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Abstract
The development of synthetic methods which can convert inedible waste biomass into liquid

transportation fuels is an exciting breakthrough which may reduce our dependence on fossil
fuels for energy production, and contribute to the development of environmentally, socially,

and economically sustainable technologies. Biomass-derived furan derivatives have emerged
as promising candidates in the search for sustainable next-generation biofuels and platform

chemicals. This work focuses on two such promising compounds, 2-methylfuran (2MF) and
2,5-dimethylfuran (25DMF), with the aim of developing detailed computation models which
can numerically describe their combustion properties. The thermochemistry of a range of poly-

oxygenated furan platform chemicals has also been investigated.
A general overview of Rice-Ramsperger-Kassel-Marcus (RRKM) theory with energy-grain

Master Equation (ME) analysis, and the less advanced Quantum-Rice-Ramsperger-Kassel (QRRK)
theory with a Modified Strong Collision (MSC) approximation for collisional energy transfer,

is provided. The two approaches are compared for some model systems to assess the accuracy
of the latter in computing pressure-dependent kinetic parameters to serve as input for kinetic

mechanisms. A suite of codes have been developed based on the Perl programming language to
organise and expedite the procedure of carrying out quantum chemical, Transition State Theory

(TST), RRKM/ME and QRRK/MSC computations, and their use is described in detail.
Quantum chemistry coupled with the isodesmic reaction and atomisation methods has been

applied to determine the gas-phase formation entalpies (∆fH
−◦ ) of a range of substituted ( OH,

OCH3, CH O, C( O)CH3, CH2OH, C( O)OH) furans. The computed ∆fH
−◦

are compared with experimental data where they exist. Group additivity rules and values were

subsequently developed, which allow for the rapid estimation of thermochemical properties of
alkyl- and poly-oxygenated furans and their radicals.

Quantum chemistry, TST and RRKM/ME methods were applied to derive thermodynamic
and kinetic functions to describe the reactions of importance in the high-temperature pyrolysis

and oxidation of 2MF. The potential energy surfaces show a complex multi-step reaction mech-
anism for opening and fragmentation of the stable furan ring. These computations form the

basis of a detailed chemical kinetic mechanism which was validated against shock-tube pyroly-
sis and ignition delay time data, atmospheric pressure laminar burning velocities, and species
concentration measurements in a low-pressure laminar flame.

A combination of quantum chemistry and TST, and literature data were used to construct
and validate a detailed chemical mechanism to describe the pyrolysis and oxidation of 25DMF.

The mechanism is validated against shock-tube and flow-reactor pyrolysis data, shock-tube
ignition delay time measurements at high temperatures and low pressures, and at intermediate-

temperatures and high pressure, speciation measurements in a jet-stirred reactor, laminar burn-
ing velocity data from combustion bombs and burners, and flame speciation data, thus offering

a comprehensive assessment of 25DMF oxidation and pyrolysis.
The reactions of importance in the high-temperature pyrolysis and oxidation of 2MF and

25DMF are shown to be quite similar at temperature over 1000 K. 25DMF exhibits an in-
teresting intermediate-temperature (800–1200 K) oxidation mechanism. The rate constant for
abstraction of a hydrogen atom at the alkyl side-chain by O2 was shown to be particularly im-

portant in predicting experiments in this regime. The reactions of ȮH radical with 25DMF, and
HȮ2, CH3Ȯ2 and ĊH3 radicals with 5-methyl-2-furanylmethyl radical, were also highlighted as

important in predicting ignition delay times and speciation profiles.
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 Ö + ȮH is
omitted for clarity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256

6.55 Ignition delay time sensitivity analyses for mixture (f) (φ = 2.0) at 1360 K,

1.2 atm (solid bars) and 10.5 (open bars). Positive coefficients correspond to
reactions which inhibit reactivity and vice versa. Reactions of relevance to the

2-methylfuran mechanism are emboldened. . . . . . . . . . . . . . . . . . . . . . . 257

xxvii



LIST OF FIGURES

6.56 Experimental laminar burning velocities (symbols) as a function of unburnt gas
temperature and equivalence ratio with current model predictions (lines). Closed

symbols are from the study of Somers et al. [208] (—) , open symbols are data
reported by Ma et al. [57] (– –). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258

6.57 First-order sensitivity coefficients to the laminar burning velocities of 2-methylfuran/air
mixtures at φ = 0.6 (black fill), φ = 1.1 (red fill) and φ = 1.5 (blue fill) and 398.15

K. Where no bars are visible for a given condition, the corresponding reaction was
not found to be amongst the top 30 most sensitive reactions. Positive coefficients

correspond to reactions which increase SL and vice-versa. Coefficients for the
reactions Ḣ + O2 
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 O CH ĊH CH CH CH3 (—),

2MF + Ḣ 
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+ ĊH3 (– –), 2MF + ȮH 
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Chapter 1

Introduction

1.1 The Global Energy and Environmental Scenarios

The depletion of fossil fuel reserves and the threat of irreversible climate change are two of the
greatest problems facing humanity in the mid- to long-term. Global energy consumption has
been steadily increasing since the industrial revolution, but has soared in the last two decades.

Energy consumption reached an all time high in 2013, with coal, natural gas and oil providing
most of this energy. Although it is difficult to predict when reserves will ultimately expire, a

2009 review [1] proposed that if consumption of these fossil fuels were to continue at 2006 rates,
only coal reserves would be viable past 2042, and that they would ultimately exhaust circa 2100.

Couple this with other reviews [2] forecasting increased global consumption rates of oil, gas and
coal in coming years largely due to the emerging economies of Brazil, Russia, India and China,

and the unsustainability of fossil fuels in the mid- to long-term is abundantly clear.

Running parallel to this global reliance on fossil fuel combustion for energy production has

been an increase in anthropogenic greenhouse gas (CO2, CO, CH4) emissions, which are causing
increases in atmospheric temperatures, acidification of the Earth’s oceans, depletion of polar ice
sheets and rising sea levels [3]. In 2007, combustion of gaseous, liquid and solid fuels accounted

for a staggering 95% of global CO2 emissions [4]. Other emissions from fossil fuel combustion
(NOx, SOx, particulate matter/soot, aldehydes, hydrocarbons) are also of concern in terms of

urban air pollution and the corresponding impact on human health.

These problems are coupled with increasing energy prices and there is an ever increasing

risk of global geo-political forces threatening local energy markets. In Ireland for instance,
85% of the primary energy supply was imported in 2012, with the energy carriers being almost

exclusively oil, coal and gas [5]. Ireland’s dependence on external markets for provision of
energy is particularly poor, and other nations lacking indigenous fossil fuel reserves are similarly

vulnerable to market shocks.

Finding alternatives to fossil fuels which can mitigate these problems is therefore a key incen-
tive for the development of energy technologies which form the triumvirate of social, economic

and environmental sustainability. In 2011, approximately 19% of global energy was deemed re-
newable, although approximately half of this was derived from burning of traditional biomasses

in ineffiecient combustors/open fires/stoves etc. in what could be termed a “polluting” man-
ner [6]. Amongst the front-runners in more advanced renewable energy technologies are solar,

wind, hydropower, and geothermal energies. However as of 2011, they only accounted for an
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estimated 4.8% of final energy consumption [6]. These more advanced technologies are not
without their problems, and there are obvious questions as to where we will obtain energy when

the “sun doesn’t shine”, or the “wind doesn’t blow”, but they currently represent the preferred
options with respect to renewable electricity and heat generation.

With respect to the transportation sector, none of the above are currently viable alternatives
to liquid fuels at present. Battery technology could provide an alternative and pave the way

for electric vehicles. However, there is a dearth of installed renewable capacity to satisfy the
electricity demand of an electrically fueled global transportation sector in an environmentally

sound manner. It would also be short-sighted to transfer CO2 emissions from the exhaust of
a car to the smokestack of a coal-fired electricity plant. In addition one must also overcome

the barrier of rapid re-charging of batteries, it takes minutes at most to refuel a conventional
vehicle, whereas home-charging of an electric vehicle in Ireland can take 6–8 hours (over-night),
and even “fast-charging” can take could take approximately 25 minutes [7].

Therefore, biofuels (liquid or gaseous fuels derived from biological feedstocks), are thought
of as the viable alternative to fossil fuels in the transportation sector given that the technology

and infrastructure is already in place in terms of delivering and harnessing their energy content.
Whilst they are still ultimately combusted, their “renewable” label stems from their carbon

neutrality—CO2 generated from their combustion is ultimately sequestered upon plantation of
further plant feedstock. Like the renewables discussed above, they accounted for only a small

proportion of global energy use (0.8%) in 2011 [6], although made a slightly more significant
contribution in the transportation sector (3.4% of road transport fuel).

At present, first-generation ethanol is the most abundantly produced biofuel globally, with
86.1 billion litres manufactured in 2011 derived largely via fermentation of sugar cane (Brazil)

and corn (USA) [6] via “first-generation” methods. Yet despite ethanol’s status as the leading
renewable energy source in the transportation sector, problems with its use are now well founded
in the literature largely due to it being produced via first-generation methods.

Production feedstocks are in direct competition with food crops and agricultural land [8–10],
combustion in unmodified direct-injection spark-ignition engines is only possible when blended

with fossil fuels, its energy density is much lower than that of gasoline, and its volatility and
complete miscibility with water make it difficult to transport and store. Nevertheless, its ability

to reduce emissions, CO, CO2, NOx and unburnt hydrocarbons (HC), when blended with gasoline
and diesel illustrate the environmental benefits which the use of oxygenated biofuels can achieve.

Likewise, the majority of biodiesel currently produced is derived from the oils of arable crops
such as rapeseed, soybean and sunflower. A 2005 study [8] even suggested that the quantity

of fossil energy required to produce ethanol and biodiesel exceeded that which was obtainable
from the final products.

Second-generation biofuels are thought to surmount the problems of competition with food
and agricultural land associated with first-generation biofuels as they can be produced from non-
edible, waste lignocellulosic biomass such as corn stover, switchgrass and wood chips. Notably

within this class of biofuel fall the higher-order alcohols, such as n-butanol [11, 12], which have
gained much attention from the scientific community in recent years. These second generation

biofuels are currently close to entering the market and competing with ethanol and fossil fuels
in the transportation sector. For instance, ButamaxTM Advanced Biofuels, a joint venture

between British Petroluem and DuPont, was founded in July 2009 with the aim of bringing
pilot- and demonstration-scale n-butanol production technology to commercially viable levels

[13]. They began construction on their first commercial facility in October 2013 in Lamberton,

2
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Minnesota [13].

Furanic biofuels have recently entered the fray of renewable energy technologies, and are
held as promising alternatives to petrol and ethanol for energy production in the transportation

sector. From a combustion chemistry perspective, the alcohols are qualitatively understood in
terms of their reaction mechanisms, and quantitatively characterised in terms of their kinetics

and thermochemistry. Comparatively, little is known about the combustion characteristics of
furanic biofuels—a problem which must be remedied if they are to provide mid- to long-term

alternatives to fossil fuels. The reasons for the furans’ recent emergence as viable second-
generation biofuels will now be discussed, with a particular focus on 2-methylfuran and 2,5-
dimethylfuran.

1.2 Biomass-Derived Furans as Alternative Energy Carriers

In 2007 Román-Leshkov and co-workers [14] reported a catalytic methodology for the transfor-
mation of a simple sugar (fructose) into 5-hydroxymethylfurfural (HMF), which could then be

further treated to produce liquid 2,5-dimethylfuran (25DMF). Although their work did not use a
genuine biomass as the feedstock in a one-pot synthesis, a deluge of research soon followed which

reported strategies for the production of HMF/25DMF from lignocellulosic biomass [15,16], the
components of biomass (lignin/cellulose/xylans) [15–19], and from simpler mono- and polysac-

charides (fructose/glucose) [19–22].

Two recent techno-economic analyses of 25DMF production from fructose have taken place
[23, 24] with minimum selling prices of e1.47/L and e1.74/L recommended based on the pro-

duction methods proposed by Román-Leshkov et al. [14]. This estimate is quite comparable to
what one might pay for fuel at a station in Ireland at present but still uncertain based on the
infancy of current production methods and lack of pilot- and demonstration-scale testing.

Studies have also considered the production of 2-methylfuran (2MF) from biomass [14,25–27]

although no techno-economic analyses on its production have taken place thus far. The quantity
of research which has followed since the work of Román-Leshkov [14] is too great to consider in

detail here, other than to note that substantial effort is being focused on the efficient production
of furanic biofuels from biomass. A number of recent reviews are worth highlighting [28–34].

From a chemical perspective, 2MF and 25DMF are mono- and dialkylated derivatives of
furan (C4H4O)—a planar, 5 membered, and unsaturated heterocycle, containing an oxygen

atom. The latter is well-known to chemists as being weakly aromatic, satisfying the Hückel rule
(4n+2 π electrons where n = 0, 1, 2, etc.) via donation of a lone pair of electrons from the

oxygen atom into the ring system, thus conjugating with the two C C π bonds. By association,
2MF and 25DMF also exhibit this aromaticity. These species are known components of coffee

[35], heat-treated food-stuffs [36], and cigarette smoke [37], and are found in the atmosphere
largely as a result of biomass combustion and the oxidation of biogenic isoprene. Numerous

studies on the possible impacts of these compounds on human/animal health [38–41] and the
atmosphere [42–46] can therefore be found in the literature, and the results obviously have some
bearing on their viability as biofuels.

In terms of the physico-chemical properties of these potential fuels, 25DMF has an energy

density [14] of 31.5 MJ/L which is similar to a typical petrol fuel and higher than ethanol (23
MJ/L) by ≈ 40%. In terms of storage and transportation its boiling point of 93◦C [14] makes it

less volatile than ethanol (78◦C), and its aqueous solubility of 2.3 g/L [14] makes it favourable

3



CHAPTER 1. INTRODUCTION

to ethanol which is fully miscible with water.

Similarly, 2MF has a higher energy density (27.6 MJ/L) [47] than ethanol and is only slightly

soluble in water (7 g/L) [14]. However, its boiling point, at 63◦C [14], is lower than that of
ethanol. Anderson et al. [48] recently recommended a research octane number of 109 for ethanol,

which is higher than that of a typical petrol fuel, making it more resistant to engine knock than
the conventional fossil fuel—a desirable property for fuels to be used in spark-ignition engines.

25DMF was originally reported to have a RON of 119 by Román-Leshkov et al. [14], although

engine tests by Zhong et al. [49] showed that 25DMF underwent knock at lower compression
ratios than ethanol. They stated that the RON of 25DMF was likely lower than ethanol, and

that a re-determination of its RON was necessary.

The engine tests of Zhong et al. [49] further compared the performance of gasoline, ethanol
and 25DMF in a direct-injection spark-ignition (DISI) research engine. They illustrated that

using pure 25DMF as a fuel in a research engine had no adverse effects on the engine, that
emissions of CO, hydrocarbons (HC) and NOx were comparable with petrol but higher than

ethanol. The particular matter (PM) emissions were comparable with petrol but the total
PM mass from 25DMF was the lowest of the three fuels studied. Overall, given that 25DMF

performed very similarly to petrol in their tests, they recommended that 25DMF may be suitable
for use in existing petrol engines without major combustor modifications, and seemingly without
any increased adverse environmental impact when compared with petrol.

Daniel et al. [50] reached very similar conclusions, although due to the higher combustion
temperatures of 25DMF, NOx emission were found to be higher than petrol. However, HC and

PM emissions tended to be on a par or lower than petrol. They also concluded that 25DMF
could be a viable alternative to petrol in spark-ignition engines. Zhang et al. [51] also showed
that 25DMF could be blended with diesel for use in compression-ignition (CI) engines, and

that soot emissions were close to zero with up to 40% 25DMF composition. Chen et al. [52]
similarly found that 25DMF is superior to n-butanol and gasoline for reducing soot emissions

in CI engines.

Thewes et al. [47] studied the engine performance of 2MF in a DISI engine and also compared
their findings with ethanol and a RON 95 fuel, the latter being representative of a typical

petrol fuel. They found that 2MF showed exceptional combustion stability, with HC emission
reductions of at least 61% compared to a RON 95 fuel. They also showed that 2MF showed a

higher knock resistance than the RON 95, thus allowing engine operation at higher compression
ratios leading to efficiency improvements of up to 9.9% compared with the latter. Notably,

2MF was recently subjected to a successful 90,000 km road trial in a conventional SI engine [27]
without any apparent damage to the engine thus re-enforcing its promise as a direct replacement

for petrol.

Wang et al. [53] recently compared the engine performance of 2MF, 25DMF, ethanol and
petrol in a DISI engine. They found that ethanol had the greatest knock-resistance of all four

fuels, re-inforcing the findings of Zhong et al. [49] and indicating that the RON of 2MF and
25DMF is lower than that of the alkanol. Both furans were again found to have a better knock

suppression ability than petrol.

They found that 2MF had a higher thermal efficiency compared to 25DMF and petrol,
and that it produced substantially less HC emission than 25DMF (40%) and petrol (73%).

NOx emissions showed the following trends 2MF>25DMF>petrol>ethanol which is in-line with
the trends in their adiabatic (equilibrium) flame temperatures—this trend is not necessarily a

reflection upon the combustion chemistry of these fuels. In terms of regulated aldehyde emissions
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Property 2MF 25DMF Ethanol Petrol

Energy Density (MJ/L) 27.6 31.5 23 ≈32.2

Boiling Point (◦C) 64 93 78 30-220
Flash Point (◦C) −22 7 13 <− 30

Vapour Pressure (kPa) 23.19 6.44 7.84 –
Solubility (g/L) 7.0 2.3 Fully Miscible Immiscible

Research Octane Number 100.7 103 109 91-100

Table 1.1: Comparison of physico-chemical properties of 2-methylfuran, 2,5-dimethylfuran,
ethanol and petrol. Vapour pressures are quoted at 298 K, 25DMF and ethanol vapour pressures

are from [58] with that of 2MF from [59]. Flash points are quoted from Sigma-Aldrich. Note
that the properties of petrol are approximate given its variable composition.

Trends from Engine Studies

NOx 2MF > 25DMF > Petrol > Ethanol

HC Petrol > 25DMF > 2MF > Ethanol
PM/Soot Petrol > 25DMF > 2MF > Ethanol

Aldehydes Ethanol > Petrol > 25DMF > 2MF
Knock Resistance Ethanol > 2MF > 25DMF > Petrol

Thermal Efficiency Ethanol > 2MF > 25DMF > Petrol

Table 1.2: General trends from engine studies on furanic biofuels, ethanol and petrol/an indica-

tive primary reference fuel blend. PM = particulate matter.

(formaldehyde, acetaldehyde) 2MF and 25DMF performed remarkably better than ethanol and
petrol, also showing reduced PM emissions with respect to petrol.

Daniel et al. [54] used GC/MS and HPLC to quantify carbonyl emissions from 25DMF,
petrol, methanol, ethanol and n-butanol in a DISI engine. They found that 25DMF produced

the lowest total carbonyl emissions of all five fuels, performing particularly well with respect
to formaldehyde and acetaldehyde emissions which are currently regulated. They also found

cyclopentadiene, methyl vinyl ketone, 2MF and 5-methyl-2-ethylfuran in the exhaust gas of
their 25DMF experiments. Clear routes to the formation of these products from 25DMF will
be proposed later in this work. In terms of HC emissions, unburnt 25DMF dominated the HC

composition indicating incomplete combustion of the fuel was occurring.

There have also been several studies of the fundamental combustion properties of 2MF,
25DMF, ethanol and gasoline, largely comparing their laminar burning velocities. Tian et al.

[55] measured the laminar burning velocities of 25DMF, ethanol and petrol at unburnt gas

temperatures of 323–373 K, at 1 atm, from φ = 0.9–1.1. They found that the stretched and
laminar burning velocity of 25DMF was very similar to that of petrol under these conditions,

which is important if 25DMF is to be used as a direct replacement for gasoline in spark-ignition
engines. Li et al. [56] measured laminar flame speed of 25DMF/i -octane/air mixtures for various

ratios of 25DMF:i -octane at initial temperatures of 393 K and p = 1 atm. The results showed
that the flame speed varied very little upon addition of 25DMF to i -octane in volumetric ratios

up to 30%, indicating again that it could be blended with petrol fuel and readily used in current
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SI engines.
Ma et al. [57] measured and compared the laminar burning velocities of 2MF, 25DMF and

i -octane in air from initial temperatures of 333–393 K, p = 1 atm, and φ = 0.6–1.1. They found
that 2MF had the greatest flame speed of all three fuels, being 10–30% and 10–50% faster than

25DMF and i -octane, respectively.
The physico-chemical of 2MF and 25DMF and trends from engine studies from the above

are summarised in Tables 1.1 and 1.2. Generally speaking, the properties of these furans and
their performance in engines tends lie somewhere between petrol and the most abundantly used

biofuel at present, ethanol. Thus, there is sufficient information at this juncture to highlight the
promise of 2MF and 25DMF as renewable fuels which can mitigate the problems of fossil fuel

combustion. The contribution of this work to the scientific literature will now be summarised.

1.3 Goals and Overview of This Thesis

In terms of the life-cycle assessment of 2MF and 25DMF as alternative fuels, their production
methods, human/animal toxicities, atmospheric chemistry, and performance in engines have

received some attention. In 2010 when this study was undertaken, the scientific community
was still uncertain as to the mechanistic pathways which play a role in the combustion of

these compounds, which intermediates were formed from their pyrolysis and oxidation, and the
reactions which were important in controlling their auto-ignition behavior and consumption in

flames—in short, information on the combustion chemistry of these compounds was absent from
the literature. Grela et al. [60] and Lifshitz and co-workers [61, 62] performed fundamental

pyrolysis studies in the 1980’s and 1990’s, but in hindsight their mechanistic and thus kinetic
proposals were speculative.

The aims of this study were to construct detailed chemical kinetic mechanisms to numerically
describe the pyrolysis and oxidation of 2-methylfuran and 2,5-dimethylfuran in fundamental lab-
oratory reactors and thus fill the void in the literature with respect to the combustion chemistry

of these compounds. By extension, these kinetic mechanisms should ultimately be of utility
in interpreting and modelling experimental data from practical combustors, such as the engine

studies previously described [27,47,49–54]. However, the model reduction techniques required to
incorporate detailed chemical kinetic mechanisms into computational fluid dynamic simulations

of practical combustors are beyond the scope of this work.
In order to meet these aims quantum chemistry has been employed to investigate the po-

tential energy surfaces of the important unimolecular and bimolecular reactions of 2MF and
25DMF, and to subsequently compute appropriate input parameters for detailed chemical mod-

els. These kinetic models are then compared with experimental data from the literature, or
novel data carried out by collaborators during the course of this study.

The following treatise is arranged as follows:

Chapter 3 provides an overview of some concepts central to the construction of detailed chem-
ical kinetic models

Chapter 4 describes the theoretical methods used to derive kinetic and thermodynamic func-
tions via computational chemistry

Chapter 5 details some Perl codes which were developed to automate the computations de-

scribed in Chapter 4

6
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Chapter 6 describes a thermodynamic study of a range of polyoxygenated derivatives of furan

Chapter 7 provides a detailed quantum chemical and kinetic modelling study on the combus-
tion of 2-methylfuran

Chapter 8 reports the development and validation of a chemical kinetic model for 2,5-dimethylfuran

Chapter 9 draws conclusions on the results presented and ultimately makes recommendations
for future studies.
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Chapter 2

Fundamentals of Chemical Kinetic
Modelling

As described in Chapter 1, the aim of this work is to construct and validate detailed chemical
kinetic models which can accurately predict fundamental combustion properties of furanic type

biofuels. An overview of the essential components of a detailed chemical model is thus necessary
at this point, along with some relevant theoretical principles which underly these models. This

Chapter is intended to provide the reader with an overview of some essential concepts, perhaps
with a view to providing the novice kinetic modeller with a foundation upon which to base more

detailed reading on these subjects.
Whilst superficially the combustion of any fuel can be written as a single step chemical

reaction:
Fuel + O2 
 CO2 + H2O + Energy

this simplistic overview does not describe at the most fundamental level, the true nature of

the process—it tells us nothing of the intermediate chemical species through which the reaction
proceeds, or the characteristic timescales at work. It is most certainly not detailed in the strictest

sense of the word, and cannot offer the level of insight required to make improvements to modern
combustion systems.

Fundamentally, the conversion of fuel and oxidiser into CO2, H2O and most importantly of
all, energy, is a complex radical-chain reaction. In this respect, the most fundamental component

of any chemical model, is an understanding of the mechanism through which this global chemical
reaction proceeds, and the elementary steps which compose this mechanism.

Consider one of the most basic combustion reactions (or radical-chain reactions) known, the

oxidation of molecular hydrogen, stoichiometrically written as:

2H2 + O2 
 2H2O

In order for the radical-chain reaction which converts reactants to products to commence, chain-

initation must occur. Three initiation reactions can conceivably be written for a system con-

taining molecular hydrogen and oxygen (their relative importance is irrelevant for now):

H2 
 Ḣ + Ḣ

O2 
 Ö + Ö

H2 + O2 
 HȮ2 + Ḣ

9
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In all three instances stable molecular species are converted into free radical species. These
free radicals are species (atoms and molecules in this case, although ions are also possible)

which contain at least one unpaired electron in their valence electron shell, thus failing to satisfy
the octet rule. These free radicals tend to be transient (short-lived), reactive intermediates,

whose importance in combustion lies in their ability to further propagate the chain-reaction
which converts reactants into products and energy. The chain-propagation step occurs when the

free radical reacts (unimolecularly or bimolecularly) producing more radical species. If this step
results in an equivalent number of radical species being produced, it is termed chain-propagation,

for example:

H2 + HȮ2 
 Ḣ + H2O2

HȮ2 
 Ḣ + O2

If the result is a net increase in the number of radicals within the system, the reaction is termed
chain-branching, for example:

H2 + Ö 
 ȮH + Ḣ

O2 + Ḣ 
 Ö + ȮH

It is these propagation and branching steps which promote the consumption of the reactants and
intermediates, and drives the global combustion reaction. On the contrary, chain-termination

occurs when reactive radical species are converted into stable species, or they undergo deacti-
vation, for instance at the wall of a reactor:

HȮ2 + HȮ2 
 H2O2 + O2

HȮ2, Ḣ, Ö → Wall

These reactions tend to inhibit global reactivity, and the relative proportion of chain propagation

to termination steps in a radical-chain reaction, is an important characteristic of many complex
reaction mechanisms, from combustion to nuclear systems.

It is clear from this basic example of the hydrogen-oxygen combustion system that the

simplistic singe step overview of a combustion reaction is not sufficient for a quantitative or
qualitative understanding of any combustion system. Once a basic mechanism composed of

initiation, propagation, branching and termination reactions is formulated (this can be as simple
as a pen and paper drawing of the system), one must then aim to identify two properties of

each chemical reaction which allow for quantitative modelling predictions to be made: the speed
or rate at which they occur, and the quantity of energy simultaneously consumed/released.

Thus the two fields of physical chemistry which form the basis of all detailed chemical kinetic
combustion models are arrived at—chemical kinetics and chemical thermodynamics.

2.1 Chemical Kinetics

2.1.1 Rate Laws and Rate Constants

Chemical kinetics is the field of chemistry concerned with the rate at which chemical reactions

occur. Its applications are diverse owing to the varying conditions of concentration, temperature

10
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and pressure which scientists and engineers may be interested in, ranging from atmospheric,
combustion and synthetic chemical systems, and to reactions of biological, astronomical and

nuclear importance. A discussion on rate laws and rate constants is now appropriate, with much
of this discussion found in standard monographs on physical chemistry, kinetics and combustion

[63–68].
In theory, the simplest type of chemical reaction which can occur is the elementary unimolec-

ular reaction—it involves the conversion of one reactant molecule into products in a single step
process. Consider the irreversible reaction aA → bB where A denotes an arbitrary reactant with

stoichiometric coefficient a, and B a single product with stoichiometric coefficient b. The rate
of disappearance of A, −d[A]/dt, is proportional to its concentration, [A], raised to the power

of its stoichiometric coefficient, a:

−d[A]

dt
∝ [A]a (2.1)

where [A] is given by NA/V and NA is the number of moles of A, and V is the volume. Similarly
the rate of formation of the product B can be written as (note the difference in sign):

+
d[B]

dt
∝ [A]a (2.2)

In order to complete the equality, a proportionality constant must be introduced which is central
to this Thesis and the field of chemical kinetic modelling—the rate constant, k. The rate constant

fundamentally links the concentration of a species to the rate at which that species reacts:

−d[A]

dt
=

d[B]

dt
= k[A]a (2.3)

The rate constant is experimentally verifiable, reaction specific and can show complex depen-
dencies on both temperature and pressure. The determination of k as a f(T ) and f(p) is the

fundamental endeavour of the experimental and theoretical chemical kineticist.
The above equation highlights that the rate of a chemical reaction is dependent on both the

reaction rate constant, and the concentrations of the reactants—it is an example of a rate law.
A discussion on the rate laws for typical chemical reactions is now relevant, with a focus on the

dependence of reaction rate on reactant concentrations.
Continuing from above, consider the reaction aA → bB, where 1 molecule of A forms 1

molecule of B. The coefficients a and b are therefore 1 and the rate law for this elementary
reaction can be written:

−d[A]

dt
= k[A]1 (2.4)

According to this rate law, the reaction is 1st order in A where the order is defined as the power

to which the concentration of a species is raised in the rate law. The molecularity of the reaction
is also 1, as the reaction consumes a single molecule of A.

For the bimolecular reaction aA + bB → products the rate law can be written:

−d[A]

dt
= −d[B]

dt
= k[A]a[B]b (2.5)

The reaction is ath order in A, bth order in B and a + b order overall. If the reaction consumes
1 molecule of A and 1 molecule of B, the rate law resolves to:

−d[A]

dt
= −d[B]

dt
= k[A]1[B]1 (2.6)
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and the reaction is said to be 1st order in A and B, 2nd order overall, with a molecularity of 2.
If 2 molecules of A were consumed for every 1 molecule of B, the rate law would be written:

−d[A]

dt
= −d[B]

dt
= k[A]2[B]1 (2.7)

and the reaction would be 2nd order in A, 1st order in B, with molecularity of 3. Termolecular

reactions such as this are quite improbable as the likelihood of all three molecular partners
colliding simultaneously in the correct orientation is minimal.

It is important to note that the exact form of the rate law for a reaction must be derived

experimentally and the order determined from the exponents to which the concentrations are
raised in this rate law. For instance the gas phase reaction H2 + Br2 
 2HBr is found to obey

the following rate law [63]:

d[HBr]

dt
=

k[H2][Br2]
1.5

[Br2] + k
′
[HBr]

(2.8)

where the reaction is 1st order in H2 but has no defined order in Br2 or HBr. However, the
molecularity of the reaction is still defined as 2, as 1 molecule of H2 reacts with 1 molecule of

Br2. This is an example of a non-elementary reaction where there is clearly a more complicated
series of underlying elementary reactions with elementary rate laws and rate constants governing

the rate of conversion of reactants to products—combustion of a real fuel is another, albeit more
extreme, example.

As the kinetic modeller is solely concerned (ideally) with elementary reactions, it is generally

the case that the stoichiometric coefficients, order and molecularity which are written in the
balanced chemical equation for the reaction in question are the same. The rate laws in equations

2.9 and 2.10 which govern 1st and 2nd order are typically all that need to be considered in the
construction of chemical mechanisms:

A → Products,−d[A]

dt
= k[A] (2.9)

A + B → Products,−d[A]

dt
= −d[B]

dt
= k[A][B] (2.10)

The units of the rate constant are always such that they convert the units of the reactant

concentrations to those of concentration per unit time. For a first order reaction k will have
units of inverse time, that is, s−1. For a bimolecular reaction units of inverse concentration per

unit time are derived with cm3 mol−1 s−1 being conventional, although molecular units (cm3

molecule−1 s−1) are sometimes utilised.

With the most common forms of the rate law being defined above (as differential equations),

their integrated forms are also of interest. For a first order reaction:

−d[A]

dt
= k[A] (2.11)

rearranging produces:
d[A]

[A]
= −kdt (2.12)

12
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Integrating both sides from time = 0, where [A] = [A]0, to a time t gives:

∫ [A]

[A]0

d[A]

[A]
= −k

∫ t

0
dt (2.13)

and using the standard integral:

ln([A]/[A]0) = −kt (2.14)

For a unimolecular reaction, the concentration of A at a given time can be determined from the

known initial concentration, [A]0, and the rate constant via:

[A] = [A]0 exp(−kt) (2.15)

where the concentration decays exponentially with time.

Another useful relationship used in interpreting 1st order reactions is that of the half life,
where the time taken for half of the population to react, τ0.5, is equal to ln(2)/k where k is the

rate constant for the 1st order reaction.
For the second order reactions 2A → products and A+B → products similar integrated rate

laws can be derived respectively:

[A]t =
[A]0

1 + kt[A]0
(2.16)

1

[B]0 − [A]0
ln

[B]t[A]0
[A]t[B]0

= kt (2.17)

Characteristic decomposition curves for unimolecular and bimolecular reactions are shown in

Figure 2.1 (a) and (b) respectively. From an examination of the rate laws it is clear that the
rate of any chemical reaction is proportional to the concentrations of the reactants and the

unique proportionality constant for the reaction known as the rate constant. It will now be
shown that chemical reaction rates are also dependent on other factors, namely temperature
and pressure, due to the dependence of the rate constant on these variables.

2.1.2 The Temperature-Dependence of the Rate Constant

It is well established that the rates of most chemical reactions increase with temperature. This

phenomenon is not one solely experienced by chemical kineticists, but is experienced intuitively
by most people in their day to day lives. Sugar will dissolve faster in hot water than cold

for instance, water will vaporize faster when heated up than at ambient temperature and the
proteins in an egg will denature when it is boil it thus becoming “hard-boiled”.

The relationship between the reaction rate constant and temperature was experimentally
elucidated by Svante Arrhenius in 1889 [69] based on earlier work by Van’t Hoff in 1884 [70].

A brief but interesting overview of the historical development of what is known known as the
Arrhenius equation is given by Laidler [71]. Arrhenius deduced that a plot of ln(k) vs 1/T showed

a linear dependence of the former on the latter and the Arrhenius equation thus followed:

ln(k) = lnA− Ea/RT (2.18)

where R and T are the ideal gas constant and temperature, respectively. The parameters Ea

and A were found to be constant for a given chemical reaction in the temperature range of
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Figure 2.1: Illustration of characteristic concentration-time profiles for (a) a first order uni-
molecular reaction and (b) a second order bimolecular reaction.
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Figure 2.2: Illustration of Arrhenius (—) and modified Arrhenius (—) fits to arbitrary bimolec-

ular rate constants.

Arrhenius’ studies. Ea was termed the activation energy of the reaction, having units of molar
energy (kJ mol−1) and A was termed the pre-exponential factor with identical units to k. The

term pre-exponential factor stems from the fact that when written in its exponential form, the
Arrhenius equation is written as follows:

k = A exp(−Ea/RT ) (2.19)

with the exponential factor exp(−Ea/RT ) being a unitless Boltzmann distribution which de-
scribes the fractional population of reactive species with energy sufficient to overcome the re-
action barrier at a given temperature. It tends from 0→1 from infinitely low to infinitely high

temperature.
Ultimately, the Arrhenius equation which correlated reaction rate constant with temperature,

was adapted to account for the fact that the majority of chemical reactions display non-linearity
when ln(k) is plotted vs 1/T over wider temperature ranges (∆T >100 K). Examples of modified

and non-modified Arrhenius behavior in a rate constants are illustrated in Figure 2.2. The most
common form of the equation now in use is termed the modified Arrhenius equation and can be

defined as:
k = AT n exp(−Ea/RT ) (2.20)

where n is an additional factor added to account for curvature in the rate constant as a function

of temperature, and A and Ea have their previous meanings.
These three parameters are termed the Arrhenius parameters for the reaction and are fun-

damental to chemical kinetic modelling for two reasons. Firstly, they offer a succinct way to
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represent a rate constant over a wide temperature range, and subsequently A, n and Ea are the
variables which one uses as input in popular kinetic modelling codes.

Although the Arrhenius equation can adequately describe the temperature-dependence of
the rate constant of many chemical reactions, it is still regarded as an empirical correlation,

with the parameters A and Ea determined from fitting to experimental data. Whilst they may
closely correlate with fundamental properties of a chemical reaction in many instances (∆rG,

∆‡H), this is not always the case. Other formulations which have similar functional forms to the
Arrhenius equation but with more fundamental parameters will be elaborated upon in further

sections, with the physical relevance of A and Ea becoming clearer as a result. Now, one should
consider the underlying principles which cause a dependency of the reaction rate constant, and

thus reaction rate, on pressure.

2.1.3 Pressure-Dependent Reactions and Fall-off

Whilst the reasons for the temperature-dependence of the reaction rate were established by Ar-
rhenius in the late 19th century, the reasons for the pressure-dependence of chemical reactions

were not quite resolved until some time later. Whilst it was previously stated that the unimolec-
ular reaction A → products is theoretically the simplest reaction possible, it was shown in the
early part of the 20th century that in order for the reaction to proceed, the molecule A must

undergo non-reactive collision with another molecule in order to gain sufficient energy to form
products.

This raised a question however, if a molecule must undergo bimolecular collision in order
to react “unimolecularly”, how can the process obey first order kinetics? This question was

answered by Lindemann within the confines of his eponymous mechanism [72]. In the first step
of the Lindemann mechanism, a molecule A undergoes collision with another molecule M (bath

gas) forming an energized molecule A∗:

A + M
k1−→ A∗ + M (2.21)

The process is termed thermal activation and k1 is the rate constant for the collisional activation

process which Lindemann proposed took the form:

k1 = ZAM exp(−E0/kT ) (2.22)

where ZAM is the rate constant for collisions of A with M and exp(−E0/kT ) is the Boltzmann

factor determining the likelihood that the collision supplied sufficient energy for the reactants
to overcome the reaction barrier, E0. Note the similar forms of k1 and the Arrhenius equation
with both equalities being rationalized within the framework of collision theory.

The fate of the molecule A∗ is two-fold, it can either be deactivated by a subsequent collision
with the 3rd body M:

A∗ + M
k−1−−→ A + M (2.23)

or it can it can react to form products:

A∗ k2−→ Products (2.24)

The failures of the theory became apparent when the model was compared with experiment,

largely owing to the simplistic single-step activation and deactivation processes proposed by Lin-
demann, which were later shown to be energy dependent (see Chapter 3.3.2). It did however pro-

vide the basis of further developments leading to the formulation of the Rice-Ramsperger-Kassel
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(RRK), Quantum Rice-Ramsperger-Kassel (QRRK) and ultimately Rice-Ramsperger-Kassel-
Marcus (RRKM) theories, whose descendents are now the de facto standard in the modelling of

pressure-dependent chemical reaction.
Nonetheless, this basic mechanism still forms the cornerstone of our understanding of the

pressure-dependency of chemical reactions, and it will now be used to illustrate how the rate of
unimolecular reactions is found to depend on pressure.

Consider that the rate of formation of products, d[P]/dt, is given by k2[A
∗], Equation 2.24.

In order to determine d[P]/dt, [A∗] must be known. The governing rate law for the formation

and removal of A∗ is given by:

d[A∗]

dt
= k1[A][M]
︸ ︷︷ ︸

Producing

− (k−1[A
∗][M] + k2[A

∗])
︸ ︷︷ ︸

Consuming

(2.25)

where the first term describes formation of A∗ from A, and the second term describes removal

of A∗ through collisional deactivation and/or chemical reaction. [M] is the concentration of
bath gas in the system and can be correlated with the pressure through the ideal gas equation

(pV = nRT ):

[M] =
n

V
=

p

RT
(2.26)

where n is the number of moles, V is the volume, and p is the pressure.
The steady-state approximation is now utilised in order to solve this equation. The rationale

for this assumption lies in the fact that A∗ has a short lifetime in comparison to A, and its
concentration reaches a constant value after a short time. The rate of change of [A∗] can be

approximated to zero as a result, and the following equality effectively holds:

d[A∗]

dt
= k1[A][M]− (k−1[A

∗][M] + k2[A
∗]) = 0 (2.27)

therefore:

k1[A][M] = k−1[A
∗][M] + k2[A

∗] (2.28)

and rearranging:

[A∗] =
k1[A][M]

k−1[M] + k2
(2.29)

From the previous definition of d[P]/dt = k2[A
∗] it follows that:

d[P]

dt
= k2[A

∗] =
k1k2[A][M]

k−1[M] + k2
(2.30)

In light of previous discussion on rate laws, the rate law arrived at above clearly illustrates

a complex dependency of the rate of product formation on several rate constants and reactant
concentrations. Now consider two limiting cases which allow for further simplifications to this

relationship.
At infinitely high pressures, corresponding to high [M], the term k−1[M] >> k2 in the de-

nominator of Equation 2.30, as collisional deactivation of A∗ becomes much faster than chemical
reaction. d[P]/dt can now be written as:

d[P]

dt
≈ k1k2[A][M]

k−1[M]
=
k1k2[A]

k−1
(2.31)
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The rate constant is now no longer dependent on the concentration of bath gas, [M], and the
reaction becomes independent of pressure—it has reached the high-pressure limit. Collisional

activation and deactivation reach an equilibrium, a steady state population of A∗ is achieved
(and maintained as a Boltzmann distribution) and unimolecular reaction of A∗ becomes rate

limiting. The rate constant for formation of products is given by k1k2/k−1, the units of both
bimolecular collisional process nullify, and the rate constant has units of inverse time—the

reaction is therefore first order in [A] at the high-pressure limit, and the quandary of how
a bimolecular process obeys first order kinetics is therefore rationalised within Lindemann’s

theory.

Conversely, at infinitely low pressure k2 >> k−1[M] due to the decreasing [M]. Equation 2.30
then becomes:

d[P]

dt
≈ k1k2[A][M]

k2
= k1[A][M] (2.32)

The formation of products is now limited by the rate of collisional activation of A, and the
reaction becomes second order—it has reached the low-pressure limit. The physical meaning of

this derivation is that at infinitely low pressures, the rate of consumption of A∗ through chemical
reaction is much faster than de-energization to reform A, as the probability of a deactivating

collision is minute in comparison. Virtually every molecule of A∗ that is formed will react and
the rate of formation of A∗ becomes the controlling factor in the formation of products. The

rate of the chemical reaction step is no longer important and the rate of formation of A∗ is
dependent only on [A], [M] and the rate constant for collisions between them.

In between these two extremes of high and low pressure, a regime is encountered where the

rate of formation of products cannot be given by either limiting equations—the reaction is said
to be in the fall-off regime. The [M] or pressure, at which the rate constant for the unimolecular

reaction is half of its high-pressure limiting value is said to be the fall-off pressure. Figure 2.3
shows quantitatively and qualitatively the pressure-dependent behavior of unimolecular chemical

reactions. The example taken is that of the reaction n-C4H10 
 Ċ2H5 + Ċ2H5 [73].

At high temperatures and low pressures, the reaction rate constant varies most from the high-

pressure limiting behavior. The reason being that at high temperatures the rate of chemical
reaction of A∗ is extremely fast as many energy levels in excess of the reaction critical energy are
populated due to the high thermal energy. The population of A∗ therefore depletes rapidly, but

due to the low pressure in the system, collisional activation of A to form A∗ is not sufficiently
fast to re-populate those molecules which can react. As a result, the unimolecular rate constant

at high temperatures and low pressures can vary significantly from the high-pressure limiting
case as a result of this populational depletion.

At lower temperatures, reactions tend to exhibit less fall-off behavior as firstly, the population
of A∗ which has energy in excess of the reaction barrier is quite small due to the low temperatures,

and even at low pressures this small population of molecules which do have energy in excess of
the barrier, can be replenished quickly by collisional activation of A forming A∗.

The complex competition between collisional processes and chemical reaction is not just

limited to unimolecular reactions, but also bimolecular reactions which form a single energized
intermediate such as radical-radical or radical-molecule recombination reactions. The formation

of the new chemical bond in these recombination reactions results in the release of potential
energy, and this energy must be conserved within the system. The nascent molecule is thus

formed in a ro-vibrationally excited state and the process is referred to as a chemical activation,
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Figure 2.3: Unimolecular rate constants for the reaction n-C4H10 
 Ċ2H5 + Ċ2H5 [73] as a
function of (a) temperature and pressure, and (b) as a function of pressure at 2000 K.
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where:

A + B
k1−−⇀↽−−

k−1

AB∗ (2.33)

The excited molecule can then undergo unimolecular reaction via k−1 above thus re-forming
initial reactants, or via k2 below in a dissociation or isomerization reaction:

AB∗ k2−→ Products (2.34)

Collision with a 3rd body molecule which removes excess energy from the excited adduct is also

possible in a process known as thermalization:

AB∗ + M
k3−→ AB + M (2.35)

The mechanism is of course similar to the unimolecular decomposition process described

previously, and the result is that this class of reactions also becomes dependent on the com-
petition between unimolecular reaction processes and bimolecular collision forming stabilised

intermediates, and thus pressure.
Accounting for the pressure-dependence of chemical reactions is an important aspect of

chemical kinetic modelling as virtually all reactions (apart from radical abstraction reactions)
display this behaviour. Methods to determine the rate constants as a function of temperature

and pressure, k(T, p), will be described in detail in subsequent Sections.

2.2 Thermodynamics and Chemical Equilibria

Whilst kinetics is perhaps the primary field of concern when developing a detailed chemical
combustion model, thermodynamics (the study of energy transformation, heat and work) also

has a central role in this process. Indeed kinetics and thermodynamics are inextricably linked
as will be shown, and our ability to understand and predict combustion systems is as much

dependent on the latter as the former. The fundamental thermodynamic properties of interest
in kinetic model development are the enthalpy (H), entropy (S) and heat capacity (Cp or CV )

of each chemical species to be included in the kinetic scheme. Atkins and de Paula [63] provide
a good overview of the topics which will now be discussed.

