yl

Table BS2. Heat capacity comparisons of Cs species with literature data.

Cp
Species Study 298 300 400 500 600 800 1000 1500
aCsHuo This Work 105.97 106.47 133.66 159.29 181.94 216.73 24331 285.03
NIST 109.96
Leon 105.64 138.22 161.17 182.02 200.92 233.36 259.46 302.84
Burcat 103.27 129.83 156.01 179.71 21651 244.44 285.43
AramcoMech 3.0 108.65 137.54 162.74 184.66 220.12 246.58 286.98
Cheng 108.65 13754 162.74 184.66 220.12 24658 286.98
Westbrook 108.70 137.66 162.81 184.64 220.00 246.62 286.98
bCsHio This Work 102.59 103.05 128,57 153.73 176.57 212.44 240.03 283.38
NIST
Leon 105.02 132.94 157.27 179.30 199.16 233.00 259.86 302.98
Burcat 104.08 128.22 152.72 175.38 211.48 239.32 281.67
AramcoMech 3.0 110.37 138.06 162.54 184.08 219.41 246.09 286.72
Cheng 110.37 138.06 16254 184.08 219.41 246.09 286.72
Westbrook 110.42 138.18 162.61 184.06 219.30 246.13 286.72
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cCsHio This Work 108.16 108.67 136.18 161.76 184.14 218.18 244.29 285.44

NIST 115.00

Leon 105.62 137.16 160.31 181.34 200.38 233.04 259.28 302.69

Burcat 105.64 131.39 156.59 179.27 21431 241.28 282.02

AramcoMech 3.0 109.00 138.48 164.05 186.16 221.69 248.06 288.34

Cheng 109.00 138.48 164.05 186.16 221.69 248.06 288.34

Westbrook 109.06 138.62 164.13 186.13 22155 248.11 288.34
aCsHyy This Work 116.11 116.66 145.85 172.86 196.41 232.21 259.64 302.97

NIST

Leon 113.80 14761 172.38 194.86 215.21 250.08 278.04 324.14

Burcat

AramcoMech 3.0 117.57 148.86 175.68 198.63 235.14 262.18 304.58

Cheng 117.33 148.61 175.52 198.62 23557 262.92 305.26

Westbrook 117.65 149.04 175.77 198.59 234,97 262.23 304.58
bCsHi; This Work 107.96 108.43 135.03 162.10 186.82 224.88 254.38 300.42

NIST

Leon 113.62 1413 167.4 191.03 212.34 248.65 277.49 323.84

Burcat 110.62 139.80 167.25 191.45 228.56 257.01 300.36

AramcoMech 3.0 115.29 143.34 168.65 191.32 229.29 258.46 302.67

Cheng 110.03 138.78 164.73 187.98 226.91 256.74 301.76

Westbrook 115.34 143.44 168.70 191.30 229.20 258.49 302.67
cCsHyy This Work 113.79 114.29 142.00 168.71 192.50 229.00 257.30 301.75

NIST

Leon 114.30 144.03 169.58 192.74 213.65 249.35 277.81 323.97

Burcat

AramcoMech 3.0 114.65 144.17 204.80 218.44 242.73 263.39 301.68

Cheng 113.84 144.01 170.53 193.75 23153 259.78 302.60

Westbrook 114.69 144.27 170.24 193.00 230.25 258.50 301.68
dCsHy This Work 118.13 118.67 147.63 174.59 198.10 23358 260.78 303.66

NIST

Leon 114.00 148.18 172.84 195.24 21551 250.26 278.16 32421

Burcat 12158 151.75 178.75 201.79 236.25 262.67 303.36

AramcoMech 3.0 117.57 148.86 175.68 198.63 235.14 262.18 304.58

Cheng 117.36 148.61 175.52 198.65 23557 262.92 305.26

Westhrook 117.65 149.04 175.77 198.59 234.97 262.23 304.58
aCsHg-al | This Work 107.21 107.65 131.48 153.81 173.60 204,51 228.23 2665.86

NIST

Leon

Burcat

AramcoMech 3.0

Cheng

Westbrook 111.11 137.42 159.98 179.36 210.48 233.89 269.73
aCsHe-a2 | This Work 103.01 103.54 130.94 155.72 176.91 208.36 232.27 269.75