The enthalpy of a system, with units of kJ mol−1, is derived from the three state functions
U , p and V :

H = U + pV (2.36)

and for an ideal gas (pV = nRT ) can also be written as

H = U + nRT (2.37)

where U is a measure of the kinetic and potential energies stored in all the components (atoms,

molecules, ions, etc.) of the system, and the second term is effectively a measure of the energy
required to “make room” for all these components. The standard enthalpy of formation (∆fH

−◦ )

of any chemical species is the energy required to form 1 mole of that substance from elements
in their reference states. It is of central importance in combustion modelling as it is required

for determination of basic combustion properties of a fuel-oxidizer mixture such as the heat of
combustion and the adiabatic flame temperature, as well as being a component in more complex

operations such as when solving the gas energy equation.
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Not only this, but before a chemical kinetic model is ever compared with experiment, a
knowledge of ∆fH

−◦ for components of elementary reactions can provide the kinetic modeller

with key insight into the chemical reactions which are likely to be important in predicting
combustion properties accurately.

For instance, the enthalpy of reaction (∆rH
−◦ ) can readily be determined from ∆fH

−◦ of the
products and reactants for that reaction via:

∆rH
−◦ =

∑

ν∆fH
−◦ (products)−

∑

ν∆fH
−◦ (reactants) (2.38)

where ν is a weighting for stoichiometric coefficients.
If a reaction forms products which are more enthalpically stable than reactants, there will be

a net heat release in the system (∆rH
−◦ will be negative) and the reaction is termed exothermic.

Conversely, an endothermic reaction is one where products are less stable than reactants (∆rH
−◦

will be positive), and energy must be supplied in order for the reaction to proceed.
As most, but not all, chemical reactions proceed through a reaction barrier which lies en-

thalpically above both the reactant(s) and product(s), ∆rH
−◦ therefore provides an estimate of

the minimum barrier for the reaction. Exothermic reactions will tend to proceed through smaller
reaction barriers than endothermic reactions and highly endothermic reactions can commonly

be negated in chemical schemes where more exothermic (or certainly less endothermic) pathways
exist, as the higher barrier process is likely to have a smaller rate constant, all other things being

equal.
The bond dissociation energy (BDE, De), a standard measure of the strength of a chemical

bond, is regularly investigated by the kinetic modeller in order to determine likely sites for
unimolecular cleavage and free radical attack in a molecule. It is defined as the molar enthalpy

required to homolytically break a bond. For the reaction AB → Ȧ + Ḃ, De(A–B) can be
determined readily from the enthalpy of reaction:

De = ∆rH
−◦ = ∆fH

−◦ (Ȧ) + ∆fH
−◦ (Ḃ) − ∆fH

−◦ (AB) (2.39)

For many classes of reaction encountered in combustion, the dominant reaction pathway
is generally that which favours reaction centered at the weakest chemical bonds, due to the

correlation between reaction enthalpy and reaction barrier. Indeed, this relationship is frequently
exploited by the kinetic modeller through the development of structure activity relationships

(SARs) such the Evans-Polanyi relationship [74], which can be used to empirically link the
kinetics and thermodynamics of a well known chemical reaction, to a similar chemical process

where only the thermodynamic properties are known.
A second thermodynamic quantity which is essential in the understanding of chemical change

must now be considered—the entropy, S. Many physical and chemical processes have a tendency
to occur naturally, and by naturally, one implies that it is without work being done to bring
about that change. Hot objects will tend to cool down to the temperature of their surroundings

with time, or a drop of food dye placed in a vessel of water will tend to diffuse throughout the
water. Conversely, a syringe of gas will not contract to a smaller volume unless work is done (i.e.

a plunger is pushed thus acting as an external force) and the air we breathe does not separate
into its constituent gaseous components (thankfully).

These examples illustrate the concept of spontaneous change. A spontaneous change is one
which will occur without work being done to enact that change, and a non-spontaneous change

is one which can be made occur, but only where energy is expended by doing work. Note that
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in all instance, the spontaneous processes is the one in which the state of the system tends
towards being more disordered or dispersed, and the non-spontaneous processes are ones where

work must be done to make the system more ordered. The spontaneity of chemical and physical
change is quantifiable via the entropy, and in particular entropy changes, ∆S.

The standard molar entropy (S−◦ , J mol−1 K−1) can be considered, in the thermodynamic
sense, as the heat energy transferred reversibly to one mole of a substance in bringing it from 0
K to 298.15 K [63]. It is a non-zero value for all substances above 0 K and in this respect it is

an absolute and determinable quantity for all chemical species.

Knowing S−◦ for the products and reactants of a chemical reaction allows for the determina-

tion of ∆rS
−◦ , the entropy of reaction:

∆rS
−◦ =

∑

νS−◦ (products)−
∑

νS−◦ (reactants) (2.40)

Given that spontaneous processes tend to lead to an increase in the entropy of a system, a
knowledge of the magnitude of ∆rS

−◦ allows the kinetic modeller to make inferences on the like-

lihood that a chemical reaction will occur based on simple thermodynamic grounds. Reactions
which proceed with a net increase in entropy will tend to be favoured over reactions which lose
entropy upon formation of products, again, all other things being equal.

Whilst the H and S functions for a given chemical species are in isolation quite useful in
the analysis of chemical process (and of course essential in modelling many physical reactors),

both properties are essential in the derivation of another important thermodynamic quantity of
interest in combustion modelling—the Gibbs Energy, G. The standard Gibbs energy, ∆fG

−◦ , is
derived from the standard enthalpy and entropy, as follows:

∆fG
−◦ = ∆fH

−◦ − T∆S−◦ (2.41)

It is essentially a measure of the energy (kJ mol−1) available in the system to do work
(∆fH

−◦ ) less the quantity of energy stored in random motion in each molecule (T∆S−◦ ), e.g.

energy which can not be harnessed to do useful work. Its significance in chemical equilibria will
now be explored. Again consider a simple reversible chemical reaction governed by forward and

reverse rate constants kf and kr:

aA + bB
kf



kr

qQ + rR (2.42)

After a certain length of time the system will reach an equilibrium state (assuming it is a

closed system) where the concentrations of reactants and products becomes independent of time
and the following holds:

−1

a

d[A]

dt
= −1

b

d[B]

dt
=

1

q

d[Q]

dt
=

1

r

d[R]

dt
= 0 (2.43)

Whilst kinetics (kf and kr) dictates the length of time required for this equilibrium state to
be reached, the resting concentrations of the system is determined from the equilibrium constant,

Kp:

Kp =
[Q]q[R]r

[A]a[B]b
(2.44)
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In turn the equilibrium constant for the reaction is related to the standard Gibbs energy change
of reaction, ∆rG

−◦ , via:

∆rG
−◦ = −RT lnKp = kf/kr (2.45)

where:

∆rG
−◦ =

∑

ν∆fG
−◦ (products) −

∑

ν∆fG
−◦ (reactants) (2.46)

∆fG
−◦ is the standard Gibbs energy of formation of a substance with units of kJ mol−1,

and ν is a weighting for stoichiometric coefficients. Whilst Equations 2.44 and 2.45 are useful
in cases where the change in the number of moles of reactant and product is nil, the following

form must be used in instances where this is not the case:

Kp = KC =
exp(−∆G/RT )

(R′T )∆n
(2.47)

where KC is the equilibrium constant in concentration units, R
′
is the gas constant with a value

82.057 cm3 atm K−1 mol−1, and ∆n is the change in the number of moles for the reaction.

So knowing ∆fG
−◦ , which is derived from the standard state enthalpies and entropies of

each chemical species in this reaction, one can now predict the final resting composition for the

reaction. Moreover, if one has a knowledge of the rate constant for the reaction in either the
forward or reverse direction, coupled with ∆rG

−◦ , the rate constant for the opposite process can
be determined from Equations 2.45 or 2.47 through the principle of microscopic reversibility

(thermodynamic reversibility). This principle is of frequent use in kinetic modelling when the
rate constant for a reaction of interest is unknown, but a sensible rate constant for the reverse of

this reaction can be inferred based on an analogy with a similar well-known chemical reaction.
The rate constant for the reaction of interest thus follows through Equations 2.45 or 2.47. It is

essentially always the case when estimating rate constants for homolytic fission and radical β-
scission reactions to derive the decomposition rate constant via microscopic reversibility based on

an estimate of the reverse radical-radical or radical-alkene/alkyne recombination rate constant,
which tend to be well-known.

The heat capacity (C) is the final thermodynamic quantity worth considering at this point.
It typically takes units of J K−1 mol−1 and is a measure of the heat energy required to change

the temperature of a quantity of substance (in this case 1 mole) by a defined amount. It is of
course essential in the thermodynamic description of any physical reactor containing an arbitrary
number of chemical components and it can be defined in terms of either constant pressure (Cp)

or volume (CV ) processes, with the two related by R:

Cp − CV = R (2.48)

It also has utility in the extrapolation of standard thermodynamic quantities (∆fH
−◦ , ∆S−◦ )

via:

∆fH(T2) = ∆fH(T1) +

∫ T2

T1

∆CpdT (2.49)

∆S(T2) = ∆S(T1) +

∫ T2

T1

∆Cp

T
dT (2.50)

Indeed the experimental determination of enthalpy and entropy functions over wide ranges of

temperatures is still uncommon, and the above relationships allow the extrapolation of these
these functions over wide ranges of temperature given the relative ease at which heat capacities

can be determined as a function of temperatures via calorimetry.
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2.3 Kinetic Modelling Software

Once the kinetic modeller has derived kinetic and thermodynamic functions to describe the
elementary reaction steps of importance in the combustion of a fuel, they require some means

by which to “simulate” the combustion process in a given physical environment (shock-tube,
rapid compression machine, perfectly-stirred reactor) under defined initial physical conditions
(T , p, V , [Fuel], [O2], etc.). Based on the type of reactor being modelled and the conditions

at time zero, the system is allowed to evolve with time via the solution of the governing set of
physical equations.

Several codes are currently available and in wide-spread use by the kinetic modelling com-

munity. The Chemkin code was originally developed at Sandia National Laboratory circa
1980, and is currently sold by Reaction Design as Chemkin-Pro [75]. The code consists of

a collection fortran sub-routines which allow the user to input appropriate temperature- and
pressure-dependent kinetic, thermodynamic and transport properties for gas, surface and bulk

phase chemical reactions which can be used to simulate shock-tubes, stirred reactors, flow re-
actors, premixed/diffusion flames and homogeneous batch reactors, amongst others. Although

earlier version of Chemkin were distributed freely to the combustion community, Chemkin-

Pro is currently licensed software which requires annual subscription. Several academic codes

which are freely available should also be mentioned, Cantera [76], OpenSMOKE [77] and
DARS [78]. The Chemkin-Pro code has been used for all kinetic modelling work in this

study and some comments on the input file structure is now appropriate. Note that Cantera,

OpenSMOKE and DARS codes use similar formats for chemical kinetics, thermodynamics and
transport properties files and the mechanisms developed herein should be compatible with these

codes.

2.3.1 Chemkin-Pro

Kinetic Mechanism Input File: Chem.inp

A Chemkin-Pro format kinetic mechanism must detail in this order, lists of:

1. the chemical elements which comprise any chemical species in the mechanism

2. the chemical species which are are involved in any given chemical reaction in the mechanism

3. the chemical reactions which describe the combustion of the fuel being modelled, together
with appropriate rate constant expressions

The list of elements will be written as:

elements

c h n o ar he f

!to modify

end

The list of species follows:

species

h h2 o o2 oh h2o2
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ch3 ch4 c2h c2h2 c2h3 c2h4 c2h5 c2h6

!include all species as necessary

end

The list of chemical reactions should be input as follows:

reactions

A+B <=> C+D Arrhenius Coefficients

B <=> E+F Arrhenius Coefficients

!include all reactions as necessary

end

There are several syntax options accepted with respect to defining chemical reactions and
their associated kinetic parameters. The simplest reaction type to be defined is a pressure-

independent reversible reaction:

h+o2<=>o+oh 1.040e+014 0.000 15286.0 !THIS IS A COMMENT

h, o2, o and oh are the four species which comprise the reaction, + is a delimiter seperating the
various reactants and products of the reaction, and <=> delimits reactants from products with

the enclosing angle brackets defining the reaction as reversible. Irreversible reactions are written
are defined using =>. The three numbers which follow the reaction products correspond to A,
n and Ea from a modified Arrhenius fit to k(T ). By default the units of A are molar with Ea

defined in calories/mole. Although the user can define these input variables with other units if
they desire, this is not recommended given that the vast majority of chemical mechanisms are

currently defined with these units and compatibility issues could be problematic.
Pressure-dependent reactions can be handled in two ways using Chemkin-Pro, the Troe

and PLOG formats. Within the Troe formalism, the rate constant at any temperature and
pressure, k(T ) is given by:

k(T ) = k∞(T )

(
Pr

1 + Pr

)

F (2.51)

k∞(T ) is the high-pressure limiting rate constant at a temperature, T , Pr is the reduced pressure,

and F is an empirical fitting term. The reduced pressure is computed as:

Pr =
k0(T )[M]

k∞(T )
(2.52)

where k0(T ) is the low-pressure limiting rate constant at a temperature, T , and [M] is the total
concentration of the system and is thus a function of pressure. F is given by

logF =

(

1 +

{
logPr + c

n− d(logPr + c)

}2
)−1

logFcent (2.53)

where

c = −0.4− 0.67 logFcent

n = 0.75− 1.27 logFcent

d = 0.14
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Fcent is in turn computed via:

Fcent = (1− α) exp(−T/T ∗∗∗) + α exp(−T/T ∗) + exp(−T ∗∗/T ) (2.54)

It is the four parameters α, T ∗, T ∗∗ and T ∗∗∗ which are specified in the Chemkin-Pro input
file, along with the Arrhenius coefficients for k∞ and k0. The general format is as follows:

REACTANTS(+M)<=>PRODUCTS(+M) A∞ n∞ E∞! High-pressure limit

LOW / A0 n0 E0 / ! Low-pressure limit

TROE / α T ∗∗∗ T ∗ T ∗∗ / ! Troe Parameters

Note that the third body in the reaction, M, must be enclosed by brackets to indicate a Troe

formulation of pressure-dependency. If the reaction is written as:

REACTANTS+M<=>PRODUCTS+M A∞ n∞ E∞! High-pressure limit

LOW / A0 n0 E0 / ! Low-pressure limit

the Lindemann formulation is implemented, F is assumed to be unity and and Troe parameters

are therefore not defined.
The PLOG formalism requires the specification of k(T, p) at least at two different pressures.

The rate constant at any given pressure is then computed based on linear interpolation of k(p)
at a given temperature:

lnkp = ln ki + (lnkj − lnki)
lnp− lnpi

lnpj − lnpi
(2.55)

where the subscripts i and j denote properties of interest at the two pressures which encompass

the pressure of interest, p. If the pressure being simulated is below the range of pressures defined
in the list of PLOG rate constants, then lowest pressure rate constant defined will be used in the

simulation and vice versa if the simulated pressure is above the range of PLOG rate constants
defined. The standard format is:

REACTANTS<=>PRODUCTS x y z !Reaction name and dummy variables

PLOG/ p1 A1 n1 E1 / !Lowest pressure

PLOG/ p2 A2 n2 E2 /

PLOG/ p3 A3 n3 E3 /

PLOG/ p4 A4 n4 E4 / !Highest pressure

where pi is the pressure in atmospheres, and Ai, ni and Ei are the Arrhenius coefficients at

the defined pressure. Pressures must be defined in ascending order. The parameters x, y and
z would typically be input as the high-pressure limiting Arrhenius coefficients, though within

the PLOG format implemented by Chemkin-Pro they are read-in but never used in kinetics
computations. The quality of the interpolation provided by the PLOG method is dependent on
the number of pressures provided by the user, with factor of ten increments from 0.01–100 atm

used where novel kinetic computations are carried out as part of this work.
With respect to the kinetics input file one should note that species names cannot begin with

numbers (Chemkin-Pro would assume that the number is a stoichiometric coefficient), and
that species names are case-sensitive—a compound defined as C2H4 in the species list would

not be recognized if it were written in the reaction list as c2h4. By extension, the names of all
compounds in the species list must be identically defined in the thermodynamics and transport

input files which will now be discussed.
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Thermodynamics Input File: Therm.dat

The NASA format polynomial is the standard means of reporting temperature-dependent ther-
modynamic functions in combustion modelling. A general template for a NASA format polyno-

mial is as follows:

column numbers:

1 10 20 30 40 50 60 70 80

| | | | | | | | |

|23456789|123456789|123456789|123456789|123456789|123456789|123456789|123456789|

|<-name->|<-date->|<ref>|<-----elements---->G|<-Tmin-->|<-Tmax->|<--Tbk->| 1

|<-----c1---->|<-----c2----->|<-----c3----->|<-----c4----->|<-----c5----->| 2

|<-----c6---->|<-----c7----->|<-----c8----->|<-----c9----->|<-----c10---->| 3

|<----c11---->|<-----c12---->|<-----c13---->|<-----c14---->| 4

<-name-> is the name assigned to the molecule, which must reciprocate with the name assigned

in the kinetics input file. <-date-> and <ref> are useful for auditing polynomials, but they are
not essential, and the “name” assigned to the species in the polynomial can be extend out to
replace these columns. The <-----elements----> columns define the number and type of each

atom in the molecule and the G denotes that the species is in the gas phase.
c1–c14 are the polynomial coefficeints which were fitted to reproduce Cp, H and S as

a function of temperature. Coefficieints c1–c7 are specific to the “high-temperature” fitting
regime, and c8–c14 to the “low-temperature” fitting regime. The temperature at which these

regimes cross-over is known as the break-point temperature—a point of forced tangency between
the lower- and upper-temperature coefficients. An illustration of this principle is provided in

Figure 2.4. Tmin and Tmax are the lowest and highest temperatures over which the polynomial
coefficients were fitted. Note that Chemkin-Pro is fastidious with respect to the alignment

of polynomial coefficients, thus column numbers are used to illustrate correct alignment in the
example given.

Thermodynamic parameters are computed according to Equations 2.56–2.58:

Cp(T > Tbk) = R(c1 + c2T + c3T
2 + c4T

3 + c5T
4)

Cp(T < Tbk) = R(c8 + c9T + c10T
2 + c11T

3 + c12T
4)

(2.56)

H(T > Tbk) = R(c1T + (c2/2)T 2 + (c3/3)T 2 + (c4/4)T 4 + (c5/5)T 4 + c6)

H(T < Tbk) = R(c8T + (c9/2)T 2 + (c10/3)T 2 + (c11/4)T 4 + (c12/5)T 4 + c13)
(2.57)

S(T > Tbk) = R(c1 lnT + c2T + (c3/2)T 2 + (c4/3)T 3 + (c5/4)T 4 + c7)

S(T < Tbk) = R(c8 lnT + c9T + (c10/2)T 2 + (c11/3)T 3 + (c12/4)T 4 + c14)
(2.58)

The Therm.dat input file for Chemkin-Pro simply consists of a list of NASA format poly-
nomials for all species defined in chem.inp. The following line precedes the list of polynomials

thermo

300.000 1000.000 5000.000

where the three values are the minimum temperature, break-point temperature and maximum

temperature for which the polynomial fits are valid.

27



CHAPTER 2. FUNDAMENTALS OF CHEMICAL KINETIC MODELLING

Figure 2.4: Illustration of computation of heat capacities from NASA format polynomials for

2-methylfuran where Tbk is the break-point temperature, red lines represent Cp/R computed
using coefficients c1–c5 and black lines represent Cp/R computed using c8–c9. The dashed lines

are heat capacities computed using coefficients outside of the range over which they have been
fitted and are thus not used in any thermodynamic computation.

Transport Data Input File: Tran.dat

In the simulation of reactors such as shock-tubes, perfectly-stirred and plug-flow reactors, it is
often assumed that the temperature and concentration fields are purely kinetically controlled.

However, in other chemically reacting-flows such as laminar flames, diffusion, convection and
conduction can occur on time-scales competitive with chemical reaction, and thus these proper-

ties must be evaluated in order to accurately to determine the physico-chemical properties of the
system. In these instances, it is necessary to include transport properties so that diffusion coef-
ficients, viscosities, thermal conductivities and thermal diffusion coefficients can be determined

for the mixture under study.
The standard format of a Chemkin-Pro transport data input file is as follows:

! species Index e/k sigma/A mu/Debye alpha/A** Zrot

h 0 145.000 2.050 0.000 0.000 0.000

h2 1 38.000 2.920 0.000 0.790 280.000

h2o 2 572.400 2.605 1.844 0.000 4.000

where an exlamation point denotes a comment. The first term on each line is the name of the
chemical species as defined in the chem.inp and therm.dat files. The second term (Index) is

an integer to indicate whether the species is an atom (0), a linear molecule (1), or a non-linear
molecule (2). Whether the species is monoatomic, linear or non-linear has a direct bearing on

its translational, rotational and vibrational heat capacities, and is therefore of importance in
computing the thermal conductivity of each species. The second term (ε/kB) is the Lennard-

Jones well-depth of the molecule with units of K and the third term (σ) is the Lennard-Jones
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Figure 2.5: Influence estimated transport properties on the computed laminar burning velocities

(SL) of a 2,5-dimethylfuran/air mixture at unburnt gas temperatures of 298 K and initial pres-
sure of 1 atm as a function of equivalence ratio (φ). Originally estimated transport properties

(—), ε/kB and σ doubled for all furanic compounds (—).

hard-sphere collision diameter with units of Å. Both properties are used in the computation of

the viscosities and diffusion coefficients for each species, as well as their thermal conductivities.
The third and fourth terms are the species dipole moment and polarizability with units of

Debye and Å2 respectively, both again are used in the computation species viscosities, diffusion
coeffecients and thermal conductivities. The final term (Zrot) is the unitless rotational relaxation

collision number at 298 K. It is a temperature-dependent term used in the computation of the
thermal conductivity of each species.

Whilst the input parameters above are essential input for a 1-D simulation of a chemically
reacting flow, their sensitivity can vary depending on the experiment being modelled. Dur-

ing the course of this work, transport properties were only a necessity in the simulation of
laminar premixed flames. For these simulations, the transport properties of large species such

as 2-methylfuran and 2,5-dimethylfuran show limited sensitivity with respect to the computed
parameter of interest—the laminar flame speed.

As a result, only Lennard-Jones parameters (ε/kB, σ) and Zrot were included in the transport

properties list, based on simple estimation methods. The effect of doubling the Lennard-Jones
parameters for all furanic species in the mechanism is shown in Figure 2.5 for a simulation of
2,5-dimethylfuran/air laminar burning velocities and is shown to be negligible.

One should note that the equations used to evaluate the viscosities, diffusion coefficients and

thermal conductivites for each species, and therefore mixture, are quite involved and an in-depth
discussion on them will not be given here as a result of their insensitivity to the final mechanism

predictions to be described in subsequent Chapters. The Chemkin-Pro [75] theory manual
provides the appropriate theoretical background on the theoretical/computational approach

used herein.
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Aurora: Closed Homegeneous Batch Reactor

The Aurora module of Chemkin-Pro was designed for the modelling of perfectly-stirred
thermal reactors/closed homogeneous batch reactors where time-scales for species diffusion are

much faster than those for chemical reaction, and the influence of the former can be negated.
It is therefore appropriate for modelling well-mixed systems where properties of the system are

spatially uniform (0-D). Shock-tube, and jet-stirred and flow reactor modelling carried out as
part of this work have therefore employed this module as a closed-homogeneous batch reactor

with no inlet or outlet flow.
For shock-tube simulations a constant volume adiabatic reactor model was employed with

the transient solver used to resolve the system of differential equations. Ignition delay times were

extracted from the computed output by monitoring pressure- or concentration-time profiles. The
ignition delay time was defined as either the maximum rate of increase in:

(a) pressure (dP/dt = max) or,

(b) concentration of electronically excited methylidene radical (d[CH?]/dt = max)

depending on the experimental definition. Five thousand time steps were printed to the diagnos-
tic output files for post-processing of pressure- and concentration-time profiles. The gas-energy

equation was solved to compute the gas temperature as the system evolved but ignition delay
times were ultimately presented against the temperature at t = 0 (the reflected shock temper-
ature, T5). Similarly, for modelling shock-tube pyrolysis results the computed mole fractions

were plotted against T5 when compared with experiment, and not the temperature at the end
of chemical reaction, which is significantly lower than T5 under pyrolysis conditions given the

endothermicity of pyrolytic chemical reactions.
The Orléans jet-stirred reactor [79] was modelled using the transient solver, with the gas

temperature fixed at the temperature of the reactor wall. The energy equation was not used to
compute the bulk gas temperature and this assumption is typically made when modelling this

reactor given the very high-dilutions of fuel/O2 under which it is operated. The transient solution
time was fixed at 25 seconds so as to ensure convergence in the computed species mole fractions

with the absolute and relative tolerances taken as 1×10−10 and 1×10−3 respectively. The gas
residence time in the reactor was provided by the experimentalists so no reactor dimensions
were required in the simulation.

The Ghent flow reactor [80] was simulated as an isobaric closed batch reactor with the
transient solver used to provide solutions. The gas temperature was fixed at the reactor wall

temperature and the residence time was taken as that provided by the experimentalists. The
default tolerance settings were employed.

Premix: 1-D Laminar Flames

The Premix module of Chemkin-Pro was designed for the modelling of premixed 1-D laminar
flames where both species transport and chemical kinetics are required to describe the structure

of the flame. This module has been used to compute laminar burning velocities of burner-
stabilised and spherically-expanding flames, and species concentrations measured in low-pressure

flames. Whilst obtaining solutions to combustion problems in shock-tubes, PSRs and flow
reactors is typically straight-forward (they are 0-D problems), obtaining a converged solution to

a 1-D problem requires a bit more attention.
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Figure 2.6: Iterative solution of flame structure via grid refinement and domain expansion for

a 2-methylfuran/O2/N2 φ = 1.1 mixture at 398 K and 1 atm. (a)–(e) � = fixed-temperature
solution of flame structure, � is a solution where the energy equation is solved. (f) � = T / K,
� = mole fraction of 2-methylfuran.
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Calculation Number Grid Settings Axial Boundary (cm) Reactor Properties

Grad Curv Start End Thermal Diffusion

1 0.99 0.99 0.0 0.3
2 0.90 0.90 −0.5 8

3 0.80 0.80 −0.5 8
4 0.70 0.70 −0.5 10

5 0.50 0.50 −1 10
6 0.25 0.25 −1 10
7 0.25 0.25 −2 10

8 0.10 0.20 −4 10
9 0.10 0.10 −10 10 X

10 0.02 0.02 −10 20 X

Table 2.1: Adaptive grid and domain settings used in laminar burning velocity computations.

Figure 2.7: Computed laminar for a 2-methylfuran/O2/N2 φ = 1.1 mixture at 398 K and 1 atm
as a function of the number of grid points.
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Specifically, obtaining a converged solution requires the problem to be solved iteratively
through refinement of the solution “grid” or “mesh” as a function of axial distance along the

flame. Figure 2.6 (a)–(f) illustrates the concept with a focus on the computed temperature
profile in a 2-methylfuran/O2/N2 flame. Note that the same concept applies for the computed

species mole fractions as a function of distance. In Figures 2.6 (a)–(e) the black squares are
solutions based on a fixed-temperature profile, and the red squares are results where the gas

energy equation is solved along with the kinetic and transport equations.

Figure 2.6 (a) shows the first step in the grid refinement procedure where a mesh of twelve
grid points is put in place over a small region of the flame (0.0–0.3 cm). The temperature profile

is initially estimated based on the known (a) unburnt gas temperature and (b) adiabatic flame
temperature of the mixture. In this instance the unburnt gas temperature is 398 K, and the

adiabatic flame temperature is 2405 K, and the average of these is 1401 K. The temperature
at the mid-point of the axial domain (0.15 cm) is then “fixed” at this average value, and the

temperature at other points is linearly interpolated between the unburnt, fixed and adiabatic
temperatures. The species composition is then solved for this twelve point grid and estimated

temperature profile. The twelve grid point mesh is now used as the initial estimate for a second
computation where the temperature is no longer estimated as above. Instead, the gas energy
equation is now simultaneously solved along with the kinetic and transport equations. Once the

energy equation is added one can see that (a) the shape and magnitude of the temperature as
a function of distance drastically changes and (b) 32 grid points have to be added in the region

where temperature is changing in order to satisfy the criteria of Grad and Curv requested.
Notice how grid points are not added in the axial regions where the temperature is not changing

as a function of distance (before 0.1 and above 0.2 cm respectively) as the temperature and
concentration gradients in these regions are negligible.

Figure 2.6 (b) then shows the second step in the refinement procedure. Grad and Curv are

both slightly reduced thus requesting that species and temperature gradients between any two
grid points along the flame must be lower than the previous solution. If these gradients are not

within the tolerance set, then grid points are adaptively added to reduce the gradient between
any two cells on the grid. The axial domain is also expanded to cover the region of -0.5–8 cm.

The initial temperature and species concentration profiles are estimated based on the 44 grid
point solution in Figure 2.6 (a) and a fixed-temperature solution is then provided. Note how

only two grid points are added to cover the expanded axial domain for the solution. The fixed-
temperature solution is again used as an initial estimate for a solution where the gas energy
equation is solved and ultimately, there are 13 extra grid points added for this converged solution

(57 grid points total) when compared with the solution in Figure 2.6 (a) (44 grid points). Again
note that grid points are only added in the region of the flame where temperature and species

concentration gradients are changing rapidly with respect to distance. Figures 2.6 (c)–(e) repeat
this iterative process, where the grid is refined by reducing Grad and Curv whilst simultaneously

expanding the axial domain to adiabatic/equilibrium conditions (“infinite” distance).

The final solution is provided in Figure 2.6 (f) where the temperature profile and computed
2-methylfuran mole fractions are shown. The final solution contains 1373 grid points covering

a region of −10→+20 cm along the flame. Over 1300 of these grid points are contained in the
region of 0.1–0.15 cm where the temperature and species concentrations are changing rapidly

(the reaction zone) and the mesh size in this region is therefore on a very refined micrometer
scale. Before the reaction zone there is no chemical reaction and beyond the reaction zone

the flame has reached adiabatic/equilibrium conditions, and thus a coarse mesh can be used to
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as there are no axial concentration or temperature gradients. The evolution of the computed
laminar burning velocity with the number of grid points in the final solution is illustrated in

Figure 2.7, where a 7 cm/s difference is observed in the computed flame speed moving from the
initial coarse mesh with 44 grid points, to the highly refined solution containing 1373 grid points.

However, the solution changes by less than 1 cm/s as the grid is expanded from 350–1373 grid
points, and thus the solution has become grid-independent.

Table 2.1 shows the grid and axial domain settings used to achieve converged flame speeds
as part of this work. For 2-methylfuran/air flames solutions were obtained to a Grad and Curv of

0.02 which offered over 1000 grid points in the final solution. For 2,5-dimethylfuran/air flames
convergence to a Grad and Curv setting of 0.02 was unobtainable due to the size of the kinetic

mechanism (the number of species primarily) so the final solutions were obtained with Grad and
Curv of 0.1 which produced results with over 300 grid points. Based on the tests carried out,
computed 2,5-dimethylfuran/air flame speeds are likely to be 1 cm/s higher than they would

have been had a Grad and Curv of 0.02 been numerically achievable.
For flame speciation simulations, the unburnt gas flow-rate and experimental temperature

profiles were known and included in the simulation input file, and so the grid refinement proce-
dure described above was not carried out. These simulations employed a Grad of 0.4 and Curv

of 0.25 which allowed species concentrations to be calculated at over axial 100 grid points.
For all simulations mixture-averaged transport properties were assumed, as the multi-component

approach was computationally too expensive to provide a solution. On average a laminar burn-
ing velocity computation with the mixture-average approach took approximately thirty minutes

on a Windows workstation with 8GB of RAM and two four-core Intel Xeon X5355 processors
with a 2.66 GHz clock-speed. Test simulations using the multi-component transport equations
took up to 80 hours per simulation on the same workstation, and in many cases the simula-

tion failed to reach convergence. Had this approach been adopted, computed flame speeds for
2,5-dimethylfuran/air mixtures would have been faster, but by less than 1 cm/s.

Sensitivity and Reaction-Flux Analyses

As part of the chemical kinetic modelling studies carried out herein, sensitivity and reaction-
flux (or rate-of-production/reaction-pathway) analyses have been applied to identify reactions

of importance in predicting fundamental laboratory experiments.
For ignition delay time computations “brute-force” sensitivity analyses have been carried

out whereby the A-factor for each rate constant for each chemical reaction in the mechanism
was individually:

• Increased by a factor of two and the ignitiond delay time re-computed (τk×2)

• Decreased by a factor of two and the ignitiond delay time re-computed (τk/2)

A sensitivity coefficient (Si) is then computed via:

log 10

(
τk×2

τk/2

)

/ log10

(
2

0.5

)

(2.59)

A negative Si in turn is indicative of a reaction which promotes reactivity and vice versa for
a positive Si. The first order sensitivity coefficient of the mass flow rate to the A-factor of

each rate constant was used to identify kinetic parameters controlling the calculated laminar
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burning velocities. This approach was implemented using the ASEN keyword of the Chemkin-

Pro software package.

Reaction-flux analyses were typically carried out as a function of temperature and pressure
for each set of experiments. The residence time for these analyses was chosen to coincide with

20% consumption of the reactant species. The rationale being that at this residence time,
sufficient chemical reaction has occurred to observe all of the chemical reactions which are

important in consuming the fuel (initiation, progation and branching reactions), but not so
much fuel has been consumed that the reactions observed as important in consuming certain

species (e.g. fuel, Ḣ atom, ȮH radical) are secondary reactions which are not directly related
to the chemical kinetics of the reactant species.

2.3.2 THERM and CHEMRev

The THERM code was developed by Ritter [81] and Ritter and Bozzelli [82] in the early 1990’s
for the estimation of gas-phase thermochemistry for stable and radical species based on group

additivity rules. It has been used as part of this work to estimate thermochemical parame-
ters and generate NASA format polynomials in instances where quantum chemistry/statistical

thermodynamic methods have not been used.

Chapter 5 describes in detail the development of group additivity rules for furan derivatives
which are ultimately presented in a format compatible with the THERM code and specific

examples on how to implement group additivity with THERMare presented therein. Asides
from this, the code is quite simple in its use, and no detailed instructions will be given herein as a

result but its widespread use in the combustion modelling community is worth mentioning. The
code is written in Fortran and is designed to be used on operating systems using MSDOS. It is

incompatible with 64-bit Windows operating systems and the DOSBox [83] MSDOS emulator,
or something similar, is therefore required to use this code on 64-bit systems.

The CHEMRev code was developed by Rolland and Simmie [84] to compute the reverse

rate constants of elementary reactions based on the provision of Chemkin format kinetics and
thermodynamics input files. The reverse rate constants are automatically fit the Arrhenius pa-

rameters and it was used in this work on a near daily basis to compute rate constants through
microscopic reversibility. It is an essential tool in the kinetic modellers arsenal. The CHEM-

Clean code, also developed by Rolland and Simmie [85], complements CHEMRev by prepar-
ing the Chemkin kinetics file to be compatible with CHEMRev. Both codes are available for

download at http://c3.nuigalway.ie/software.html.

2.4 Conclusion

The purpose of this Chapter was to outline some principles which are fundamental to the fields
of chemical kinetics and thermodynamics, and in turn, central to the construction of chemical

kinetic models. In order to develop a predictive and accurate chemical kinetic model one must
carefully consider, perhaps necessarily in this order:

1. The basic mechanism of all elementary reactions which are conceivably involved in the
conversion of fuel and O2 to combustion products. Chemical intuition, experience and

analogy serve as the basis for this step in many instances.
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2. The thermodynamic functions for the reactants and products of each elementary reaction
in light of relevant theory or experiment.

3. The temperature- and pressure-dependencies (if any) for the rate constant of each elemen-

tary reaction in light of relevant theory, experiment and thermodynamic functions.

4. The transport properties for each species should the system being modelled be both ki-
netically and diffusion controlled.

The concepts described above should serve as a basis for the reader as they progress through

subsequent Chapters. For more information on these topics, the reader is referred to textbooks
on chemical kinetics and thermodynamics [63–68, 86] and transport properties [87, 88] which

should offer useful information for the novice and advanced chemical kineticist. The computa-
tional tools used as part of the kinetic modelling aspects of this work have also been described.

The modern theoretical methods which can be used to determine kinetic and thermodynamic
parameters for elementary chemical reactions will now be considered in detail.
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Chapter 3

Quantum Chemistry and Statistical
Rate Theory

Historically, kinetic mechanism development has relied heavily on direct experimental mea-
surements of the elementary kinetic and thermodynamic parameters described previously. Of

course, direct experimental measurement is the ideal source of such parameters, but practical
limitations make measurement of all necessary input parameters for a chemical model next to

impossible—largely due to the experimental timeframes involved, and the magnitude of most
chemical mechanisms. Short of such measurements, the kinetic modeller would have relied on

analogy with available experimental measurements of similar chemical systems, fitting of ther-
modynamic/kinetic parameters to global combustion measurements using complex mechanisms

(containing 100s–1000s of of variables), or judicious estimate and chemical intuition.
Having said this, many of the basic mathematical principles which could allow the modeller

to describe atoms and molecules at a theoretical level have existed since the early 20th century,

as did the statistical methods which allow for the derivation of thermodynamic and kinetic data
from molecular information. One of the pioneers of quantum mechanics summarised it well,

“The underlying physical laws necessary for the mathematical theory of a large part

of physics and the whole of chemistry are thus completely known, and the difficulty is
only that the exact application of these laws leads to equations much too complicated

to be soluble.” — P.A.M. Dirac, 1929

yet such theories were rarely utilised in the development of chemical mechanisms until very
recently. The breakthrough which allowed the kinetic modeller to apply such methods has oc-

curred only in the past two decades. Through the advent of high-end computing hardware on
which commercial quantum chemistry software packages can operate, it is now practically feasi-
ble to obtain fundamental molecular data for complex closed shell, radical and ionic species with

chemical accuracy. By this one is implying accuracy rivaling experimental, or more precisely, ±
4 kJ/mol with respect to the uncertainty in energy (internal energy or enthalpy).

Indeed, it is now the norm for most experimental measurements of kinetic or thermodynamic
properties to be accompanied with some theoretical description of the system under study.

Where experimental measurement of such properties is not possible or has not been carried out,
it is now accepted that quantum chemistry in isolation can form the link between fundamental

molecular behavior and laboratory combustion measurements, such is their reliability.

37
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This Chapter will give an overview of some theoretical methods which are commonly applied
to combustion problems, along with a description of the statistical theories used for determina-

tion of thermodynamic and kinetic information from fundamental molecular data. The software
packages which were used as part of this Thesis will also be described for the reader, with a

view to also serving as a source of practical information for those who are unfamiliar with such
codes.

3.1 Electronic Structure Methods

The influence of computational chemistry in modern science is far reaching. From the fields of
organic, atmospheric and combustion chemistry, to biochemical and medicinal applications, it

has become an essential tool in many areas of scientific exploration. Indeed the importance of
computational chemistry was illustrated recently with the Nobel Prize in Chemistry for 2013

awarded to Karplus, Levitt and Warshel [89] “for the development of multiscale models for
complex chemical systems” based largely on the development of the CHARMM (Chemistry at
HARvard Molecular Mechanics) molecular simulation program [90], which is highly utilised in

the computational modelling of biological systems. Kohn and Pople also shared the Nobel Prize
in Chemistry in 1998 for their development of density functional theory (DFT) and ab initio

quantum chemical methods [91].
The importance of computational chemistry in modern science lies in its ability to supplement

and rationalise experimental findings and to act as a predictive tool, allowing one to develop
a deeper level of understanding of chemical properties and reactions based on molecular level

information. The quality of this information varies depending on the specific methods (or
physical model) applied, with the deciding factors in the choice of model being:

1. the level of accuracy required

2. the size of the molecular system being studied and ultimately

3. the computational feasibility of the problem based based on 1 and 2

Loosely speaking, the accuracy (and computational cost) increases as one moves from molec-

ular mechanics, to semi-empirical quantum mechanics, to density functional theory, and ulti-
mately to ab initio methods.

Molecular mechanics methods assume a ball and spring model of atoms based on classical
physics, and they assume no knowledge of electronic interactions, only nuclear ones. It is applied

to the study of large molecular systems, such as protein-protein interactions where the number of
atoms can be of the order of 105 and explicit consideration of the Schrödinger equation (quantum

physics) is not feasible.
Semi-empirical quantum mechanics are based on approximate or simplified solutions of the

Schrödinger equation but still require empirical parameterization against experimental data.
These methods are typically applied to large molecular systems where ab initio or DFT methods

are not practical, or, as a precursor to an ab initio or DFT computation.
For the study of elementary gas-phase combustion reactions, ab initio and DFT methods

are the standard due to the accuracy they provide in the computation of molecular geometries,
vibrational frequencies, and electronic energies. For ab initio and DFT methods approxima-

tions are still necessary (the so called many body problem dictates that exact solution of the
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Schrödinger equation is only possible for a 1-electron system), and depending on the level of
these corrections, varying degrees of accuracy are obtained with respect to computed energies,

geometries and vibrational frequencies.
The current “gold-standard” in model chemistries is the coupled-cluster singles and doubles

method with triple excitations (CCSDT, [92]) with subsequent extrapolation of the computed
energies to the basis-set limit. This is rarely achievable and more practical standards are the

CCSD(T) methods [93] with perturbative inclusion of triples. The Wn [94, 95], High-accuracy
Extrapolated Ab Initio Thermochemistry (HEAT) [96–98] and focal-point extrapolation [99]

methods have also shown accuracy to within 4 kJ mol−1 when compared with well-known ex-
perimental formation enthalpies, ionisation energies, etc. Due to the cost of these methods, they

are restricted in their application to systems containing fewer than 5 or 6 non-hydrogen atoms.
Therefore, a combination of compound methods (CBS-QB3, CBS-APNO and G3) were used to

determine molecular geometries, vibrational frequencies and single point energies as part of this

work. These compound methods consist of a pre-defined routine of cost-effective calculations,

which are intended to achieve high accuracy by approximating one high-level computation.
The CBS-QB3 method [100] consists of the following sequence of computations:

1. B3LYP/CBSB7 geometry optimisation and vibrational frequencies calculation

2. CCSD(T)/6-31+G(d’) single point energy

3. MP4(SDQ)/CBSB4 single point energy

4. UMP2/CBSB3 single point energy with complete basis-set extrapolation

The CBS-APNO method [101] utilises the following calculations:

1. HF/6-311G(d,p) geometry optimisation and vibrational frequencies calculation

2. QCISD/6-311G(d,p) geometry optimisation

3. QCISD(T)/6-311++G(2df,p) single point energy

4. MP2(full)/CBSB6 single point energy and CBS extrapolation

5. HF/CBSB5A single point energy

6. MP2/CBSB5 single point energy and CBS extrapolation

The G3 method [102] invokes a:

1. HF/6-31G(d) geometry optimisation and vibrational frequencies calculation

2. MP2(full)/6-31G(d) geometry optimisation

3. QCISD(T,E4T)/6-31G(d) single point energy

4. MP4/6-31+G(d) single point energy

5. MP4/6-31G(2df,p) single point energy

6. MP2(full)/G3Large single point energy
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Figure 3.1: An example potential energy surface for an isomerisation reaction. ∆‡
fH and ∆‡

rH

are the enthalpy of activation for the forward and reverse reactions respectively, ∆rH is the
enthalpy of reaction. Zero-point contributions to the energy are omitted for simplicity.

All three methods have been applied frequently for the investigation of combustion relevant
thermochemical and kinetic problems in recent years and were shown to give accuracy to within
4–8 kJ mol−1 during their development. Whilst this only borders the limits of chemical ac-

curacy, a combination of all three methods allows for an assessment of the uncertainty in the
computation.

Now one must consider what specific information these methods provide us with. Figure 3.1

shows an example of a potential energy surface, where three stationary points are depicted—
two minima and one transition state. The minima can either be local or global, but in any

case they are located deep in a potential energy well. The transition state (transition structure,
activated complex or saddle-point) lies at a maximum between the two minima, although is
itself a minimum in all other coordinates.

Quantum chemical methods are first of use in determining the equilibrium geometry of these

minima on the potential energy surface (PES) through geometry optimisation procedures. A
user-specified guess at the geometry must be provided for either the minimum or transition state

geometry. The energy is computed iteratively as are the energy gradients (forces) acting on the
molecule for a given geometry, an example is shown in Figure 3.2. The following four criteria

are printed (the Guassian software package [103] is used herein) after each optimisation step
and must be satisfied in order for the optimisation to be deemed convergent.
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Figure 3.2: Evolution of some geometry optimisation convergence criteria for 2-methylfuran

based on the HF/6-31G(d,p) model chemistry.

Item Value Threshold Converged?

Maximum Force 0.000001 0.000015 YES

RMS Force 0.000000 0.000010 YES

Maximum Displacement 0.000006 0.000060 YES

RMS Displacement 0.000002 0.000040 YES

Predicted change in Energy=-1.476827D-11

Optimization completed.

- - Stationary point found.

If convergence is not achieved, the geometry is adjusted (based on the known energy gra-

dients in that region of the PES) and these criteria are re-determined, again iteratively, until
convergence is reached. If a computation results in a failure, a better estimate of the initial
geometry or use of an alternative model chemistry typically provide the solution. Aside from

inspection of the equilibrium geometry to determine features such as bond length and electron
spin densities, a converged estimate of a stationary point structure also provides us with the

rotational constants for the molecule, which are later incorporated into thermodynamic and
kinetic computations.

Once a stationary point is found, one must further verify its nature through frequency

analysis. For a minimum on the PES, a non-linear molecule will have 3N − 6 vibrational
frequencies and a linear molecule will have 3N − 5 vibrational modes. These correspond to

the usual bends, stretches, rocking motions, etc. which the spectroscopist is familiar with.
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However, transition states lose a further real degree of freedom due to motion along the reaction
co-ordinate, that is, the motion corresponding to the transition from reactants to products. Upon

frequency analysis of a transition state, the vibrational mode corresponding to this motion will
be present as a negative or “imaginary” frequency (the reason for its “imaginary” nature is

discussed in Lewars monograph [104]). Animation of the imaginary frequency should allow one
to assess whether the optimised transition state geometry is that which connects the reactants

and products of interest, as the imaginary frequency should concord with the conversion of
reactants to products.

Figure 3.3 shows the vector of the vibrational mode for a unimolecular hydrogen atom
transfer reaction involving 2-methylfuran. The blue arrow therein clearly corresponds with

motion of the hydrogen atom from carbon 5 to carbon 4. Frequency analysis is therefore used to
verify whether a stationary point is a minimum or a transitions state—0 imaginary frequencies
are present for a minimum, 1 for a transition state, and 2 for a higher order transition state (which

are rarely of interest). The vibrational wavenumbers are subsequently used in thermodynamic
and kinetics calculations.

In cases where it is unclear from animation of the imaginary frequency to what reactants and
products a transition state is connected, an intrinsic reaction co-ordinate (IRC) analysis [105],

also called minimum energy path (MEP) or reaction path analysis, is invoked. The user supplies
the transition state geometry and pre-computed force constants, and the lowest energy path

(remember the transition state is a maximum in one direction but a minumum in all others) is
followed in defined steps towards the reactants and products it connects.

Figure 3.3 displays an example IRC analysis carried out for a 5→4 hydrogen atom transfer
reaction for 2-methylfuran. Although it is quite clear from the vector of the imaginary frequency

that this is a 5→4 hydrogen atom transfer reaction, the point is still illustrated. Note that the
final reactants and products to which the transition state is linked are also shown, but these are
not in fact potential energy minima. Typically, where there is still doubt over the equilibrium

geometry of reactants and products, the final geometries which the IRC method computes
are re-subjected to a geometry optimisation in order to confirm the reactant and/or product

structures.

In some instances, inspection of vibrational frequencies for PES stationary points highlights

that some modes do not correspond to the stretching, bending or wagging motions of harmonic
oscillators. Rather, it is found that some modes correspond to motion about a dihedral angle,

which is commonly referred to as an internal rotation. In such instances, the barriers and minima
on the internal rotational potential energy surface are determined through relaxed potential

energy surface scans. These scans vary the dihedral angle of interest in user-defined increments
(5–10◦ is usually sufficient), keeping the dihedral angle fixed at each step but allowing all other

geometric variables to be optimised. The potential energy (single-point energy) is computed at
each increment and the potential energy as a function of angle is thus computed. Some example
potential energy surface scans are shown, and their importance discussed, on pages 47 and 73.

Once the geometries and vibrational frequencies are known, and the relevant potential en-
ergy surface scans carried out, one has gathered valuable information for the computation of

thermodynamic and kinetic parameters. The final feature of quantum chemistry which under-
pins its value in thermochemical kinetics, is the single point energy calculation—the calculation

of the electronic energy of a molecule in a vacuum at 0 K. Geometry optimisation and frequency
analyses are reasonably inexpensive but still provide us with important information for kinetic

and thermodynamic calculations. Where high-level ab initio and DFT methods truly distinguish
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Figure 3.3: An intrinsic reaction coordinate analysis for a 5→4 hydrogen atom transfer reaction

using the B3LYP/6-31+G(d,p) model chemistry. The blue arrow represents the vector of the
force constant corresponding to the imaginary vibrational mode for the reaction.

themselves from molecular mechanics or semi-empirical methods is in the evaluation of the ki-
netic and potential energy of the electrons as they interact with each other, and the nucleii, in
the system.

Single-point energy calculations are therefore carried out on each stationary point on the PES
for an accurate computation of the electronic energy, which as will be shown, makes important

contributions to enthalpic functions (e.g. ∆fH
−◦ , ∆‡H , ∆rH

−◦
).

Once the frequencies, rotational constants and single-point energies are computed for the

reactant(s), transition state and product(s) of a chemical reaction, all of the information re-
quired to compute the thermodynamic quantities of each species and associated rate and equi-

librium constants have been gathered. The statistical thermodynamic and rate theories which
are utilised in such computations will now be discussed.

3.2 Statistical Thermodynamics

3.2.1 Partition Functions

Statistical thermodynamics is central to the derivation of thermodynamic parameters from quan-
tum chemical computations as it provides the link between fundamental atomic and molecular

properties (vibrational frequencies, rotational constants, etc.) and the thermodynamic and ki-
netic properties used in computational modelling work (S, H , Cp). It does so through a function

known as the partition function, q, which contains all the thermodynamic information pertaining
to the system. For a system of N molecules, the number of molecules (Ni) in a given state of
the system with energy ei is given by the Boltzmann distribution:

Ni =
N exp(−ei/kBT )

q
(3.1)
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where kB is the Boltzmann constant, 1.38066 × 10−23 J K−1, and q is given by

q =
∑

i

gi exp(−ei/kBT ) (3.2)

where gi is the degeneracy of the ith level.

It now becomes clearer what the partition function is—it is the total number or states which

are accessible to a molecule at a given temperature. Its significance lies in the fact that if one
knows the partition function of a molecule in a system in thermodynamic equilibrium, the usual

thermodynamic variables of interest (H , S, Cp) are functions thereof. For any given chemical
species, the partition function can be determined by assuming that all degrees of freedom in

which energy can be stored are separable, and that q in turn is the product of the individual
partition functions for these degrees of freedom.

For all non-linear molecules with N atoms, there are 3N degrees of freedom in phase space.

Three of these degrees of freedom are restricted to translational motion in the x, y and z co-
ordinates. A further three are assigned to external rotation about the molecules center of mass

with respect to the x, y and z planes. The remaining degrees of freedom (3N − 6) are assigned
to vibrational degrees of freedom. For linear molecules, only two unique external rotations are

possible, so 3N −5 vibrational modes are assigned. The calculation of the partition function for
each degree of freedom will now be discussed.

The partition function for translational motion (qT ) must consider all the energy levels
accesible to a molecule of mass m, in motion in a 3–D container of volume V , at a temperature
T and is given by:

qT =
(2πmkT )

3
2V

h3
(3.3)

where h is the Planck constant.

Computation of the partition function for external rotational motion (qR) of a non-linear
molecule incorporates the three rotational constants, A, B and C via:

qR = (kT/h)
3
2 (ABC)−

1
2 π

1
2σ−1 (3.4)

where σ is the external symmetry number. For a linear molecule, the rotational partition
function is given by

qR = kT/(σhB) (3.5)

where B is the rotational constant.

Both of these equalities for qR are derived from approximate solutions of the Schrodinger

equation, within the framework of the rigid-rotor approximation. The rigid-rotor approximation
assumes that the rotational constants of the molecule are not perturbed by the actual rotation

(or vibration) of the molecule itself and geometrical distortion due to the influence of centrifugal
force is assumed to be negligible.

The partition function for vibrational motion (qV ) can be derived from the vibrational fre-

quencies (νi) and is given for the product of all vibrational degrees of freedom as:

qV =
∏

i

{1 − exp(−hνi/kT )}−1 (3.6)
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Thermal Energy

T / K kcal mol−1 kJ mol−1 cm−1

298.15 0.59 2.5 207

1000 1.99 8.3 695
2000 3.97 16.6 1390

Table 3.1: Thermal energy in frequently used units.

Again, qV is derived from solution of the Schrödinger equation assuming the behavior of an

harmonic-oscillator. This assumption is generally quite safe and it is typically the case that
molecular rotations and vibrations are treated within the rigid-rotor-harmonic-oscillator (RRHO)

framework at present. Corrections for anharmonicity in vibrational modes and centrifugal cor-
rections for molecular rotations (anharmonicities and non-rigidities, respectively) are being con-

sidered to some extent for smaller chemical systems, but are not routine for systems as large as
2-methylfuran or 2,5-dimethylfuran, and thus are not considered as part of this Thesis.

Having said this, in many cases a more considered treatment of qV must take place, as some
of the 3N − 6 vibrational modes may actually correspond to torsional motion about a dihedral
angle within the molecule rather than a true molecular vibration. The concept of internal

rotation, although complex in its theoretical treatment should be quite familiar to even the
undergraduate chemist, with the classic example being internal rotation about the C–C bond in

ethane.

In these cases, the degree of freedom is not treated via equation 3.6, but rather, a torsional

partition function (qIR) is computed and the characteristic barrier to internal rotation about
the dihedral angle in question becomes central to the determination of qIR. Figures 3.4 and 3.5

illustrate the determination of the barrier to internal rotation in three example cases.

The first, Figure 3.4 (a), corresponds to internal methyl rotation about the C–C bond in

2-methylfuran. Three potential energy minima are observed, corresponding to staggered con-
formations of the methyl bound hydrogens with respect to the oxygen moiety of the furan ring,

with the maxima corresponding to eclipsed conformations. The barrier to rotation, the maxi-
mum energy less the minimum energy, is found to be 4.35 kJ mol−1 at the B3LYP/CBSB7 level

of theory.

Whether this barrier can be overcome is dependent on the thermal energy of the system with

some example thermal energies at three reference temperatures shown in Table 3.1. At 298.15 K
the thermal energy (RT ) is 2.5 kJ mol−1, and the population of molecules with energy in excess
of the 4.35 kJ mol−1 barrier will be minute. However, at 1000 K the thermal energy, at 8.3 kJ

mol−1, is much in excess of the rotational barrier and even more so at 2000 K (16.6 kJ mol−1).

It should therefore be clear that at some temperatures this degree of freedom corresponds

to that of a vibrational mode as there is insufficient energy to overcome the barrier to internal
rotation, and the vibrational partition function can be utilised to compute thermodynamic

functions. However, with increasing temperature, the rotational barrier can be overcome and
now qIR must be utilised—the degree of freedom is in fact an example of a hindered internal

rotation whose exact partition function must implicitly incorporate the transition, if any, from
hindered to free rotation with increasing T .

The potential energy for the internal rotation depicted in Figure 3.4 (a) can be fitted to a
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Figure 3.4: Potential energy (V ) as a function of internal dihedral angle computed via relaxed
potential energy surface scans using the B3LYP/CBSB7 model chemistry.(a) dihedral angle 1-

2-3-4, (b) dihedral angle 6-7-9-10 and (c) dihedral angle 5-6-7-8. Notation for dihedral angles is
depicted in Figure 3.5.
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Figure 3.5: Notation for dihedral angles corresponding to the relaxed potential energy surface

scans depicted in Figure 3.4. The species on the left corresponds to 2-methylfuran at its equi-
librium geometry, and the right is the transition state geometry for hydrogen atom abstraction

of a methyl bound hydrogen in 2-methylfuran.

simple cosine function of the form:

V (χ) = V0 +

N∑

n=1

Vncos(nσv(χ+ ϕv)) (3.7)

where χ is the dihedral angle in radians, σv is the symmetry number for the potential energy
and ϕv is the phase angle for the potential, also in radians.

This function can now be used in solution of a 1-D Schrodinger equation [106, 107]:

[

− δ

δχ
Bhr(χ)

δ

δχ
+ V (χ)

]

ψ(χ) = Eψ(χ) (3.8)

where Bhr(χ) describes the variation in the rotational constant with dihedral angle, χ. The

eigenvalues can thus be computed for the internal rotation and the partition function, qIR,
determined for the rotation. Exact methods for the solution of equation 3.8 and subsequent

determination of qIR are beyond the aims of this Thesis but the treatment of hindered internal
rotations is described in further detail in the literature [106–113]. The computation of Bhr(χ),

and more complex forms of V (χ), will be described in subsequent sections of this Chapter.
It is worth noting two extreme cases are possible with respect to the calculation of the internal

rotation partition function. The first where the barrier to internal rotation is surmountable at
all temperatures of interest to the kinetic modeller (>298.15 K), and the other where the barrier

is insurmountable at even the highest temperatures of practical interest (≈ 2000 K).
Figure 3.4 (b) is an example potential energy profile for that of a free rotor and is frequently

encountered when considering hydrogen atom abstraction by the methyl radical, in this case

from 2-methylfuran. The barrier to internal rotation is 0.26 kJ mol−1 — approximately 10
times less than the thermal energy at 298.15 K and as a result, a free rotor partition function

can be employed:
q = (σvh)

−1(8π3IintkT )1/2 (3.9)

where σv is the symmetry number for the internal rotation and Iint is the reduced moment of

inertia for the internal rotation. Note that the barrier to rotation is not present in Equation 3.9
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as its magnitude is irrelevant. Whilst this method is acceptable to use if the torsional mode is
truly free to rotate at all temperatures of interest, use of Equation 3.8 to evaluate explicit energy

eigenvalues for computation of qIR will arrive at the same result. In practical terms, Equation
3.8 will be employed as this, or a similar method, is used in most statistical thermodynamic and

kinetic codes.
Figure 3.4 (c) corresponds to the energy profile of an internal rotation which can safely be

treated with the vibrational partition function at most temperatures. Two potential energy
maxima are found with energies of 23.5 and 26.6 kJ mol−1 respectively, both of which are

well in excess of the thermal energy at 2000 K. As a rule of thumb, if the barrier to internal
rotation is ≈ 2RT or higher at 2000 K, it is likely safe to treat the degree of freedom using

the vibrational partition function without a loss of accuracy in the computed thermodynamic
or kinetic functions.

The electronic partition function, qE , is the final statistical thermodynamic value of interest,
and is given by:

qE =
∑

i

gi exp(−εi/kT ) (3.10)

where εi is the energy of the electronic state and gi is the degeneracy of that state. For closed shell

molecules where all electrons are paired in fully valent outer shells, low-lying excited electronic
states other than the ground state (εi = 0) are rarely considered except for instances where

spectroscopic or other experimental evidence exists to indicate otherwise. qE therefore resolves
to
∑

i gi. For closed shell species gi resolves to one, and they are thus commonly referred to as

existing in a singlet electronic ground state.
For free radical or biradical species where one or more electrons may exist in an unpaired

state a net electron spin of S = n/2 is found where n is the number of unpaired electrons. For
free radicals, one unpaired electron is present and S = 1/2, for a biradical two unpaired electrons

are possible and S = 1. The degeneracies of such species are determined via gi = 2S + 1. For a
free radical the degeneracy is thus two (doublet electronic ground state) and for a biradical gi

= 3 (triplet ground state).
Incorporating all of these individual partition functions into the total partition function

gives:
q = qT .qR.qV .qIR.qE (3.11)

for any stationary point on a potential energy surface and thermodynamic quantities can then

be determined from known equations [114]. These equations are as applicable to transition
states as they are to potential energy surface minima (reactants, products). Thus ∆‡H , ∆‡S

and ∆‡G (enthalpies, entropies and free energies of activation) can be determined for chemical
reactions and corresponding rate coefficients can be determined based on principles described

in subsequent Chapters.

3.2.2 The Computation of Standard Formation Enthalpies

Whilst q can allow us to derive S, Cp and H(T ) − H(0), the calculation of ∆fH
−◦ based on

quantum chemical methods is worthy of seperate consideration. Given that H = U + RT then
at 0 K, H = U . The internal energy, U , at 0 K is given by:

U0 = EE + 0.5
∑

i

νi (3.12)
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where EE is the electronic energy of the molecule and the second term accounts for the fact that
even at 0 K, there is residual vibrational energy (zero-point vibrational energy, ZPE) present in

a system of i oscillators with vibrational wavenumber νi.
At 298.15 K however, the internal energy must now include contributions from translational

(ET ), rotational (ER) and vibrational (EV ) motion as they will have thermally accessible states
at all temperatures above 0 K:

U298 = EE + 0.5
∑

i

νi +ET + ER + EV (3.13)

and at 298.15 , the enthalpy is now given by:

H298 = U298.15 +RT (3.14)

Whilst contributions from ZPE, ET , ER and EV are non-negligible with respect to the

computation of H , their evaluation is straightforward, and can be determined quite accurately
using modest model chemistries. It should be noted in turn that high-level quantum chemical
methods truly distinguish themselves as a powerful tool in thermodynamics is with respect to

the computation of EE.
Once H298 is known theoretically there are two methods which are commonly use to deter-

mine ∆fH
−◦ ; the atomization method, and the isodesmic reaction method.

The atomization method is based on the calculation of the atomization energy (D298), which

is defined as the enthalpy change upon splitting a molecule into its component atoms via the
reaction:

CxHyOz → x3C + y2H + z3O (3.15)

and is computed thusly:

D298 = x∆fH
−◦ (3C) + y∆fH

−◦ (2H) + z∆fH
−◦ (3O) − ∆fH

−◦ (CxHyOz) (3.16)

To determine the formation enthalpy of the molecule, one first computes the total atomisation
enthalpy at 298.15 K (TAE298) theoretically, via:

TAE298 = xH(3C) + yH(2H) + zH(3O) −H(CxHyOz) (3.17)

where H is the theoretical enthalpy computed from Equation 3.14. The enthalpy of formation

of the molecule then follows knowing the theoretical atomisation energy and the formation
enthalpies of the component atoms:

∆fH
−◦ (CxHyOz) =

[
x∆fH

−◦ (3C) + y∆fH
−◦ (2H) + z∆fH

−◦ (3O)
]
− TAE298 (3.18)

An example computation will now be illustrated for the case of 2-methylfuran based on the

energies tabulated in Table 3.2. The sum of the theoretical atomic energies is first computed
as −266.885096 hartrees based on the molecular formula of C5H6O for 2-methylfuran with the

sum of the atomic formation enthalpies similarly computed as 5140.7 kJ mol−1. The theoretical
atomisation energy can be computed from the sum of the atomic enthalpies less that of the

molecule, and is computed to be 1.986579 hartrees (5215.8 kJ mol−1). The final computed
formation enthalpy of −75.1 kJ mol−1 for 2-methylfuran is subseqently derived from the sum of

the atomic formation enthalpies (5140.7 kJ mol−1) minus TAE298 (5215.8 kJ mol−1).
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Species H ∆fH
−◦ #Atoms

∑
H

∑
∆fH

−◦

3C −37.783017 716.7 5 −188.915085 3583.4
2H −0.497457 218.0 6 −2.984742 1308.0
3O −74.985269 249.2 1 −74.985269 249.2

∑
(Atoms) −266.885096 5140.6

2MF −268.871675 −
∆fH

−◦ (2MF) = 5140.6− 2625.5(−266.885096+ 268.871675) = −75.1 kJ mol−1

Table 3.2: Calculation of ∆fH
−◦ (kJ mol−1) for 2-methylfuran (2MF) via the atomization

method based on CBS-QB3 energies (H , Hartrees). Quantities used in the final ∆fH
−◦ compu-

tation are emboldened. 1 hartree = 2625.5 kJ mol−1

Figure 3.6: An example of a simple isodesmic reaction, the number and type of each chemical
bond is preserved in reactants and products.

An alternative to the atomisation method is the isodesmic reaction method, which is a

powerful tool for the determination of ∆fH
−◦ based on quantum chemical calculations. The

method relies on the creation of a hypothetical reaction where both the number and type of

each chemical bond is preserved in reactants and products, and according to IUPAC “the type
of bonds that are made in forming the products are the same as those which are broken in the
reactants” [115]. A simple example is the reaction 2-methylfuran + methane 
 furan + ethane,

Figure 3.6. The number of C–C, C–H, C C and C–O bonds are preserved on both sides of
the equation and it is this conservation of bond type and number which is thought to lead to

cancellation of systematic errors in the computation of the energies of each participant in the
reaction. ∆fH

−◦ of 2-methylfuran can be computed as follows from this theoretical reaction:

∆fH
−◦ (2MF) = ∆fH

−◦ (Furan) + ∆fH
−◦ (Ethane) − ∆fH

−◦ (Methane)− ∆rH
−◦ (3.19)

In order to determine ∆fH
−◦ for 2-methylfuran it is clear that one must know ∆fH

−◦ for

furan, ethane and methane and the enthalpy of reaction. ∆fH
−◦ for the three companion

molecules in this reaction will be taken from either a direct experimental measurement, or from

a very high-level theoretical determination—in any case, it should be well-known. It is the
theoretical isodesmic reaction which provides us with the fourth unknown in this equality—the

enthalpy of reaction.
Table 3.3 illustrates the concept. ∆rH

−◦ has been determined using three different compu-

tational methods, with a consistent reaction enthalpy of 35.0 ± 0.8 kJ mol−1 emerging. The
enthalpy of formation (kJ mol−1) of 2-methylfuran is computed thusly:

∆fH
−◦ (2MF) = −34.8− 83.77− (−74.55 + 35.0) = −79.0
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2-Methylfuran + Methane = Furan + Ethane ∆rH
−◦

∆fH
−◦

−79.0 −74.55 −34.80 −83.77 35.0

± 1.2 0.6 0.7 0.16 0.8
CBS-QB3 −268.871675 −40.406173 −229.638424 −79.626104 35.0

CBS-APNO −269.233241 −40.465133 −229.941643 −79.743570 34.6
G3 −269.133826 −40.453810 −229.855244 −79.718918 35.4

Table 3.3: An isodesmic reaction for the computation of ∆fH
−◦ (kJ mol−1) for 2-methylfuran

based on CBS-QB3, CBS-APNO and G3 enthalpies (298.15 K, hartrees). Methane and ethane
enthalpies of formation are from the 3rd Millenium Database [116], with the enthalpy of forma-

tion of furan adopted from the study of Guthrie et al. [117].

2-Methylfuran + Benzene Furan + Toluene ∆rH
−◦

∆fH
−◦

−78.6 82.93 −34.8 50.4 11.3

± 1.0 0.50 0.70 0.35 0.3
CBS-QB3 −268.871675 −231.78436 −229.638424 −271.01324 11.5

CBS-APNO −269.233241 −232.13121 −229.941643 −271.418556 11.2
G3 −269.133826 −232.046731 −229.855244 −271.321033 11.2

Table 3.4: An isodesmic reaction for the computation of ∆fH
−◦ (kJ mol−1) for 2-methylfuran

based on CBS-QB3, CBS-APNO and G3 enthalpies (298.15 K, hartrees). Benzene and toluene

enthalpies of formation are from the 3rd Millenium Database [116], with the enthalpy of forma-
tion of furan adopted from the study of Guthrie et al. [117].
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Indeed, a better isodesmic reaction can be framed for the calculation of ∆fH
−◦ for 2-

methylfuran, Table 3.4. In this instance ∆rH
−◦ is much lower, 11.29 ± 0.33 kJ mol−1, indicating

that the error cancellation is better than that described in Table 3.3, with a lower standard
deviation indicating consistency across all three theoretical methods used. It is worth noting

that the computed enthalpies of formation from both isodesmic reactions are in good agreement,
at −79.0 ± 1.3 kJ mol−1 and −78.6 ± 1.0 kJ mol−1. The value computed via the atomization

method is not dissimilar at −75.2 kJ mol−1.

The computation of the uncertainties in the computed ∆fH
−◦ in these examples will be

discussed in Chapter 5, where the atomization method and isodesmic reactions have been utilized
(with good agreement) in the determination of ∆fH

−◦ for a range of substituted furans.

3.3 Statistical Rate Theories

3.3.1 Transition State Theory

Transition state theory (TST), also referred to as activated complex theory, was developed

by Eyring [118], and contemporaneously by Evans and Polanyi [119], circa 1935. The theory
assumes that the reactant is in a quasi-equilibrium with the transition state, which lies at a
potential energy maximum between reactants and products. Consider the reaction,

A 
 A‡ → P (3.20)

the reactant molecule is assumed to be in equilibrium with the activated complex A‡, which
then irreversibly reacts to form products. The equilibrium constant for the pseudo-equilibrium

between reactant and transition state (TS) can be written as:

K‡ = [A]‡/[A] (3.21)

and the concentration of A‡ is in turn equal to

[A]‡ = K‡[A] (3.22)

The rate of formation of products, P, is therefore given by the first order rate law:

d[P]

dt
= k‡[A]‡ = k‡K‡[A] (3.23)

The term k‡ is the first order decomposition rate constant for the reaction A‡ → products.
It can be shown mathematically [64] that k‡ = λkBT/h where λ is a transmission coefficient, kB

is the Boltzmann constant, T is the temperature and h is Plancks constant. The transmission
coefficient, λ, allows for the fact that not all activated complexes form products, but that some

may re-cross the potential energy surface and re-form reactants. λ is frequently assumed to
be 1 indicating that once the TS is formed, it will not reform reactants, but will rearrange to
products. This assumption has been made in this Thesis and λ is therefore omitted from any

subsequent equalities relating to TST.

The term K‡ is the equilibrium constant between reactants and transition state. It can

be written in terms of the Gibbs energy (Equation 2.45) and if one does, the thermodynamic
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formulation of the rate constant based on TST is derived, Equation 3.24:

kTST =

(
kBT

h

)

exp

(−∆‡G

RT

)

(3.24)

The term ∆‡G is the Gibbs energy of activation—the Gibbs energy of the transition state,

minus that of the reactant(s). If the Gibbs energy term is separated into its component parts,
the thermodynamic formulation of TST can be written as:

kTST =

(
kBT

h

)

exp

(
∆‡S

R

)

exp

(−∆‡H

RT

)

(3.25)

It is now interesting to compare Equation 3.25 with the Arrhenius equation,

k = AT n exp(−Ea/RT ). It is clear that the Boltzmann term in both equations is concordant,
where the activation energy, Ea, closely corresponds with the enthalpy of activation for the

reaction, ∆‡H . The pre-exponential factor of the Arrhenius equation, A or AT n, corresponds
with (kBT/h) exp

(
∆‡S/R

)
, and is therefore proportional to the entropy of activation, ∆‡S,

which is the entropy of the transition state minus that of the reactant(s).

Whilst it was stated previously (Section 2.1.2), that the three variable terms (A, n and Ea)
in the Arrhenius equation are simply empirical fitting parameters, it is also true that they can

have a basis in terms of more fundamental thermodynamic parameters. This is not alway the
case however, and typically where large positive or negative values of n exist (> ± 2) in a fit

Arrhenius equation, there is a tendency for AT n and Ea to lose their physical relevance.
TST can also be formulated in terms of partition functions, Equation 3.26. It should be

clear from this description that the exp
(
∆‡S/R

)
term from the thermodynamic formulation of

TST, equates to the ratio of the transition state to reactant partition functions, q‡/qA:

kTST =

(
kBT

h

)(
q‡

qA

)

exp

(−∆‡H

RT

)

(3.26)

TST is also termed Canonical Transition State Theory (CTST), it assumes that energy levels

are thermally occupied and the computed partition functions, or thermodynamic parameters,
represent that of a canonical ensemble of reactants and transition state. It is therefore applica-

ble for the computation of high-pressure limiting kinetic parameters where Boltzmann energy
distributions in reactant molecules can safely be assumed. TST therefore cannot be used in

the computation of pressure-dependent kinetic parameters as it is simply not equipped to deal
with reactions where collisional activation/de-activation compete with chemical reaction, and

non-Boltzmann energy distributions result in fall-off behavior. The following section deals with
methods to account for these more complicated cases.

3.3.2 Rice-Rampsperger-Kassel-Marcus Theory

A second statistical rate theory utilised in this Thesis is Rice-Ramsperger-Kassel-Marcus theory,

named for Rice and Ramsperger [120, 121], and Kassel [122] who developed the RRK theory
in the lates 1920’s, and Marcus, who amalgamated RRK theory with TST [118, 119] in the

1950’s [123,124]. The objective of this Chapter is to detail some physical principles which form
the basis of the theory, along with some accompanying mathematical principles central to its

implementation. A detailed discussion of the development of RRKM theory is beyond the scope
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of this work. For a comprehensive overview of RRKM theory, the reader is referred to the texts
by Holbrook and co-workers [65], and Gilbert and Smith [66], from which much of the following

discussion is adopted. The user manual to the MultiWell software suite [106,107] also proves
useful with respect to subsequent derivations.

It is now worth revisiting the previous discussion on pressure-dependent reactions (Section

2.1.3). The basic Lindemann mechanism for unimolecular reaction proposed activation, deacti-
vation and chemical reaction steps with the overall unimolecular reaction rate proportional to

k1, k−1 and k2 respectively:

A + M
k1−−⇀↽−−

k−1

A∗ + M (3.27)

A∗ k2−→ Products (3.28)

However, it is now understood that the activation/de-activation and chemical reaction steps

are specific functions of ro-vibrational energy, E, and the reaction mechanism proposed in the
RRKM theory is inclusive of this:

A + M
k1(E)−−−−⇀↽−−−−

k−1(E)
A∗ + M (3.29)

A∗ k2(E)−−−→ Products (3.30)

The rate of formation of products, P, can therefore be derived in a similar fashion to that derived
for the Lindemann mechanism previously described in Equation 2.30.

d[P]

dt
=

k1(E)k2(E)[A][M]

k−1(E)[M] + k2(E)
(3.31)

The chemical reaction step as a function of internal energy, k2(E), will firstly be considered.
Within the approximate derivations of the RRKM rate constant, it is firstly assumed that all

active degrees of freedom exchange energy randomly, on time-scales much shorter than those of
chemical reaction and resultantly, energy is distributed statistically amongst all active degrees

of freedom. That is to say, energy is not localized in specific vibrational or rotational modes.
The energy-dependent specific unimolecular rate constant k2(E) is given by:

k2(E) = L‡ g
‡
eG

‡(E − E0)

gehρ(E)
(3.32)

where ge is the electronic state degeneracies of the reactant(s) and transition state, G‡(E −E0)

is the sum of states of the transition state, ρ(E) is the density of states of the reactant(s), h is
Planck’s constant and the ‡ superscript denotes a property of the transition state. The term

L‡ is referred to as the reaction path degeneracy, and is incorporated to account for the fact
that there may be statistically equivalent reaction paths, which are not accounted for within the

evaluation of G‡(E − E0) or ρ(E). L‡ is given by:

L‡ =

(
m‡

m

)( σ

σ‡

)

(3.33)

54



3.3. STATISTICAL RATE THEORIES

where m and m‡ are the number of optical isomers, and σ and σ‡ are the external symmetry
numbers, belonging to the reactant(s) and TS respectively. In all subsequent equations, the

electronic state degeneracies (ge and g‡e) will be amalgamated into the reaction path degeneracy,

L‡, for brevity.
The evaluation of the specific energy dependent rate constant k2(E) therefore depends criti-

cally on ones ability to evaluate the sums and densities of states for the reactants and transition
states for each reaction. An example density and sum of states computation for the vibrational
degrees of freedom of the ozone molecule is presented in Table 3.5. It is taken as a simple

example because it has only three vibrational modes and, only vibrational energies in the range
0–4199 cm−1 are considered—it is quite clear that manual state counting is not a trivial task.

Algorithmic approaches must therefore be utilised in order to evaluate G‡(E − E0) and ρ(E).
The Stein-Rabinovitch [125] extension of the Beyer-Swinehart algorithm [126] for direct state

counting, and the Whitten-Rabinovitch [127,128] approximation are commonly use to compute
densities and sums of states for systems containing a combination of harmonic and/or anhar-

monic oscillators, and internal and/or external rotors.
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Range Quantum No. Energy States in Range Sum of States < ρ(Ev) >
cm−1 v1 v2 v3 cm−1 G(E) cm−1

0–349 0 0 0 0 1 1 2.86× 10−3

350–699 − − − − 0 1 0

700–1049
1 0 0 705

2 3 5.71× 10−3

0 1 0 1042

1050–1399 0 0 1 1110 1 4 2.86× 10−3

1400–1749
2 0 0 1410

2 6 3.52× 10−2

1 1 0 1747

1750–2099
1 0 1 1815

2 8 5.71× 10−3

0 2 0 2084

2100–2449

3 0 0 2115

3 11 8.57× 10−30 1 1 2152
0 0 2 2220

2450–2799

2 1 0 2452

3 14 8.57× 10−32 0 1 2520
1 2 0 2789

2800–3149

4 0 0 2820

4 18 1.14× 10−21 1 1 2857

1 0 2 2925
0 3 0 3126

3150–3499

3 1 0 3157

6 24 1.71× 10−2

0 2 1 3194
3 0 1 3225

0 1 2 3262
0 0 3 3330

2 2 0 3494

3500–3849

5 0 0 3525

4 28 1.14× 10−22 1 1 3562

2 0 2 3630
1 3 0 3831

3850–4199

4 1 0 3862

6 34 1.71× 10−2

1 2 1 3899
4 0 1 3930

1 1 2 3967
1 0 3 4035

0 4 0 4168

Table 3.5: Example of manual counting of sums and densities of states for the ozone molecule

with vibrational frequencies [129] ν1 = 705 cm−1, ν2 = 1042 cm−1 and ν3 = 1110 cm−1 in the
energy range 0–4199 cm−1.
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At this point it is worth noting which degrees of freedom are incorporated into the compu-
tation of G‡(E − E0) and ρ(E). Vibrations, internal rotations and the 1-dimensional external

rotation (the active K-rotor) are all incorporated into the state counting in the RRKM theory.
The 2-dimensional J-rotor is considered inactive or adiabatic, it cannot exchange energy with

other degrees of freedom and its contributions are omitted from the computation of microscopic
rate constants. Zero-point vibrational energy is also inactive in RRKM theory.

In contrast to TST, which arrives at a rate constant k(T ) which is averaged over all energy

levels of the reactant and TS (canonically), the RRKM derived rate constant k2(E), is energy
specific, and is therefore microcanonical in nature. It will be shown later, that RRKM theory

resolves to TST when the unimolecular rate constant is in the high-pressure limit.
A discussion on the computation of activation and de-activation rate constants, k1(E) and

k−1(E) respectively, which are in competition with the chemical reaction process governed by
k2(E), is now worthwhile. In order for energy to be transferred between a reactant molecule,

A, and a bath gas molecule, M, collision must occur. The frequency at which collision occurs,
ω, is given by the product of the bimolecular rate constant for inelastic collisions, kc, and the

concentration of bath gas, [M]:

ω = kc[M] (3.34)

The concentration of bath gas, [M], can be determined readily from the pressure and temperature
of the system (Equation 2.26), with a common assumption being that the reactant molecule

is infinitely dilute in bath gas (i.e. its partial pressure is 0). The functional form typically
adopted for kc is derived from elementary gas kinetic theory [66, 106, 107] with the Lennard-

Jones collision frequency (kLJ) the standard functional used in common RRKM/QRRK codes
[106, 107, 130–132]. The MultiWell [106, 107], ChemRate [130] and ChemDis [131, 132]
codes which have been used as part of this work all use the following functional form for the

Lennard-Jones collision frequency:

kLJ = πσ2
AB(T/µ)Ω(2,2)

√

8kT

πµ
(3.35)

The last term in this equation is the average molecular speed at the translational temperature
where µ is the reduced mass of the collider and reactant. The hard sphere collision diameter of

the two colliding molecules (σAB , Å) is typically derived from those of the reactant and collider
via computation of a simple arithmetic mean:

σAB = 0.5(σA + σB) (3.36)

Ω(2,2) is termed the collision integral [133] and is given by:

Ω(2,2) = a1(T
∗)−c1 + a2 exp(−c2T ∗) + a3 exp(−c3T ∗) (3.37)

where a1–c3 are linear-regressed constants [133] tabulated in Table 3.6. T ∗ is the reduced
temperature and is equal to the thermodynamic temperature, T , divided by the Lennard-Jones

well depth, εAB , both with units of Kelvin. Like σAB , εAB is determined from a mean of the
Lennard-Jones well depth for reactant and collider, but it is geometric rather than arithmetic
in this instance:

εAB = (εA + εB)
1
2 (3.38)
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a1 a2 a3 c1 c2 c3

1.161450 0.524870 2.161780 0.148740 −0.773200 2.437887

Table 3.6: Coefficients used in the collision integral [133] (Ω(2,2)) in the MultiWell [106,107],

ChemRate [130] and ChemDis [131, 132] codes.

Once the frequency of collisions between reactant and bath gas is assessed (ω), one must

now consider how much energy is transferred per collision. The exponential-down model [134] of
collisional energy transfer (CET) is perhaps the most widely used by those carrying out RRKM

computations. The model assumes that for a molecule in the energy range E ′ to E ′ + dE ′, the
probability, P (E,E ′), of a collision deactivating that molecule to an energy range E to E + dE

is given by:

P (E,E ′) =
1

N (E ′)
exp

{

−E
′ − E

α

}

, for E ′ > E (3.39)

N (E ′)−1 is a normalization constant which ensures that the probability of a molecule transi-

tioning from its current energy state, E ′ to E ′+dE ′, to another energy state in the range 0→∞
is unity. In others words, the collision has to result in an energy transition somewhere on the
energy ladder: ∫ ∞

0

P (E,E ′)dE = 1 (3.40)

α is a term corresponding to the average energy transferred in a deactivating collision, commonly
referred to as 〈∆E〉d (read delta-E-down). One should note that the average energy transferred

in an activating collision, is linked to that for a deactivating collision via detailed balance
(microscopic reversibility) through the density of states at energy E and the Boltzmann constant,

k:
P (E,E ′)

P (E ′, E)
=
ρ(E)

ρ(E ′)
exp

{

−E −E ′

kT

}

(3.41)

Once the frequency of collision is known, and the probability that one of those collisions will
result in a transition in energy, the actual rate,R(E,E ′), of transition of reactant from one energy

level to another can be deduced, and it is given by the product of the collisional frequency and
the probability of energy transfer to a given energy level:

R(E,E ′) = ωP (E,E ′) (3.42)

So, now that approximate terms for the evaluation of collisional energy transfer and chemical
reaction are derived, expressions for the the unimolecular rate constant, kuni, can be formulated.

However, like the Lindemann mechanism for unimolecular reactions, there are two limiting cases
which can be described initially, the low- and high-pressure limits. Under conditions of infinitely

high pressure k2(E) in Equation 3.31 can be replaced with Equation 3.32::

d[P]

dt
=

k1(E)

k−1(E)
L‡G

‡(E −E0)

hρ(E)
(3.43)

The term k1(E)/k−1(E) is the equilibrium constant between reactant molecule A, and energized

reactant, A∗. It can be written in terms of the partition functions of both species:

k1(E)

k−1(E)
=
qA∗

qA
(3.44)
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where qA∗ is the partition function for those A∗ molecules having active energy in a range E∗

to E∗ + dE∗, and qA is the partition function of reactant molecule A. qA∗ in turn resolves to

Equation 3.45 if one assumes a small dE∗.

qA∗ = ρ(E) exp(−E/kT )dE (3.45)

Substituting Equations 3.44 and 3.45 into Equation 3.43 leads to Equation 3.46 for the uni-

molecular rate constant.

d[P]

dt
=
ρ(E) exp(−E/kT )

qA
L‡G

‡(E −E0)

hρ(E)
dE (3.46)

Rearranging and nullifying the density of states term, ρ(E):

d[P]

dt
=

L‡

qAh
G‡(E −E0) exp(−E/kT )dE (3.47)

Equation 3.47 must now be integrated over all energies E in order to arrive at the high-pressure

limiting rate constant. The term G‡(E−E0) is the sum of states for the transition state, which
can be determined by integration and summation of the densities of states (ρ‡) of the activated

complex from E = 0 to E−E0 where the upper limit E−E0 must extend to all occupied energy
levels, E = ∞, producing the result:

G‡(E −E0) =

∫ ∞

0

ρ‡(E+)dE+ (3.48)

Likewise the term exp(−E/kT ) must be integrated over all relevant energies and substituting

into Equation 3.47:

d[P]

dt
=

L‡

qAh

∫ ∞

0
ρ‡(E+)dE+

[∫ ∞

E++E0

exp(−E/kT )dE

]

(3.49)

with Equation 3.50 following upon evaluation of the integral.

d[P]

dt
=
L‡kT

qAh
exp(−E0/kT )

∫ ∞

0
ρ‡(E+)dE+ exp(−E+/kT ) (3.50)

As with Equation 3.45, the second term in Equation 3.50 is equivalent to the partition function
of the transition state when integrated over all energies levels and thus
∫∞

0 ρ‡(E+)dE+ exp(−E+/kT ) = q‡. Equation 3.50 can now be re-written as follows:

d[P]

dt
=
L‡kT

h

q‡

qA
exp(−E0/kT ) (3.51)

and one should now note the resemblence of Equation 3.51 to that of the TST formulation in

Equation 3.26. There is however one missing component from the RRKM formulation. In the
RRKM formulation of the high-pressure limiting unimolecular rate constant, the 2-dimensional

adiabatic external rotation (the J-rotor) is not free to exchange energy with other ro-vibrational
degrees of freedom so is not included in the sums and densities of states computation. The

RRKM result must therefore be corrected by the ratio of the partition functions for the 2-D

59



CHAPTER 3. QUANTUM CHEMISTRY AND STATISTICAL RATE THEORY

external rotation in reactant (q2D) and activated complex (q‡2D) thus producing Equation 3.52,
which is entirely consistent with the TST formulation of the high-pressure limiting rate constant.

d[P]

dt
=
L‡kT

h

q‡2D

q2D

q‡

qA
exp(−E0/kT ) (3.52)

The second limiting case which can be considered is that of infinitely low pressure, Equation
3.53:

d[P]

dt
= k1(E)[A][M] (3.53)

where the rate of formation of products is proportional only to the activating step given by
k1(E) and the concentrations of the reactant molecule and bath gas, A and M respectively.

The rate of formation of products is proportional only to the energisation rate constant and
the concentrations of the reactant and bath gas molecules. The rates of energisation and de-
energisation are assumed to be equivalent, k1(E)[A][M] = k−1(E)[A∗][M]. The concentration of

energised molecules in turn is derived from the equality [A∗]/[A] = q∗/q where q∗ is the partition
function for molecules with active energy higher than the energy barrier for reaction. The rate

of formation of products is thus given by:

d[P]

dt
= k−1(E)[A][M]q∗/q (3.54)

Note that the term k2(E) (the chemical reaction step) is absent from this formulation, and
thus the low-pressure limiting rate constant requires no knowledge of the ro-vibrational states of

the transition state, and is only dependent on the reactant properties and the reaction barrier.
Although the deactivation rate constant, k−1(E), is written as an energy dependent term in

Equation 3.54, the original RRKM theory assumed this step was actually energy independent
(the strong collision model) and the rate of deactivating collisions was given by the collision
frequency, kc, but it is considered energy dependent in the MultiWell and ChemRate codes.

When the system is inbetween these limiting cases of high and low pressure one must solve the
Master Equation (ME) in order to determine the true thermal unimolecular rate constant. The

general ME for a single-well many-channel unimolecular process, Equation 3.55, incorporates
three rate terms; (A) the rate of CET into energy states in the range E → E + dE, (B) the

rate of CET out of energy states in the range E → E + dE, and (C) the rate of unimolecular
chemical reaction at energy E consuming the reactant molecule.

−dn(E, t)

dt
=

∫ ∞

0
R(E,E ′)n(E ′, t) dE

︸ ︷︷ ︸

A

−
∫ ∞

0
R(E ′, E)n(E, t) dE

︸ ︷︷ ︸

B

−
channels∑

i

ki(E)n(E, t)

︸ ︷︷ ︸

C

(3.55)

−dn(E, t)/dt is the rate of decrease in the concentration of a molecule n, with a given energy E.
Parts A and B of Equation 3.55 are derived from Equations 3.41 and 3.42 respectively, with part

C derived from Equation 3.32. In light of all the derivations above, it should now be summarized
what is required as user input for an RRKM/ME computation.

Terms A and B are both CET terms which are dependent on ω, the collision frequency, and
α, the average energy transferred in a deactivating collision. ω is derived from the Lennard-

Jones model of collision frequency (Equations 3.35–3.38) and one must therefore specify the
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Lennard-Jones hard sphere collision diameter (σ) and well depth (ε) for all reactant and bath
gas molecules as part of an RRKM model. Both σ and ε can be derived using empirical methods

such as those suggested by Kee and co-workers [88].

The average energy transferred in a deactivating collision, α, remains a topic of debate in

the fields of CET modelling. It is now accepted that the average energy transferred per collision
varies with bath gas composition, temperature and vibrational energy. As a result, the “true”
value for α for any system remains one of the largest uncertainties in RRKM modeling as specific

CET experimental results are rarely available to the RRKM modeler. α is therefore typically
used as an semi-empirical fitting parameter in RRKM modelling, with its magnitude varied until

a specific value, and/or functional form, reproduces fundamental kinetic data. In the absence
of fundamental kinetic data, analogy with similar chemical systems are used, or failing that

zero-order approximations are employed.

Term C, the chemical loss term in Equation 3.55, is dependent on the specific unimolecular
rate constant, k(E), which is computed via Equation 3.32. As sums and densities of states are

derived from ro-vibrational properties of potential energy surface stationary points, the input
for this component of the ME is derived from quantum chemical calculations.

In Equation 3.55 and associated discussions, frequent referrals to energy ranges are made,

such as E → E + dE or its primed equivalent. These energy ranges are referred to as energy
grains (results in Table 3.5 for instance were based on a 350 cm−1 energy grain size). The

selection of the size of these energy grains is at the discretion of the RRKM modeller but note
that some caveats must be adhered to.

The first is that the size of an energy grain should not be any larger than the average energy

transferred in a single collision for a convergent solution to be achieved. Secondly, one must
specify a total energy range over which to solve the ME. The choice of the upper bound to

the ME simulation can vary as a function of temperature. With increasing temperature, higher
energy levels may be accessible to a molecule and so the upper limit may have to be increased

to ensure that all accessible energy levels are included in the computation, otherwise, erroneous
results are likely. Pragmatically, an upper limit of 100–150 × 103 cm−1 is sufficient for most

systems. Note that the MultiWell and ChemRate codes will terminate should a collision
result in activation to an energy grain beyond the upper bound specified by the user.