NIST

Leon 104.07 140.25 159.91 177.84 194.13 222.24 245.06 283.83

Burcat

AramcoMech 3.0 104.99 133.24 157.61 178.56 21181 235.97 271.63

Cheng 104.99 133.24 157.61 178.56 211.81 235.97 271.63

Westbrook 105.03 133.34 157.67 178.54 21171 236.01 271.63
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aCsHq-c This Work 100.41 100.90 127.13 151.60 173.02 205.55 230.26 268.84
NIST
Leon 105.98 135.84 156.61 175.47 192.55 221.79 245.24 283.88
Burcat
AramcoMech 3.0 102.19 129.92 154.04 174.95 208.56 233.42 270.88
Cheng 102.19 129.92 154.04 174.95 208.56 233.42 270.88
Westbrook 105.58 133.12 156.94 177.52 210.73 235.61 272.25
aCsHq-d This Work 105.99 106.45 130.93 153.80 173.88 204.69 228.38 265.82
NIST
Leon 106.04 137.12 157.49 176.02 192.82 221.67 244.92 283.66
Burcat
AramcoMech 3.0 103.92 130.58 153.76 173.86 206.26 230.39 267.36
Cheng 103.92 130.58 153.76 173.86 206.26 230.39 267.36
Westbrook 107.59 134.10 156.81 176.27 207.33 230.49 266.04
bCsHg-c This Work 104.37 104.77 127.05 149.01 169.10 201.20 225.90 264.78
NIST
Leon
Burcat
AramcoMech 3.0
Cheng
Westbrook
cCsHg-a This Work 109.36 109.81 133.98 156.68 176.54 206.52 229.76 266.27
NIST
Leon 105.79 135.79 156.41 175.15 192.12 221.24 244.65 283.47
Burcat 108.45 108.99 137.37 162.49 183.69 214.73 237.30 270.06
AramcoMech 3.0 104.15 131.49 155.09 175.41 207.88 231.90 268.65
Cheng 104.15 131.49 155.09 17541 207.88 231.90 268.65
Westhrook 104.21 131.64 155.17 175.38 207.74 231.94 268.65
cCsHg-b This Work 100.39 100.87 126.59 150.89 172.37 205.21 230.05 268.80
NIST
Leon 105.56 133.77 154.96 174.17 191.54 221.23 244.97 283.73
Burcat 106.54 107.05 134.74 159.69 181.08 212.94 236.15 270.10
AramcoMech 3.0 104.15 131.49 155.09 175.41 207.88 231.90 268.65
Cheng 101.02 128.58 152.71 173.78 207.92 233.36 27151
Westbrook 101.05 128.97 153.25 174.34 208.41 233.80 270.67
cCsHg-C This Work 106.57 107.04 132.27 155.54 175.80 206.46 229.93 266.82
NIST
Leon
Burcat
AramcoMech 3.0
Cheng
Westbrook
cCsHq-d This Work 107.52 108.01 133.68 156.93 176.97 207.35 230.55 267.15
NIST
Leon
Burcat 105.82 106.34 134.18 159.35 180.92 212.88 236.21 270.23
AramcoMech 3.0
Cheng
Westbrook

Units: heat capacities (J KX mol).
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Figure BS1. Rate constant comparison between methods adopted in the current work and

Miller and Klippenstein for the reaction H + C2Ha,

Table BS3: 0 K electronic energies in hartrees for compound methods used to construct

isodesmic reaction networks.

Species CBS-0QB3 CBS-APNO G3 G4
aCsHio -196.10273 -196.39397 -196.32904 -196.36516
bCsHio -196.10515 -196.39646 -196.33123 -196.36746
cCsHuo -196.09983 -196.39100 -196.32636 -196.36251
aCsHu -196.64951 -196.94191 -196.87749 -196.91578
bCsHu1 -196.65758 -196.94995 -196.88454 -196.92329
cCsH -196.65441 -196.94667 -196.88174 -196.92030
dCsHu -196.65064 -196.94302 -196.87868 -196.91701
aCsHg-al -195.46432 -195.75482 -195.69005 -195.72637
aCsHo-a2 -195.42718 -195.71748 -195.65270 -195.69063
aCsHo-C -195.46836 -195.75895 -195.69350 -195.72995
aCsHo-d -195.44305 -195.73382 -195.66868 -195.70741
bCsHg-C -195.43562 -195.72597 -195.66054 -195.69857
cCsHo-a -195.43961 -195.73032 NaN -195.70405
cCsHg-b -195.47112 -195.76164 -195.69612 -195.73265
cCsHg-C -195.43057 -195.72071 -195.65587 -195.69382
cCsHg-d -195.42525 -195.71548 -195.65102 -195.68902
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Table BS4: T1 Diagnostic Values for Cs species and Transition States.