Thirdly, if the grain size selected is extremely small, solution of the ME can become com-

putationally intensive due to the increasing number of integro-differential equations which must
be solved. For practical calculations it is common to compute sums and densities of states in

intervals of 10–20 cm−1, which are then lumped into larger energy grains of the order of 50–100
cm−1. The MultiWell code provides analytics on the fluctuations in sums and densities based

on the users choice of energy grain size, and the total size of the energy array selected.

3.3.3 Quantum Rice-Ramsperger-Kassel Theory

Like RRKM theory, the quantum Rice-Ramsperger-Kassel (QRRK) theory approach to the

evaluation of k(T, p) is derived from classical RRK theory [120–122] in which the general reaction
mechanism for unimolecular reaction is the same as the Lindemann mechanism (Equations

3.27–3.28), and the reaction steps are also assumed to be energy dependent as in the RRKM
approximation (Equations 3.29–3.30). The collisional aspects of the unimolecular rate constant
from earlier theories will not be discussed.

The RRK approach assumes that the rate constant for the chemical reaction step of a
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unimolecular reaction is proportional to the probability that a molecule containing s oscillators
(s = 3N − 6 and 3N − 5 for linear and non-linear molecules, respectively) with a total energy

E, will have energy higher than the barrier to reaction, E0, localised in one of said oscillators.
This probability is derived from statistical arguments and is given by [(E − E0)(E

−1)]s−1 with

the energy dependent chemical reaction step in turn given by k(E) = A[(E − E0)(E
−1)]s−1.

Historically, A and E0 were typically derived from experiment assuming that they corresponded

to the pre-exponential and activation energy terms of the Arrhenius equation.
Discounting A and E0 as fundamental parameters, RRK theory therefore assumes that the

energy dependent rate constant is proportional only to the number of vibrational degrees of
freedom in the molecule, s. No transition state information was required within this framework

and no attention was paid to the fact that each of the s oscillators makes varying contributions
to the active energy, E, and that vibrational energy levels are quantized. It was frequently
found [65] that the number of oscillators, s, had to be reduced in order to replicate laboratory

experiments, thus acting as an empirical fitting factor— the number of effective oscillators
rarely coincided with the actual number of degrees of freedom of the molecule. These factors

severely limited the predictive capability of the theory. Quantum RRK theory thus emerged as
a successor to classical RRK theory.

The approach of QRRK is very similar to that of the classical RRK method. It assumes again
that there are s oscillators in the system, but each is assigned the same vibrational frequency,

ν. The barrier to reaction, E0, is an integer function of these quantized vibrational energies
where E0 = mhν and m is therefore the critical number of quanta required for the vibrational

energy to be in excess of E0, m = E0/hν. If s oscillators contain n quanta of energy, such that
the total energy is given by E = nhν the probability that one of the s oscillators contains the
minima quanta of energy for reaction, m, is statistically given by:

PE≥E0 =
n!(n−m+ s − 1)

(n−m)!(n+ s− 1)!
(3.56)

In turn the energy dependent rate constant is given as k(E) = APE≥E0 where A and E0

are assumed equal to their counterparts in the Arrhenius equation as in the classical RRK
derivation. QRRK theory is outlined in further detail elsewhere [64–66, 122, 131, 132, 135] and

some attention will now be paid to the QRRK code utilised as part of this Thesis.
The computational method used herein was developed by Dean in 1985 [131] and further

developed by Chang, Bozzelli and Dean in 2000 [132] as the ChemDis code. Within the QRRK
framework, the assignment of ν for the s oscillators in the system was typically taken as an

arithmetic or geometric mean frequency for the entire molecule. This approximation is up-
dated within the work of Chang et al. [132] who implemented a three-frequency model for the

vibrational frequencies based on the work of Bozzelli, Chang and Dean [136].
Bozzelli and co-workers [136] developed a method for the derivation of vibrational frequencies

with non-integer-degeneracies for stable and radical species based on estimated gas phase heat

capacities. The method is quite desirable due to the relative ease with which accurate heat
capacities can be estimated based on group additivity methods. The basic premise of this method

is that the total constant pressure heat capacity of a molecule is composed of translational,
rotational and vibrational contributions.

The translational and rotational components are constants (5/2R and 3/2R, respectively for
non-linear molecules) and thus can be subsequently discounted from the total heat capacity. The

remaining contributions are therefore from molecular vibrations. Three non-integer-degenerate

62



3.3. STATISTICAL RATE THEORIES

frequencies can be linearly-regressed to replicate these vibrational contributions and corrections
were also applied for the presence of hindered internal rotations [136]. The densities of states

(ρ(E)) of the reactant molecule could therefore be computed from these vibrational frequencies
and were shown to be in good agreement with direct count methods, such as those used in

RRKM methods [125–128].
In order to compute microscopic rate constants, k(E), the ChemDis code uses the inverse

Laplace transform (ILT) method where

k(E) = A
ρ(E − E0)

ρ(E)
(3.57)

and A and E0 are the high-pressure limiting Arrhenius coefficients for the reaction. The reader

should note that for higher accuracy in the computation of k(E) via the ILT method, the activa-
tion energy derived from the Arrhenius equation must have physical relevance—rate constants

with large temperature-dependent exponents (n) should be used with caution or re-fit to non-
modified Arrhenius equations where the activation energy is concordant with the true barrier

to reaction.
For the activation/de-activation processes, the ChemDis code uses the Lennard-Jones col-

lision rate constant, Equation 3.35, and the bath gas concentration to determine the frequency

of collisions. A single collision is assumed to completely activate a deactivated molecule and
vice versa. This assumption is known to be a major simplification of the true CET process

(an energy grained assumption is more accurate), so a collision efficiency factor, βc, is intro-
duced to account for the fact that activation and deactivation require many collisions. The

activation/de-activation rate constant, kstab, is thus given by

kstab = kLJ [M ]βc (3.58)

where βc is determined from

βc =

(
α

α + FEkT

)2 1

∆
(3.59)

and α is the average energy transferred in a deactivating collision (note this is equivalent to α

in Equation 3.39). FE and ∆ are temperature-dependent terms obtained from the density of
states and whose derivation is detailed in [132]. βc is therefore dependent on both the vibrational

frequencies derived from the molecular heat capacities, and the user specified energy transfer
term α, and it assumes a value less than unity. The effect of this is that the total collision rate

constant is therefore reduced to account for the fact that not every collision leads to a complete
activation or deactivation of the molecule in reality and this approach is termed the Modified

Strong Collision (MSC) approach.
The RRKM/ME approximation detailed in Chapter 3.3.2 therefore differs from the QR-

RK/MSC approach in a number of key aspects which will now be reviewed with respect to the

chemical reaction and collisional processes.
Within the RRKM/ME approach, sums and densitities of states for each reactant and transi-

tion state are computed by direct count methods (or similar) based on ro-vibrational properties
derived from quantum chemical computations. In turn the microscopic rate constants, which

are computed from these sums and densities of states, are based on what is state of the art
knowledge of the reaction potential energy surface. Within the QRRK/MSC approach, sums

and densities of states for each reactant are computed by an approximate state counting method
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based on vibrational properties derived from molecular heat capacities. In turn high-pressure
limiting rate constants are used together with the ILT method and the reactant density of

states to compute microscopic rate constants. No knowledge of the ro-vibrational properties of
the transition state are assumed in the model.

With respect to the collisional activation/de-activation steps of the unimolecular reaction, the
RRKM/ME method utilises an energy grained Master Equation together with an estimate of the

average energy transferred per collision in order to compute the rate of collisional energy transfer
between energy levels—all energy levels are theoretically accessible to the reactant molecule. The
method is termed a weak collision approach and many collisions are typically required to either

activate a ground state molecule, or deactivate an excited one. The QRRK/MSC method does
not utilise this energy graining. Instead, every collision completely activates or deactivates a

molecule depending on whether the reactant molecule is below or above the reaction threshold,
respectively. In order to compensate for the fact that many collisions are required to actually do

so, the collisional rate constant is modified by a collisional efficiency factor which is computed
based on an estimate of the average energy transferred in a collision. The approach is that of

a strong collision model, the modification by a collisional efficiency factor leads to the term the
Modified Strong Collision approach.

Whilst the QRRK method may offer an improved approximation to the RRK method, the

explicit consideration of the contribution of each molecular degree of freedom to the active
energy of both reactant and transition state has led to the RRKM/ME method superseding

both the RRK and QRRK approaches. Whilst the RRKM/ME approach is the ideal method
for computation of k(T, p), it cannot be implemented as readily as the QRRK method owing to

the computational expense of quantum mechanically derived molecular data which is required
as an input source.

The QRRK method has been used in many recent studies published by authors from the
Combustion Chemistry Centre [137–140] and other laboratories [141–145] as density of states,
ρ(E), and microcanonical rate constants, k(E), can be derived from simple estimates of high-

pressure limiting rate constants and thermodynamic parameters and the subsequent simulation
times are quite rapid (minutes as opposed to hours/weeks using the ChemRate/MultiWell

codes respectively) as the MSC approximation does not assume an energy grained approach to
CET.

As part of this Thesis the author has compared the QRRK approach with some model
systems from the literature for which RRKM/ME/experimentally derived rate constants are
available. The QRRK approach is then compared with RRKM/ME results for the systems of

interest in this study. The results are intended to serve as a reference to future researchers in
the Combustion Chemistry Centre as to where and when each approach may be acceptable to

use and to advise on the proper use of the ChemDis code which is available to them.

3.4 The Gaussian Software Package

3.4.1 Example Input Files and Some Comments on Keywords

All quantum chemical calculations carried out as part of this Thesis were performed using

the Gaussian 03 and 09 software packages [103]. Some comments on the keywords and input
files used in quantum chemical calculations are discussed below. All geometry optimisations

were carried out initially with the B3LYP [146, 147] coupled with a 6-31+G(d,p) basis set,
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which is quite modest but which is then supplemented with higher level computations. For
initial optimisations of PES minima, the following input file (Guassian input files have a .gjf

extension but are simple text based input files) was used where comments for the reader are
preceded by an exclamation mark:

%chk=user.chk !Name of gaussian checkpoint file for restarting calculations

%mem=12GB !RAM in gigabytes

%nproc=8 !number of parallel processors on which to run computation

# B3LYP/6-31+G(D,P) opt=(tight,maxcyc=500) freq int=ultrafine

!blank line

SPECIES NAME/COMMENTS: FILENAME DATE TIME

!blank line

0 1 !charge and multiplicity

6 -1.397286000 -0.732044000 -0.000331000 ! atomic number, Cartesian coordinates

6 -1.547018000 0.615658000 0.000075000

6 -0.220126000 1.162485000 -0.000206000

6 0.638501000 0.106479000 -0.000032000

8 -0.072460000 -1.062571000 0.000401000

1 -2.086649000 -1.559060000 -0.000501000

1 -2.479083000 1.158126000 0.000135000

1 0.055146000 2.205404000 -0.000349000

6 2.120027000 -0.014295000 0.000046000

1 2.475222000 -0.555080000 0.882975000

1 2.475273000 -0.555560000 -0.882567000

1 2.575180000 0.977039000 -0.000212000

!blank line

Checkpoint files (.chk) were specified in the input file route card in order to restart com-
putations, particularly IRC computations, where previously calculated force constants are re-
quired to compute the minimum energy path. The opt keyword was altered to include tighter

optimisation criteria. DFT methods have a tendency to under-predict the magnitude of low-
frequency vibrational modes, and ensuring tighter optimisation of the equilibrium geometry leads

to more accurate frequency computations which were requested by including the freq keyword.
int=ultrafine was requested to call a more refined integration grid, again, for more accurate

consideration of low frequency vibrational modes. maxcyc=500 was specified in the optimisation
procedure to override the default number of optimisation steps of 20, so that premature failure

of the computation would not occur.
The comment line, SPECIES NAME/COMMENTS: FILENAME DATE TIME, was included for trace-

ability of calculations with a filename, date and time always specified.
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Scans of internal rotations were typically carried out using the following input file (the %chk=,
%mem= and %nproc= lines are omitted for brevity herein)

# B3LYP/6-31+G(D,P) opt=(tight,maxcyc=500,modredundant) nosymm int=ultrafine

!blank line

SPECIES NAME/COMMENTS: FILENAME DATE TIME

!blank line

0 1 !charge and multiplicity

atomic number, Cartesian coordinates

!blank line

* 2 3 * R

1 2 3 4 S 36 10.00

!blank line

where the optimisation is altered with the modredundant keyword which allows one to perform
modifications to the internal coordinates during the computation. In this case a potential energy

surface scan is requested by adding the * 2 3 * R command where R requests that all dihedral
angles about the 2–3 bond are removed from the co-ordinate list, apart from the angle 1 2 3 4

defined on the next line. The S requests a relaxed potential energy surface scan about the

dihedral angle made by atoms 1-2-3-4, in 36 increments of 10◦. The nosymm keyword must
be specified if the coordinates for the 36 scanned structures are to be subsequently used to

compute reduced moments of inertia as a function of dihedral angle using the Lamm package of
MultiWell.

For optimisation of transition states the following input file was used

# B3LYP/6-31+G(D,P) opt=(tight,maxcyc=500,ts,calcfc,noeigentest) freq int=ultrafine

where all other input parameters are typically the same as those used for a reactant or product
optimisation. What differs with the transition structure search is the addition of the ts, calcfc

and noeigentest keywords. The first of these asks that a transition structure (1st order) is
searched for rather than a local minimum. calcfc instructs Gaussian to explicitly compute
force constants for the input, and subsequently, geometries at the level of theory and basis set

specified, rather than using the default force constant estimation method. This is particularly
important for transition state searches as the PES can be highly flat in the region of the TS and

a more accurate consideration of the force constants will improve the likelihood of locating a
stationary point. noeigentest again is useful for those cases where a transition state structure

is difficult to find, but it does increase the computational time.
Once the transition state structure is obtained, the checkpoint file from the succesful TS

search is used as input for an IRC calculation:

%chk=user_1.chk

$mem=12GB

$nproc=8

# B3LYP/6-31+G(D,P) irc=(forward,rcfc,stepsize=5,maxpoint=40) GEOM=AllCheck Guess=Read

!blank line

The irc keyword is invoked to request the intrinsic reaction co-ordinate [105] calculation.
rcfc instructs the program to read calculated force constants for the transition state from the

designated checkpoint file user_1. stepsize=n defines the distance along the reaction path to
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be followed in increments of n× 0.01 Bohr. The default stepsize is 10, so a finer stepsize is used
in this Thesis and maxpoint=40 specifies that the stepsize be incremented up to a maximum

of 40 times. The forward keyword instructs the code on the directionality of the PES to
follow. As two minima are connected to each transition state a second IRC is carried out where

the corresponding reverse keyword is specified. GEOM=AllCheck requests that the molecular
geometry, charge, multiplicity and title section be read from the checkpoint file and Guess=Read

specifies that the initial guess of the wavefunction also be read from the checkpoint file.

The computed geometries were then subject to further optimisations using the multi-level
CBS-QB3, CBS-APNO and G3 methods. The following keyword specifications were used:

# CBS-QB3 opt=(tight,maxcyc=500) freq scf=qc scf=maxcyc=500 int=ultrafine

# CBS-APNO opt=(tight,maxcyc=500) freq scf=qc scf=maxcyc=500 qcisd=maxcyc=500

# G3 opt=(tight,maxcyc=500) freq scf=qc scf=maxcyc=500 qcisd=maxcyc=500

scf=qc was specfied for a quadratically convergent SCF (self-consistent field) procedure to be

carried out. This method is more reliable than the default SCF computation, but is more time
consuming. scf=maxcyc=500 was called in order prevent premature failure of the computation

as a result of reaching the default number of SCF cycles. qcisd=maxcyc=500 was added to
CBS-APNO and G3 computations to override the default maximum number of cycles of 50 in

the QCISD components of their pre-defined set of calculations.

The majority of the computations were carried out on a unix cluster and accompanying .pbs

files were created for job processing:

#!/bin/bash

#PBS -N TEST_SPE !!NAME TO APPEAR ON UNIX QUEUE SYSTEM

#PBS -l nodes=1:ppn=8,walltime=240:00:00

#PBS -r n

#PBS -A nuig01

#PBS -M !!user_email_address@somewhere

#PBS -m ea

cd $PBS_O_WORKDIR

ulimit -Ss 1048576

ulimit -Sl 524288

module load gaussian

export TRAP_FPE=""

export MP_STACK_OVERFLOW="ON"

date

g09 < TEST_G3.gjf > TEST_G3.log

g09 < TEST_CBS-QB3.gjf > TEST_CBS-QB3.log

g09 < TEST_CBS-APNO.gjf > TEST_CBS-APNO.log

date

It is possible for a single .pbs to run numerous computations in series. In this case, the
G3 job is processed first, followed by the CBS-QB3 calculation, and finally the CBS-APNO

computation. This is primarily useful for file management as the results of each computation
(possibly on the same molecule) are sent to individual output files, and if the 1st computation

fails, subsequent computations will still be attempted.
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3.4.2 Example Output Data

Example output data for compound method computations are given below for the 2-methylfuran
molecule based on CBS-QB3, CBS-APNO and G3 computations. In all three instances the

temperature and pressure are those of standard conditions, which are the default conditions
used to compute thermal corrections, E(Thermal), and subsequently the METHOD Energy,

METHOD Enthalpy and METHOD Free Energy. The METHOD (0K) energy contains no thermal
corrections and is the sum of the electronic energy and the ZPE:

CBS-QB3 (0K) = E(ZPE) + E(SCF) + ∆E(MP2) + ∆E(CBS)

+ ∆E(MP34) + ∆E(CCSD) + ∆E(Int)

where the ZPE is automatically scaled by the appropriate frequency scaling factor as part of

the CBS-QB3 (0.99), CBS-APNO (0.9251) and G3 (0.893) computations. It is the METHOD (0K)

energy which is of most interest for kinetic work, as it is used to determine 0 K energy barriers

which are used in subsequent TST and RRKM computations. The METHOD Energy accounts
for contributions to the enthalpy from vibration, rotation and translation at the temperature of

interest and is given by:

CBS-QB3 Energy = CBS-QB3(0K) + E(Thermal)

and the METHOD Enthalpy is in turn computed as:

CBS-QB3 Enthalpy = CBS-QB3 Energy +RT

The above equations are equivalent to Equations 3.12–3.14 on pages 48–49. The METHOD Enthalpy

is most frequently used in the determination of ∆fH
−◦ via the atomisation and isodesmic reaction

methods.
The METHOD Free Energy is the METHOD Enthalpy less T∆S, with S computed from the

contribution of vibrational (no hindered rotor treatment), external rotational, and translation
contributions to the entropy as part of the pre-defined frequency component of the CBS-QB3,

CBS-APNO and G3 methods. The METHOD Free Energy is not typically used for kinetics
computations as a result of a lack of a hindered rotor treatment, but has some use in purely

thermochemical work. Even if the freq=hinderedrotor keyword is invoked in a Gaussian

computation, one should take note that the printed METHOD Energy, METHOD Enthalpy and

METHOD Free Energy remain uncorrected in the final printed Gaussian output. The user must
manually correct these entities as a result. All energies printed below are in hartrees, which can
be converted to kJ mol−1 by multiplying by 2625.5.

Temperature= 298.150000 Pressure= 1.000000

E(ZPE)= 0.096302 E(Thermal)= 0.101692

E(SCF)= -267.756345 DE(MP2)= -1.031760

DE(CBS)= -0.098664 DE(MP34)= -0.037837

DE(CCSD)= -0.034622 DE(Int)= 0.033065

DE(Empirical)= -0.048147

CBS-QB3 (0 K)= -268.878010 CBS-QB3 Energy= -268.872620

CBS-QB3 Enthalpy= -268.871675 CBS-QB3 Free Energy= -268.906671
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Temperature= 298.150000 Pressure= 1.000000

E(ZPE)= 0.096388 E(Thermal)= 0.101669

E(SCF)= -267.781635 DE(SCF)= -0.002076

DE(MP2)= -1.077887 DE(CBS)= -0.079689

DE(QCI)= -0.078533 DE(Int)= 0.028394

DE(Core)= -0.330906 DE(Empirical)= -0.013523

CBS-APNO (0 K)= -269.239467 CBS-APNO Energy= -269.234185

CBS-APNO Enthalpy= -269.233241 CBS-APNO Free Energy= -269.267954

Temperature= 298.150000 Pressure= 1.000000

E(ZPE)= 0.094022 E(Thermal)= 0.099434

E(QCISD(T))= -268.554934 E(Empiric)= -0.102176

DE(Plus)= -0.016764 DE(2DF)= -0.211842

E(Delta-G3)= -0.348487 E(G3-Empiric)= -0.102176

G3(0 K)= -269.140183 G3 Energy= -269.134770

G3 Enthalpy= -269.133826 G3 Free Energy= -269.168777

3.5 The MultiWell Program Suite

The MultiWell program suite [106, 107] consists of a series of modular, Windows and Linux

executable files, which employ the statistical thermodynamics and rate theories described pre-
viously. Quantum chemistry is an essential tool in the provision of input parameters for the

code. The various modules can be used to determine high-pressure limiting rate constants and
gas-phase thermodynamics (Thermo), to computed reduced moment of inertia for internal

rotational modes (Lamm and MomInert), to compute sums and densities of reactants and
transition states of unimolecular reactions (DenSum), and to carry out multiple-well, multiple-
channel RRKM/ME simulations of unimolecular reactions. Whilst the modules can be used

independently for various applications, some modules serve to generate input for others. The
Lamm and MomInert modules are typically used prior to computations with Thermo and

DenSum for adequate treatment of internal rotations. In turn, the DenSum module must be
employed to generate input for the MultiWell module prior to RRKM/ME calculations. The

input and output files of these modules will now be discussed, with some comments and advice
on how to best employ their features.

The highly modular nature, coupled with the basic text input-output file structure (there
is no graphical user interface), can also make file management and the running of simulations

laborious. Section 4 details a suite of Perl codes which have been written by the author in order
to automate the more tedious and error-prone tasks which must be carried out.

3.5.1 Thermo

The Thermo module of MultiWell has been used to compute thermodynamic functions and

high-pressure limiting rate constants based on TST as part of this Thesis. An example input
file (thermo.dat) is provided below for a hydrogen atom transfer reaction for 2-methylfuran

with line numbers in the margin used for reference in the subsequent discussion. Line 1 defines
the units of energy and pressure to be used in thermodynamic computations. For computations

of thermodynamics, and rate constants for unimolecular reactions, the atm keyword should be
used as the keyword for pressure units. For computation of rate constants for bimolecular

reactions, mcc should be used as the pressure keyword, to provide rate constants in units of
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molecules cm−3. Line 2 is the number of temperatures to be studied with Line 3 being a list of
those temperatures. Line 4 defines the number of different chemical species considered in the

computation, in this case, 2.
Lines 6 and 21 define the nature of the two species with reac being the keyword to define

the species as a reactant molecule. ctst is used to define a transition state (Line 21), prod
can be used to define a product for equilibrium constant calculations, and none can be used for

purely thermodynamic calculations. Also on Lines 6 and 21 the name of the species is input
(C5H6O in this case, but nicknames can be used) and the energy in the units defined on Line 1.

Only relative energies are important for the computation of rate constants, so this energy can
be set to 0 in the reactant and the energy barrier (0 K with ZPE corrections) for the reaction

can be input on Line 21 for the transition state. In this example the reaction barrier is 70.64

kcal mol−1. The final two variables on Line 21 are the imaginary frequency for the transition
state (927.13 cm−1) and the barrier for the reverse reaction (8.32, energy units from Line 1)

which are used for the computation of tunneling corrections.
Lines 7 and 22 define the molecular formula for the species. Lines 8–10 and 23–25 are

comment lines which can be used to input important information on the calculation, such as
the source of the molecular data, formation enthalpies, frequency scaling factors etc., and can

be useful for auditing.
Lines 11 and 26 contain in this order, the external symmetry number, number of optical

isomers and the number of electronic level degeneracies for the reactant and transition state
respectively. Lines 12 and 27 contain the electronic level energies and degeneracies for reactant

and transition state respectively. These lines should be repeated as per the number of electronic
level degeneracies specified on lines 11 and 26 respectively.

Lines 13 (reactant) and 28 (transition state) contain the number of vibrations and rotations

to be read in for reactant (32) and transition state (31), a keyword (HAR) to indicate that the
vibrational degrees of freedom are input as harmonic frequencies, and a keyword for the units

used for rotational constants, in this case cm−1.
Lines 14–19 and 29–34 contain the vibrational frequencies and rotational constants for reac-

tant and TS. Each of these lines commences with an index number for every degree of freedom,
a keyword defining whether it is to be treated as a vibration, rotation, or internal rotation, the

magnitude of the degree of freedom in previously specified units and two further numbers which
are dependent on the degree of freedom type.
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KCAL ATM1

102

298.15 300 400 500 600 800 1000 1100 1200 13003

24

5

reac C5H6O 0.06

C5H6O !STOICHIOMETRY7

!COMMENT: 2-methylfuran8

!FREQUENCIES AND ROT.CONSTS FROM: CBS-QB39

!FREQ’S SCALED BY: 0.9910

1 1 1 ! EXTERNAL SYMM, OPT. ISO., ELEC DEGEN.11

0.0 1 ! STATE, MULT12

32 HAR CM-113

1 hrb 122.95 363.7 314

2 vib 238.81 0.0 115

...vibrations 3-29...16

30 vib 3245.17 0.0 117

31 qro 0.2946293 1.0 118

32 qro 0.1005876 1.0 219

20

ctst C5H6O 70.64 927.13 8.3221

C5H6O !STOICHIOMETRY22

!COMMENT: 3->2 HYDROGEN ATOM TRANSFER TS23

!HoF/BARRIER = 295.56 kJ/mol; CBS-QB324

!FREQUENCIES AND ROT.CONSTS FROM: CBS-QB325

1 2 1 ! EXTERNAL SYMM, OPT. ISO., ELEC DEGEN.26

0.0 1 ! STATE, MULT27

31 HAR CM-128

1 hrb 191.95 755.5 329

2 vib 281.41 0.0 130

...vibrations 3-28...31

29 vib 3208.12 0.0 132

30 qro 0.2881228 1.0 133

31 qro 0.1013784 1.0 234

The vib keyword is used to specify that the degree of freedom is a vibrational mode with a
typical input line taking the form

2 vib 238.81 0.0 1

where 2 is the index number, 238.81 is the vibrational wavenumber, 0.0 is a term to account
for vibrational anharmonicity and the last term is the degeneracy of the vibration. In terms of

this degeneracy number, some symmetric molecules will have more than 1 identical vibrational
mode and these identical modes can be listed individually with a degeneracy of 1, or can be

listed a single time with x-fold degeneracy, but the computed results will be the same.
The qro keyword is used to specify an external rotational mode.
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Figure 3.7: Results of a potential energy surface scan for the C–C bond rotation in 2-methylfuran.

Three identical maxima and minima are observed indicating a symmetry number of 3 for the
rotation.

31 qro 0.2946293 1.0 1 ! 1-Dimensional K-Rotor

32 qro 0.1005876 1.0 2 ! 2-Dimensional J-Rotor (Not Active in Master Equation)

Again, the first term in these lines is the index number of the mode, the second is the degree
of freedom keyword, the third is the magnitude of the rotational constant, the fourth is the

rotational symmetry number and the fourth is the dimensionality of the mode.

Note that for non-linear molecules there will be three external rotational constants, BA, BB

and BC . However, only two are provided. This is because it is common for molecules to be
approximated as symmetric tops (for mathematical reasons linked to centrifugal corrections in

statistical rate theory) where BB ≈ BC .

These two rotations are therefore amalgamated through a geometric mean into a single

two-dimensional rotation (the J-rotor) where B2D = (BB .BC)0.5. For 2-methylfuran the three
rotational constants are calculated at the CBS-QB3 level of theory as:

BA = 0.2946293 cm−1

BB = 0.1181159 cm−1

BC = 0.0856605 cm−1

BA is directly input the Thermo input file above as degree of freedom number 31. Taking a

geometric mean of BB and BC a rotational constant of 0.1005876 is computed for B2D which is
degree of freedom number 32 above, with an assigned dimensionality of 2.

The final type of degree of freedom which must be considered is the hindered internal rotation,
which have been alluded to previously as they require a slightly more complex treatment. For

symmetrical internal rotations (the potential energy has identical minima and/or maxima in
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Figure 3.8: An example potential energy surface scan of an assymetric internal rotation in the
transition state for hydrogen atom abstraction from 2-methylfuran by a methyl radical. The
dihedral angle being scanned is denoted E-F-G-H in Figure 3.5.

2π rotations) the hrb keyword is used as seen in Line 14 above, and re-iterated below. The
potential energy surface scan for this rotation is shown in Figure 3.7.

1 hrb 122.95 363.7 3

The first two terms above are the index number and keyword. The third term is the scaled
vibrational frequency for the internal rotation, 122.95 cm−1. The fourth term is the barrier

height to internal rotation which is shown to be 4.35 kJ mol−1 in Figure 3.7, but which is input
in units of cm−1 (363.7) in the Thermo input file. The last term is the symmetry number for

the internal rotation, which is shown to be 3 in Figure 3.7.

For assymetric hindered internal rotations, the hrd keyword is invoked. Figure 3.8 shows an

example of an assymetric internal rotation—two identical minima are observed, but the maxima
have different energies. In order to incorporate these complex potential energy functions into

the calculation with Thermo, the potential energy as a function of dihedral angle is fitted
to a Fourier series, three forms of which are acceptable in the Thermo program, Equations

3.60–3.62.

V (χ) =

N∑

n=1

Vn

2
[1 − cos {nσv(χ + ϕv)}] (3.60)

V (χ) = V0 +

N∑

n=1

Vn cos[nσv(χ + ϕv)] (3.61)

V (χ) = V0 +

N∑

n=1

Vn cos[nσv(χ + ϕv)] +

N∑

n=1

Un sin[nσv(χ + ϕv)] (3.62)
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In the above set of equations, χ is the dihedral angle in radians, σv is the symmetry number
for the potential energy and ϕv is the phase angle (radians). V0, Vn and Un are fitting parameters

which are ultimately used as input in the Thermo input file.
The choice of Equation 3.60, 3.61 or 3.62 is dependent on the complexity of the potential

energy function which one wishes to fit, that is, the number of minima/maxima and their relative
energies. Equation 3.60 has not been used as part of this Thesis as most of the potential energy

surface scans require a large number of cosine and/or sine terms for adequate fitting. Equation
3.61 has been used to fit the simpler potential energy functions encountered in this Thesis,

where, along with V0, a series of 6 cosine terms are used in the fitting function, and the final
equation therefore has the following form:

V (χ) = V0 + V1 cos[1σv(χ + ϕv)] + V2 cos[2σv(χ + ϕv)] + V3 cos[3σv(χ + ϕv)]

+ V4 cos[4σv(χ + ϕv)] + V5 cos[5σv(χ + ϕv)] + V6 cos[6σv(χ + ϕv)] (3.63)

Similarly, when fitting more complicated potential energy functions, Equation 3.62 has been
used where 9 cosine terms and 9 sine terms (the maximum that the Thermo code will allow)
have been used to ensure an adequate fit of the potential energy as a function of angle:

V (χ) = V0 + V1 cos[1σv(χ + ϕv)] + V2 cos[2σv(χ + ϕv)]...V9 cos[9σv(χ + ϕv)]

+ U1 sin[1σv(χ + ϕv)] + U2 sin[2σv(χ + ϕv)]...U9 sin[9σv(χ + ϕv)] (3.64)

In terms of inputting the fit Fourier parameters into the Thermo input file, below is an example
of the input for the rotation shown in Figure 3.8.

2 hrd 19 7 1 !ROTATION IN 2MF+CH3 ABSTRACTION TS. VIBRATION = 57.96 CM-1 !LINEBREAK1

Vhrd3 1 0 994.59 -7.34 -960.11 -82.54 51.07 7.68 -0.96 -1.48 -0.752

-0.10 -54.75 335.85 -152.08 -53.54 4.26 6.96 0.45 -0.69 -0.48 !LINEBREAK3

Bhrd1 1 0 0.628 -0.001 0.161 0.013 0.001 0.006 -0.006 !LINEBREAK4

The first line above contains the index number for the rotation (2), the keyword specification
for an assymetric internal rotation (hrd). The next two terms are the total number of coefficients

to be entered to describe the potential energy as a function of dihedral angle (19) and the total
number of coefficients to be entered to describe the rotational constant about the rotational

dihedral as a function of dihedral angle (7). The fifth term is a dummy variable which must be
read in but can be assigned any value, 1 in this case. The final term after the exclamation mark

is a comment. Note that the vibrational frequency associated with the internal rotation is not
used as input for the treatment of an assymetric hindered rotor, and is removed from the input
file.

Lines 2–3 in turn are specific to the potential energy as a function of dihedral angle. The
first term, Vhrd3, is a keyword specifying the type of Fourier series used in the fitting of the

potential energy curve. The Vhrd1 keyword corresponds to Equation 3.60, Vhrd2 corresponds
to Equation 3.61, and Vhrd3 refers to Equation 3.62, as in this instance. The second and third

terms are the symmetry number (σv) and phase angle (ϕv) of the potential energy function. The
next 19 terms are the fitted coefficients from the Fourier series. The first of these coefficients

is V0, the following 9 coefficients correspond to Vn from the cosine portion of the Fourier series
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(Equation 3.64) and the last 9 terms are the corresponding coefficients, Un, from the sine terms
of the Fourier series. Note that all 19 coefficients must be on a single line in the Thermo input

file and must be fit with units of cm−1.

Line 4 above is specific to the rotational constant for the internal rotation, which like the

potential energy, varies as a function of dihedral angle. MultiWell allows the user to input
the rotational constant as a function of dihedral angle through fitted cosine terms, in a similar

format to Equations 3.61 and 3.63,

B(χ) = B0 +

N∑

n=1

Bn cos[nσB(χ + ϕB)] (3.65)

where σB is the symmetry number for the rotational constant, ϕB is the phase angle, and B0

and Bn are the terms to be fitted.

With respect to line 4 of the assymetric internal rotation input shown above, the first term

(Bhrd1) is a keyword indicating that the user is inputting coefficients fit to the rotational constant
(cm−1) as a function of dihedral angle. The Ihrd1 keyword is used to specify that the coefficients

were fit to the moment of inertia (amu Å2) as a function of angle, but is not used in this Thesis.
The second term is the symmetry number for the rotation (σB) and the third term is the phase

angle (ϕB). Note that it is important for the phase angles of the potential (σv) and rotational
(σB) functions to be specified consistently. The fourth term on line 4 is B0 with the following 6
terms being the cosine coefficients (Bn) fitted to the rotational constant. The use of the Lamm

package of MultiWell for computation of rotational constants as a function of dihedral angle
for of asymmetric internal rotations (hrb keyword) will be discussed in the following section.

Once the Thermo input file is constructed, running the computation is straightforward. The
input file should be named thermo.dat and is placed in the same directory as the thermo.exe

file. Double-clicking the latter runs the computation, with the corresponding output (kinetic
and thermodynamic parameters) printed to a newly created thermo.out. If there are errors

in the thermo.dat’ file, thermo.out should be inspected for possible causes of this error.

3.5.2 Lamm

Lamm is a program used to computed the effective rotational constants for Large AMplitude

Motions, such as internal rotations, as a function of angle. The program requires as input,
the molecular geometry of the molecule as a function of dihedral angle. This data is obtained

simultaneously with the potential energy when relaxed potential energy surface scans are carried
out, using the Guassian program in this case. As noted in Section 3.4, the nosymm keyword
must be speficied when carrying out potential energy surface scans which are later to be used

as input for Lamm.

An example input file for the rotation in Figure 3.8 is given overleaf and will now be discussed.

Lines 1 and 2 are comment lines in which it is useful to state the name of the Guassian output
file from which the data has been extracted, and the theoretical method employed therein. Aside

from these specifically designated comment lines, exclamation marks are used to annotate the
input file elsewhere. Line 4 designates the number of atoms in the molecule being studied.

Line 6 contains, in this order, the lower limit of the dihedral angle in degrees (0), the number
of optimised geometries to be read-in from the quantum chemical calculation (37), and the

increment in which the dihedral was optimised, in this case 10◦ increments. Lines 8–23 lists
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the atomic masses of each atom in atomic mass units. The order of the atoms in this list must
correspond with the cartesian co-ordinates provided in subsequent lines.

Lines 25–40 are the Cartesian co-ordinates (x, y and z) for the optimised geometry at the
first increment of the dihedral angle, in this case 0◦ as defined on line 6. Lines 25–41 are repeated

a total of 37 times (as defined on line 4) with the user defining the Cartesian co-ordinates of the
optimised geometry of the molecule at each scan increment.
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COMMENT LINE: mf2_ch3_abst_nosymm_TS_B3LYP_SCAN_1.log1

COMMENT LINE: CALCULATED AT B3LYP/6-31+G(D,P)2

!blank line3

16 !NUMBER OF ATOMS4

!blank line5

0.0, 37, 10 !MIN. ANGLE, NO. SCAN POINTS, STEPSIZE (DEGREES)6

!blank line7

12 ! ATOM TYPE IN A.M.U8

12 ! ATOM TYPE IN A.M.U9

12 ! ATOM TYPE IN A.M.U10

12 ! ATOM TYPE IN A.M.U11

16 ! ATOM TYPE IN A.M.U12

1 ! ATOM TYPE IN A.M.U13

1 ! ATOM TYPE IN A.M.U14

12 ! ATOM TYPE IN A.M.U15

1 ! ATOM TYPE IN A.M.U16

1 ! ATOM TYPE IN A.M.U17

1 ! ATOM TYPE IN A.M.U18

1 ! ATOM TYPE IN A.M.U19

12 ! ATOM TYPE IN A.M.U20

1 ! ATOM TYPE IN A.M.U21

1 ! ATOM TYPE IN A.M.U22

1 ! ATOM TYPE IN A.M.U23

!blank line24

1.861174 -0.920578 -0.059803 !Geometry Index = 125

2.113794 0.293639 -0.627748 !Geometry Index = 126

0.974013 1.111573 -0.344283 !Geometry Index = 127

0.099913 0.341378 0.386763 !Geometry Index = 128

0.642782 -0.911282 0.557748 !Geometry Index = 129

3.003134 0.572142 -1.175141 !Geometry Index = 130

0.818347 2.141247 -0.633952 !Geometry Index = 131

-1.239475 0.562245 0.916582 !Geometry Index = 132

-1.488240 1.620712 1.007471 !Geometry Index = 133

-1.440496 0.021211 1.843611 !Geometry Index = 134

-2.114858 0.111279 0.123833 !Geometry Index = 135

2.414353 -1.844609 0.002351 !Geometry Index = 136

-3.177659 -0.398696 -0.769102 !Geometry Index = 137

-2.961143 -1.464243 -0.813809 !Geometry Index = 138

-4.101176 -0.137730 -0.255480 !Geometry Index = 139

-2.995078 0.145684 -1.693750 !Geometry Index = 140

!blank line41

..42

repeat until Geometry Index = NO. OF SCAN POINTS43

..44
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Once the co-ordinates for all optimised geometries are included in the Lamm input file, the
user must also list the potential energy (cm−1) as a function of dihedral angle (degrees) at the end

of the input file, as below in lines 1–37. Running the computation is straightforward—name the
input file as lamm.dat and is place it in the same directory as lamm.exe. The corresponding

output printed to the lamm.out. In turn, lines 1–38 overleaf illustrate the output which is
generated, with potential energy, E(cm-1), moment of inertia, I(amu.A**2), and rotational

constants, B(cm-1), all reported as a function of dihedral angle. The rotational constant as a
function of dihedral angle can now be fitted to the format shown in Equation 3.65, as illustrated

in Figure 3.9.

0 0.00001

10 59.25822

20 243.61683

30 546.49184

40 945.93575

50 1393.66396

60 1817.24997

70 2115.73548

80 2218.88859

90 2106.956410

100 1812.860411

110 1411.221912

120 978.856813

130 583.802514

140 276.538015

150 79.010916

160 2.194717

170 37.310718

180 166.800719

...20

...21

...22

260 1964.297923

270 1905.039824

280 1747.018125

290 1516.569726

300 1244.421227

310 954.714628

320 669.397629

330 410.417630

340 197.527231

350 52.673932

360 0.000033
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INDEX ANG(DEG) ANG(RAD) E(cm-1) I(amu.A**2) B(cm-1)1

1 0.0 0.000000 0.0 19.846 0.82

2 10.0 0.174533 59.3 20.433 0.83

3 20.0 0.349066 243.6 21.056 0.84

4 30.0 0.523599 546.5 22.907 0.75

5 40.0 0.698132 945.9 26.762 0.66

6 50.0 0.872665 1393.7 33.009 0.57

7 60.0 1.047198 1817.2 40.474 0.48

8 70.0 1.221730 2115.7 45.657 0.49

9 80.0 1.396263 2218.9 46.050 0.410

10 90.0 1.570796 2107.0 42.542 0.411

11 100.0 1.745329 1812.9 36.760 0.512

12 110.0 1.919862 1411.2 30.834 0.513

13 120.0 2.094395 978.9 26.210 0.614

14 130.0 2.268928 583.8 23.395 0.715

15 140.0 2.443461 276.5 21.921 0.816

16 150.0 2.617994 79.0 21.052 0.817

17 160.0 2.792527 2.2 20.835 0.818

18 170.0 2.967060 37.3 21.231 0.819

19 180.0 3.141593 166.8 22.262 0.820

20 190.0 3.316126 373.1 23.910 0.721

21 200.0 3.490659 632.1 25.526 0.722

22 210.0 3.665191 924.0 26.921 0.623

23 220.0 3.839724 1226.9 28.896 0.624

24 230.0 4.014257 1514.4 31.214 0.525

25 240.0 4.188790 1753.6 33.013 0.526

26 250.0 4.363323 1911.6 33.879 0.527

27 260.0 4.537856 1964.3 33.643 0.528

28 270.0 4.712389 1905.0 32.048 0.529

29 280.0 4.886922 1747.0 29.857 0.630

30 290.0 5.061455 1516.6 28.120 0.631

31 300.0 5.235988 1244.4 26.859 0.632

32 310.0 5.410521 954.7 25.914 0.733

33 320.0 5.585054 669.4 25.052 0.734

34 330.0 5.759587 410.4 24.016 0.735

35 340.0 5.934119 197.5 22.667 0.736

36 350.0 6.108652 52.7 21.259 0.837

37 360.0 6.283185 0.0 20.015 0.838

It is worth noting that the fitted rotational constants shown as a line in Figure 3.9 do not
replicate the computed rotational constants with complete accuracy, and inclusion of both cosine

and sine terms in the Fourier series would lead to a more accurate fitted potential. However, the
MultiWell program only allows for inclusion of cosine terms in the truncated Fourier series

used to fit rotational constants at the present time. In some instances, B(χ) computed via Lamm

may also be “bumpy” due to problems encountered in the relaxed potential energy surface scan

of the dihedral angle of interest—thus leading to problems in the subsequent fitting procedure.
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Figure 3.9: An example of rotational constants computed as a function of dihedral angle using

the Lamm program for an assymetric internal rotation in the transition state for hydrogen
atom abstraction from 2-methylfuran by a methyl radical. The dihedral angle being scanned is

denoted 6-7-9-10 in Figure 3.5, page 47. Rotational constants fitted to the truncated Fourier
series (—) defined in Equation 3.65.

Whilst the method used by Lamm is perhaps the most desirable one to employ when considering
the rotational constants of internal rotations, the MomInert package of MultiWell can be

used to computed a single approximate rotational constant for the dihedral angle which can be
included as B0 in the Thermo input file. This procedure will now be discussed.

3.5.3 MomInert

The MomInert module of MultiWell was designed to compute reduced moments of inertia
for molecules and internal rotors from Cartesian co-ordinates of the equilibrium geometry of a

molecule. An example input file given below will now be discussed for internal rotation about
the 6-7-9-10 bond in Figure 3.5, page 47. The corresponding rotational constants computed
using Lamm for this rotation are presented in Figure 3.9.
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ROTATION IN 2MF+CH3 ABSTRACTION TS.1

ANGS2

163

C 1 1.852812000 -0.908524000 -0.1107930004

C 2 2.104832000 0.328842000 -0.6132710005

C 3 0.969084000 1.130904000 -0.2837000006

C 4 0.100082000 0.325625000 0.4058370007

O 5 0.639340000 -0.932480000 0.5095420008

H 6 2.990656000 0.634346000 -1.1472180009

H 7 0.814389000 2.172133000 -0.51868100010

C 8 -1.234382000 0.522325000 0.95071700011

H 9 -1.483310000 1.572609000 1.09406000012

H 10 -1.429707000 -0.063363000 1.84896800013

H 11 -2.110368000 0.106174000 0.13984900014

H 12 2.404136000 -1.833352000 -0.10022500015

C 13 -3.170609000 -0.364809000 -0.77957900016

H 14 -2.915307000 -1.411385000 -0.91700200017

H 15 -4.093970000 -0.184664000 -0.23667000018

H 16 -3.022154000 0.261158000 -1.65467900019

20

4 8 !<INDEX OF DIHEDRAL ATOMS21

8 !<NUMBER OF ATOMS IN ROTATING MOIETY 122

8 9 10 11 13 14 15 16 !<ATOM INDICES FOR THE ATOMS IN ROTATING MOEITY 123

0 024

25

Line 1 above is a title/comment line for the input file. The second line is the keyword

designating the units of the subsequent cartesian coordinates, in this ANGS refers to Angstroms,
but BOHR can also be specified. Line 3 specifies the total number of atoms in the molecule. Lines

4–19 contain the following for the number of atoms specified on Line 3; the atomic symbol for
the element, an index number for the atom, and the cartesian coordinate of the atom.

Line 21 specifies the atom indices for the atoms which define the internal rotation axis. Line
22 specifies the number of atoms in one of the rotating groups and line 23 in turn specifies

the atom indices for the atoms which comprise this rotating group. Line 24 (0 0) specifies
termination of the calculation. The carriage return/blank line on line 25 is essential, otherwise

the computation will fail.

Below is an example output from MomInert for the above input file. The moment of inertia
and rotational constants for the dihedral angle are provided in various units. The computed

rotational constant of 0.45049 cm−1 tends towards the lower end of what was computed with
the Lamm package in this instance, but is of a reasonable order.

REDUCED MOMENT OF INERTIA ABOUT 4-- 8 BOND: 37.420 amu*Ang^226

6.214E-39 g*cm^227

Rotational constant: B = 0.45049 cm-128

B = 13505.45651 MHz29

B = 13.50546 GHz30
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Figure 3.10 illustrates the differences in the computed rate constants and thermodynamic
quantities, for abstraction of a hydrogen atom from the alkyl group of 2-methylfuran by methyl

radical, based on rotational constants for internal rotation computed using Lamm and MomInert.
The maximum variation in the rate constant is ≈ 20% from 300–1000 K, reducing to ≈ 15% at

higher temperatures. The variation in the computed rate constants stems from a slight increase
in ∆‡S in the transition state when the rotational constant from MonInert is employed, which

then propagates into ∆‡G. Variations in ∆‡H and ∆‡Cp are minor. The computed rate con-
stants vary minimally and rotational constants computed using MomInert offer a reasonable

approximation in instances where Lamm cannot be used. A recent study by Katsikadakos et

al. [148] comparing the CanTherm, MultiWell and Variflex codes, showed similar trends,

where a maximum variation in computed rate constants of ≈ 25% was observed, due to various
treatments of the rotational constant for the reactions of methyl radical with n-butanol.

In terms of running the calculation, the input file should be named mominert.dat and is

placed in the same directory as the mominert.exe file. Double-clicking mominert.exe runs
the computation, with the corresponding output printed to the mominert.out file.

3.5.4 DenSum

The DenSum package of MultiWell is designed to compute densities and sums of states for
wells and transition states based on user specified vibrations, and internal and external rotations.

The input file is quite compatible with the Thermo input file described in Section 3.5.1.

Sums and Densities of States for 2-methylfuran (CBS-QB3)1

M1________ ! Output file name2

31 0 HAR CM-13

10 500 1500 1000004

1 hrb 122.95 363.7 3 !INTERNAL ROTATION AROUND C-C BOND5

2 vib 238.81 0.0 16

3 vib 334.06 0.0 17

4 vib 609.28 0.0 18

...repeat for number of degrees of freedom9

31 qro 0.2946293 1.0 110

!! 32 qro 0.1005876 1.0 2 !! 2-D INACTIVE J-ROTOR11

Lines 1–11 above illustrate the input file format. The first line is a title line, which can
take any name up to 180 characters. Line 2 is the name of the output file ?.dens which is

created by the program. It is very important to note that the name of this file must reciprocate
with the name of the reactant/well which is defined when constructing the MultiWell input

file, used in subsequent RRKM/ME calculations. The maximum length which the name of a
well can have in the MultiWell input file is 10 characters. This author has found it useful
to use underscores to ensure that the filename is always precisely 10 characters long, such that

reciprocity between the DenSum output filenames, and the name of the well in the MultiWell

input file, is ensured. It can be difficult to recognize small formatting errors such as this which

subsequently cause a failure in RRKM/ME calculations.
The first term on line 3 is the number of degrees of freedom (vibrations, rotations, etc.)

which acts as input for the state counting procedure (31). The second term is a number (0 or 1)
which defines how densities of states are computed—0 requests exact state counts, and 1 calls for

the Whitten-Rabinovitch approximate state count procedure. In this Thesis, exact state counts

82



3.5. THE MULTIWELL PROGRAM SUITE

Figure 3.10: (a) Computed rate constants and (b) thermodynamic functions for abstraction of
a hydrogen atom from the alkyl group of 2-methylfuran by methyl radical based on rotational

constants for internal rotation about the E-F-G-H bond (Figure 3.5) in the transition state from
MomInert and Lamm. (a) MomInert (—), and Lamm (– –) and (b) ∆‡S (—, J mol−1 K−1);

∆‡H (– –, kJ mol−1); ∆‡Cp (· · · , J mol−1 K−1); ∆‡G (− · −, kJ mol−1).
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are used throughout, which is more accurate but also computationally more demanding. The
third term is a keyword specifying that vibrational frequencies are input as harmonic frequencies

and the final term is the units for the rotational constants.

At this point it is worth commenting on the “double arrays” used by MultiWell. At low

energies, fluctuations in the density of states for a molecule can be sizeable/the density of states
can be sparse. MultiWell therefore implements a hybrid Master Equation where an energy

grained Master Equation is employed at low vibrational energies where the density of states
is sparse/discontinuous, and a continuum Master Equation is employed at higher vibrational
energies where states are dense.

The first term on line 4 is the energy grain size to be used in the state counting procedure,
typically, energy grains of 5–10 cm−1 are applied. The second term is the number of array

elements to be used in the first portion of the double array where the density of states is sparse.
Above, 500 array elements are requested with a 10 cm−1 energy grain, meaning that states

will be counted in 10 cm−1 grains up to 4990 cm−1 (the first element of the array considers
states at 0 cm−1) for the energy grained portion of the Master Equation. The third term is the

total number of array elements to be employed and the fourth term is the maximum energy (1
× 105 cm−1) to which states should be counted. As 500 array elements are used to compute
states at lower vibrational energy levels, and the total number of array elements chosen is 1500,

1000 array elements are therefore employed for state counting from an energy of 0 cm−1, to
the maximum energy of 1 × 105 cm−1. A grain size of 100 cm−1 is thus employed in Master

Equation where states are vibrational states are continuous.

Figure 3.11 illustrates this hybrid method in more detail. The solid line shows the result

of employing an exact state counting method for 2-methylfuran with a 10 cm−1 energy grain,
up to 1 × 105 cm−1. If one were to employ this direct density of state count in a subsequent

RRKM/ME simulation, an array of 10000 elements would therefore be used. However, the
direct count method is accurately captured by using the double array method with only 1500
array elements—this leads to significant reduction in the computational time required for the

simulation. At the lowest energies, where a 10 cm−1 grain size is used, the fluctations in the
states are accurately captured by the first portion of the double array. As the density of states

becomes continuous (1000–2000 cm−1) the second portion of the double array can accurately
replicate the direct state count, even with a large energy grain of 100 cm−1.

The output files for the DenSum code prints information on the fluctuations in the state
densities based on the double array dimensions specified on line 4 in the input file. Inspection
of this file should be carried out to ensure the dimensions selected result in density fluctuations

of <5%. It is important to note that the double array dimensions used in the density and sums
of state computation must be specified identically for all wells and transition states, and must

be consistent with those specified in the MultiWell code when carrying out the RRKM/ME
simulation.

Lines 5–10 of the DenSum input file shown above can be copied directly from the correspond-
ing Thermo input file which was described earlier, as the syntax used to define ro-vibrational

degrees of freedom is identical in both codes. Line 11 above shows that the 2-D adibatic J-rotor
is not included in the state counting procedure (it is commented out), as it is considered inactive
in RRKM theory. The rotational constant for the J-rotor is included in the MultiWell input

file.

In terms of running the DenSum calculation, the input file should be named densum.dat

and is placed in the same directory as the densum.exe file. Double-clicking densum.exe

84



3.5. THE MULTIWELL PROGRAM SUITE

Figure 3.11: Density of states for 2-methylfuran computed using DenSum. Density of states
counted in 10 cm−1 grains with 500 array elements up to 4990 cm−1 for the first portion of

double array (�); Density of states counted in 100 cm−1 grains with 1000 array elements up to
1 × 105 cm−1 for the second portion of double array (�); Exact state counting with 10 cm−1

energy grains up to 1 × 105 cm−1 (—). The vertical line represent the maximum energy of the
first portion of the double array.
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executes the computation. The output is printed to two files, densum.out which contains
sums and densities of states based on either the user-speficied Stein-Rabinovitch of Whitten-

Rabinovitch algorithms, and ?.dens, which contains the sums and densities of states printed in
the MultiWell compatible double array format. It is the ?.dens file, where the ? indicates the

name of the output file defined on line 2 of the DenSum input, which is used in the RRKM/ME
compuation with MultiWell. The densum.out file can be used to determine fluctuations in

the sum and density of states.

3.5.5 MultiWell

The MultiWell module is used to determine time-dependent concentrations, vibrational en-

ergies and reactive fluxes for multiple-well, multiple-channel thermally and chemically activated
unimolecular reactions. From this information, pressure-dependent rate constants, k(T, p), can

be extracted for thermally and chemically activated systems. Unlike the previous modules
which have a simple single-input-single-output file structure, the MultiWell input file(s) is

non-trivial for the novice. For example, for the reaction of hydrogen atom with 2-methylfuran
to be discussed in later chapters, a total of 1.5 GB of data in ≈ 5000 files and ≈ 200 folders was

generated to calculate k(T, p) from pressures of 0.01–100 atm, and temperatures of 600–2000 K.
Some discussion is therefore required to guide future users in the efficient use of the software.

The basic structure consists of a single input file (multiwell.dat) which contains essential
information for the simulation, such as; the temperature, pressure, a description of the potential

energy surface, the CET and Lennard-Jones parameters for each well, a description of the
bath gas, the simulation time, simulation trials, and the type of simulation being carried out

(thermal/chemical activation). This file is then supplemented with multiple additional files (1
?.dens file for every well and transition state) containing sums and densities of states for using

the DenSum package.

The Core Input File Structure

An example MultiWell input file multiwell.dat for the unimolecular decomposition of 2-
methylfuran is shown overleaf. Exclamation marks can be used to denote comments after each

line. Line 1 is a title for the file/description of the simulation. Line 2 defines the double
array dimensions, as described in Section 3.5.4. Again, it is essential that the array dimensions
specified in multiwell.dat are concordant with those specified in the corresponding DenSum

calculations. The fifth term on line 2 is a random seed number used as part of the stochastic
simulation which MultiWell carries out.

Line 3 contains three keywords defining the units for pressure (ATM or BAR), the units of energy

(KJOU, KCAL or CM-1) and the units for the 2-D external rotation (CM-1, numerous other are
acceptable). Line 4 defines the translational and vibrational temperature (K) for the simulation,

for the purposes of this work, these are always identical. Line 5 defines the number of pressures
to be simulated, with line 6 being a list of these pressures in the previously defined units.

The first term on line 7 is the number of wells on the PES being simulated, with the second
term being the number of products (bimolecular) formed from these well. In this case the PES

contains 4 wells, and 5 products. The comments on Line 7 are simply included as headers for
the information on lines 8–16, with the information for the 4 wells entered on lines 8–11, and

for the 5 products on lines 12–16. In all MultiWell input files, the wells must be listed before
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irreversible product sets.

For all the wells listed on lines 8–11, the following information must be entered. The first

term on these lines is an index number, which is defined as 1 for the first well and increases
sequentially thereafter. The second term is the name of well, the maximum number of characters
allowed is 10, underscores and apostrophes are useful to ensure that all well names have an easily

identifiable number of characters and that they are identical with the name of ?.dens containing
state counts for the molecule.

The third terms on lines 8–11 are the 0 K enthalpies of the wells—these values do not have to

be absolutely defined, only relatively defined, and so in this case the initial reactant is assigned
an enthalpy of 0 with units as on line 3. The fourth term is the rotational constant for the

2-D adiabatic J-rotor, again in units defined on line 3. The final three terms are the external
symmetry number, number of electronic energy levels, and number of optical isomers in the

molecule.

It is important to note that in canonical TST, as implemented in Thermo, corrections
for external symmetry and optical isomers need not be defined in the input file, but can be

incorporated into the high-pressure limiting rate constant through simple multiplication once
the calculation is completed, if the user so desires. This is not the case when performing

RRKM/ME calculations, and symmetry and optical isomer corrections must be included in the
multiwell.dat file if there are any, otherwise, the computed pressure-dependent rate constants

will be in error.

For the product sets defined on lines 12–16, each line includes an index number (starting
with the index number of the previous well + 1), the name of the product set and its relative

enthalpy. The relative enthalpy is only important if quantum mechanical tunneling is being
included in the reaction pathway, and sums and densities of states files are not required for

product sets.

Line 17 contains information on the bath gas being used as a collision partner in the simula-
tion. The first term is the Lennard-Jones hard sphere collision diameter (σ / Å), and the second

term is the Lennard-Jones well depth (ε / K). Term 3 and 4 are the molecular mass (amu) of
the bath gas and the wells respectively.

Lines 18, 20, 22 and 24 define the collision parameters for wells 1–4. The first term is an

index number which must correspond with those defined on lines 8–11. The second and third
terms are the Lennard-Jones parameters, σ and ε respectively for the well in question. The
fourth term is a keyword which defines the type of CET model desired. Thirteen collision

models are currently available in MultiWell, and the exponential down model (called with
the integer 1), is used throughout this Thesis. For information on other collision models, consult

the MultiWell user manual. The following 8 terms are the coefficients used in the collision
model.

For a single-exponential down model, the average energy transferred in a down collision (α,

Equation 3.39) is defined as the first of these eight coefficients (cm−1) and all other coefficients
are set to zero. Note that the user has the choice of including specific energy transfer parameters

for each well, although it is common, as in this case, to use the same parameters for all wells.
Lines 19, 21, 23 and 25 request that the Lennard-Jones collision frequency be computed by

inclusion of the LJ keyword. The quantum mechanical collision rate constant can be requested
with the QM keyword.

The first term on line 26 is a keyword defining the number of reactions/transition states

which are being considered in the calculation, all terms after the exclamation mark are com-
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ments/headers for the data being input on lines 27–37, and are purely aesthetic. Ignoring any
lines that commence with ‘TUN’ for the moment, the first two terms on lines 27–37 are the

index number for the reactant and product for the reaction, as defined on lines 8–16. The reac-
tant index number must obviously be that of a well (lines 8–11), but the product can be either

another well, or an irreversible product set (bimolecular fragments).
The third term on line 27 is the name of the transition state, which can be up to 10 characters

long, and must co-incide with the name assigned to corresponding file containing the computed
sums and densities of states for the transition state. The fourth term defines the rotational

constant 2-D adiabatic J-rotor for the transition state, which is input with units defined on line
3. The fifth, sixth and seventh terms are the external symmetry number, number of electronic

level degeneracies and optical isomers for the transition state.
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UNIMOLECULAR DECOMPOSITION OF 2-MF VIA CARBENES1

10 500 1500 100000 11129373 !<- DOUBLE ARRAY DIMENSIONS2

‘ATM’ ‘KJOU’ ‘CM-1’ !<- P-units, E-units, Ext-Rot-Units3

2000 2000 !<- Translational and initial vibrational temperatures.4

2 !<- No. of pressures5

10 20 !<- Pressures in P-units above6

4 5 !‘NAME’ ‘H(0K)’ ‘2D-EXT’ ‘SYM’ ‘ELE’ ‘OPT’7

1 ‘M1________’ 0.000 0.1005876 1 1 1 !<- PES MINIMA8

2 ‘M3________’ 230.0 0.1005876 1 1 1 !<- PES MINIMA9

3 ‘M6________’ 118.0 0.0458456 1 1 2 !<- PES MINIMA10

4 ‘M9________’ 98.8 0.0660828 1 1 1 !<- PES MINIMA11

5 ‘P3_P4_____’ 211.3 !<- IRREVERSIBLE PRODUCT SET12

6 ‘P5_P6_____’ 130.7 !<- IRREVERSIBLE PRODUCT SET13

7 ‘P6_P7_____’ 125.1 !<- IRREVERSIBLE PRODUCT SET14

8 ‘P13_P14___’ 413.0 !<- IRREVERSIBLE PRODUCT SET15

9 ‘M10_P17___’ 356.1 !<- IRREVERSIBLE PRODUCT SET16

3.47 114 39.95 82.1 !<- COLLIDER PROPERTIES17

1 5.36 396 1 1000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 !<-DELTA-E-DOWN = 1000 CM-118

LJ19

2 5.36 396 1 1000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 !<-DELTA-E-DOWN = 1000 CM-120

LJ21

3 5.36 396 1 1000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 !<-DELTA-E-DOWN = 1000 CM-122

LJ23

4 5.36 396 1 1000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 !<-DELTA-E-DOWN = 1000 CM-124

LJ25

9 !NAME ‘2D-EXT’ ‘SYM’ ‘ELE’ ‘OPT’ ‘AA’ ‘Hdag’ ‘KEY1’ ‘KEY2’ ‘KEY3’ ‘KEY4’ ‘KEY5’26

1 2 ‘TS2_______’ 0.1006148 1 1 2 1E+14 274.5 ‘REV’ ‘TUN’ ‘FAST’ ‘NOCENT’ ‘SUM’27

‘TUN’, 1028.307028

1 3 ‘TS5_______’ 0.1013784 1 1 2 1E+14 295.6 ‘REV’ ‘TUN’ ‘FAST’ ‘NOCENT’ ‘SUM’29

‘TUN’, 927.134930

1 4 ‘TS10______’ 0.1009843 1 1 2 1E+14 289.2 ‘REV’ ‘TUN’ ‘FAST’ ‘NOCENT’ ‘SUM’31

2 5 ‘TS4_______’ 0.0802661 1 1 1 1E+14 127.0 ‘NOREV’ ‘NOTUN’ ‘FAST’ ‘CENT2’ ‘SUM’32

3 6 ‘TS8_______’ 0.0641336 1 1 2 1E+14 183.6 ‘NOREV’ ‘NOTUN’ ‘FAST’ ‘CENT2’ ‘SUM’33

3 7 ‘TS9_______’ 0.0566710 1 1 2 1E+14 252.3 ‘NOREV’ ‘NOTUN’ ‘FAST’ ‘CENT2’ ‘SUM’34

4 5 ‘TS13______’ 0.0764613 1 1 2 1E+14 287.3 ‘NOREV’ ‘NOTUN’ ‘FAST’ ‘CENT2’ ‘SUM’35

4 8 ‘TSM9_LOOSE’ 1 1 1 1 1.21E+17 314.2 ‘NOREV’ ‘NOTUN’ ‘FAST’ ‘NOCENT’ ‘ILT’36

1 9 ‘TSM1_LOOSE’ 1 1 1 1 1.33E+15 356.1 ‘NOREV’ ‘NOTUN’ ‘FAST’ ‘NOCENT’ ‘ILT’37

1000000 ‘TIME’ 1E-06 ‘THERMAL’ 1 1 0.38

8
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The eight term on Line 27 is the frequency factor of the high-pressure limiting rate constant,
which is only used if the ILT method is being employed for the computation of k(E)—it must be

read-in but is not used in the computation if k(E) values are computed from sums and densities
of states for reactant and transition state. The ninth term is the barrier height for the reaction,

that is the enthalpy of the transition state less that of the reactant molecule, with units defined
on Line 3.

The next five terms are keywords to be used for the reaction, REV or NOREV are used to define
whether the reaction is reversible or irreversible. For unimolecular isomerisations, REV should

be employed, for unimolecular decomposition to two products, NOREV is employed. TUN or NOTUN
are used to specifiy whether tunneling corrections are to be employed or not. If tunneling is

requested, as in Line 27 of the above example, then an extra line must be read in containing
the TUN keyword again, with the wavenumber of the imaginary frequency for the reaction,
Lines 28. If the TUN is requested note that centrifugal corrections cannot be requested with

subsequent keywords. Requesting the FAST keyword makes the assumption that active energy is
fully randomised among all active degrees of freedom. This is a standard assumption in RRKM

theory as the timescales for energy relaxation are typically much shorter than those of chemical
reaction. The SLOW keyword can be requested to account for more considered treatments of

intramolecular vibration redistribution (IVR), with subsequent parameters defined by the user,
but it is not employed in this work. The fourth keyword is related to centrifugal corrections, and

as tunneling corrections and centrifugal corrections cannot be simultaneously employed, NOCENT
is specified if tunneling corrections are employed. Otherwise, the CENT2 keyword is employed

for quasi-diatomic centrifugal corrections.

The final keyword identifies the source of microscopic rate constants to be used in the

calculation. For seven of the transition stats above, the SUM keyword is used to instruct the
code that the sum of states for the transition state, computed with DenSum, are contained in
an external data file and that these be used for computation of k(E). For two of the cases, Lines

36 and 37, the final keyword requested is ILT which requests that the inverse Laplace transform
method be used for the computation of k(E). This method is useful for loose-transition states

with no well-defined barrier on the potential energy surface (e.g. variational processes). In
these latter two cases, the eight keyword (beneath the heading AA) is the A-factor of the high-

pressure limiting rate constant for the reaction, obtained from a non-modified Arrhenius fit to
the temperature-dependent rate constants. It is important to note that a modified Arrhenius

function cannot be used.

The ninth term in turn is the activation energy of the high-pressure limiting rate constant

which is assumed to be equal to the reaction barrier in the RRKM/ME calculation. For best
results when employing the ILT method for barrierless reactions, the activation energy should
coincide with the enthalpy of activation (0 K) for the reaction, which in turn should be similar

to the 0 K enthalpy of reaction.

When using the ILT method in MultiWell, one should note that tunneling and centrifugal

corrections cannot be employed, the 2-D J-rotor need not be defined for the reaction, and that
symmetry and optical isomer corrections can be incorporated directly into the frequency factor

specified for the high-pressure limiting rate constant.

The first term on Line 38 is the number of stochastic trials to be used in the simulation.

Typically a small number of trials (10,000–100,000) will be used initially to assess convergence
and that simulation times are adequately defined, and the final simulation will then be carried

out with > 1 × 106 trials.
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The second term defines the units to be used in the subsequent definition of the simulation
time. TIME is used for specifying simulation time with units of seconds, and COLL call can be

used to request a certain number of collisions be simulated. The third term then defines either
the length of time or number of collisions to be simulated. The choice of time or number of

collisions to be simulated is at the users’ discretion, but as simulations with MultiWell are
time-consuming, efficiency can be improved by selecting the correct simulation criteria.

For thermal decomposition reactions the TIME keyword is perhaps more useful in this author’s

experience. One will know the total high-pressure limiting rate constant for the system being

simulated prior to the RRKM/ME simulation, as high-pressure limiting kinetics are typically
calculated using Thermo prior to a MultiWell simulation. From the high-pressure limiting

rate constants, a half-life for the reactant can be determined, and this provides a reasonable
estimate for the simulation time for initial simulations. Typically 20% decomposition of the
reactant is required for converged solutions to be obtained and for all wells to obtain a non-

Boltzmann steady-state distribution (i.e. the conditions under which rate constants can be
extracted).

For chemically activated systems, it is best to use the COLL keyword. Test simulations can
be carried out to identify the number of collisions required to thermalise the reactant molecules

and the number of collisions required for thermalisation does not vary much as a function of
pressure. The number of collisions being simulated can then be held reasonably constant for all

simulations as a function of pressure. However, the average energy transferred in a deactivating
collision can vary as a function of temperature, so the number of collisions being simulated with

varying temperatures may have to be considered in more detail.

The fourth term on Line 38 is a keyword defining the initial type of energy distribution—
either THERMAL for unimolecular decomposition reactions, or CHEMACT for chemically activated

systems. The fifth term on Line 38 is the index number of the initial reactant well and for
chemically activated problems, the sixth term is the product set which reacts to form this initial

well. For thermal decomposition systems, the sixth term is read-in but ignored. The final term is
the initial energy of the reactant molecule relative to its ZPE, which is usually 0 for a thermally

activated system, and neglected if CHEMACT is specified.

A blank line at the end of Line 38 is also required by the code for successful parsing of the

input file.

Linking The Sums and Densities of States Files

Whilst much of the information required for an RRKM/ME simulation with MultiWell is
included in the multiwell.dat input file, the sums and densities of states of reactant and transition

state molecules cannot be directly included as 1000’s of lines of information would be required.
For this reason, each reactant and transition state has its own input file containing computed
sums and densities of states, which are read-in to the MultiWell code from these external

data files.

Each well and transition state has a uniquely defined name in the multiwell.dat input file.

When state counts are performed with DenSum, the name of the ?.dens file generated must
be consistent with the corresponding well or TS name defined in the MultiWell input file.

These ?.dens files should be stored in a folder entitled DensData which is then stored in the
same directory as the multiwell.dat and multiwell.exe files, Figure 3.12. Failure to ensure

consistency between the stationary point names in the multiwell.dat file and the ?.dens
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Figure 3.12: Directory structure for linking sums and densities of states of wells and transition

states to the primary multiwell.dat input file.

Figure 3.13: Mole fractions computed as a function of time using the MultiWell code, for the

reaction 2MF+Ḣ (C-2 addition) under the following conditions; T = 1250 K, p = 2.5 atm, 2
× 107 trials, 160 collisions. The vertical line represents the time at which chemically activated

reaction stops, and purely thermal decomposition commences, as shown in Figure 3.16.

filenames, or failure to include the ?.dens files in the DensData folder, will result in failure
of the calculation. Troubleshooting of these errors can be difficult as precise error messages are
not printed—so the user should be careful.

Extracting Rate Constants from MultiWell

Once the RRKM/ME simulation has been carried out with MultiWell, rate constants must
be extracted manually by the user. Six output files are generated for each simulation,

multiwell.array, multiwell.dist, multiwell.flux, multiwell.out, multiwell.rate

and multiwell.sum. Here, the focus is on the multiwell.out and multiwell.rate files

when extracting rate constants. Chemically activated systems will be initially described, for
which Pinches and da Silva [149] have recently described the Thermal Decay (TD) method

for extracting k(T, p). The example used herein is the chemically activated recombination of
hydrogen atom with 2-methylfuran at the C-2 position, which is described in detail in Section

6.1.3.
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Figure 3.14: Example output from a MultiWell simulation for the thermal decomposition of

2-furanylmethyl radical under the following conditions; T = 2000 K, p = 2.5 atm, 1 × 107 trials.
The initial transient region and the steady-state kinetic regions are highlighted with fitting of

the steady-state region showing excellent linearity.

Figure 3.15: Population distributions as a function of time for the thermal decomposition of
2-furanylmethyl radical computed using the MultiWell code under the following conditions;

T = 2000 K, p = 2.5 atm, 1 × 107 trials. The vertical line represents the reaction threshold.
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Figure 3.16 shows an example output from a chemically activated simulation for this system
at T = 1250 K and p = 2.5 atm. Figure 3.16 (a) shows computed vibrational energy profiles as

a function of time from the simulation with two distinct regions visible. The initial vibrational
energies are shown to be the greatest, as the molecules are formed with excess ro-vibrational

energy from the recombination of hydrogen atom with 2-methylfuran. As collisional deactivation
occurs, the vibrational energy of all wells is shown to decrease until the vibrational energy

becomes constant and a non-Boltzmann thermal distribution is found. At some point between
the chemically activated and thermal distributions of energies, the transition from chemically

activated decomposition, to purely thermal decomposition of the wells, occurs.

This is illustrated further in Figure 3.16 (b), along with the method for determining the
chemically activated yield from the reaction 2MF+Ḣ atom. Examination of the natural log-

arithm of the mole fraction of the activated molecule shows two distinct regions of reactivity,
analagously to the vibrational energy profiles. Initially the mole fraction of the well is found to

reduce rapidly, as the molecule contains energy in excess of the barrier to chemical reaction—this
is chemically activated depletion of the reactant.

At longer times, the slope of the line becomes much less pronounced, as collisional deactiva-
tion removes this excess vibrational energy, and the molecule begins to decompose in a purely

thermal unimolecular manner. From fundamental kinetic principles, a plot of lnk versus time for
a thermal unimolecular reaction is linear. Therefore, if this thermal decay region is linearly fitted
and extrapolated to time zero, the y-intercept corresponds to the chemically activated yield for

the reaction. The red star in Figure 3.16 (b) is the point at which this yield corresponds closest
with the simulated data, and this is the time step at which all chemically activated yields are

evaluated, as shown in Figure 3.13.

Once the chemically activated yield (χi) of each product, i, is known, the rate constant

for the formation of that product is computed as k∞(T ).χi, where k∞(T ) is the high-pressure
limiting rate constant for the reaction 2M + Ḣ atom (the entrance channel) at that temperature.

For thermal unimolecular systems, the extraction of rate constants is somewhat simpler and

the unimolecular decomposition of 2-furanylmethyl radical is taken as an example here (Section
6.1.2). Figure 3.14 shows the vibrational energy and natural logarithm of the mole fraction of the

2-furanylmethyl radical as a function of time for a simulation at 2000 K and 2.5 atm. An initial
transient behavior is seen as the Boltzmann distribution at 2000 K relaxes to a non-Boltzmann,

but steady-state, distribution under which first order kinetics are obeyed. Figure 3.15 shows
population distributions computed as a function of energy and time under these conditions. At

t = 0, the population distribution is that of a Boltzmann distribution. However, as reactants
with energy in excess of the reaction threshold begin to react, the population above the barrier

depletes, and the distribution shifts to lower energies, until the population reaches a steady-state
non-Boltzmann distribution (in this case after ≈ 2 × 10−8 seconds).

The rate constant can be determined by linear fitting of the steady-state region based on

the results in multiwell.out, where the negative of the slope is the first-order unimolecular
rate constant under the simulated conditions of T and p. Alternatively, as was done in this

Thesis, one can inspect the multiwell.rate file where the rate constants computed by the
MultiWell code are in excellent agreement with those linearly fit to mole fraction profiles of

each species.
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Figure 3.16: Example output from a MultiWell simulation for hydrogen atom addition at
C-2 of 2-methylfuran under the following conditions; T = 1250 K, p = 2.5 atm, 2 × 107 tri-

als, 160 collisions. (a) Vibrational energies of all wells as a function of time extracted from
multiwell.out. (b) Linear fitting of the natural logarithm of the mole fraction of the chem-

ically activated molecule in the thermal decay region in order to determine the chemically
activated yield. Notation of wells (M17 etc.) described in detail in Section 6.1.3.
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3.6 The ChemRate Code

ChemRate is a C++ based code developed at NIST in the early 90’s [130], which can be used for
the computation of thermodynamics, high-pressure limiting rate constants (TST), and rate con-

stants for unimolecular and chemically activated reactions (RRKM/ME). Like MultiWell, it
relies primarily on molecular data derived from quantum chemistry for input. The MultiWell

code simulates every collision on an individual basis and large numbers of stochastic trials are
required for the accumulation of statistically significant results. When > 1000 collisions are re-

quired in a MultiWell simulation to overcome the initial transient period and achieve enough
thermal decomposition for the extraction of unimolecular rate constants, the simulations become

extremely expensive.

Due to the large number of collisions which have to be simulated, and the large number of
stochastic trials required for error minimisation, MultiWell could not be employed for the

determination of k(T, p) for the thermal decomposition of 2MF below temperatures of 2000 K.
Unlike the MultiWell code, ChemRate is not stochastic in nature, instead taking an eigen-

value approach with the result being that ChemRate is computationally much more efficient
than MultiWell. ChemRate has therefore been used to determine k(T, p) for the thermal

decomposition 2MF and the 2-furanylmethyl radical. Despite its efficiency, ChemRate does
have some limitations when computing thermodynamics, k(T ) and k(T, p).

Firstly with respect to thermodynamic and high-pressure limiting kinetics computations,

ChemRate offers no methods for the treatment of asymetric internal rotations—only a single
barrier to internal rotation, and the vibrational frequency or rotational constant for the rotation

can be specified. In these instances, the maximum barrier on the potential were assumed for
the barrier to rotation, and the rotational constant for the internal rotation was taken from

a computation with the MomInert package of MultiWell. All other degrees of freedom
are treated similarly in ChemRate and MultiWell. In general, it was found that the high-
pressure limiting rate constants computed by ChemRate and MultiWell were well within

a factor of 2 of each other, indicating that this approximate treatment did not constitute a
fatal difference between the codes. In any case, thermodynamics and high-pressure limiting

kinetics used in the construction of kinetic models were computed using the Thermo module
of MultiWell.

Secondly, in terms of the selection of grain sizes for computation of sums and densities of

states, and microscopic rate constants, the upper limit to the relaxation matrix which can be
constructed for a ME computation with ChemRate is an array of ≈ 4500×4500 elements due

to technical problems involving memory allocation. For the unimolecular decomposition of 2-
methylfuran and the isomers formed from its decomposition, 50 cm−1 was the finest grain size

which could be employed for calculations with ChemRate. For the thermal decomposition of
2-furanylmethyl radical, a grain size of 100 cm−1 had to be employed as the PES was large.

Whilst the continuum ME used in MultiWell simulations also used 100 cm−1 energy grains,
the hybrid ME approach described earlier allowed density fluctuations at low vibrational energies

to be accurately captured through a ME with a 10 cm−1 energy grain.

As a test, the pressure-dependent rate constants computed using the ChemRate code have
been compared with results from MultiWell (when computationally feasible) for the unimolec-

ular decomposition of 2MF and 2-furanylmethyl radical. Generally, a factor of 2 difference in
the computed k(T, p) was observed as the maximum deviation between the two codes, in many

cases much less. The differences in computed rate cosntants are likely the result of differences
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Figure 3.17: (a) Initial (�) and final (�) population distributions for the thermal decomposition

of 2-furanylmethyl radical computed using the MultiWell (�) and ChemRate (—) codes at
T = 2000 K, p = 2.5 atm. 1 × 107 trials used in MultiWell simulation. Computational

times; MultiWell: 2.633 hr, ChemRate: 1 minute 27 seconds. The vertical line represents
the reaction threshold. (b) Time-evolution of computed rate constant for ring-opening of the

2-furanylmethyl radical from the ChemRate (—) and MultiWell (· · · ) simulations in (a).
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in the treatment of internal rotations, energy grain sizes, centrifugal corrections for the 2-D
adiabatic J-rotor, and the different numerical approaches used in solution of the ME.

In terms of using the ChemRate code, the user interacts with the software through a GUI.
Importing frequencies, rotational constants, internal rotation parameters etc. is therefore quite

straightforward, as is computing sums and densities of states and running the ME. An on-line
manual [130] can guide the user through these processes.

3.6.1 Some Technical Notes and Troubleshooting

ChemRate allows for the inclusion of optical isomer corrections for both reactants and transi-

tion states of chemical reactions. However, during the course of this Thesis, it was found the
high-pressure limiting rate constants printed by the code do not incorporate these corrections

correctly. Specifically, if there is an instance where the transition state for a reaction is optically
active but the reactant is not, ChemRate does not appear to increase the high-pressure limiting

rate constant by a factor of two as it should given this two-fold degeneracy of reaction pathways
in the transition state. In these instances one must manually correct the printed high-pressure
limiting rate constant by a factor of two. However, if the reactant molecule is optically active

but the transition state is not optically active, the printed high-pressure limiting rate constants
appears to be correct. If both reactant and transition state are optically active the computed

high-pressure limiting rate constant is correct. All optical isomer corrections are included in
RRKM/ME computations, and the pressure-dependent rate constants computed by the code

are therefore not erroneous as a result of this bug.

In terms of testing convergence of the solutions to the Master Equation from ChemRate,

one must simulate reaction for a long enough period such that the initial transient reaction
period is overcome, and the unimolecular rate constant becomes independent of time (steady-

state), as described for the MultiWell simulations previously. Figure 3.17 (a) compares the
initial and final population distributions for the unimolecular decomposition of 2-furanylmethyl
radical computed using the ChemRate and MultiWell codes. The computed steady-state

distributions are in quite good agreement, thus the rate constants computed by both codes are
also concordant.

Inspection of the rate constants computed as a function of time should also be carried
out, as illustrated in Figure 3.17 (b) where a time-independent solution to the ME is obtained

after ≈ 2 × 108 seconds. The computed steady-state rate constants from the ChemRate and
MultiWell codes are in good agreement, but of note therein is the difference in computational

time between the two codes. In order to inspect the rate constants from a ChemRate simulation,
one should select the “Keep All Eigenvalues” option in “Algorithm Options” before carrying out

the computation, and then export the results to a ?.txt file.

For an initial guess at the simulation time, the high-pressure limiting rate constant can be
used to estimate the half-life of the species, which can be used as input for the simulation time.

Once reasonable simulation times are obtained, the time can be varied (± an order of magnitude)
as a quick test of convergence as exporting the computed eigenvalues can be time-consuming.

Whilst it may seem sensible to set a very long simulation time for all simulations so as to ensure
time-independence in the solution, one should note that if the reactant concentration becomes

zero during the course of the Master Equation calculation, the rate constants will also resolve
to zero, and no solution will be found. For this reason, tests on appropriate simulation times

should be carried out, particularly at higher temperatures where chemical reaction is fast.
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If initial calculations are printing a unimolecular rate constant of 0 s−1 one should follow
these steps:

1. Highlight all tasks in the tasks window of the workspace (ctrl+A) and from the “Compute”

tab

2. Select “Density/Sum of States”

3. Select “Microscopic Rates”

4. Select “Master Equation”, choose and run the tasks to process

5. If the unimolecular rate constant is still 0 s−1

(a) from the “Tools” tab select “Results to File”

(b) Inspect the computed rate constants and concentrations of all wells as a function of

time

(c) If the concentrations of any wells are “NaN”, reduce the simulation time to the
last time-step at which the concentrations of all wells were non-zero, and repeat the

simulation.

All RRKM/ME calculations with ChemRate were carried out using the “Divide and Conquer”
method.

3.7 The ChemDis Code

ChemDis is a Fortran based code [132,135] which can be used for the determination of k(T, p),
based on QRRK theory, with a Modified Strong Collision (MSC) approach for Collisional Energy

Transfer (CET), for systems containing arbitrary numbers of wells and product/isomer channels.
The code takes a single input file and is quite straightforward in its use. No user manual is

available for the code and so, it will be described here as it has undergone extensive testing as
part of this Thesis. A Perl code for running computations is described in Section 4.3, page 125.

Before attempting a QRRK/MSC computation with ChemDis one must know/have reason-
able estimates for:

1. The molecular masses of wells and the bath gas.

2. The heat capacities of all reactive wells as a function of temperature.

3. The high-pressure limiting rate constants as a function of temperature for

(a) Dissociation or isomerisation of each well, and the

(b) Recombination of bimolecular reactants if the problem is a chemically-activated one.

4. The Lennard-Jones parameters (σ, ε) of the bath-gas and wells.

5. The average energy transferred in a deactivating collision, 〈∆E〉d.
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3.7.1 Input File Structure and Some Technical Points

An example ChemDis input file for the thermal decomposition of n-butane is provided overleaf.
Line 1 is a title line for the calculation which can contain useful comments from the author. Line

3 contains the FITRANGE keyword which requests computed rate constants be fit to the modified
Arrhenius from, most pressure-dependent rate constants show large curvature, so it is best to

insert this keyword. Line 5 defines a keyword calling for the number and list of temperatures
for which to calculate k(T, p), and number of temperatures to be studied is listed as the first

term on line 6, with the list of temperatures thus following. Line 8 similarly defines a keyword
requesting the pressure ranges over which the calculation is carried out, with the number and
list of pressures defined on line 9.

Line 11 lists a keyword (Dissoc) which requests that thermal unimolecular rate constants
be calculated for every well. If one desires rate constants for a chemically activated reaction,

the Chemact keyword should be listed on the previous line.
Line 13 defines the MASS keyword, with the moleculer mass (amu) of all wells defined on the

following line. Line 15 lists the PARAMETERS keyword, with the Lennard-Jones parameters for all
wells defined on the following line. The hard-sphere collision diameter (σ) and Lennard-Jones

well depth (ε) defined on the following line respectively. Unlike the MultiWell and ChemRate

codes, indvidual collision parameters cannot be defined for each well, and the parameters defined

on line 16 are used for all wells.
Line 18 defines the COLLIDER keyword for reading of subsequent Lennard-Jones and CET

parameters for the bath gas molecule. Line 19 is simply a comment on the nature of the bath gas

which is printed to output files. Line 20 defines in this order, a dummy variable, the molecular
mass of the bath gas, and the Lennard-Parameters (σ and ε) for the collider respectively. The

last term is 〈∆E〉300
all with units of calories, which is the the energy transfer parameter defined

at 300 K.
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Chemdis nBUTANE DECOMPOSITION1

2

FITRANGE # REQUEST MODIFIED ARRHENIUS FIT3

4

Temp # KELVIN5

13 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 20006

7

Pres # ATM8

8 0.01 0.1 1. 2 5 10. 20 509

10

Dissoc # KEYWORD FOR THERMAL DISSOCIATION11

12

Mass13

58.12 # MASS OF WELLS14

Parameters15

5.40 307 # LENNARD-JONES PARAMETERS FOR WELLS (Sigma, Epsilon_k)16

17

COLLIDER18

!AR19

1. 39 3.47 114 619 #LENNARD-JONES/CET PARAMETERS FOR COLLIDER20

Exp21

1.022

23

INT # INTEGRATION INTERVAL/KCAL24

0.125

26

WELL 127

nC4H10 # NAME OF WELL 128

Freq29

3 250.4 6.185 # NO. OF FREQ’S, FREQ/CM-1, DEGENERACY30

1134.5 17.372 # FREQ/CM-1, DEGENERACY31

2808.9 10.943 # FREQ/CM-1, DEGENERACY32

PRODUCT # KEYWORD DEFINING PRODUCT CHANNEL33

C2H5+C2H5 # NAME OF PRODUCTS34

8.340E+32 -4.92536 0.0 87.880 # RATE CONSTANT, MODIFIED ARRHENIUS35

PRODUCT # KEYWORD DEFINING PRODUCT CHANNEL36

C3H7+CH3 # KEYWORD DEFINING PRODUCT CHANNEL37

1.983E+42 -7.7926 0.0 89.318 # RATE CONSTANT, MODIFIED ARRHENIUS38

END39

The distinction between 〈∆E〉all and 〈∆E〉d must be now be commented on. Most RRK-

M/ME codes take as input, the average energy transferred in a deactivating collision 〈∆E〉d with
respect to CET computations. However, in the MSC approach, CET is not modelled with a full

energy grained Master Equation. Instead 〈∆E〉all, the average energy transferred in all collisions
(both up and down) is specified, and from this a collisional efficiency factor (βc, Equation 3.59)

is computed.
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The relationship between 〈∆E〉all and 〈∆E〉d is as follows [132]:

〈∆E〉all =
〈∆E〉dFEkBT

〈∆E〉d + FEkBT
− 〈∆E〉d (3.66)

where FE is a temperature-dependent integral reliant on the energy-dependent density of states,
and kB and T are the Bolztmann constant and temperature, respectively. The average energy

transferred in a deactivating collision is therefore dependent on the user specified 〈∆E〉all and
the non-integer degenerate frequencies which are fit to the molecular heat capacities, and thus,

changes with molecular size. This is somewhat cumbersome, as energy transfer parameters are
not well known, but where reasonable estimates exist, they are usually expressed in terms of

〈∆E〉d and the user will have a reasonable expectation of what 〈∆E〉d should be as a f(T ).

There is no rapid a priori manner in which to select a suitable value of 〈∆E〉all without
evaluating FE . In order to obtain the desired values of 〈∆E〉d as a f(T ), one must carry out the

QRRK/MSC calculation, vary 〈∆E〉all, and inspect the ChemDis output file (to be discussed)
with each calculation until 〈∆E〉d becomes the desired value.

Line 21 defines a keyword (Exp) for the temperature-dependence of 〈∆E〉all. In ChemDis,
〈∆E〉all can vary with temperature according to the following relationship:

〈∆E〉Tall = 〈∆E〉300
all

(
T

300

)γ

(3.67)

where the average energy transferred in up and down collisions at each temperature, is propor-

tional to 〈∆E〉300
all (defined at 300 K), the temperature, T , and an exponent, γ, which is defined

on line 22 of the example input file. If the user desires 〈∆E〉d to vary with temperature, they

should fit their desired temperature-dependent values of 〈∆E〉d to a similar equation:

〈∆E〉Td = 〈∆E〉300
d

(
T

300

)γ

(3.68)

with the fitted value of γ to be subsequently specified on line 22 of the ChemDis input file.

One should then vary 〈∆E〉300
all on line 20 of the ChemDis input file until corresponding values

of 〈∆E〉Td are calculated at each temperature. This is possible as 〈∆E〉Tall and 〈∆E〉Td have the

same exponential dependence on temperature.

Luckily, this trial-and-error process for defining 〈∆E〉Td is not too time consuming, as the
QRRK/MSC computations are rapid and a Perl code has been developed as part of this Thesis to

expedite the procedure, Section 4.3. For a temperature-independent energy transfer parameter,
γ = 0.

Section 3.8 shows some validation work carried out on the QRRK/MSC method, and a

general correlation is proposed based on the values of 〈∆E〉300
all and 〈∆E〉300

d computed for some
small alkyl/oxygenated species. Table 3.7 provides 〈∆E〉300

all in units of calories, which is what
is input into ChemDis, and 〈∆E〉300

all and 〈∆E〉300
d in units of cm−1, which is the unit most

QRRK/RRKM modellers will operate in.

Figure 3.18 shows that the 〈∆E〉300
all and 〈∆E〉300

d correlate reasonably well for this small
tabulation of data, with 〈∆E〉300

all (cm−1) = 0.71× 〈∆E〉300
d (cm−1)− 42 linearly regressed. This

correlation may provide a reasonable means to estimate 〈∆E〉300
all for those wishing to carry out

QRRK/MSC computations in the future, but keep in mind that one must still fine-tune the

〈∆E〉300
all and γ in order to arrive at the desired temperature-dependent form of 〈∆E〉Td . Of
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Molecule 〈∆E〉300
all (cal) 〈∆E〉300

all (cm−1) 〈∆E〉300
d (cm−1)

Ethane 355 124 240
Propane 627 219 360

n-Propyl 34 12 61
i -Propyl 97 34 110
n-Butane 619 217 360

i -Butane 344 120 240

CH3OĊH2 260 91 202

Table 3.7: Values of 〈∆E〉300
all used to replicate known values of 〈∆E〉300

d for the QRRK/MSC
computations described in Section 3.8. Figure 3.18 provides a linear correlation for determining

〈∆E〉300
all from 〈∆E〉300

d (cm−1.