Species T1
aCsHao 0.009
bCsH1o 0.009
cCsHio 0.009
aCsH11 0.010
bCsHu1 0.011
cCsHu 0.010
dCsH11 0.010
aCsHo-al 0.022
aCsHo-a2 0.025
aCsHo-c 0.023
aCsHo-d 0.013
bCsHo-C 0.024
cCsHo-a 0.014
cCsHo-b 0.023
cCsHo-C 0.024
cCsHo-d 0.025
aCsHio + H = aCsHe-al + H» 0.024
aCsHi + H = aCsHe-a2 + H» 0.022
aCsHio + H = aCsHo-c + Ha 0.020
aCsHio + H = aCsHo-d + Ha 0.013
bCsH1o + H = aCsHg-c + H> 0.022
bCsH1o + H = bCsHge-c + Ha 0.024
bCsH1o + H = ¢CsHo-b + H» 0.022
cCsH1o + H = cCsHg-a + Ha 0.015
cCsH1o + H = cCsHo-b + H» 0.019
cCsH1o + H = cCsHo-C + Hy 0.024
cCsH1o + H = cCsHo-d + H> 0.025
aCsHio + H = aCsHu 0.021
aCsHio + H = bCsHy1 0.024
bCsH1o + H = bCsH11 0.022
bCsH1o + H = c¢CsH1s 0.024
cCsHio + H = cCsH11 0.023
cCsHio + H = dCsHu1 0.023
aCsH11 = CaHe + CoHs 0.025
aCsH11 = C4Hs-1 + CHs 0.025
bCsH11 = iCsHg + CH3 0.024
cCsHi1 = C4Hg-2 + CHs 0.025
dCsH11 = CoHg + iCsHy 0.025
aCsHu = bCsHu 0.013
aCsH11 = cCsHit 0.014
aCsHi = dCsHip 0.012
bCsH11 = cCsHu 0.013
bCsH11 = dCsH1s 0.014
cCsHy = dCsHup 0.012
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B.1 Approximate Variational Transition State Theory

A systematic treatment of variational effects for all pathways is not possible given the
computational cost it would incur, and it is also unnecessary since not all pathways will be
equally influenced. We have therefore focused on three prototypical systems which are
representative of the reactions on our PES, an abstraction reaction, an isomerisation reaction
and a H atom addition reaction. In all cases the reactions with the lowest barriers from these
classes have been studied as variational effects are expected to be strongest in these instances
(external H atom addition, tertiary allylic H-atom abstraction and a 5 membered ring

transition state isomerisation). These reactions were as follows:
® 2M1B + H < bCsHu1
® 3MI1B + H < cCsHo-b + H>

® dCsHi1 > aCsHu

For each of the above transition states IRC calculations was carried out using the
WB97XD/aug-cc-pvtz model chemistry to obtain molecular coordinates along the minimum
energy reaction path. For each geometry along the reaction coordinate, a harmonic frequency
analysis was carried out using the same level of theory and the zero-point-corrected
electronic energy was computed, with imaginary modes omitted from the computation of the
ZPE. For each geometry we then computed the rate constants as a function of temperature via
conventional transition state theory using MESS. At a given temperature, the structure that
gave the minimum rate constant was assumed to be the bottleneck/transition state. This
variationally optimised rate constant was then compared with the high-pressure-limit rate
constant computed for the saddle point that is currently used to estimate k(TST), with the
ratio of the two being the approximate variational correction at a given temperature. For
simplicity, hindered rotor treatment and tunneling corrections were not included. It was
assumed that the change in hindered rotor partition functions vary modestly as a function of
distance along the IRC, and that this effect is captured to some extent in the variation in the
harmonic frequencies. The variational rate constants therefore account for changes in reaction
barrier, vibrational partition function, and rotational partition function. It was found that for
the isomerisation reaction that there is no effect and that our saddle point is the transition
state, as expected given the large barrier. For the H-atom abstraction, the effect amounts to
~15 % over the temperature range 300 to 2000 K. For the H atom addition reaction, it is
about a factor of 2-3 above 1000 K and a factor of 2.1-2.5 in the shock-tube regime. The H-

atom addition reactions are most strongly influenced, as expected given their low barriers.
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Inspection of variations in energy barriers and partition functions shows that this factor of 2—
3 decrease stems from the multiplicative effect of decreases in the vibrational partition
function by factors of 1.5, 1.2, 1.2 and 1.2 for low frequency modes 4—7 (this information can
be found in the Supporting Information), rather than changes in barriers or external rotational

constants.

B.2 Anharmonic Frequencies
We have carried out isolated test calculations on H atom abstraction and H atom addition
reactions to see the effect of including anharmonic over harmonic frequencies, which are
provided as Supplementary material. For H-atom abstraction by H atoms from the tertiary
allylic carbon site of 3M1B (cCsH1o) forming the cCsHeq-b radical + Ho, we observe very little
difference. Using anharmonic frequencies reduces the high-pressure limiting rate constant by
2 — 3% in the temperature range 298 — 2000 K. On the other hand, for H atom addition to
3M1B forming the cCsHi1 radical, the use of anharmonic frequencies increases the rate
constant by 3 — 5%. A comparison of our computed rate constant for H atom addition to CoHa
(calculated using the same approach as the current work) to that calculated by Miller and
Klippenstein [18] is presented in the Supplementary material. Miller and Klippenstein
investigated the H + CoH2 and CzHa reactions, as well as their reverse dissociations using
high level electronic structure calculations, employing a 2-D master equation and variational
transition state theory (VTST). The largest difference observed is at 300 K, where Miller and
Klippenstein are a factor of 2.72 times faster than the current work. From 800 K, our
calculated rate constant is within a factor of ~1.5 of theirs. Whilst not including effects such
as VTST, multi-dimensional hindered rotor treatment and anharmonic effects, our target
predictability against experimental data such as H-ARAS and pyrolysis experiments is quite
satisfactory. However, these could possibly be improved with future studies employing such

methods.
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