Figure 3.18: Correlation of 〈∆E〉300
all and 〈∆E〉300

d for molecules shown in Table 3.7.

course one must convert cm−1 to calories if using this correlation, before providing 〈∆E〉300
all in

the latter units to ChemDis.

Line 24 of the input file defines the INT keyword, for specifying the integration interval with

units of kcal on line 25. This integration grain should be reduced until the computed results do
not vary, with 0.1 kcal (35 cm−1) being a suitable initial value.

Line 27 defines the commencement of input paramaters for the first reactant well, to be input
on lines 28–38. Line 28 is the name assigned to the reactant, this name will be used when printing

rate coefficients, so it is sensible to assign the name used in the Chemkin format mechanism. Line
29 states the Freq keyword, with the number of frequencies, their magnitude, and degeneracy

input on the following three lines. The frequency generating procedure is described in Section
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3.7.2.
Line 33 contains a keyword defining the reaction channel as being that of a PRODUCT. The

high-pressure limiting rate constant for this unimolecular decomposition is defined on line 35,
in a doubly-modified Arrhenius format where k = AT n exp(−C/T ) exp(−Ea/RT ). The first

term on line 35 corresponds to A, the second is n, the third is C and the fourth is Ea. Four
parameter Arrhenius fits are both uncommon, and incompatible with modelling codes, so C =

0 in all cases.
It is advised that a non-modified Arrhenius equation is used for inputting fitted rate constants

such that Ea ≈ ∆‡H . To avoid large fitting errors, one can fit the non-modified Arrhenius
equation only in the temperature range over which k(T, p) are being computed (typically 900–

2000 K for unimolecular decompositions, and 600–2000 K for chemically activated reactions). If
fitting errors are large (>30%) using a non-modified Arrhenius equation, a modified Arrhenius
equation can be used. However, it is essential that temperature-exponent of the rate constant,

n, does not assume a large value such that the activation energy starts to deviate from the true
barrier for the reaction. The activation energy should therefore be set equal to the barrier for

reaction and left un-optimised in the fitting procedure if possible.

WELL 11

MF22

FREQ ’S3

3 629.6 12.7274

1515.3 11.9845

3361.3 4.7896

PRODUCT7

MF22J+H8

6.133E+15 -0.084 0.00 87.6919

ISOMER10

MF2ACAR511

2.260E+10 0.99 0.00 64.55612

END13

14

WELL 215

MF2ACAR516

FREQ ’S17

3 564.8 12.35518

1442.5 12.00019

3210.8 5.14520

ISOMER21

MF222

2.306E+11 0.54 0.00 9.53823

PRODUCT24

C3H4-P+CH2CO25

8.540E+12 0.68 0.00 31.55926

END27

The reason for this is quite straightforward but easily overlooked—ChemDis assumes that

the input activation energy for each reaction is the true barrier to the reaction. If physically
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Figure 3.19: Unimolecular decomposition reactions used to illustrate the syntax for the ChemDis

input file on page 104.

meaningless activation energies are used, the computed pressure-dependent rate constants will
likely be in error and care must be taken in this regard. The keen-eyed may notice that n
does assume large negative temperature-exponents in the n-butane example given previously.

However, the activation energies have been fixed at the well-known barriers in this instance.
Lines 36–38 are effectively repeats of those described above and will not be discussed. Other

keywords which can be input on line 33 and 36 are ISOMER, which is used to define the reaction
as a reversible isomerisation reactions. If the ISOMER keyword is used, a second well must be

added to the input file following the same structure of WELL 1 as illustrated above (lines 15–26).
Note that the name of the isomerisation product of well 1 (line 11, MF2ACAR5), corresponds

to the name assigned to this isomer on line 16 when defining its own properties. In the reactions
of well 2, one must define the rate constant for the re-formation of well 1 from well 2, and the

name assigned for the reverse isomerisation step (line 22), corresponds with that defined on line
2. This reciprocity between well and isomer names is essential to prevent fatal simulation errors.
The reactions described in the ChemDis input file above are illustrated in Figure 3.19.

INT1

0.12

3

INPUT4

2.100E+08 1.570 0 1.796 # H addition to 2MF5

6

WELL 17

MF22H8

FREQ ’S9

3 581.4 13.68110

1388.1 12.58511

3214.6 6.23412

REACTANTS13

MF2+H14

6.430E+10 0.861 0 33.21815

PRODUCT16

FURAN+CH317

9.230E+12 0.380 0 31.47118

ISOMER19

P3E1O2J-C120

3.850E+13 -0.090 0 24.27621

END22
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The REACTANT keyword is used to define the reactants and rate constant for a chemically
activated computation, as illustrated on the previous page. In these instances, the Chemact

keyword must be specified as described earlier. Lines 4–5 and 13–15 must also be added to the
input file. Lines 4–5 define the INPUT keyword and rate constant for the entrance channel of the

reaction i.e. the reactants producing the chemically activated species. Line 13 then defines the
REACTANT keyword, indicating that the name of the reactants and corresponding rate constant

for the dissociation of well 1 back to reactants are to be speficied on lines 14 and 15.

3.7.2 Vibrational Frequencies from Molecular Heat Capacities

The frequencies used for the computation of the densities of states used in ChemDis are de-

rived from molecular heat capacities via the method described by Bozzelli et al. [136]. The
translational (5R/2) and rotational (3R/2) contributions to the heat capacity can be deducted

from the total heat capacity, with the remainder being the vibrational contribution (Cvib). The
contribution of a single harmonic oscillator to the heat capacity is:

Cvib = R
(
θ2i /T

) exp (θi/T )

{exp (θi/T )− 1}2
(3.69)

where θi = (hcνi/kB), and νi is the vibrational wavenumber of the mode. h is Planck’s constant,

c is the speed of light in a vacuum, kB is Bolztmann’s constant, and R and T have their usual
thermodynamic meanings. Based on this relationship, a set of three frequencies with non-integer

degeneracies can be fitted, in order to replicate Cvib and these are then included in the ChemDis

input file.

The fitting procedure can be carried out using the THERM software package of Ritter and
Bozzelli [82]. An important point must be made with respect this fitting procedure related to the

contribution of internal rotations to Cvib. At infinite temperature, the contribution of a harmonic
oscillator to the vibrational heat capacity is given by R. However, that of an internal rotation
is R/2. The sum of the vibrational degeneracies will therefore equal to 3N − 6− 0.5(number of

rotors). For this reason, the number of internal rotors should be specified when using THERM

such that Cvib(T = ∞) is replicated. This replacement can have a non-neglible influence on the

computed rate constants.

Another caveat should also be noted. If one wishes to derive vibrational frequencies from

the heat capacities of a non-linear molecule, the THERM fitting procedures will likely give
erroneous results, as it assumes that the molecule has 3N − 6 harmonic oscillators, rather than

the true number of 3N−5 for a non-linear molecule. In the unlikely event that a linear molecule
is being studied with ChemDis, one should carry out a manual fitting procedure using a suitable

software package, such as the Excel solver.

3.7.3 The ChemDis Ouput Files

ChemDis produces a number of output files per computation which are copied to the following

files when the Perl code developed as part of this Thesis is used when running calculations:

• ?.out re-iterates input parameters used in the computation, prints integration step-sizes,
and high- and low-pressure limiting rate constants, as well as rate constants for each

reaction channel as a function of temperature and pressure.
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SYSTEMS

Species σ / Å ε / kB 〈∆E〉Td / cm−1

Ethane 4.29 234 0.8× T
Propane 4.94 275 1.2× T

n-Butane 5.39 307 1.2× T
i -Butane 5.39 298 0.8× T

Ar 3.47 114 -

Table 3.8: Lennard-Jones and energy transfer parameters used in QRRK/MSC computations

based on those used by Oehlschlaeger and co-workers [73, 150]. Units of T are K.

• ?.col contains for each well; computed collisional rate constants, collisional efficiency

factors (βc), and 〈∆E〉Td in units of kcal, all of which are central to the MSC approach of
CET.

• ?.edown prints the computed values of 〈∆E〉Td in units of cm−1 so that the user can
readily optimise 〈∆E〉Tall

• ?.kin contains rate constants printed in a modified Arrhenius format for each reaction

channel. Fitting errors are also printed.

• ?.chemkin produces PLOG format rate constants which can be input directly into a

Chemkin-Pro format kinetic mechanism

3.8 A Comparison of QRRK/MSC Derived k(T, p) for Model
Systems

A comparison of the QRRK/MSC method with RRKM/ME results will now be presented for a
series of small model systems. The ChemDis input files are presented in Appendix A.

3.8.1 Alkane Thermal Decomposition

In order to assess the validity of the QRRK/MSC for computing pressure-dependent rate con-

stants, its performance was tested against a series of alkane unimolecular decompositions whose
pressure-dependency has been investigated experimentally and with RRKM/ME computations

by Oehlschlaeger and co-workers [73, 150].
For a fair comparison of the QRRK/MSC computations with RRKM/ME results, the Lennard-

Jones parameters for reactants and bath gases, and the energy transfer parameters, have been
adopted from the work of Oehlschlaeger and co-workers [73, 150], Table 3.8, as have their rec-
ommended high-pressure limiting rate constants for these simple fission reactions. As described

previously, within QRRK theory the inverse Laplace transform (ILT) method is used to compute
microscopic rate constants, k(E), based on provision of the high-pressure limiting rate constants.

When using the ILT method the reaction barrier/critical energy is assumed equal to Ea in the
Arrhenius expression provided as input for the computation. The high-pressure limiting rate

constants of Oehlschlaeger and co-workers were presented in a highly modified form where Ea is
not representative of the true barrier for the reaction. Their rate constants [73,150] were there-

fore re-fitted from T = 1000–2000 K such that Ea ≈ BDE for these simple fission reactions.
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Figure 3.20: QRRK/MSC (—) derived temperature- and pressure-dependent (atm) rate con-

stants compared with RRKM/ME results (�) for the reaction C2H6 
 ĊH3 + ĊH3.

BDEs were computed at 298.15 K based on the thermdynamics in the C0–C4 sub-mechanism
to be described later, as were vibrational frequencies of wells.

The results are illustrated in Figures 3.20–3.23, and they show that in the pressure range
0.01–50 atm, and temperature range 1000–2000 K, the QRRK/MSC results agree with the

RRKM/ME results to within a factor of 2.6 in the worst case scenario (C3H8 
 Ċ2H5 + ĊH3,
0.01 atm, 2000 K). Outside of the 0.01 atm computations the QRRK/MSC tends to agree with
the RRKM/ME results within a factor of 2. For the ethane system, the rate constants computed

via the QRRK/MSC method are in remarkably good agreement with those of Oehlschlaeger et

al. [150], being within 30% under all conditions studied.

The results therefore indicate that for unimolecular initiation reactions of stable compounds,
the QRRK/MSC approach should provide results comparable to RRKM/ME computations for

a given set of high-pressure limiting rate constants and CET parameters.

3.8.2 Dimethylether Radical Decomposition

The unimolecular decomposition of ĊH2OCH3 radical to CH2O and ĊH3 radical was investigated
theoretically as part of this work as part of a collaboration on the low-temperature oxidation of
dimethylether/methane/air blends. Geometry optimisation, frequency and single-point energy

calculations were carried out using the CBS-QB3 [100] compound method. Relaxed potential
energy surface scans of dihedral angles were carried out in 10 ◦ increments using the B3LYP

method [146,147] with a CBSB7 basis set, and the computed rotational barriers were used in 1-
D hindered internal rotation treatments. Gaussian 09 [103] has been used for quantum chemical

calculations with the ChemRate [130] code used for the statistical rate theory calculations. An
energy grain size of 30 cm−1 was used for the computation of densities and sums of states of the

reactant and transition state, and thus microscopic rate constants, up to a maximum energy of
100000 cm−1, with a time-dependent solution of the master equation ultimately employed.

For the energy transfer model, Miller and Klippenstein [151] performed RRKM/ME compu-
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SYSTEMS

Figure 3.21: QRRK/MSC (—) derived temperature- and pressure-dependent (atm) rate con-
stants compared with RRKM/ME results (�) for the reaction C3H8 
 Ċ2H5 + ĊH3.

Figure 3.22: QRRK/MSC (—) derived temperature- and pressure-dependent (atm) rate con-

stants compared with RRKM/ME results (�). Left panels: n-C4H10 
 n−Ċ3H7 + ĊH3. Right
Panels: n-C4H10 
 Ċ2H5 + Ċ2H5
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Figure 3.23: QRRK/MSC (—) derived temperature- and pressure-dependent (atm) rate con-

stants compared with RRKM/ME results (�) for the reaction i -C4H10 
 i−Ċ3H7 + ĊH3.

tations on n-propyl radical decomposition reactions and found that a temperature-dependent
function, 〈∆E〉Td = 110(T/300)1.0 cm−1, gave good agreement with experiment. These energy
transfer parameters were therefore adopted for the structurally similar ĊH2OCH3 radical.

Lennard-Jones parameters for CH3OĊH2 radical were determined empirically from the cor-
relations of Kee et al. [88], where the critical constants of DME [152] were employed to calculate
σ = 4.71 Å and ε/kB = 296.6 K . All computations were carried out in an N2 bath gas with

Lennard-Jones parameters of σ = 3.681 Å ε/kB = 67.89 K used as in the study of Jasper and
Miller [153].

A high-pressure limiting rate constant of 8.03×1012T 0.44 exp(13330/T ) s−1 follows based on

B3LYP/CBSB7 ro-vibrational properties and a CBS-QB3 barrier of 106.9 kJ mol−1 (0 K). The
high-pressure limiting rate constant is within 14–64% of that proposed by Li et al. [154] from

500–2000 K, and the results of this study therefore corroborate their recommendation.

The pressure-dependent rate constants from RRKM/ME and QRRK/MSC computations
are presented in Figure 3.24. The results show that the QRRK/MSC approach can again repro-

duce the RRKM/ME calculations to within a factor of approximately two under all conditions.
The results reinforce those on n-alkane decompositions shown earlier, although in this case the

reaction barrier is much lower and thus fall-off is more extreme.

3.8.3 C3H6 + Ḣ

Whilst the QRRK/MSC approach appears to give good agreement with RRKM/ME derived

rate constants for the single-well thermally activated systems described previously, a compari-
son of its performance for multiple-well chemically activated systems is also appropriate. The

reaction of hydrogen atom with propene has therefore been assessed with QRRK/MSC com-
putations and compared with the recent quantum chemical/RRKM/ME results of Miller and

Klippenstein [151]. The results are presented in Figure 3.25 for the three reactions:
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Figure 3.24: QRRK/MSC (—) derived temperature- and pressure-dependent (atm) rate con-

stants compared with RRKM/ME results (�) for the reaction ĊH2OCH3 
 CH2 O + ĊH3.

(a) C3H6 + Ḣ 
 i -C3H7

(b) C3H6 + Ḣ 
 n-C3H7

(c) C3H6 + Ḣ 
 C2H4 + ĊH3

In terms of general trends, at low pressures where formation of stabilised adducts are the minor
reaction pathways, the QRRK/MSC approach tends to overestimate the extent of stabilisation
by a factor of 2–4, probably due to the simplistic “single-step” deactivation model for collisions.

More specifically, in the worst case scenario (pathway (b), 0.0013 atm) the QRRK/MSC
results vary from the RRKM/ME computations by up to a factor of four. However, it should be

noted that this is the minor reaction pathway from the chemically activated recombination of
hydrogen atom with propene under these conditions, and that the rate constant for the formation

of the major products, pathway (c), is predicted to within 20% at this pressure.

3.9 Conclusions and Computational Methods Summary

This Chapter effectively forms the “experimental methods” implemented as part of this The-

sis. Through a combination of quantum chemical methods and statistical rate/thermodynamic

theories, the computational chemist can now compute kinetic and thermodynamic parameters
for stable and radical species in silico, with accuracy and time-frames rivaling or beating ex-

periment. Indeed, modern quantum chemical calculations have reached such a level of accuracy
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Figure 3.25: Left panels: QRRK/MSC (—) derived temperature- and pressure-dependent (atm)

rate constants compared with RRKM/ME results (�) for the reaction C3H6 + Ḣ 
 (a) i -C3H7,
(b) n-C3H7, and (c) C2H4 + ĊH3. Right panels: ratio of RRKM/ME and QRRK/MSC derived

rate constants.
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and speed, that they are becoming de rigueur when constructing chemical kinetic mechanisms
or interpreting fundamental kinetic/thermodynamic experiments.

This Chapter describes the modern theoretical methods used as the foundation for the con-
struction of kinetic models for pyrolysis and oxidation of 2-methylfuran and 2,5-dimethylfuran.

Some detail has been considered in terms of both the theoretical background to current statis-
tical thermodynamics and rate theories, and the implementation of these theories in modern

computational software codes. The reason for the latter is that many of the methods used as
part of this Thesis are being implemented for the first time within the laboratories at the Com-

bustion Chemistry Centre, and this Chapter might therefore serve as a first port of call for those
wishing to apply similar methods in the C3 laboratory in the future. The discussion is by no

means exhaustive, and the areas of RRKM/ME modelling and CET are active and fast-paced
research fields at present. The user is referred to more detailed discussions to supplement this
reading [64–67, 86, 132, 136].

To summarise the computational methods used, minima and transition states have been
initially optimised using the B3LYP [146, 147] functional coupled with the 6-31+G(d,p) basis

set. Frequency analysis is employed to verify the nature of stationary points with the presence
of a single imaginary frequency indicative of a transition structure, which is in turn connected

to reactants and products via intrinsic reaction coordinate (IRC) calculations [105].

B3LYP optimised geometries are subject to further geometry optimisation, frequency anal-

ysis and single point energy calculations using the compound methods CBS-QB3 [100], CBS-
APNO [101] and G3 [102] which have been used in numerous theoretical studies for the de-

termination of thermochemistry and kinetics of furanic species of late [155–160]. The three
methods tend to give good agreement with each other for the reactions to be discussed, possibly

indicating an absence of multi-reference character in the systems studied. Where uncertainties
in quantum chemical calculations are reported in the text, it is to one standard deviation for
kinetics computations and two standard deviations for thermochemical work.

The Thermo application of the Multiwell program suite [106, 107] has been used to
determine thermochemical parameters (S, Cp and HT − H0, 298–2500 K) and high-pressure

limiting rate constants, from canonical transition state theory. Internal rotations corresponding
to low frequency torsional modes are analysed via relaxed potential energy surface scans, where

geometries and energies are calculated as a function of dihedral angle in 10 degree increments.
Potential energy and rotational constants (computed using the LAMM module of Multiwell)

as a function of dihedral angle are fit to a series of truncated sine and cosine Fourier series
and are used as input for a 1-D internal rotation approximation. For hydrogen atom transfer,

abstraction, and addition reactions, the contribution of quantum mechanical tunneling has been
accounted for via the inclusion of asymmetric Eckart tunneling as implemented in Multiwell.

RRKM/ME analyses of the chemically activated reactions of hydrogen atom with 2MF have
been carried out using the stochastic method developed by Barker and co-workers implemented
via the Multiwell program suite [106,107]. Sums and densities of states of reactants and tran-

sition states are evaluated using a direct count method with an energy grain size of 10 cm−1,
up to a maximum energy of 105 cm−1. In order to minimise stochastic uncertainties for minor

reaction pathways, 20 ×106 trials were carried out for 160 collisions at temperatures of 600–2000
K from 0.01–100 atm; for sub-atmospheric pressures, 1–2 ×106 trials were employed to minimise

computational expense. Ro-vibrationally excited adducts were found to have undergone deacti-
vation within the 160 simulated collisions under these conditions, before thermal unimolecular

decay of the intermediate isomers subsequently occurred. Phenomological rate constants for the
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reaction 2MF + Ḣ → products were determined by monitoring concentration-time and vibra-
tional energy-time profiles of the excited adducts using the Thermal Decay procedure recently

described by Pinches and da Silva [149].
RRKM/ME analyses of the thermally activated unimolecular reactions of 2MF was carried

out using the ChemRate code [130] as Multiwell is not optimally designed for the computa-
tion of slow steady-state unimolecular reactions where the number of collisions being simulated

is higher than a few thousand. In this case, the thermal unimolecular reaction of 2MF is slow be-
low 1750 K and >104 collisions are required to achieve adequate consumption of the reactant for

the extraction of rate constants from concentration-time profiles. For calculations using Chem-

Rate, an energy grain size of 40–100 cm−1 was used up to a maximum of 105–1.5 ×105 cm−1

(depending on the specific temperature being studied). Convergence was monitored by ensuring
that solutions to the Master Equation became time-independent with the “Divide and Conquer”
method employed. The same method is used for computations on the thermal decomposition of

the 2-furanylmethyl radical, although as chemical reaction for this species is much faster than
for 2MF, a comparison of pressure-dependent rate constants derived from both Multiwell and

ChemRate is presented. All RRKM/ME calculations are carried out based on ro-vibrational
and energetic properties from CBS-QB3 calculations.

For all simulations, the average energy transferred in a deactivating collision, 〈∆E〉d, was
assumed to have a temperature-independent value of 1000 cm−1. Many recent literature studies

have assumed constant 〈∆E〉d values for similar systems (large aromatic molecules). 〈∆E〉d
estimates have ranged from 2000 cm−1 for the benzyl radical [161, 162], 1000 cm−1 for a C7

heterocyclic ring [163], 718 cm−1 for a C10H10 biheterocycle [164], 500 cm−1 for pyrazole [165],
fulveneallene [166] and benzyl hydroperoxide [167], and 260 cm−1 for 2,5-dimethylfuran [157–159]
and furan [168]. Other recent studies have assumed temperature-dependent energy transfer

parameters [151, 169]. There is still remaining uncertainty in these energy transfer parameters
but the empirical estimate of 1000 cm−1 lies well within the range of values adopted in recent

literature studies. Some test calculations were carried out with 〈∆E〉d = 500 cm−1 and 〈∆E〉d
= 2000 cm−1 to illustrate the variation in computed rate constants. All calculations are carried

out in an argon bath gas with Lennard-Jones parameters for the third body taken as σ =
3.47 Åand ε = 114 K [170]. For 2MF and its derivatives Lennard-Jones parameters were

determined empirically from the correlations provided by Kee and co-workers [88]. Together with
recommended critical constants for 2MF [152], σ = 5.36 Åand ε = 396 K were computed. All

intermediates from 2MF decomposition, 2-furanylmethyl radical decomposition, and hydrogen
atom addition pathways are assumed to have the same Lennard-Jones parameters.

This Chapter also compares the QRRK/MSC approach to calculating pressure-dependent

rate constants with RRKM/ME computations from the literature for some simple model systems.
The results indicate that QRRK/MSC theory provides a useful screening tool for assessing the

kinetics of pressure-dependent reactions within a reasonable uncertainty (2–4) for one- and two-
well thermally and chemically activated systems. QRRK/MSC derived k(T, p) could therefore

be incorporated into kinetic models as an initial assessment of the sensitivity of the model
to the pressure-dependence of certain reaction pathways. If the modelling predictions show

that the pressure-dependency is important in predicting laboratory experiments, RRKM/ME
computations can then be used to refine the uncertainty in the computed rate constants. Section

6.1.3 will compare the QRRK/MSC and RRKM/ME methods for the thermal and chemically
activated reactions of 2-methylfuran.
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Chapter 4

Automation of Gaussian, MultiWell
and ChemDis with Perl

The Gaussian, MultiWell and ChemDis codes all use a simple text based input file-output
file structure for running computations. The result is that input file creation and management,

and output file data extraction, becomes a laborious aspect of running day-to-day computations.
Figure 4.1 illustrates a typical time-line for taking a calculation from an initial guess at a

stationary point geometry, to calculating and fitting computed thermodynamic functions and
high-pressure limiting rate constants.

Given that this process is repeated for every stationary point on a PES, the management

of input and output files consumes a significant amount of user time on a daily basis. For an
appreciation of the magnitude of data which can be generated from computational studies, ≈ 10
GB is a reasonable estimate of the size of quantum chemical/rate theory data produced as part

of this Thesis. For this reason, a suite of Perl codes have been developed as part of this work

which automate every process in Figure 4.1, thus minimising the extent of non-value added work

in the process. Whilst efficiency and minimised user effort formed the main motivation for the
development of these automation codes, a second and non-negligible result is the reduced risk

of errors in data processing, and increased audit-ability of computational results.

In order to use the developed codes, one must install at a minimum a Perl environment for
their Windows or Unix OS. The Strawberry Perl [171] environment was used by this author,

and is recommended for use on Windows installations. For Unix and Linux OS, other free tools
are available but have not been tested by this user. The codes were written to be Windows

compatible but if they are being used on a Unix/Linux OS, they can easily be converted via the
command:

chmod +x filename.pl

If the conversion is successful, the ?.pl file will appear in coloured (non-black) font in the OS

interface/shell window. Each Perl code will now be discussed chronologically with respect to the
time-line of most statistical rate theory calculations. The source code can be found in Appendix

B.

It is highly recommended that first time users of the Guassian or MultiWell packages
construct all input files by hand in order to familiarise themselves with their input syntax and

subtleties, before attempting to use these automation codes.
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Figure 4.1: Flowchart for the automation of input file generation and output file extraction for

the calculations Guassian and Thermo calculations.
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4.1. GAUSSIAN AND THE THERMO MODULE OF MULTIWELL

4.1 Gaussian and the Thermo Module of MultiWell

4.1.1 GEOM 2 GJF.pl

The GEOM 2 GJF.pl code is designed to create Guassian 03/09 compatible input files (.gjf)
based on user supplied molecular geometries. Two supplementary files are used as input for

the calculation. geom.inp is essential for generating all input files, and must contain atomic
numbers and Cartesian co-ordinates for the molecule being investigated. The input file format

is as follows, where the first term on each line is the atomic number, and subsequent three are
the x, y and z co-ordinates:

6 -0.269879000 1.104845000 -0.007756000

1 3.421020000 -0.325904000 0.072152000

8 1.451859000 -0.658488000 -0.017819000

...repeat for all n_atoms...

To run the Perl script, the user simply double clicks GEOM 2 GJF.pl. They will then
be presented with a series of simple text based input commands in a DOS window, which will

guide them through the input file generation. Ultimately a Guassian input file, and a .pbs file
which is compatible with the current Unix cluster being used at NUI Galway, will be generated.

If multiple theoretical methods are requested during the generation process, multiple .gjf files
are generated (one for each theoretical method), and a single .pbs file is generated which runs

the computations consecutively on the Unix cluster. Input files can be generated in seconds as
opposed to minutes and the filenames of .gjf files are automatically consistent with those in

the .pbs file, thus avoiding errors when jobs are queued on the Unix cluster. Filenames are also
automatically designated with the type of calculation being performed (optimisation, frequency,
single point energy) and the level of theory which is being employed, thus allowing consistent

file management. All keywords which were used in the computational described previously are
automatically included in each .gjf file, depending on the specific computation requested.

scan.inp is the second file which is read-in during the input file generation, but only if the

user requests a relaxed PES scan calculation. The format for scan.inp, is as follows

1 2 3 4

2 3 4 5

where each line specifies the atom numbers which form the dihedral angle being scanned, as
they are listed in GEOM.INP. The second and third number on each line define the central
bond in the dihedral angle. If multiple scans are being requested, each one will be processed in

an individual .gjf file, but again, a single .pbs file is generated which runs all the calculations
on the Unix cluster. As PES scans are prone to failure, the author has found that creating

individual .gjf files when processing on the Unix cluster is the most computationally efficient
procedure. The user must specify their e-mail address at the top of GEOM 2 GJF.pl if they

wish to receive e-mail alerts when computations are run using a .pbs file.

The files generated from GEOM 2 GJF.pl will either be a geometry optimisation/frequen-
cy/SPE calculation, or the results of a PES scan, two seperate codes have been developed to

extract relevant data from both; GAUSS 2 MULT.pl and SCAN EXTRACT.pl respectively.
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4.1.2 GAUSS 2 MULT.pl

GAUSS 2 MULT.pl is designed to generate input files compatible with the Thermo mod-
ule of MultiWell, by extracting necessary information from a successful compound-method

computation using Guassian. By extension, the generated files are also compatible with the
DenSum module of MultiWell. To run the script, one should open a DOS command in the

directory which contains GAUSS 2 MULT.pl and the output files being post-processed. The
following command is used to process the Guassian output files:

Perl GAUSS_2_MULT.pl filename_1.ext filename_2.ext filename_n.ext

Note that multiple input files can be sent to the code as seen above, and each input file can
also contain the results of several compound method computations. The extracted data from
each file is printed to individual files entitled, Thermo filename n.dat.

In order for the code to successfully parse the Guassian output file, the %nproc keyword

must be specified in the Guassian input file, even if the default number of processors of one
is being used. By design, GEOM 2 GJF.pl is designed to generate Guassian output files

compatible with GAUSS 2 MULT.pl.

Note that manual alteration of the generated output file is required. GAUSS 2 MULT.pl

does not include corrections for external symmetry, optical isomers, or degenerate electronic

levels and corrections for hindered internal rotations must be added manually based on PES
scans.

The user should be aware of some caveats, the code has not been optimised for use with
linear molecules where the number of vibrational degrees of freedom is 3N−5 and only two

external rotations are present, and so may not be reliable for extracting output from these
calculations. The code has been tested for extracting the output of non-compound methods,

and seems to be reliable, but some error messages may be printed. GAUSS 2 MULT.pl was
primarily designed to extract data from CBS-QB3, CBS-APNO and G3 calculations, which

were the standard methods used in this work, but should be compatible with other compound
methods.

The code is well-annotated and should be readily updateable for extracting results from other
theoretical methods, and the printing format can be altered by those with basic programming

experience for creating files compatible with other statistical rate theory codes e.g. VariFlex

[172] or MESMER [173].

4.1.3 SCAN EXTRACT.pl

SCAN EXTRACT.pl is designed to extract information from a PES scan, create a lamm.dat

input file, execute the Lamm software, and produce a lamm.out file which contains rotational
constants and potential energy as a function of dihedral angle. These parameters must then be

manually fit to a truncated Fourier series using an appropriate non-linear regression software
package, before inclusion in a Thermo or DenSum input file. As the lamm.dat input file

requires Cartesian co-ordinates as a function of dihedral angle for the PES scan, this code
reduces the time for manual data extraction significantly. The following command is used to

process the Gaussian output files:

Perl SCAN_EXTRACT.pl filename_1.ext filename_2.ext filename_n.ext
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Note that multiple input files can be sent to the code as seen above but only one scan can
be contained in each output file. The GEOM 2 GJF.pl code generates individual input files

for PES scans, and thus should be used to generate compatible Guassian output files.

When the computation is completed, lamm.dat will be copied to filename n lamm.dat

and lamm.out to filename n lamm.out where filename n is the name of the Gaussian

output file being processed. A template Origin or Excel project file
(Lamm Fitting Template.extension) which contains user defined Fourier fitting routines
and pre-created template graphs can be placed in the working directory before the computation

is carried out, and will automatically be assigned the name filename n lamm.opj. This allows
for easy management of all quantum chemical and statistical theory input and output files.

4.1.4 THERMO FIT.pl

THERMO FIT.pl is designed to automate the computation and fitting of high-pressure limit-
ing kinetics and thermodynamic quantities via the Thermo module of MultiWell, with min-

imal user input. Once the user has constructed their thermo.dat input file based on the three
codes previously described, this input file should be placed in a directory with THERMO FIT.pl

and thermo.exe. The default MultiWell directory is recommended. THERMO FIT.pl is
then double clicked to send the thermo.dat file to thermo.exe, and the kinetics and thermo-

dynamics computations are carried out. Note that THERMO FIT.pl will not find errors in the
thermo.dat file, and thermo.out should be inspected for these before the fitting procedures

described below are attempted.
Once the kinetic/thermodynamic calculations are executed, THERMO FIT.pl offers the

user the option to fit rate constants and NASA format polynomials which are compatible with
kinetic modelling codes. In order to fit rate constants to non-Modified Arrhenius expressions,

the user must install the Gnuplot software package [174] and define the Gnuplot bin appro-
priately in the environmental variables of their Windows installation. In order to fit NASA

format polynomials, the user must have Chemkin-Pro installed on their computer in order
to access the Fitdat driver which used in the polynomial fitting procedure. Note that the
Perl code may have to be executed from a Windows batch file (.bat) where the path to the

run chemkinpro env setup.bat is defined to direct the Perl script to the appropriate bin
containing the Chemkin-Pro drivers, as follows:

call "C:\directory_to_\run_chemkinpro_env_setup.bat"

SET CHEMKIN_MODE=Pro

Perl thermo_fit.pl

exit

The fitted rate constants and NASA polynomials are printed at the end of the thermo.out

output file, along with fitting errors. This is useful in that fundamental molecular data, statistical

thermodynamic derived kinetic and thermodynamic quantities, and ultimately, the data to be
used in kinetic models are stored in a single file and file management and auditing of calculations

is therefore more efficient. Of course the fitting procedure is also expedited.
Note that when fitting polynomials, THERMO FIT.pl only fits the first species defined

in the Thermo input, and subsequently output, files. For this reason the user is advised to
carry out thermodynamics and kinetics computations separately (perhaps in this order), in

unique thermo.dat input files, although the THERMO FIT.pl code can accommodate both
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Figure 4.2: Flowchart for the automation of input file generation and output file extraction for

the MultiWell code.

simultaneously, bearing in mind the above caveat. Once the computations and fitting procedures

are carried out, the user must provide a title for their computation, and THERMO FIT.pl

will copy thermo.dat and thermo.out to ?.dat and ?.out, which again is useful for auditing

and file management.

4.2 Automation of RRKM/ME Computations with MultiWell

The previous four codes have been designed to automate the computation of high-pressure

limiting kinetics and thermodynamic quantities to produce data in a kinetic-modelling com-
patible format. Once the latter have been computed, it is likely that all the molecular data

required for the computation of pressure-dependent kinetics has been gathered, and is already
in a MultiWell compatible format. A similar suite of Perl codes have been written to auto-

mate, as much as possible, the computation of pressure-dependent kinetics, Figure 4.2.
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4.2.1 CREATE MULTIWELL TEMPLATE.pl

CREATE MULTIWELL TEMPLATE.pl is designed to create a well annotated and easily
adjustable multiwell.dat template input file, which can then be altered with specific infor-

mation on the PES being studied. The user enters the following information directly into the
source code of the Perl file using a text editor:

• The number of wells, transition states and products on the PES

• The Lennard-Jones parameters for reactants and colliders

• The collisional energy transfer parameters between reactants and colliders

The source code itself is well annotated with instructions for the user. Running the script

(double clicking) generates the file MULTIWELL BATCH TEMPLATE.dat. The first six
lines of this file are printed precisely as follows:

TITLE

INSERT_ENERGY_PARAMETERS

‘ATM’ ‘KJOU’ ‘CM-1’

INSERT_TEMPERATURES ! <- Translational and initial vibrational temperatures.

INSERT_PRESSURES ! <- No. of pressures

INSERT_LIST_OF_PRESSURES ! <- Pressures in Punits above

Lines 2, 4, 5 and 6 are keywords which are subsequently read-in and altered, depending on further

user-specified input using the MULTIWELL BATCH.pl code. These keywords should not be
altered if one wishes to use MULTIWELL BATCH.pl for automated RRKM/ME calculations.

The final line of the MULTIWELL BATCH TEMPLATE.dat file is printed as follows:

INSERT_TRIALS ‘TIME’ INSERT_TREAD ‘THERMAL’1 1 0.

The user must define the last four keywords directly in MULTIWELL BATCH TEMPLATE.dat

depending on the type of problem they are attempting to simulate, as described earlier. Like-
wise, the ‘TIME’ or ‘COLL’ keyword must be defined as the second term by the user in

MULTIWELL BATCH TEMPLATE.dat before a simulation with MultiWell is carried
out. However, the first and third terms must remain unchanged as MULTIWELL BATCH.pl

automatically assigns the number of trials and simulated time/collisions based on user input at

a later stage.
Aside from these specific lines, the remainder of the information pertaining to the PES

(well names and indexing, symmetry corrections, reactant/TS energies, etc.) must be manually
defined by the user.

4.2.2 CREATE VIBS INPUT.pl

CREATE VIBS TEMPLATE.pl is designed to create DenSum compatible ?.vibs template
files which are used in the state counting procedures prior to an RRKM/ME calculation. The

code takes as input the file CREATE VIBS INPUT.lst where the user specifies the names
of each well and transition state on the PES, and number of degrees of freedom in both. An

example input file is as follows:
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DOF = 31

WELL1_____

DOF = 30

TS1_______

The first line defines the number of ro-vibrational degrees of freedom for all wells on the
PES, and line 4 defines the corresponding entity for transition states. Lines 2 and 5 are the

names assigned to each well and TS and these are assigned to the ?.vibs file produced (note they
must also correspond with the name defined in multiwell.dat) and can be repeated n-wells

and n-TS times.

The file created by CREATE VIBS INPUT.pl (e.g. WELL1 .vibs) has the following
format:

WELL1_____

WELL1_____ !<-OUTPUT FILE NAME

31 0 HAR CM-1

INSERT_ENERGY_PARAMETERS

!!COPY VIB/HRB/HRD/QRO FROM THERMO.DAT

!!NOTE:COMMENT OUT 2-D J-ROTOR. DEFINED IN MULTIWELL.DAT

Lines 5 and 6 instruct the user that the thermo.dat file which was used in the computation
of high-pressure limiting kinetics and thermodynamic parameters can be copied directly into

the ?.vibs file as Thermo and DenSum have compatible definitions of ro-vibrational degrees
of freedom.

Line 4 contains the INSERT\_ENERGY\_PARAMETERS keyword, as did the
MULTIWELL BATCH TEMPLATE.dat file generated in the previous section. This key-

word should not be altered as energy grain parameters are to be assigned by the user in the
MULTIWELL BATCH.pl code, and state counts for all wells and TSs are automatically

carried out using this code.

4.2.3 MULTIWELL BATCH.pl

The MULTIWELL BATCH.pl code is designed to automate the computation of RRKM/ME

calculations based on the users provision of the MULTIWELL BATCH TEMPLATE.dat

file, any necessary ?.vibs files (1 per well and TS), and a third file defining the conditions
which are to be studied, which should be entitled MULTIWELL BATCH.lst. An example

MULTIWELL BATCH.lst file is as follows:

# All data below must be tab seperated

#TEMP TVIB TRIALS COLL_TIME NP P1 P2 P3 P4 P5 Pn...

2000 2000 500 1E-03 2 0.01 1

1750 1750 5000 1E-04 3 0.01 1 10

1500 1500 500000 1E-05 4 0.01 1 10 100

1250 1250 5000000 1E-06 5 0.01 1 10 100 1000
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On each line, the first two terms are the translational and vibrational temperatures, which are
generally assigned the same value. These replace the INSERT_TEMPERATURES keyword on line

4 of MULTIWELL BATCH TEMPLATE.dat. The third term is the number of stochas-
tic trials to be carried out, which replaces the INSERT_TRIALS keyword on the final line of

MULTIWELL BATCH TEMPLATE.dat. The fourth term is either the number of collisions
to be simulated, or the amount of time to be simulated based on the user specified COLL or TIME

keyword on the last line of MULTIWELL BATCH TEMPLATE.dat. The fifth term on each
line is the number of pressures (NP) to be simulated with the pressures then subsequently listed

NP times. These pressures replace the INSERT_PRESSURES and INSERT_LIST_OF_PRESSURES

keywords on lines 5 and 6 of MULTIWELL BATCH TEMPLATE.dat.

The above input file clearly illustrates the usefulness of the MULTIWELL BATCH.pl

code, as from a single MULTIWELL BATCH TEMPLATE.dat file, parameter studies can
be run in terms of temperature, pressure, stochastic trials, and the simulation time/collisions.

Note that all terms on each line of the the input file must be tab-separated.
The second important aspect of using MULTIWELL BATCH.pl is the definition of the

energy grain parameters, input as double-arrays in MultiWell. On lines 11–14 of the source
code of MULTIWELL BATCH.pl, the user must define in cm−1; the energy grain size for

state counting ($Egrain), the size of the array used for the lower portion of the double array
($imax1), the total size of the double array ($Isize), and the maximum energy over which to

count states and k(E) ($Emax2). The source code appears as follows:

my $Egrain = 10;

my $imax1 = 500;

my $Isize = 1500;

my $Emax2 = 100000;

These energy parameters are used to replace the INSERT_ENERGY_PARAMETERSkeyword which
is found in the MULTIWELL BATCH TEMPLATE.dat and ?.vibs files, which are gener-

ated with CREATE MULTIWELL TEMPLATE.pl and CREATE VIBS INPUT.pl re-
spectively.

Once the MULTIWELL BATCH.lst file and energy graining parameters are defined, the
user must include the following files in a single working directory:

• multiwell.exe

• densum.exe

• MULTIWELL BATCH TEMPLATE.dat

• MULTIWELL BATCH.lst

• MULTIWELL BATCH.pl

• All ?.vibs files for wells and transition states

• POST PROCESS MULTIWELL.pl (to be described in the subsequent Section)

To run the code, a DOS command should be opened in the working directory and the

following command entered:
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Perl MULTIWELL_BATCH.pl MULTIWELL_BATCH_TEMPLATE.lst

MULTIWELL BATCH.pl will then iterate through the following procedure:

1. each ?.vibs file will be copied to densum.dat

2. densum.exe will read densum.dat and state counts will be printed to densum.out and

?.dens

3. densum.out will be renamed ?.vibs densum.out

4. MULTIWELL BATCH TEMPLATE.pl will be read-in and for each set of conditions
defined in the MULTIWELL BATCH.lst file

(a) A directory is created with a name defining the temperature, pressure, number of
trials, and simulation time as defined in the MULTIWELL BATCH.lstfile

(b) A sub-directory of 4 (a) entitled DensData is created

(c) All ?.vibs, ?.dens and ?.vibs densum.out files created in steps 1–3 are copied to

the DensData directory

(d) The conditions defined in MULTIWELL BATCH.lst are used to replace keywords

defined in MULTIWELL BATCH.dat. The altered MULTIWELL BATCH.dat

is renamed multiwell.dat.

(e) multiwell.dat, multiwell.exe and POST PROCESS MULTIWELL.pl are

copied to the directory created in step 4 (a)

Steps 1–3 above correspond to the running of the DenSum code and this process is carried

out only once for the energy grain parameters defined in the MULTIWELL BATCH.pl file.
This automated procedure for the computation of sums and densities of states is quite useful, as

it ensures that all wells and transition states have their states counted with precisely the same
energy array specifications. If the array dimensions are to be altered, re-compuatation takes a

matter of seconds. For large potential energy surfaces, redefining these array dimensions could
take hour(s) due to the sheer volume of input and output files which would need to be altered.

Likewise, multiwell.dat is generated with these same energy arrays parameters and it is vital
that all energy array dimensions are identical in ?.vibs and multiwell.dat files, otherwise the

MultiWell code will fail.
In order to run the simulation, the user simply has to navigate to the newly created directory

from step 4 (a) above, and double click multiwell.exe which will then process multiwell.dat.

4.2.4 POST PROCESS MULTIWELL.pl

POST PROCESS MULTIWELL.pl was designed to parse the multiwell.out and
multiwell.rate files which are produced upon completion of a MultiWell computation.

This code is automatically copied to the working directory of each MultiWell simulation if the
MULTIWELL BATCH.pl code is used to generate input files. To run the code, simply double

click it once the MultiWell simulation is completed. Four files will be created containing
time dependent output from the calculation—ppm x.dat, ppm lnx.dat. ppm rates.dat, and

ppm vibs.dat. They contain in this order; computed mole fractions for wells and products,
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the natural logarithm of the computed mole fractions of wells and products, computed rate
constants for all isomerisation and dissociation reactions and computed vibrational energies, all

as a function of time.
The output data is tab-separated with appropriate headers printed, and can rapidly be

copied into a template Microsoft Excel file for post-processing by visual inspection and linear
regression of data as described in Section 3.5.5, page 92.

4.3 ChemDis

Chemdis Extract.pl is designed to run a QRRK/MSC computation through the ChemDis

code, extract, convert and print CET parameters, and to produce Chemkin-Pro format PLOG

rate constants from the ChemDis output files. The code is straightforward to use. chemdis.exe,
the input file (?.inp) and Chemdis Extract.pl should be place in the same working directory,

double clicking Chemdis Extract.pl executes the script. The user will be asked to enter the
name of their input file, no extensions are required as the code automatically searches for ?.inp,

as follows:

Enter Chemdis Input Filename (No Extensions):

=>filename

Two output files are created by the code, ?.chemkin which contains k(T, p) in the Chemkin-
Pro PLOG format with computed fitting errors and temperature ranges over which the fitting

was carried out. The second output file, ?.edown, contains computed values of 〈∆E〉d in cm−1

as a function of temperature for each well. 〈∆E〉d can then be inspected to ensure that a suitable
value for 〈∆E〉all has been chosen for the simulation.

4.4 Conclusions

Given the numerous software packages required to take an unoptimised stationary point geom-

etry to meaningful kinetic and thermodynamic properties, input file creation, output file data
extraction, and file management constitute an arduous task for the theoretical kineticist. A

suite of codes have therefore been developed to automate the quantum chemical and statistical
rate theory software packages which are used in the laboratories of the Combustion Chemistry
Centre, and by extension, in this Thesis. The codes are described in detail such that future

members of C3 can benefit from the efficiency and error-proofing which they provide, and so
that they can undergo continual development in the future.
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Chapter 5

A Thermochemical Study of
Substituted Furans

This Chapter describes a systematic theoretical work carried out on the thermochemistry of some

polyoxygenated stable furanic compounds which will likely be platform chemicals in future global
biorefininery industries, and which are also of interest as possible fuels and as intermediates in
the combustion of alkylfurans.

The CBS-QB3, CBS-APNO and G3 composite methods were used in order to optimize the

geometries of all species and to determine enthalpy and Gibbs energy functions. Frequency
calculations were performed at the same levels of theory with the automatic sub-routines of the

Guassian software package used to determine hindered rotor corrections. Isodesmic reactions
were employed to determine enthalpies of formation of all compounds, with statistical analysis

used for the determination of uncertainties.
The systematic approach employed subsequently allowed for the development of group ad-

ditivity (GA) rules which can be used to reliably estimate thermodynamic functions for poly-
substituted furanic species. These GA rules were subsequently employed in the development of

the 2-methylfuran and 2,5-dimethylfuran kinetic mechanisms in Chapters 6 and 7 of this study.

The contents of this chapter form the basis of a publication in The Journal of Chemical
Thermodynamics entitled “Substituent Effects in the Thermochemistry of Furans: A Theoretical

(CBS-QB3, CBS-APNO and G3) Study” [175]. The quantum chemical computations described
above were carried out by co-authors as part of said publication, the contribution of this author

was to develop isodesmic working reactions based on those computations, and to develop group

additivity rules for use in kinetic modelling studies.

5.1 Quantum Chemical Results and Formation Enthalpy Deter-

mination

Formation enthalpies of all standard molecules (those with well-known formation enthalpies)

are reported in Table 5.1. Electronic energies of all atoms, and standard and target (those
whose enthalpies of formation are to be determined) molecules are compiled in Table 5.2, and

these effectively form the “raw” data used in all subsequent computations. They are reported
to six decimal places of accuracy as provided in the Gaussian application output files, although

four decimal places of accuracy results in computed formation enthalpies within 0.1 kJ mol−1
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of those determined with six decimal place accuracy. The atomization method has been used
to compute enthalpies of formation of all standard molecules as a test of the validity of the

quantum chemical energies for these species, and to confirm that the literature assignments
are reasonable. The computed and literature values reported in Table 5.1 are in reasonable

agreement, thus indicating that none of the assignments are likely erroneous.
The formation enthalpies of some target molecules have already been subjected to experi-

mental investigations, these are reported in Table 5.3, and will be discussed in detail in their
relevant sections. Within the theoretical computations presented herein, there is an explicit

treatment of contributions of different conformers (cis, trans, gauche, etc.) to the formation
enthalpy of a pure compound. Once the formation enthalpy of the cis conformer of a species is

determined, the trans conformer follows readily from the theoretical reaction enthalpy between
the two conformers, the enthalpic differences between cis and trans conformers of each species
are therefore reported in Table 5.4. Similarly, once the formation enthalpy of a furan which is

substituted at the 2-position is determined, the formation enthalpy of the 3-substituted furan
follows from ∆rH . The enthalpic differences between 2- and 3-substituted furans are therefore

reported in Table 5.5.
The computed formation enthalpies of all conformers and mixtures, based on the isodesmic

and atomisation methods, are ultimately compiled in Table 5.31, along with relevant experi-
mental or literature determinations for the same compound.
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Standard Atomization ± Literature ± Ref.

Acetic acid −433.3 2.4 −432.2 1.5 [116]
Acetone −217.9 3.9 −214.8 0.3 [116]

Acetophenone −85.2 9.6 −86.7 1.7 [178]
Anisole −73.5 8.7 −72.3 3.9 [179]
Benzaldehyde −37.9 7.0 −37.2 0.9 [180]

Benzene 84.3 8.2 82.9 0.5 [116]
Benzoic acid −298.9 6.9 −294.1 2.2 [180]

p-Benzoquinone −115.3 2.9 −122.9 3.5 [180]
Benzyl alcohol −96.5 8.3 −94.6 3.0 [181]

Ethanal −166.3 2.2 −165.4 0.3 [116]
Ethane −85.7 4.5 −83.8 0.2 [116]

Ethanol −236.6 2.9 −234.6 0.2 [116]
Formaldehyde −111.4 1.8 −109.2 0.1 [116]

Furan −33.9 4.1 −34.7 0.7 [117]
Methane −76.2 2.4 −74.6 0.6 [116]
Methanol −202.7 1.9 −200.7 0.2 [116]

4-Methylene-2-oxetanone −193.5 1.3 −190.2 0.5 [182]
Phenol −93.1 7.1 −96.4 0.6 [116]

Propanal −189.4 3.4 −188.7 0.8 [183]
Propane −106.5 6.5 −104.4 0.3 [116]

Propanoic acid −455.7 3.3 −455.8 2.0 [184]
Toluene 51.1 10.1 50.4 0.4 [116]

m-Xylene 18.1 12.1 17.2 0.8 [185]

Table 5.1: ∆fH
−◦ (kJ mol−1) computed via the atomization method, and corresponding litera-

ture values, of standards used in the development of isodesmic working reactions.

129



CHAPTER 5. A THERMOCHEMICAL STUDY OF SUBSTITUTED FURANS

Table 5.2: Enthalpies (298.15 K, hartrees) of atoms, and of standard and target molecules, used
in the computation of ∆fH

−◦ of substituted furans.

Species CBS-QB3 CBS-APNO G3

Atoms
3C −37.783017 −37.839712 −37.825356
2H −0.497457 −0.497585 −0.498642
3O −74.985269 −75.058893 −75.028630

Standards

Acetic acid −228.759840 −229.021004 −228.934398
Acetone −192.813157 −193.060275 −192.990773

Acetophenone −384.201708 −384.736790 −384.594570
Anisole −346.141801 −346.619329 −346.491592

Benzaldehyde −344.967509 −345.443757 −345.315159
Benzene −231.784360 −232.131210 −232.046731

Benzoic acid −420.147727 −420.696945 −420.537507
p-Benzoquinone −380.861050 −381.351187 −381.207606

Benzyl alcohol −346.150759 −346.627916 −346.500303
Dimethyl Ether −154.746915 −154.935578 −154.880574
Ethanal −153.576801 −153.765925 −153.709890

Ethane −79.626104 −79.743570 −79.718918
Ethanol −154.764602 −154.954046 −154.899269

Formaldehyde −114.340363 −114.469717 −114.427244
Furan −229.638424 −229.941643 −229.855244

Methane −40.406173 −40.465133 −40.453810
Methanol −115.535689 −115.666624 −115.624915

4-Methylene-2-oxetanone −304.779829 −305.155068 −305.040357
Methyl Formate (cis) −228.733706 −228.993960 −228.907756

Phenol −306.932693 −307.352156 −307.237654
Propanal −192.802496 −193.049146 −192.979906
Propane −118.850349 −119.026271 −118.988320

Propanoic acid −267.984690 −268.304223 −268.204473
Toluene −271.013240 −271.418556 −271.321033

m-Xylene −310.241960 −310.705805 −310.595319

Furans

2,5-furandione −378.780620 −379.227710 −379.080673

3-methyl-2,5-furandione −418.016020 −418.521537 −418.361379
2(5H)-furanone −304.806104 −305.181505 −305.065913
2(3H)-furanone −304.802209 −305.178131 −305.062215

5-methyl-2(5H)-furanone −344.038294 −344.472597 −344.343625
2-furanol cis −304.785808 −305.161632 −305.044893

2-furanol trans −304.784249 −305.160270 −305.043411
3-furanol cis −304.777781 −305.153483 −305.036830

3-furanol trans −304.777335 −305.152779 −305.036362
5-methyl-2-furanol cis −344.018722 −344.452917 −344.323014
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Table 5.2: Enthalpies (298.15 K, hartrees) of atoms, and standard and target molecules, used
in the computation of ∆fH

−◦ of substituted furans.

Species CBS-QB3 CBS-APNO G3

5-methyl-2-furanol trans −344.017307 −344.451670 −344.321704
5-methyl-3-furanol cis −344.011416 −344.445502 −344.315824

5-methyl-3-furanol trans −344.010921 −344.444748 −344.315304
2-formylfuran cis −342.820961 −343.253553 −343.122859

2-formylfuran trans −342.822186 −343.254539 −343.124094
3-formylfuran cis −342.819319 −343.251681 −343.121333

3-formylfuran trans −342.820925 −343.253403 −343.122935
5-methyl-2-formylfuran cis −382.055789 −382.546924 −382.403013

5-methyl-2-formylfuran trans −382.056579 −382.547443 −382.403868
5-methyl-3-formylfuran cis −382.053349 −382.544066 −382.400662

5-methyl-3-formylfuran trans −382.055178 −382.546071 −382.402505
4,5-dimethyl-2-formylfuran cis −421.284952 −421.834471 −421.677390
4,5-dimethyl-2-formylfuran trans −421.285891 −421.835142 −421.678331

2,5-diformylfuran cis/cis −455.999683 −456.561932 −456.386475
2,5-diformylfuran cis/trans −456.002438 −456.564314 −456.389104

2,5-diformylfuran trans/trans −456.003626 −456.565258 −456.390349
2-acetylfuran cis −382.056470 −382.547805 −382.403705

2-acetylfuran trans −382.059036 −382.550103 −382.406212
3-acetylfuran cis −382.055782 −382.546888 −382.403118

3-acetylfuran trans −382.056762 −382.547927 −382.404086
5-methyl-2-acetylfuran cis −421.290987 −421.840922 −421.683598

5-methyl-2-acetylfuran trans −421.293126 −421.842905 −421.685697
5-methyl-3-acetylfuran cis −421.289654 −421.839213 −421.682348
5-methyl-3-acetylfuran trans −421.290750 −421.840332 −421.683426

2,5-dimethyl-3-acetylfuran cis −460.524934 −461.133126 −460.962756
2,5-dimethyl-3-acetylfuran trans −460.522722 −461.130946 −460.960408

2-hydroxymethylfuran GG’ −344.007567 −344.440848 −344.311564
2-hydroxymethylfuran GG −344.007100 −344.440574 −344.311064

2-hydroxymethylfuran GT −344.005346 −344.438629 −344.309256
3-hydroxymethylfuran GG’ −344.004923 −344.438231 −344.308878

5-methyl-2-hydroxymethylfuran GG’ −383.241013 −383.732802 −383.590264
5-methyl-2-hydroxymethylfuran GG −383.240772 −383.732688 −383.590022

5-methyl-3-hydroxymethylfuran GG’ −383.238543 −383.730292 −383.587834
5-methyl-3-hydroxymethylfuran GG −383.236883 −383.728710 −383.586245
5-hydroxymethyl-2-formylfuran (cis GG’) −457.190807 −457.753635 −457.579822

5-hydroxymethyl-2-formylfuran (cis TT) −457.189317 −457.752184 −457.578221
5-hydroxymethyl-2-formylfuran (cis TG’) −457.189879 −457.752823 −457.578727

5-hydroxymethyl-2-formylfuran (cis GG) −457.188103 −457.751008 −457.577081
5-hydroxymethyl-2-formylfuran (cis G’G’) −457.189141 −457.752132 −457.578171

5-hydroxymethyl-2-formylfuran (trans GG’) −457.191145 −457.753723 −457.580145
5-hydroxymethyl-2-formylfuran (trans TT) −457.189820 −457.752387 −457.578711
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Table 5.2: Enthalpies (298.15 K, hartrees) of atoms, and standard and target molecules, used
in the computation of ∆fH

−◦ of substituted furans.

Species CBS-QB3 CBS-APNO G3

2,5-dihydroxymethylfuran GG/G’G −458.376670 −458.940370 −458.767825
2,5-dihydroxymethylfuran GG / GG −458.375701 −458.939652 −458.766867

2,5-dihydroxymethylfuran GG / GG’ −458.376474 −458.940184 −458.767709
2,5-dihydroxymethylfuran GG’ / GG’ −458.376670 −458.940370 −458.767825

2,5-dihydroxymethylfuran GT / GT −458.376551 −458.940189 −458.767760
2,5-dihydroxymethylfuran GT / GG’ −458.374751 −458.938340 −458.765872

2-methoxyfuran cis −343.994084 −344.427763 −344.298127
2-methoxyfuran trans −343.995855 −344.429883 −344.299907

3-methoxyfuran cis −343.989624 −344.423273 −344.293533
3-methoxyfuran trans −343.986892 −344.421386 −344.290729

5-methyl-2-methoxyfuran cis −383.227409 −383.719370 −383.576196
5-methyl-2-methoxyfuran trans −383.228926 −383.721409 −383.577908
5-methyl-3-methoxyfuran cis −383.223275 −383.715353 −383.572218

5-methyl-3-methoxyfuran trans −383.220362 −383.711612 −383.569207
2-furoic acid cis −417.999880 −418.505237 −418.343952

2-furoic acid trans −418.000012 −418.505555 −418.344107
3-furoic acid cis −418.001187 −418.506350 −418.345347

3-furoic acid trans −418.001685 −418.506862 −418.345831
5-methyl-2-furoic acid cis −457.234398 −457.798329 −457.623823

5-methyl-2-furoic acid trans −457.234422 −457.798571 −457.623861
5-methyl-3-furoic acid cis −457.235174 −457.798838 −457.624694

5-methyl-3-furoic acid trans −457.235740 −457.799351 −457.625220
2,5-dimethyl-3-furoic acid cis −496.470815 −497.093068 −496.905479
2,5-dimethyl-3-furoic acid trans −496.469789 −497.092039 −496.904437

2,5-difuroic acid cis/cis −606.358468 −607.066306 −606.829500
2,5-difuroic acid cis/trans −606.359158 −607.067123 −606.830204

2,5-difuroic acid trans/trans −606.359542 −607.067659 −606.830593

132



5.1. QUANTUM CHEMICAL RESULTS AND FORMATION ENTHALPY

DETERMINATION

Species ∆fH
−◦ ± Reference

2-furanol −212.1 0.1 [186]
2-formylfuran −151.0 4.6 [180]

3-formylfuran −151.9 1.1 [187]
5-methyl-2-formylfuran −196.8 1.8 [188]
4,5-dimethyl-2-formylfuran −236.8 1.8 [189]

2-acetylfuran −207.4 1.3 [187]
5-methyl-2-acetylfuran −253.9 1.9 [188]

2,5-dimethyl-3-acetylfuran −294.6 2.3 [189]
2-hydroxymethylfuran −211.8 2.1 [180]

5-hydroxymethyl-2-formylfuran −334.2 1.4 [193]
2-furoic acid −410.3 2.1 [196]

3-furoic acid −415.8 1.7 [196]
2,5-dimethyl-3-furoic acid −499.5 1.6 [189]

Table 5.3: Previously reported formation enthalpies (kJ mol−1) of some substituted furans also
investigated as part of this work.

5.1.1 Furanols: X OH

Table 5.6 describes the isodesmic reactions constructed to determine the formation enthalpy of

the cis conformer of 2-furanol. The general procedure used to compute formation enthalpies
and associated uncertainties will now be described in detail for the furanols, with all other

computations carried out in an identical manner.
Three isodesmic reactions are framed in total for this molecule, with the enthalpy of reaction

for each isodesmic reaction determined at three level of theories. Taking the first isodesmic
reaction, 2-furanol + benzene 
 furan + phenol, the reaction enthalpies (kJ mol−1) of −2.5

(CBS-QB3), −2.5 (CBS-QB3), and −3.3 (G3) lead to an average ∆rH of −2.8 kJ mol−1. A
standard deviation computation (1σ) of −0.5 kJ mol−1 provides us with the uncertainty in the
computed reaction enthalpy for this isodesmic reaction. The ∆fH

−◦ of 2-furanol can now be

computed as ∆fH
−◦ (furan) + ∆fH

−◦ (phenol) − ∆fH
−◦ (benzene) − ∆rH , leading to a predicted

value of −211.2 kJ mol−1.

The uncertainty (uj, ± 1.2 kJ mol−1) in this computation is obtained via:

uj =

√
∑

i

υ2
i (5.1)

where υ2
i are the uncertainties in the formation enthalpies of furan, phenol and benzene, and

the uncertainty in the enthalpy of reaction i.e. uj =
√

0.52 + 0.72 + 0.592 + 0.52.
Two further isodesmic reactions are framed in Table 5.6 where formation enthalpies for 2-

furanol of −209.8 ± 1.1 and −209.0 ± 1.4 kJ mol−1 are calculated. Together with the previous
determination of −211.3± 1.2 kJ mol−1, the final formation enthalpy (x̄) of −209.9 kJ mol−1 is

computed via

x̄ =
∑

(xj/u
2
j)/
∑

(1/u2
j) (5.2)

where xj and uj are the formation enthalpies and uncertainties computed from a single isodesmic
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Species CBS-QB3 CBS-APNO G3 x̄ ±
2-furanol −4.09 −3.58 −3.89 −3.85 0.26

3-furanol −1.17 −1.85 −1.23 −1.42 0.38
5-methyl-2-furanol −3.72 −3.27 −3.44 −3.48 0.22
5-methyl-3-furanol −1.30 −1.98 −1.37 −1.55 0.38

2-formylfuran 3.22 2.59 3.24 3.02 0.37
3-formylfuran 4.22 4.52 4.21 4.31 0.18

5-methyl-2-formylfuran 2.07 1.36 2.24 1.89 0.47
5-methyl-3-formylfuran 4.80 5.26 4.84 4.97 0.26

2-acetylfuran 6.74 6.03 6.58 6.45 0.37
3-acetylfuran 2.57 2.73 2.54 2.61 0.10

5-methyl-2-acetylfuran 5.62 5.21 5.51 5.44 0.21
5-methyl-3-acetylfuran 2.88 2.94 2.83 2.88 0.05

2,5-dimethyl-3-acetylfuran −5.81 −5.72 −6.16 −5.90 0.23
2-methoxyfuran 4.65 5.57 4.67 4.96 0.52
3-methoxyfuran −7.17 −4.95 −7.36 −6.50 1.34

5-methyl-2-methoxyfuran 3.98 5.35 4.49 4.61 0.69
5-methyl-3-methoxyfuran −7.65 −9.82 −7.91 −8.46 1.19

2-furoic acid 0.35 0.83 0.41 0.53 0.27
3-furoic acid 1.31 1.34 1.27 1.31 0.04

5-methyl-2-furoic acid 0.06 0.64 0.10 0.27 0.32
5-methyl-3-furoic acid 1.49 1.35 1.38 1.40 0.07

2,5-dimethyl-3-furoic acid −2.69 −2.70 −2.74 −2.71 0.02

Table 5.4: H(cis) − H(trans) of target species, kJ mol−1.

Species CBS-QB3 CBS-APNO G3 x̄ ±
3-furanol 21.07 21.40 21.17 21.21 0.16
5-methyl-3-furanol 19.18 19.47 18.88 19.18 0.30

3-formylfuran 4.31 4.91 4.01 4.41 0.46
5-methyl-3-formylfuran 6.41 7.50 6.17 6.69 0.71
3-acetylfuran 1.81 2.41 1.54 1.92 0.44

5-methyl-3-acetylfuran 3.50 4.49 3.28 3.76 0.64
3-hydroxymethylfuran 6.94 6.87 7.05 6.95 0.09

5-methyl-3-hydroxymethylfuran (GG’) 6.48 6.59 6.38 6.48 0.11
3-methoxyfuran 11.71 11.79 12.06 11.85 0.18

5-methyl-3-methoxyfuran 10.85 10.55 10.44 10.61 0.21
3-furoic acid −3.43 −2.92 −3.66 −3.34 0.38

5-methyl-3-furoic acid −2.04 −1.34 −2.29 −1.89 0.49

Table 5.5: H(#3) − H(#2) of target species, kJ mol−1.
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reaction, i.e. x̄ = (−211.3/1.22−209.8/1.12−209.0/1.42)/(1/1.22+1/1.12+1/1.42). In this case
the uncertainties (uj) in the formation enthalpy from the three individual isodesmic reactions

of ±1.2, ±1.2 and ±1.4 kJ mol−1 lead to a final computed uncertainty (ū) of ± 0.7 kJ mol−1

via

ū = 1/(
√∑

1/u2
j) (5.3)

The statistical methods described above were reported previously by Simmie et al. [176], and
they have been used for the computation of uncertainties in any instance where more than one

isodesmic working reaction has been employed to determine ∆fH
−◦ of a molecule. Equations 5.2

and 5.3 in particular represent a weighted “grand mean” (the mean of means) and its associated

uncertainty, and the general effect of this multiple isodesmic procedure is that it lowers the
dependence of the final computed ∆fH

−◦ on those isodesmic reactions where any of the partner
molecules or the heat of reaction have a large(r) uncertainty associated with them. All standard

deviations reported throughout the text are to 1σ certainty in line with the methods applied in
our original publication [175]. The final formation enthalpies from isodesmic working reactions

which are reported in Table 5.31 are given with both 1σ and 2σ uncertainties however, as the
latter has recently been recommended by Ruscic [177] as the benchmark for uncertainty in

theoretical and experimental thermochemistry.

In terms of the individual isodesmic reactions which have been framed for 2-furanol, isodesmic

reaction (1) involving the aromatics benzene, furan and phenol, is effectively an OH transfer
reaction and shows the lowest enthalpy of reaction, being effectively thermoneutral. This ther-

moneutrality is the result of the similar hybridisation (sp2) of the carbon atoms in both the
furan and benzene rings, and is an indicator of a well-defined isodesmic reaction, where not

only the number and type of each chemical bond is preserved, but also, the environment of each
atom remains relatively unchanged in moving from reactants to products. It is an example of
a homodesmotic reaction [115] where the carbon atoms are in equal quantity and hybridisation

states in reactants and products. Given the thermoneutrality of the reaction, it should be clear
that the effect of hydroxylating the furan and benzene rings in terms of enthalpy and therefore

thermochemical stability is the same in the these 5 and 6 membered rings.

Despite being indicative of cancellation of errors in quantum chemical calculations, ther-

moneutrality is not a prerequisite for suitable working reactions to be framed, as reactions (2)
and (3) illustrate. Despite the larger ∆rH observed in these two cases, the formation enthalpies

determined for 2-furanol therein are in good agreement with that determined in reaction (1),
and the creation of these two supplementary isodesmic reactions reduces the reliance of the com-

puted formation enthalpy on experimental formation enthalpies of benzene and phenol. Indeed
the larger ∆rH observed in isodesmic reactions (2) and (3) is a reflection on the thermody-
namic cost of removing the hydroxyl group from furanol, where it has a stabilising effect, and

exchanging it with a hydrogen atom removed from either ethane or methane.

Again, whilst thermoneutraility is typically a good indicator of a well-defined isodesmic

reaction, one cannot overlook the importance of using several model chemistries to determine
∆rH . In the case of 2-furanol below, one can see that for a given isodesmic reaction, the

computed ∆rH shows excellent agreement across the three theoretical methods applied, thus
reducing the uncertainty in the final computed ∆fH .

From the computed formation enthalpy of the cis conformer of 2-furanol, that of the trans
conformer follows from the enthalpy of reaction of −3.9± 0.3 kJ mol−1, Table 5.7. The uncer-

tainty in the formation enthalpy of trans 2-furanol is computed from the uncertainty computed
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for the cis conformer of 0.7 kJ mol−1, and the uncertainty in the heat of reaction of 0.3 kJ
mol−1, through Equation 5.1. Similarly, the formation enthalpies of cis and trans 3-furanol can

be computed from the formation enthalpy of cis 2-furanol (Table 5.7) whose formation enthalpy
is now routed on known experimental values.

In the cases of 2- and 3-furanol, two conformers are observed for both species corresponding to
minima formed from rotation about the O H bond. In order to compute the formation enthalpy

of a mixture containing different configurational isomers (i.e. a “bottle” of this chemical), the
Gibbs free energies were used to compute conformer distributions (χi) through

χi = gi exp(−∆fG
−◦ (i)/RT )/

n∑

i=1

[
exp(−∆fG

−◦ (i)/RT )
]

(5.4)

where gi is the degeneracy of the conformer and all other terms have their usual meanings.
The formation enthalpy of the mixture, ∆fG

−◦ (M), follows knowing the distribution of each

conformer and its individual heat of formation via

∆fG
−◦ (M) =

n∑

i=1

[
χi∆fG

−◦ (i)
]

(5.5)

For 2-furanol, a cis:trans ratio of 86.4:13.6 is computed, and together with their respec-

tive formation enthalpies of −210.2 and −206.3 kJ mol−1, the implied ∆fH
−◦ of 2-furanol is

−209.6 ± 1.0 kJ mol−1. The uncertainty is computed according to Equation 5.1 based on the

uncertainties in ∆fH
−◦ of the cis and trans rotamers. This predicted formation enthalpy is in

reasonably good agreement with a calorimetric determination from Parks et al. [186] of −212.1

kJ mol−1 for which an uncertainty of 0.05% was estimated by the authors, producing a possible
unrealistic uncertainty of ±0.11 kJ mol−1 in their measurement. The atomization method leads

to a computed formation enthalpy of 2-furanol of −207.9 ± 5.7 kJ mol−1, Table 5.31. This
computation deviates further from the measurements of Parks et al. [186] but the experimental
measurement lies within the uncertainty of the atomization computations. Indeed it is worth

noting that the uncertainty from the atomization method is much higher than that obtained
from the isodesmic reaction method for all molecules studied, but in general, the formation

enthalpies which are computed from both methods are in very good agreement throughout this

study, Table 5.31.

Moving onto 3-furanol, ∆fH
−◦ of the cis (−188.9 ± 0.7 kJ mol−1) and subsequently trans

(−187.5± 0.8 kJ mol−1) conformers are computed from reaction enthalpies with the 2-furanols,

and based on a cis:trans ratio of 47.6:52.4, ∆fH
−◦ for the mixture is given as −188.2 ± 1.1 kJ

mol−1 from the isodesmic method.

For the alyklated furanol, 5-methyl-2-furanol, a formation enthalpy for the cis conformer can
now be framed based on the formation enthalpies of benzene, 2-furanol and toluene, Table 5.8.
The reaction enthalpy for the isodesmic reaction is verging on thermoneutral at 10.3 kJ mol−1,

and is consistent across the three computational methods, with a 1σ uncertainty of 0.3 kJ mol−1.
The computed formation enthalpy of −253.0± 1.0 kJ mol−1 for the cis conformer allows for the

trans conformer to be determined as −249.5 ± 1.0 kJ mol−1, based on a ∆rH of −3.5 ± 0.2
kJ mol−1. Based on the cis:trans ratio of 85.6:14.4, ∆fH

−◦ of 5-methyl-2-furanol is computed

as −252.5 ± 1.4 kJ mol−1 based on the isodesmic method and −251.5 ± 7.6 kJ mol−1 based
on atomization. The cis and trans conformers of 5-methyl-3-furanol follow based on 5-methyl-

2-furanol with ∆fH
−◦ of −233.8 ± 1.0 kJ mol−1 and −232.3 ± 1.1 kJ mol−1 respectively. The
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heat of formation of a mixture of 45.9% cis and 54.1% trans 5-methyl-3-furanol is computed
as −233.0 ± 1.5 kJ mol−1 from the isodesmic method, and −232.0 ± 6.8 kJ mol−1 based on

atomization.
Given the agreement between the computed formation enthalpy of 2-furanol and the ex-

perimental measurement of Parks et al. [186] (within 2.5 kJ mol−1), and the fact the all other
furanol isomers are based on a network of similar working reactions, it is expected that the

computed formation enthalpies of all furanols derived from isodesmic reaction are accurate to
within chemical accuracy of ≈ 4 kJ mol−1. Also of note is the agreement between the computed

∆fH
−◦ from the atomisation and isodesmic reactions for these species.
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(1) 2-furanol (cis) + benzene = furan + phenol ∆rH

∆fH
−◦

−211.2 82.9 −34.7 −96.4 −2.8
± 1.2 0.5 0.7 0.59 0.5

CBS-QB3 −304.785808 −231.784360 −229.638424 −306.932693 −2.5
CBS-APNO −305.161632 −232.131210 −229.941643 −307.352156 −2.5

G3 −305.044893 −232.046731 −229.855244 −307.237654 −3.3

(2) 2-furanol (cis) + ethane = furan + ethanol ∆rH
∆fH

−◦
−209.2 −83.8 −34.7 −234.6 23.7

± 1.2 0.2 0.7 0.2 1.0

CBS-QB3 −304.785808 −79.626104 −229.638424 −154.764893 22.6
CBS-APNO −305.161632 −79.743570 −229.941643 −154.954233 24.5

G3 −305.044893 −79.718918 −229.855244 −154.899440 23.9

(3) 2-furanol (cis) + methane = furan + methanol ∆rH
∆fH

−◦
−208.9 −74.6 −34.7 −200.7 48.1

± 1.4 0.6 0.7 0.2 1.0
CBS-QB3 −304.785808 −40.406173 −229.638424 −115.535689 46.9

CBS-APNO −305.161632 −40.465133 −229.941643 −115.666624 48.6
G3 −305.044893 −40.453810 −229.855244 −115.624915 48.7

∆fH
−◦ = -209.9

± = 0.7

Table 5.6: 2-furanol: isodesmic reactions developed to compute ∆fH
−◦ (kJ mol−1). Electronic energies in hartrees (1 hartree =

2625.5 kJ mol−1.)
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2-furanol (trans) = 2-furanol (cis) ∆rH

∆fH
−◦

−206.0 −209.9 −3.9
± 0.8 0.7 0.3

CBS-QB3 −304.784249 −304.785808 −4.09
CBS-APNO −305.160270 −305.161632 −3.58

G3 −305.043411 −305.044893 −3.89

3-furanol (cis) = 2-furanol (cis) ∆rH

∆fH
−◦

−188.7 −209.9 −21.2
± 0.7 0.7 0.2

CBS-QB3 −304.777781 −304.785808 −21.1
CBS-APNO −305.153483 −305.161632 −21.4

G3 −305.036830 −305.044893 −21.2

3-furanol (trans) = 3-furanol (cis) ∆rH
∆fH

−◦
−187.2 −188.7 −1.4

± 0.8 0.7 0.4
CBS-QB3 −304.777335 −304.777781 −1.2

CBS-APNO −305.152779 −305.153483 −1.9
G3 −305.036362 −305.036830 −1.3

Table 5.7: 2- and 3-furanol: isodesmic reactions developed to compute ∆fH
−◦ (kJ mol−1).

Electronic energies in hartrees (1 hartree = 2625.5 kJ mol−1.)

5.1.2 Formylfurans: X CH O

The formylfurans, like the furanols, exist in cis and trans, and 2- and 3- configurations. Two

isodesmic reactions have been created to determine the formation enthalpy of trans 3-formylfuran,
Table 5.9. The first pairs the target molecule with benzene forming furan and benzaldehyde in
a formyl group transfer reaction. Like the hydroxyl transfer used to determine the formation

enthalpy of furanol based on benzene, furan and phenol, this reaction displays excellent ther-
moneutrality (∆rH = −1.9 kJ mol−1) with good consistency across the methods applied (σ =

0.2 kJ mol−1). The second reaction couples 3-formylfuran with ethane, furan and propanal in
another formyl group transfer reaction with a low ∆rH of 16.6 ± 0.9 kJ mol−1. The heat of

formation of trans 3-formylfuran is thus computed as −154.6 ± 0.9 kJ mol−1, from which the
cis conformer is determined at −150.3 ± 0.9 kJ mol−1 based on ∆rH = −4.31± 0.2 kJ mol−1.

The trans conformer dominates the distribution with the cis:trans ratio of 16.5:86.7 leading to
a formation enthalpy of ∆fH

−◦ = −154.0±1.3 kJ mol−1 computed via isodesmic reaction, with

atomisation being consistent at −153.6± 4.3 kJ mol−1.

(4) 5-methyl-2-furanol (cis) + benzene = 2-furanol (cis) + toluene ∆rH

∆fH
−◦

−252.7 82.9 −209.9 50.4 10.3
± 1.0 0.5 0.7 0.4 0.3

Table 5.8: 5-methyl-2-furanol (cis): isodesmic reaction developed to compute ∆fH
−◦ (kJ mol−1).
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(5) 3-formylfuran (trans) + benzene = furan + benzaldehyde ∆rH

∆fH
−◦

−153.0 82.93 −34.8 −37.2 −1.9
± 1.3 0.5 0.7 0.92 0.2

(6) 3-formylfuran (trans) + ethane = furan + propanal ∆rH

∆fH
−◦

−156.4 −83.77 −34.8 −188.7 16.6
± 1.3 0.16 0.7 0.75 0.9

∆fH
−◦ = −154.6

± = 0.9

Table 5.9: 3-formylfuran (trans): isodesmic reactions developed to compute ∆fH
−◦ (kJ mol−1).

For the 2-formylfurans, ∆fH
−◦ of the trans conformer (−157.7±0.9 kJ mol−1) is determined

from the predicted value for trans 3-formylfuran and ∆rH of 3.1 ± 0.2 kJ mol−1, with the

cis conformer (−154.7 ± 1.0 kJ mol−1) following from the trans conformer based on ∆rH =
−3.02± 0.4 kJ mol−1. The cis:trans ratio for 2-formylfuran is similar to that for 3-formylfuran

with cis:trans = 16.5:83.5, from which ∆fH
−◦ = −157.2 ± 1.4 kJ mol−1 (isodesmic) or ∆fH

−◦

= −156.7± 4.6 kJ mol−1 (atomisation) are calculated for 2-formylfuran.

There already exists recommendations on ∆fH
−◦ for both 2- and 3-formylfuran. The com-

puted formation enthalpy for 3-formylfuran of −154.0 ± 1.3 kJ mol−1 is in reasonably good
agreement with a recommendation of −151.9± 1.1 kJ mol−1 from Ribeiro da Silva [187], with
the atomisation computation of −153.6±4.3 kJ mol−1 in similar agreement. For 2-formylfuran,

the recommended literature assignment of −151.0 ± 4.6 kJ mol−1 from Pedley et al. [180] is
further from the calculated values of ∆fH

−◦ = −157.2 ± 1.4 kJ mol−1 (isodesmic) or ∆fH
−◦

= −156.7 ± 4.6 kJ mol−1 (atomisation). There may be an inconsistency in the literature rec-
ommendations for 2-formyl and 3-formylfuran, given that the theoretical methods consistently

predict that the cis or trans conformers of 2-formylfuran are 3–4 kJ mol−1 more stable than their
3-formyl- counterparts, but current literature recommendations [180, 187] predict no influence

of the site of formylation on the stability of these compounds.

For 5-methyl-2-formylfuran two isodesmics reactions have been developed, Table 5.10, which
lead to formation enthalpies of −203.2 ± 1.2 kJ mol−1 and −202.8 ± 1.2 kJ mol−1, and ulti-

mately, −203.0 ± 0.9 kJ mol−1 for the cis conformer. The trans conformer is computed from
∆rH(cis−trans) = 1.9 ± 0.5 kJ mol−1 and based on a cis:trans distribution of 31.1:68.9, a

formation enthalpy of −204.3± 1.3 kJ mol−1 is derived for a mixture of cis and trans 5-methyl-
2-formylfuran. This is in notably poor agreement with a determination of −196.8±1.8 kJ mol−1

from Ribeiro da Silva et al. [188] who measured, although a predicted ∆fH
−◦ of −204.4±6.8 kJ

mol−1 from the atomisation method reinforces the isodesmically derived value from this work.

One might doubt the validity of the results for 5-methyl-2-formylfuran, as the computed
formation enthalpy of 2-formylfuran was also found to disagree with previous experimental

determinations, and the formation enthalpy of 5-methyl-2-formylfuran is quite dependent on
that computed for the monoformylfuran as it is present as a chaperone in reactions (7) and

(8). One can therefore use the reaction 5-methyl-2-formylfuran + benzene 
 benzaldehyde +
2-methylfuran as a test, with the formation enthalpy of 2-methylfuran coming from a recent very

high level determination by Feller and Simmie [190] of −80.3±5.0 kJ mol−1. ∆rH is computed as
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(7) 5-methyl-2-formylfuran + methane = 2-formylfuran + ethane ∆rH

∆fH
−◦

−203.2 −74.55 −154.7 −83.77 39.3
± 1.2 0.6 1.0 0.16 0.2

(8) 5-methyl-2-formylfuran + benzene = 2-formylfuran + toluene ∆rH

∆fH
−◦

−202.8 82.93 −154.7 50.4 15.6
± 1.2 0.5 1.0 0.35 0.2

∆fH
−◦ = −203.0

± = 0.9

Table 5.10: 5-methyl-2-formylfuran (cis): isodesmic reactions developed to compute ∆fH
−◦ (kJ

mol−1). The cis conformer of 2-formylfuran is used as the companion species.

(9) 45DM2CHOF + benzene = 2-formylfuran + m-xylene ∆rH
∆fH

−◦
−236.8 82.93 −154.7 17.2 16.3

± 1.5 0.5 1.0 0.75 0.6

Table 5.11: 4,5-dimethyl-2-formylfuran (cis, 45DM2CHOF): isodesmic reaction developed to

compute ∆fH
−◦ (kJ mol−1). The cis conformer of 2-formylfuran is used as the companion

species.

2.50±1.0 kJ mol−1 with the formation of enthalpy of cis 5-methyl-2-formylfuran thus computed
as −202.9 ± 5.2 kJ mol−1, entirely consistent with reactions (7) and (8) which are dependent

on the computed enthalpy for 2-formylfuran. With some confidence in the determination of 5-
methyl-2-formylfuran ∆fH

−◦ , cis and trans 5-methyl-3-formylfuran can be determined based on

reaction enthalpies, with values of −196.3±1.1 kJ mol−1 and −201.3±1.1 kJ mol−1 computed,
respectively. A 13.7:86.4 cis:trans ratio leads to −200.8 ± 5.2 kJ mol−1 for the mixture, with

atomisation predicting −200.9± 6.3 kJ mol−1.

4,5-dimethyl-2-formylfuran has also been subjected to a thermochemical study where a
∆fH

−◦ of −236.8 ± 1.8 kJ mol−1 was recommended by Ribeiro da Silva et al. [188]. Based

on the cis conformer of 4,5-dimethyl-2-formylfuran, isodesmic reaction (9) in Table 5.11 can be
used to compute a formation enthalpy of −236.8 ± 1.5 kJ mol−1. The trans conformer follows

from a reaction enthalpy of 2.23 ± 0.4 kJ mol−1 with a ∆fH
−◦ of −239.0 ± 1.5 kJ mol−1. The

cis:trans ratio of 24.6:75.4 leads to ∆fH
−◦ = −238.4± 2.2 kJ mol−1 with atomisation similarly

predicting ∆fH
−◦ = −238.5±9.3 kJ mol−1. Both theoretical results are in remarkable agreement

with the experiment of Ribeiro da Silva et al. [188].

The 2,5-diformylfurans exist in three orientations (trans/trans, cis/trans, cis/cis) depending

on the O C C O dihedral angles. Pairing the trans/trans conformer with furan to form 2
× 2-formylfuran produces a near thermoneutral (∆rH = −6.2 ± 0.6 kJ mol−1) reaction which

implies ∆fH
−◦ = −274.4±1.6 kJ mol−1 for the bis(formyl)furan, Table 5.12. The cis/trans and

cis/cis conformers follow based on the enthalpies of reaction, Table 5.13 with ∆fH
−◦ = −271.5±

1.7 kJ mol−1 and −264.7±1.8 kJ mol−1 computed, respectively. The atomisation values for the
trans/trans, cis/trans and cis/cis conformers are given respectively as −274.4±3.3, −271.5±3.6

and −264.7± 3.8 kJ mol−1, in remarkable agreement with the isodesmic computations. Based
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(10) 2,5-diformylfuran + furan = 2-formylfuran + 2-formylfuran ∆rH

∆fH
−◦

−274.4 −34.8 −157.7 −157.7 −6.2
± 1.6 0.7 0.9 0.9 0.6

Table 5.12: 2,5-diformylfuran (trans/trans): isodesmic reaction developed to compute ∆fH
−◦

(kJ mol−1). The trans conformer of 2-formylfuran is used as the companion species.

2,5-diformylfuran (cis/trans) = 2,5-diformylfuran (trans/trans) ∆rH

∆fH
−◦

−271.5 −274.4 −3.0

± 1.7 1.6 0.4

2,5-diformylfuran (cis/cis) = 2,5-diformylfuran (trans/trans) ∆rH
∆fH

−◦
−264.7 −274.4 −9.8

± 1.8 1.6 0.9

Table 5.13: 2,5-diformylfuran: reaction enthalpies used to compute ∆fH
−◦ (kJ mol−1) of the

cis/trans and cis/cis conformers.

on a trans/trans:cis/trans ratio of 38:62, the final formation enthalpy for 2,5-diformylfuran is

computed as −273.3± 2.3 (isodesmic) and −273.3± 4.9 (atomisation).

The formation enthalpies of 3-formylfuran and 4,5-diformylfuran are found to be in good

agreement with experiment, and they are ultimately based on the formation enthalpy of 2-
formylfuran which was derived in an independent isodesmic reaction. However, the formation

enthalpy of 2-formylfuran derived from theory as part of this work is not in good agreement
with experiment, nor is that for 5-methylfuran-2-formylfuran which was also derived from 2-
formylfuran. The question arises, how can one recreate experimental formation enthalpies of

3-formylfuran and 4,5-diformylfuran based on a theoretically derived formation enthalpy of 2-
formylfuran, if the theory itself cannot replicate experiment for 2-formylfuran? Therefore the

literature appears inconsistent as one cannot recreate all of the experimentally recommended
formation enthalpies using a single theoretical thermochemical network, Table 5.31. It is difficult

to resolve these differences, but it seems unlikely that the isodesmic and atomisation enthalpies
which are in such excellent and independent agreement, are in error to the extent indicated by

experiment.

5.1.3 Acetylfurans: X C( O)CH3

2-acetylfuran has cis and trans forms depending on the orientation of the O C C O dihedral
angle. The cis conformer has had its formation enthalpy determined through two working

reactions, Table 5.14, both of which show excellent thermoneutrality, with ∆rH = 1.7±0.2 and
−0.9 ± 1.2 kJ mol−1. The computed formation enthalpies from reactions (11) and (12) are in

close agreement, predicting formation enthalpies of −206.1 ± 1.9 kJ mol−1 and −203.3 ± 1.6
kJ mol−1, with the final formation enthalpy of −204.5± 1.2 kJ mol−1 derived from pairing the

two. The trans conformer of 2-acetylfuran is more stable with ∆fH
−◦ = −210.9± 1.3 kJ mol−1

based on the heat of reaction with the cis conformer. The cis:trans ratio of 7.2:92.9 leads to a

formation enthalpy weighted heavily in favor of the more stable trans conformer at −210.6±1.8
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(11) 2-acetylfuran + benzene = furan + acetophenone ∆rH

∆fH
−◦

−206.1 82.93 −34.8 −86.7 1.7
± 1.9 0.5 0.7 1.7 0.2

(12) 2-acetylfuran + ethanal = 2-formylfuran + acetone ∆rH

∆fH
−◦

−203.3 −165.36 −154.7 −214.81 −0.9
± 1.6 0.3 1.0 0.26 1.2

∆fH
−◦ = −204.5

± = 1.2

Table 5.14: 2-acetylfuran (cis): isodesmic reaction developed to compute ∆fH
−◦ (kJ mol−1).

The cis conformer of 2-formylfuran is used as the companion species.

(13) 5-methyl-2-acetylfuran + ethane = 2-acetylfuran + propane ∆rH
∆fH

−◦
−252.4 −83.77 −204.5 −104.4 27.3

± 1.3 0.16 1.2 0.3 0.3

Table 5.15: 5-methyl-2-acetylfuran (cis): isodesmic reaction developed to compute ∆fH
−◦ (kJ

mol−1). The cis conformer of 2-acetylfuran is used as the companion species.

kJ mol−1.

For 5-methyl-2-acetylfuran an experimental determination of ∆fH
−◦ of −253.9±1.9 kJ mol−1

already exists [188]. Its formation enthalpy has been determined through isodesmic reaction via

isodesmic reaction (13) in Table 5.15, where the cis conformer has been paired with ethane, 2-
acetylfuran and propane, with ∆rH = 27.3±0.3 kJ mol−1, and ∆fH

−◦ of −252.4±1.3 kJ mol−1.

The trans conformer is determined as 257.8 ± 1.3 kJ mol−1 from the cis, through a computed
∆rH of 5.4 ± 0.2 kJ mol−1. The cis:trans ratio of 12.3:87.7 shows that the trans conformer is

favoured and the final formation enthalpy is therefore −257.1 ± 1.9 kJ mol−1 from isodesmic
reaction and −257.9± 10.1 kJ mol−1 from atomisation. The computed formation enthalpy, and

the experiment of Ribeiro da Silva [188], agree within their associated uncertainties.

To assess the validity of the isodesmic determination, the reaction 5-methyl-2-acetylfuran

+ benzene 
 2-methylfuran + acetophenone can be used as a check, leading to a formation
enthalpy of −260.6±5.3 kJ mol−1 based on ∆rH = 10.7±0.1 kJ mol−1 for the trans conformer.

The cis conformer follows with a computed formation enthalpy of −255.2 ± 5.3 kJ mol−1, and
for the mixture, −260.0 ± 7.5 kJ mol−1. This result, which is not incorporated into the final

recommendations but is used merely as a check, tends further from the experimental value and
may point to the experiment slightly underpredicting the stability of 5-methyl-2-acetylfuran.

From the computed formation enthalpies of the 5-methyl-2-acetlyfurans, the 5-methyl-3-
acetylfurans can be determined through ∆rH . For the cis conformer of the latter ∆fH

−◦ =

−248.6± 1.5 kJ mol−1, and for the trans ∆fH
−◦ = −251.5± 1.5 kJ mol−1. From a distribution

of 17.8:82.2 cis:trans, the final formation enthalpy of 5-methyl-3-acetylfuran is −251.0 ± 2.1 kJ

mol−1 (atomisation, −251.8± 9.4 kJ mol−1).

2,5-dimethyl-3-acethyl furan has also been determined experimentally, with ∆fH
−◦ = −294.6±

2.3 kJ mol−1 recommended by the same authors [189] who determined 5-methyl-2-acethylfuran
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(14) 25DM3AcF + benzene = 5-methyl-2-acetylfuran + toluene ∆rH

∆fH
−◦

−297.8 82.93 −252.4 50.4 12.9
± 1.5 0.5 1.3 0.35 0.3

Table 5.16: 2,5-dimethyl-3-acetylfuran (25DM3AcF, cis): Isodesmic reaction developed to com-
pute ∆fH

−◦ (kJ mol−1). The cis conformer of 5-methyl-2-acetylfuran is used as the companion

species.

previously [188]. The isodesmic reaction (14) in Table 5.16 below pairs cis 2,5-dimethyl-3-acetyl

furan with benzene, 5-methyl-2-acetylfuran and toluene, with ∆rH = 12.9± 0.3 kJ mol−1. The
cis conformer therefore has a formation enthalpy of −297.8 ± 1.5 kJ mol−1, with the trans

determined as −291.9 ± 1.5 kJ mol−1 based on a ∆rH with the cis of −5.9 ± 0.2 kJ mol−1.
The cis:trans ratio of 84.2:15.9 allows the final formation enthalpy of −297.2± 2.1 to be deter-

mined from isodesmic reactions (atomisation, −298.7±12.6 kJ mol−1). The result is within the
uncertainty of the experimental measurement.

For the acetylfurans discussed above there is in all cases an agreement with experiment,
when one considers the uncertainty in both the computed and measured values.

5.1.4 Hydroxymethylfurans: X CH2OH

2-hydroxymethylfuran varies in its conformational preferences GG, GG’ or GT (G = gauche, G’
= gauche-prime, trans = T) depending on orientations O C C O and C C O H dihedral

angles. The GG’ prime conformer is the most stable in terms of enthalpy and Gibbs energy and
two isodesmic reactions, (15) and (16) Table 5.17, have been used to determine its formation

enthalpy. Reaction (15) shows a lower ∆rH than (16) but both agree in terms of the computed
formation enthalpies of −219.3 ± 3.1 kJ mol−1 and −222.7 ± 1.2 kJ mol−1, leading to a final
result of −223.3 ± 1.2 kJ mol−1. The GG’ and GT conformers are computed from reaction

enthalpies, Table 5.20 as −221.2± 1.2 kJ mol−1 and −216.4± 1.1 kJ mol−1, respectively.

The GG’:GG:GTratio of 65.1:32.2:2.7 leads to a computed formation enthalpy of −221.7±2.0

kJ mol−1 indicating a negligible contribution of the least stable GT conformer. The result is in
quite poor agreement with derived values of −212 [186], −212.6 [180, 191], and −211.8± 2.1 kJ

mol−1, but again is reinforced with an independent atomisation computation of −221.7±7.8 kJ
mol−1 which still remains outside the uncertainty of any experimental recommendations. For

3-hydroxymethylfuran, only a single conformer is considered, GG’, with the formation enthalpy
computed to be −215.3±1.1 kJ mol−1 from a heat of reaction calculation with the GG’ conformer

2-hydroxymethylfuran, agreeing well with an atomisation computation of 214.7± 4.5 kJ mol−1.

For the 5-methyl-2-hydroxymethylfurans GG’ and GG conformers have been considered with
the former paired with benzene, 2-hydroxymethylfuran and toluene (Table 5.19) in an isodesmic

reaction with ∆rH of 11.9±0.3 kJ mol−1. A formation enthalpy of −266.7±1.3 is thus calculated,
with the GG conformer determined as −266.1± 1.3 kJ mol−1 from ∆rH with its rotamer. The

cis:trans distribution of 40:60 leads to a predicted formation enthalpy of −266.4±1.9 kJ mol−1.
GG’ and GG conformers of 5-methyl-3-hydroxymethylfuran can be determined from simple

heats of reaction with its predetermined 2-methyl counterpart, leading to ∆fH
−◦ −259.2 ± 1.9

kJ mol−1 from isodesmic reaction and −259.3± 8.3 kJ mol−1 from atomisation.

2,5-dihydroxymethylfuran exists in multiple rotameric forms depending on the orientation
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(15) 2CH2OHF (GG’) + benzene = furan + benzyl alcohol ∆rH

∆fH
−◦

−219.3 82.93 −34.8 −94.6 7.0
± 3.1 0.5 0.7 3 0.4

(16) 2CH2OHF (GG’) + methane = furan + ethanol ∆rH

∆fH
−◦

−222.7 −74.55 −34.8 −234.56 27.9
± 1.2 0.6 0.7 0.2 0.8

∆fH
−◦ = −222.3

± = 1.1

Table 5.17: 2-hydroxymethylfuran (2CH2OHF, GG’): isodesmic reaction developed to compute

∆fH
−◦ (kJ mol−1).

2CH2OHF (GG) = 2CH2OHF (GG’) ∆rH
∆fH

−◦
−221.2 −222.3 −1.1

± 1.2 1.1 0.3

2CH2OHF (GT) = 2CH2OHF (GG’) ∆rH
∆fH

−◦
−216.4 −222.3 −5.9

± 1.1 1.1 0.1

Table 5.18: of 2-hydroxymethylfuran (2CH2OHF): reaction enthalpies (kJ mol−1) used to com-

pute ∆fH
−◦ (kJ mol−1) of the GG and GT conformers.

(17) 5M2CH2OHF (GG’) + benzene = 2CH2OHF + toluene ∆rH

∆fH
−◦

−266.7 82.93 −222.3 50.4 11.9
± 1.3 0.5 1.1 0.35 0.3

Table 5.19: 5-methyl-2-hydroxymethylfuran (5M2CH2OHF, GG’): isodesmic reaction developed
to compute ∆fH

−◦ (kJ mol−1). The GG’ conformer of 2-hydroxymethylfuran (2CH2OHF) is
used as the companion species.

2CH2OHF (GG) = 2CH2OHF (GG’) ∆rH
∆fH

−◦
−221.2 −222.3 −1.1

± 1.2 1.1 0.3

2CH2OHF (GT) = 2CH2OHF (GG’) ∆rH
∆fH

−◦
−216.4 −222.3 −5.9

± 1.1 1.1 0.1

Table 5.20: 2-hydroxymethylfuran (2CH2OHF): reaction enthalpies (kJ mol−1) used to compute

formation enthalpies for the GG and GT conformers.
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(18) 25CH2OHF (GG/G’G) + furan = 2CH2OHF + 2CH2OHF ∆rH

∆fH
−◦ −409.9 −34.8 −222.3 −222.3 0.2

± 1.8 0.7 1.1 1.1 0.6

Table 5.21: 2,5-dihydroxymethylfuran (25CH2OHF, GG’): isodesmic reaction developed to com-
pute ∆fH

−◦ (kJ mol−1). The GG’ conformer of 2-hydroxymethylfuran (2CH2OHF) is used as

the companion species.

25CH2OHF GG/GG = 25CH2OHF GG/G’G ∆rH

∆fH
−◦

−407.6 −409.9 −2.3
± 1.9 1.8 0.4

25CH2OHF GG/GG’ = 25CH2OHF GG/G’G ∆rH

∆fH
−◦

−409.5 −409.9 −0.4
± 1.8 1.8 0.1

25CH2OHF GG’/GG’ = 25CH2OHF GG/G’G ∆rH

∆fH
−◦

−409.6 −409.9 −0.3
± 1.8 1.8 0.2

25CH2OHF GT/GT = 25CH2OHF GG/G’G ∆rH
∆fH

−◦
−409.6 −409.9 −0.3

± 1.8 1.8 0.2

25CH2OHF GT/GG’ = 25CH2OHF GG/G’G ∆rH
∆fH

−◦
−404.7 −409.9 −5.2

± 1.8 1.8 0.1

Table 5.22: 2,5-dihydroxymethylfuran (25CH2OHF): reaction enthalpies used to compute∆fH
−◦

(kJ mol−1) of all conformers.

of the two hydroxymethyl groups. The lowest energy GG’/G’G can be coupled with furan

and a pair of 2-hydroxymethylfuran in a reaction (Table 5.21) with virtually no enthalpy change
(∆rH = 0.2±0.6) with ∆fH

−◦ computed to be −409.9±1.8 kJ mol−1 (atomisation, −409.2±5.3

kJ mol−1). The formation enthalpies of all other conformers follow from ∆rH with the GG/G’G
conformer, Table 5.22, with the enthalpy of formation of the mixture calculated as −409.2±4.5

kJ mol−1 (atomisation, −408.4± 13.2 kJ mol−1).

Hydroxymethylfurfural (HMF) exists in seven low energy conformations depending on the

orientation of the aldehyde ( CH O, trans or cis) and hydroxymethyl ( CH2OH, GG, GG’,
G’G, TT, TG’) groups. The lowest energy trans GG’ conformer has been determined based on

two isodesmic reaction, (19) and (20) Table 5.23. The first pairs HMF with furan forming 2-
hydroxymethylfuran and 2-formylfuran which were determined previously. The reaction exhibits

excellent thermoneutrality as one might anticipate, with ∆rH = 2.6± 0.1 kJ mol−1 and ∆fH
−◦

thus equal to −344.8 ± 1.7 kJ mol−1. Reaction (2) is a little bit more indirect, pairing HMF

with two methanes, furan, ethanol and ethanal. As expected the reaction is not thermoneutral,
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(19) HMF + furan = 2CH2OHF + 2CHOF ∆rH

∆fH
−◦

−344.8 −34.8 −222.3 −154.7 2.6
± 1.7 0.7 1.1 1.0 0.1

(20) HMF + 2(Methane) = Furan + Ethanol + Ethanal ∆rH
∆fH

−◦
−346.4 2(−74.55) −34.8 −234.56 −165.36 60.7

± 2.1 2(0.6) 0.7 0.2 0.3 1.8

∆fH
−◦ = −345.4

± = 1.3

Table 5.23: 5-hydroxymethyl-2-formylfuran (HMF, trans GG’): isodesmic reaction developed to
compute ∆fH

−◦ (kJ mol−1). The GG’ conformer of 2-hydroxymethylfuran (2CH2OHF), and cis

conformer of 2-formylfuran (2CHOF) are used as the companion species.

but the computed formation enthalpy of −346.4 ± 2.1 kJ mol−1 is in good agreement with
the homodesmotic reaction. A combination of both isodesmic reactions leads to ∆fH

−◦ of
−345.4± 1.3 kJ mol−1 which is confirmed with an atomisation computation of −344.6± 4.1 kJ

mol−1.

From the computed formation enthalpy of the trans GG’ conformer, all other conformers can
be computed based on reaction enthalpies, Table 5.24. Together with the distributions reported

in Table 5.31 a final formation enthalpy for HMF can be computed as −343.4 ± 3.7 kJ mol−1,
in excellent agreement with an atomisation result of −342.6 ± 11.7. This value is compared

with the result of Verevkin et al. [193] who measured ∆fH
−◦ of HMF as −334.2 ± 1.4. The

calculations therefore over-predict the stability of HMF relative to experiment, although is in

better agreement with the experimentalists G3MP2 computations of −339.1 kJ mol−1 based
on the atomisation method. Assary and co-workers [194] also reported formation enthalpies of

−339.7 and 343.5 kJ mol−1 for the lowest energy conformer of HMF, based on G4MP2 and
G4 calculations, which again agrees more closely with the calculations of this work than the
experiments of Verevkin [193].

5.1.5 Methoxyfurans: X OCH3

Both 2- and 3-methoxyfuran have been studied theoretically previously by Hudzik and Bozzelli

[195] where the formation enthalpies of the trans conformer of 2-methoxyfuran (−188.3±0.2 kJ
mol−1) and cis conformer the 3-methoxyfuran (−172.0± 0.4 kJ mol−1) were determined. Here,
three working reactions are used to determine the formation enthalpy of the cis conformer of

2-methoxyfuran, Table 5.25. Reaction (21) couples the ether with benzene, furan and anisole in
an isodesmic reaction with excellent thermoneutrality (∆rH = −5.0± 0.3 kJ mol−1) leading to

∆fH
−◦ = −185.0± 4.0 kJ mol−1.

Reactions (22) and (23) confirm the result despite their large reaction enthalpies, with ∆fH
−◦

= −185.2±1.9 and ∆fH
−◦ = −184.2±1.2 kJ mol−1, respectively, leading to a formation enthalpy

of −184.5 ± 1.0 kJ mol−1. The trans conformer is determined subsequently based on the heat
of reaction with the cis conformer, leading to −189.4 ± 1.1 kJ mol−1 as the computed heat

of formation. Based on cis:trans ratio 51.1:48.9 the final computed value for the mixture is
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cis TT = trans GG’ ∆rH

∆fH
−◦

−340.7 −345.4 −4.6
± 1.4 1.3 0.5

cis TG’ = trans GG’ ∆rH

∆fH
−◦

−342.2 −345.4 −3.1
± 1.5 1.3 0.7

cis GG = trans GG’ ∆rH
∆fH

−◦
−337.7 −345.4 −7.7

± 1.4 1.3 0.5

cis G’G’ = trans GG’ ∆rH
∆fH

−◦
−340.5 −345.4 −4.9

± 1.4 1.3 0.6

trans TT = trans GG’ ∆rH
∆fH

−◦
−341.8 −345.4 −3.6

± 1.3 1.3 0.2

Table 5.24: Hydroxymethylfurfural: reaction enthalpies used to compute ∆fH
−◦ (kJ mol−1) of

all conformers.

−186.9±1.5 kJ mol−1 based on isodesmic reaction and −189.1±7.2 kJ mol−1 from atomisation.

The 3-methoxyfurans follow readily from the 2-methoxyfurans based on reaction enthalpies,

with ∆fH
−◦ (cis) = −172.6±1.0 kJ mol−1 and ∆fH

−◦ (trans) = −166.1±1.7 kJ mol−1. The heat
of formation of the mixture is comptued as −172.0±1.9 kJ mol−1 (isodesmic) and −174.2±8.0

kJ mol−1 (atomisation) based on cis:trans = 90.4:9.6. The computed formation enthalpies of
trans 2-methoxy- and cis 3-methoxyfuran are in excellent agreement with the results of Hudzik

and Bozzelli [195].

The formation enthalpy of 5-methyl-2-methoxyfuran can be determined based on benzene,

2-methoxyfuran and toluene chaperones, Table 5.26. With a reaction enthalpy of −4.61±0.7 kJ
mol−1 a heat of formation of −232.5 ± 1.5 kJ mol−1 is computed for the trans conformer, and

−227.9± 1.6 kJ mol−1 for the cis. The distribution of 60.4:39.6 for the cis:trans rotamers leads
to a formation enthalpy of −229.7±2.2 kJ mol−1 from isodesmic reactions, and −232.6±9.9 kJ

mol−1 from atomisation. From reaction enthalpies with 5-methyl-2-methoxyfuran, cis and trans
5-methyl-3-methoxyfuran can be determined, and based on a cis:trans ratio of 90.9:9.1 ∆fH

−◦

= −216.5 ± 3.5 and −219.4± 8.7 kJ mol−1 are calculated from the isodesmic and atomisation
methods.

5.1.6 Furoic Acids: X C( O)OH

2- and 3-furancarboxylic acids have been subject to previous experimental thermochemical in-
vestigations, with heats of formation of −410.3 ± 2.1 and −415.8 ± 1.7 kJ mol−1 reported by

Roux and co-workers [196]. Three working reactions have been used in this work to determine
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(21) 2MeOF + benzene = furan + anisole ∆rH

∆fH
−◦

−185.0 82.93 −34.8 −72.26 −5.0
± 4.0 0.5 0.7 3.9 0.3

(22) 2MeOF + methane = furan + dimethyl ether ∆rH
∆fH

−◦
−185.2 −74.55 −34.8 −184.02 40.9

± 1.9 0.6 0.7 0.43 1.6

(23) 2MeOF + formaldehyde = furan + methyl formate ∆rH
∆fH

−◦
−184.2 −109.16 −34.8 −357.8 −99.3

± 1.2 0.1 0.7 0.6 0.7

∆fH
−◦ = −184.5

± = 1.0

Table 5.25: 2-methoxyfuran (2MeOF, cis): isodesmic reaction developed to compute ∆fH
−◦ (kJ

mol−1).

(24) 5M2MeOF + benzene = 2MeOF + toluene ∆rH
∆fH

−◦
−232.5 82.93 −189.4 50.4 10.6

± 1.5 0.5 1.1 0.35 0.7

Table 5.26: 5-methyl-2-methoxyfuran (5M2MeOF, trans): isodesmic reaction developed to com-

pute ∆fH
−◦ (kJ mol−1). The trans conformer of 2-methoxy furan (2MeOF) is used as the

companion species.
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(25) 2-furoic acid + benzene = furan + benzoic acid ∆rH

∆fH
−◦

−406.5 82.93 −34.8 −294.1 −5.4
± 2.4 0.5 0.7 2.2 0.3

(26) 2-furoic acid + methane = furan + acetic acid ∆rH

∆fH
−◦

−413.2 −74.55 −34.8 −432.22 20.7
± 1.8 0.6 0.7 1.5 0.6

(27) 2-furoic acid + ethane = furan + propanoic acid ∆rH
∆fH

−◦
−414.7 −83.77 −34.8 −455.8 7.8

± 2.2 0.16 0.7 2 0.4

∆fH
−◦ = −411.9

± = 1.2

Table 5.27: 2-furoic acid (cis): isodesmic reaction developed to compute ∆fH
−◦ (kJ mol−1).

∆fH
−◦ , Table 5.27. The first couples the cis conformer with benzene, furan and benzoic acid in

a near thermoneutral reaction of −5.4 ± 0.3 kJ mol−1 with ∆fH
−◦ = −406.5 ± 2.38 kJ mol−1.

Reactions (25) and (26) show reasonable thermoneutralities but lead to very different formation
enthalpies of −413.2± 1.9 and −414.7± 2.2 kJ mol−1.

The atomisation method is in good agreement with the latter two determinations with
−411.7±4.1 kJ mol−1 computed suggesting that reaction (25) is probably an outlier, but is still

included in the final calculated ∆fH
−◦ of −411.9± 1.2 kJ mol−1. The trans conformer follows

from a reaction enthalpy of 0.53 ± 0.3 kJ mol−1 with −412.4 ± 1.2 the result and based on a

cis:trans ratio of 48.4:51.6, 2-furoic acid is computed to have a formation enthalpy of −412.2±1.7
(isodesmic) and −411.9 ± 6.0 (atomisation) kJ mol−1. The results are in excellent agreement
with the recommendation of Roux et al. [196], Table 5.31

The 3-furancarboxylic acids can be determined from the now known 2-furoic acid, with the
∆fH

−◦ (cis) = −415.2 ± 1.3 kJ mol−1, ∆fH
−◦ (trans) = −416.6 ± 1.4 kJ mol−1 and based on

cis:trans 35.5:64.5, the mixture has a formation enthalpy of −416.1±1.8 kJ mol−1 (atomisation,
−415.8± 5.4).

The methylated furoic acids can be determined based on the working reaction in Table 5.28,

which shows a good thermoneutrality. 5-methyl-2-furoic acid therefore has a heat of formation
of −459.4±2.0 kJ mol−1 (atomisation,−459.9±7.5), and for 5-methyl-3-furoic acid −462.0±2.1

kJ mol−1 (atomisation, −462.4± 6.6).

The heat of formation of 2,5-dimethyl-3-furoic acid has been determined experimentally by
Ribeiro da Silva et al. [189] with −499.5± 1.6 kJ mol−1 recommended. The isodesmic reaction,

Table 5.29, yields an enthalpy of reaction of 31.0 ± 0.67 kJ mol−1 and enthalpy of formation
of −511.3 ± 1.7 kJ mol−1 for the cis conformer, with the trans calculated to be −508.6 ± 1.7

kJ mol−1 based on ∆rH with the cis. A cis:trans distribution of 66.7:33.3 leads to a computed
formation enthalpy of −510.4 ± 2.4 kJ mol−1 which does not agree with the recommendation

of Ribeiro da Silva [189]. Atomisation leads to a similar result as from isodesmic reaction, with
∆fH

−◦ of −511.6± 9.2. Despite the large uncertainty in this calculation, it still lies outside the

realms of the experimental uncertainty, and the literature recommendation may therefore be an
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(28) 5-methyl-2-furoic acid + benzene = 2COOHF + toluene ∆rH

∆fH
−◦

−459.3 82.93 −411.9 50.4 14.8
± 1.4 0.5 1.2 0.35 0.2

Table 5.28: 5-methyl-2-furoic acid (cis): isodesmic reaction developed to compute ∆fH
−◦ (kJ

mol−1). The cis conformer of 2-furoic acid (2COOHF) is used as the companion species.

(29) 25DM3COOHF 2(benzenes) = 3COOHF + 2(toluenes) ∆rH
∆fH

−◦
−511.3 2(82.93) −415.2 2(50.4) 31.0

± 1.7 2(0.5) 1.3 2(0.35) 0.7

Table 5.29: 2,5-dimethyl-3-furoic acid (25DM3COOHF, cis): isodesmic reaction developed to

compute ∆fH
−◦ (kJ mol−1). The cis conformer of 3-furoic acid (3COOHF) is used as the

companion species.

underestimate of the true heat of formation based on the current theory.
In the case of 2,5-difuroic acid, there are three conformers, cis/cis, cis/trans and trans/-

trans. The cis/cis conformer is computed from isodesmic reaction with furan and 2-furoic acid
chaperones, Table 5.30, and with ∆rH = −7.5±0.8 kJ mol−1, ∆fH

−◦ = −781.5±2.0 kJ mol−1 re-

sults. The cis/trans and trans/trans conformers are subsequently computed as −783.5±2.0 and
−784.6±2.1 kJ mol−1 based on ∆rH with the cis/cis conformer. Distributions of 18.0:34.3:47.6

for cis/cis:cis/trans:trans/trans lead to a final computed ∆fH
−◦ of −782.9±3.5 and −783.3±11.0

kJ mol−1 from the isodesmic and atomisation methods, in substantally good agreement with

one another.

(30) 25COOHF furan = 2COOHF + 2COOHF ∆rH

∆fH
−◦

−781.5 −34.8 −411.9 −411.9 −7.5
± 2.0 0.7 1.2 1.2 0.8

Table 5.30: 2,5-difuroic acid (25COOHF, cis/cis): isodesmic reaction developed to compute
∆fH

−◦ (kJ mol−1). The cis conformer of 2-furoic acid (2COOHF) is used as the companion

species.
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Table 5.31: Formation enthalpies (kJ mol−1) of all species computed via the isodesmic and atomisation methods, with literature
determinations where available. Values in parenthesis are (1σ, 2σ) or experimental uncertainties.

Species Isodesmic Atomisation Distribution Literature

Furanols

2-furanol cis −210.2 (0.7, 1.0) −208.4 (4.0, 8.0) 86.4

2-furanol trans −206.3 (0.7, 1.1) −204.6 (4.1, 8.2) 13.6
2-furanol −209.6 (1.0, 1.5) −207.9 (5.7, 11.4) −212.10 (0.1) [186]

3-furanol cis −188.9 (0.7, 1.1) −187.2 (3.9, 7.8) 47.6
3-furanol trans −187.5 (0.8, 1.3) −185.8 (3.6, 7.2) 52.4
3-furanol −188.2 (1.1, 1.7) −186.5 (5.3, 10.6)

5-methyl-2-furanol cis −253.0 (1.0, 1.3) −252.0 (5.3, 10.6) 85.6
5-methyl-2-furanol trans −249.5 (1.0, 1.4) −248.5 (5.4, 10.8) 14.4

5-methyl-2-furanol −252.5 (1.4, 1.9) −251.5 (7.6, 15.2)
5-methyl-3-furanol cis −233.8 (1.0, 1.4) −232.8 (5.0, 10.0) 45.9

5-methyl-3-furanol trans −232.3 (1.1, 1.6) −231.3 (4.7, 9.4) 54.1
5-methyl-3-furanol −232.9 (1.5, 2.2) −231.9 (6.8, 13.6)

Formylfurans

2-formylfuran cis −154.7 (1.0, 1.4) −154.2 (3.4, 6.8) 16.5

2-formylfuran trans −157.7 (0.9, 1.2) −157.2 (3.1, 6.2) 83.5
2-formylfuran −157.2 (1.4, 1.8) −156.7 (4.6, 9.2) −151.00 (4.6) [180]

3-formylfuran cis −150.3 (0.9, 1.2) −149.8 (3.0, 6.0) 13.3
3-formylfuran trans −154.6 (0.9, 1.1) −154.1 (3.1, 6.2) 86.7

3-formylfuran −154.0 (1.3, 1.6) −153.6 (4.3, 8.6) −151.90 (1.1) [187]
5-methyl-2-formylfuran cis −203.0 (0.9, 1.1) −203.1 (5.0, 10.0) 31.1

5-methyl-2-formylfuran trans −204.9 (1.0, 1.4) −204.9 (4.6, 9.2) 68.9
5-methyl-2-formylfuran −204.3 (1.3, 1.8) −204.4 (6.8, 13.6) −196.8 (1.8) [188]

5-methyl-3-formylfuran cis −196.3 (1.1, 1.8) −196.4 (4.3, 8.6) 13.7
5-methyl-3-formylfuran trans −201.3 (1.1, 1.9) −201.3 (4.6, 9.2) 86.4
5-methyl-3-formylfuran −200.8 (1.6, 2.6) −200.9 (6.3, 12.6)

4,5-dimethyl-2-formylfuran cis −236.8 (1.5, 2.1) −236.8 (6.8, 13.6) 24.6
4,5-dimethyl-2-formylfuran trans −238.9 (1.6, 2.2) −239.0 (6.3, 12.6) 75.4

4,5-dimethyl-2-formylfuran −238.4 (2.2, 3.0) −238.5 (9.3, 18.6) −236.80 (1.8) [189]
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Table 5.31: Formation enthalpies (kJ mol−1) of all species computed via the isodesmic and atomisation methods, with literature
determinations where available. Values in parenthesis are (1σ, 2σ) or experimental uncertainties.

Species Isodesmic Atomisation Distribution Literature

2,5-diformylfuran cis/cis −264.7 (1.8, 2.7) −264.7 (3.8, 7.6) <3%

2,5-diformylfuran cis/trans −271.5 (1.7, 2.3) −271.5 (3.6, 7.2) 38.0
2,5-diformylfuran trans/trans −274.4 (1.6, 2.1) −274.4 (3.3, 6.6) 62.0

2,5-diformylfuran −273.3 (2.3, 3.1) −273.3 (4.9, 9.8)

Acetylfurans

2-acetylfuran cis −204.5 (1.2, 1.6) −205.0 (5.3, 10.6) 7.2
2-acetylfuran trans −210.9 (1.3, 1.7) −211.5 (5.0, 10.0) 92.9

2-acetylfuran −210.7 (1.8, 2.4) −211.2 (7.3, 14.6) −207.40 (1.3) [187]
3-acetylfuran cis −202.5 (1.3, 1.8) −203.1 (4.9, 9.8) 21.2

3-acetylfuran trans −205.2 (1.3, 1.8) −205.7 (5.0, 10.0) 78.8
3-acetylfuran −204.6 (1.9, 2.6) −205.2 (7.0, 14.0)

5-methyl-2-acetylfuran cis −252.4 (1.3, 1.7) −253.1 (7.3, 14.6) 12.3
5-methyl-2-acetylfuran trans −257.8 (1.3, 1.8) −258.6 (7.0, 14.0) 87.7

5-methyl-2-acetylfuran −257.1 (1.9, 2.5) −257.9(10.1, 20.2) −253.90 (1.9) [188]
5-methyl-3-acetylfuran cis −248.6 (1.5, 2.1) −249.4 (6.6, 13.2) 17.8

5-methyl-3-acetylfuran trans −251.5 (1.5, 2.2) −252.3 (6.7, 13.4) 82.2
5-methyl-3-acetylfuran −250.9 (2.1, 3.0) −251.8 (9.4, 18.8)
2,5-dimethyl-3-acetylfuran cis −297.8 (1.5, 1.9) −299.3 (8.9, 17.8) 84.2

2,5-dimethyl-3-acetylfuran trans −291.9 (1.5, 2.0) −293.4 (9.0, 18.0) 15.9
2,5-dimethyl-3-acetylfuran −297.2 (2.1, 2.8) −298.7 (12.7, 25.4) −294.60 (2.3) [189]

Hydroxymethylfurans

2-hydroxymethylfuran GG’ −222.3 (1.1, 1.6) −221.7 (4.4, 8.8) 65.1
2-hydroxymethylfuran GG −221.2 (1.2, 1.7) −220.6 (4.7, 9.4) 32.2

2-hydroxymethylfuran GT −216.4 (1.2, 1.6) −215.8 (4.5, 9.0) 2.7
2-hydroxymethylfuran −221.8 (2.0, 2.8) −221.1 (7.8, 15.6) −211.8 (2.1) [180]
3-hydroxymethylfuran GG’ −215.3 (1.1, 1.6) −214.7 (4.5, 9.0)

5-methyl-2-hydroxymethylfuran GG’ −266.7 (1.3, 1.8) −266.8 (6.0, 12.0) 40.0
5-methyl-2-hydroxymethylfuran GG −266.1 (1.3, 1.8) −266.2 (6.2, 13.2) 60.0

5-methyl-2-hydroxymethylfuran −266.4 (1.9, 2.6) −266.5 (8.6, 17.2)
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Table 5.31: Formation enthalpies (kJ mol−1) of all species computed via the isodesmic and atomisation methods, with literature
determinations where available. Values in parenthesis are (1σ, 2σ) or experimental uncertainties.

Species Isodesmic Atomisation Distribution Literature

5-methyl-3-hydroxymethylfuran GG’ −260.2 (1.3, 1.8) −260.3 (5.9, 11.8) 76.2

5-methyl-3-hydroxymethylfuran GG −255.9 (1.3, 1.8) −256.1 (5.9, 11.8) 23.8
5-methyl-3-hydroxymethylfuran −259.2 (1.9, 2.6) −259.3 (8.3, 16.6)

5-hydroxymethyl-2-formylfuran (cis GG’) −344.7 (1.4, 2.0) −343.9 (4.3, 8.6) 21.1
5-hydroxymethyl-2-formylfuran (cis TT) −340.8 (1.4, 2.2) −339.9 (4.5, 9.0) 9.3

5-hydroxymethyl-2-formylfuran (cis TG’) −342.2 (1.5, 2.4) −341.5 (4.7, 9.4) 6.2
5-hydroxymethyl-2-formylfuran (cis GG) −337.7 (1.4, 2.2) −336.9 (4.5, 9.0) 3.2

5-hydroxymethyl-2-formylfuran (cis G’G’) −340.5 (1.5, 2.3) −339.7 (4.5, 9.0) 3.8
5-hydroxymethyl-2-formylfuran (trans GG’) −345.4 (1.3, 1.9) −344.6 (4.1, 8.2) 33.5

5-hydroxymethyl-2-formylfuran (trans TT) −341.8 (1.3, 1.9) −341.0 (4.2, 8.4) 22.9
5-hydroxymethyl-2-formylfuran −343.4 (3.7, 5.6) −342.6 (11.7, 23.4) −334.20 (1.4) [193]
2,5-dihydroxymethylfuran (GG/GG) −407.6 (1.9, 2.7) −409.6 (5.4, 10.8) 5.8

2,5-dihydroxymethylfuran (GG/GG’) −409.5 (1.8, 2.6) −407.3 (5.7, 11.4) 31.8
2,5-dihydroxymethylfuran (GG/G’G) −409.9 (1.8, 2.6) −409.2 (5.3, 10.6) 36.3

2,5-dihydroxymethylfuran (GG’/GG’) −409.6 (1.9, 2.6) −409.6 (5.4, 10.8) 18.5
2,5-dihydroxymethylfuran (GT/GT) −409.6 (1.9, 2.6) −409.3 (5.2, 10.4) 0.6

2,5-dihydroxymethylfuran (GT/GG’) −404.7 (1.9, 2.6) −404.5 (5.3, 10.6) 7.0
2,5-dihydroxymethylfuran −409.2 (4.5, 6.4) −408.4 (13.2, 26.4)

Methoxyfurans

2-methoxyfuran cis −184.5 (1.0, 1.4) −186.6 (4.9, 9.8) 51.1

2-methoxyfuran trans −189.4 (1.1, 1.8) −191.6 (5.3, 10.6) 48.9 −188.30 (0.2) [195]
2-methoxyfuran −186.9 (1.5, 2.3) −189.1 (7.2, 14.4)

3-methoxyfuran cis −172.6 (1.0, 1.5) −174.8 (5.0, 10.0) 90.4 −172.00 (0.4) [195]
3-methoxyfuran trans −166.1 (1.7, 3.1) −168.3 (6.2, 13.4) 9.6

3-methoxyfuran −171.9 (1.9, 3.4) −174.2 (8.0, 16.0)
5-methyl-2-methoxyfuran cis −227.9 (1.6, 2.8) −230.8 (6.7, 13.4) 60.4

5-methyl-2-methoxyfuran trans −232.5 (1.5, 2.4) −235.4 (7.3, 14.6) 39.6
5-methyl-2-methoxyfuran −229.7 (2.2, 3.6) −232.6 (9.9, 19.8)
5-methyl-3-methoxyfuran cis −217.3 (2.6, 4.9) −220.2 (6.7, 13.4) 90.9
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Table 5.31: Formation enthalpies (kJ mol−1) of all species computed via the isodesmic and atomisation methods, with literature
determinations where available. Values in parenthesis are (1σ, 2σ) or experimental uncertainties.

Species Isodesmic Atomisation Distribution Literature

5-methyl-3-methoxyfuran trans −208.8 (2.3, 4.3) −211.7 (5.6, 11.2) 9.1

5-methyl-3-methoxyfuran −216.5 (3.5, 6.5) −219.4 (8.8, 17.6)

Furoic Acids

2-furoic acid cis −411.9 (1.2, 1.3) −411.7 (4.1, 8.2) 48.4

2-furoic acid trans −412.4 (1.2, 1.4) −412.2 (4.3, 8.6) 51.6
2-furoic acid −412.2 (1.7, 1.9) −411.9 (6.0, 12.0) −410.30 (2.1) [196]
3-furoic acid cis −415.3 (1.3, 1.5) −415.0 (3.8, 7.6) 35.5

3-furoic acid trans −416.6 (1.3, 1.5) −416.3 (3.9, 1.8) 64.5
3-furoic acid −416.1 (1.8, 2.1) −415.8 (5.4, 10.8) −415.80 (1.7) [196]

5-methyl-2-furoic acid cis −459.3 (1.4, 1.5) −459.7 (5.2, 10.4) 50.0
5-methyl-2-furoic acid trans −459.5 (1.4, 1.6) −460.0 (5.4, 10.8) 50.0

5-methyl-2-furoic acid −459.4 (2.0, 2.2) −459.9 (7.5, 15.0)
5-methyl-3-furoic acid cis −461.2 (1.5, 1.8) −461.6 (4.7, 9.4) 42.9

5-methyl-3-furoic acid trans −462.6 (1.5, 1.8) −463.0 (4.7, 9.4) 57.1
5-methyl-3-furoic acid −461.9 (2.1, 2.6) −462.4 (6.6, 13.2)

2,5-dimethyl-3-furoic acid cis −511.3 (1.7, 2.0) −512.5 (6.5, 13.0) 66.7
2,5-dimethyl-3-furoic acid trans −508.6 (1.7, 2.0) −509.8 (6.5, 13.0) 33.3
2,5-dimethyl-3-furoic acid −510.4 (2.4, 2.9) −511.6 (9.2, 18.4) −499.50 (1.6) [189]

2,5-difuroic acid cis/cis −781.5 (2.0, 2.6) −781.9 (6.3, 12.6) 18.0
2,5-difuroic acid cis/trans −783.5 (2.0, 2.6) −783.9 (6.3, 12.6) 34.3

2,5-difuroic acid trans/trans −784.6 (2.1, 2.7) −785.1 (6.4, 12.8) 47.6
2,5-difuroic acid −782.9 (3.5, 4.6) −783.3 (11.0, 22.0)
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CHAPTER 5. A THERMOCHEMICAL STUDY OF SUBSTITUTED FURANS

Figure 5.1: Linear correlation of computed ∆fH
−◦ for substituted furans from the atomisation

and isodesmic methods.

5.2 New Insights on The Atomisation Method

The results presented in Table 5.31 illustrate quite clearly that the isodesmic reaction method

leads to formation enthalpies with quite narrow 2σ uncertainty limits due to cancellation of
errors in the computation of ∆rH for a single computational method, coupled with the use
of three computational methods to determine ∆rH . For the atomisation method, only the

indvidual atoms and the final molecule are considered in the computation of ∆fH
−◦ . Thus,

error-cancellation for a given model chemistry is quite poor, and the resultant uncertainties are

quite large—up to 26.4 kJ mol−1 in the most drastic instance.

However, despite the large uncertainty in the atomsiation formation enthalpies, the average

∆fH
−◦ computed from atomisation based on the CBS-QB3, CBS-APNO and G3 methods dis-

plays a remarkable agreement (−0.41±2.2 kJ mol−1) with those formation enthalpies computed
from isodesmic reactions. Indeed, Figure 5.1 illustrates that the two are linearly correlated (R2

= 0.99), and that the average atomisation formation enthalpy can be related to the isodesmically
computed values for furans via (kJ mol−1):

∆fH
−◦ (Atomisation) = ∆fH

−◦ (Isodesmic) + 0.24 (5.6)

Figure 5.2 illustrates the possible cause for this behaviour, where the differences between the

computed atomisation formation enthalpies and isodesmically determined values are illustrated
as a function of the latter. The CBS-APNO method in isolation tends to underpredict the

isodesmic computation by −5.57 ± 4.9 kJ mol−1, G3 tends to overpredict the isodesmic values
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5.2. NEW INSIGHTS ON THE ATOMISATION METHOD

Figure 5.2: A comparison of the atomisation and isodesmic ∆fH
−◦ of substituted furans from

the CBS-QB3, CBS-APNO, and G3 methods, with an average of all three.

at +4.17± 2.4 kJ mol−1, and it can be argued that the CBS-QB3 method in isolation produces
atomisation formation enthalpies which are in reasonable agreement with isodesmic predictions,
the difference on average being +0.16± 4.4 kJ mol−1.

The reason for the large uncertainty in the computed atomisation formation enthalpies in

Table 5.31 is a result of the CBS-APNO method’s consistent underprediction of the “true”
formation enthalpy (isodesmically derived) by ≈ −5 kJ mol−1 and the G3 method’s consistent

overprediction of the “true” formation enthalpy by some 4 kJ mol−1, which generally leads to a
≈ 10 kJ mol−1 spread in the estimated formation enthalpy. However, if an average of all three

methods is taken, the atomisation results are in exceptionally good agreeement with isodesmic
computations, tending to be within −0.41 ± 2.2 kJ mol−1 of the isodesmic computations with
2σ confidence.

So, whilst there is a definite lack of an error cancellation effect in the atomisation procedure

for any single compound method used, there is a definite error cancellation effect if one uses a
combination of the CBS-QB3, CBS-APNO and G3 methods.

It is unknown at this juncture whether the error cancellation observed above is unique to
the combination of CBS-QB3, CBS-APNO and G3 methods when computing ∆fH

−◦ , or if other

compound methods could produce similar results. It is also unclear whether this behavior
applies to other systems as well as it does for the furans. It is worth noting that an average

of the CBS-QB3, CBS-APNO and G3 atomisation formation enthalpies for the standards used
as part of this work, shows a good correlation with the literature assignments for these species,

Figure 5.3. Figure 5.4 also illustrates that the reasons for this behavior are likely the same

157



CHAPTER 5. A THERMOCHEMICAL STUDY OF SUBSTITUTED FURANS

Figure 5.3: Linear correlation of computed ∆fH
−◦ from the atomisation method versus the

literature recommendations for the standards used as part of this study.

as for the furans—CBS-APNO underpredicts the literature assignments of ∆fH
−◦ , and both

the G3 and CBS-QB3 methods tend to overestimate the formation enthalpy, with the average

within −0.89±2.7 kJ mol−1 of the literature assignment. More detailed comparisons than these
for non-furanic systems are beyond the scope of this Thesis, but are surely worthy of future

consideration, as the results provide an interesting new insight on the atomisation method.

Again, if one considers the standard deviation of ∆fH
−◦ (atomisation) computed for a single

species in Table 5.31, the uncertainties are quite large. So much so, that without the re-
enforcement of the isodesmically computed values, one could not make an inference on the true

formation enthalpy for any given species based on the atomisation method alone. However, the
above analysis indicates that a combination of the CBS-QB3, CBS-APNO and G3 methods will

produce ∆fH
−◦ (atomisation) well within 4 kJ mol−1 of the isodesmic (−0.41 ± 2.2 kJ mol−1)

or literature (−0.89 ± 2.7 kJ mol−1) values with 2σ confidence. The uncertainties reported in

Table 5.31 must surely reflect an upper limit to the uncertainty of the computed atomisation
enthalpies, and may be unrealistically large. It is also true to say that use of a single compound

method to compute the atomisation energy may lead to significantly erroneous results.

It is premature to make a definitive recommendation on how well the combination of CBS-

QB3/CBS-APNO/G3 extrapolates to other systems with respect to formation enthalpy deter-
mination. However, the combination of these methods for the computation of ∆fH

−◦ could

be of real utility in instances where a lack of chaperone molecules with well-known formation
enthalpies makes isodesmic reactions unviable, and high-level theoretical methods such as the

HEAT protocol [96–98] are simply too expensive.
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Figure 5.4: A comparison of the atomisation (this work) and literature formation enthalpies of
standards (Table 5.1) used as part of this work.
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Furan Thiophene Pyrrole Cyclopentadiene Benzene

R Site

CH3
2 −45.5 (1.7) −32.3 −34.3 −33.0 −32.5
3 −33.6 (0.7) −34.5 −38.1 −34.3

OH
2 −173.7(1.9) −149.3 −172.8 −179.3
3 −153.3(0.5) −160.9 −176.1

OCH3
2 −150.7(1.9) −135.0 −155.2
3 −136.7(0.7) −146.6

CH O
2 −120.3(4.2) −122.0 −139.6 −120.1
3 −119.3(0.9) −122.4 −126.7

C( O)CH3
2 −176.9(0.7) −175.8 −189.7 −169.6
3 −171.6(1.4) −169.5 −173.3

CH2OH
2 −186.3(0.7) −177.5
3 −179.3(1.2)

C( O)OH
2 −375.6(4.4) −375.8 −394.6 −377.0
3 −382.8(2.5) −376.8

Table 5.32: Enthalpic increments (∆∆fH , kJ mol−1) for substitution of furan and other hete-
rocycles/aromatics with various substituents at the 2- and 3- positions. Values in parenthesis

are uncertainties in computations from this study.

5.3 Substituent Effects and Enthalpic Increments

Table 5.32 reports enthalpic increments, ∆∆fH
−◦ = ∆fH

−◦ (Furan R)−∆fH
−◦ (Furan H), for

the R-substituted furans studied as part of this work. It is possible to include multiple deter-
minations for each R group’s enthalpic increment based on the computed formation enthalpies

in Table 5.31. For example the enthalpy of methylation at the C-2 position could be determined
based on the difference in ∆fH

−◦ of 2-methylfuran relative to furan, 2,5-dimethylfuran relative

to 2-methylfuran, 5-methyl-2-furanol to 2-furanol etc. Each enthalpic increment therefore has
an accompanying uncertainty in Table 5.32. Corresponding enthalpic increments for other 5-

membered cyclic species (thiophenes, pyrroles, cyclopentadienes), and the archetypal aromatic
benzene, have been included for comparison. For the enthalpy of methylation of the furans,

formation enthalpies are derived from the theoretical work of Feller and Simmie [190] on furan,
2-methylfuran and 2,5-dimethylfuran.

As a general trend for the furans, substitution at the 2- position is typically favoured com-
parable to substitution at the 3- site. The exceptions are the furoic acids, for which the 3-

position is slightly dominant, but only marginally when one considers the uncertainties in the
computations.

For formyl and acetyl furans, there is little difference between the 2- and 3-isomers, and the
enthalpic increment is quite similar to the thiophenes, benzene and a 3-substituted pyrrole. The

extra stability of the two formyl- and acetyl-substituted pyrroles have been attributed [198,199]
to a stabilising N H· · ·O interaction between the carbonyl group and aminic hydrogen.

For methylation of a furan at the 2- position, an exothermicity of −45.5 ± 1.7 kJ mol−1 is
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computed, with −33.6±0.7 kJ mol−1 derived for methylation at the 3- position. Substitution at
the 3- position is therefore quite similar to methylation of a thiopehene, pyrrole, cyclopentadiene

or benzene, for which the enthalpy of methylation appears to be site independent, at −34.1±2.0
kJ mol−1. Methylation at the 2- position of a furan therefore imposes an extra stability on the

system (≈ −11.4 kJ mol−1) which is not observed for other heterocycles/aromatics.

The 2- isomers of hydroxy- and methoxyfurans have similar enthalpic increments compared
to benzene, but the 3-isomers are much less stable. This trend is the opposite to that observed

in thiophenes, where the 3-isomer is typically more stable than the 2- by ≈ 10 kJ mol−1. The
methoxyfurans exhibit a very similar behavior, unsurprisingly. The enthalpy of hydroxylation or

methoxylation of the 3-position of furan is of a similar order to that observed for the 2-position
of thiophenes.

For the thiophenes, the dominance of the 3-isomer over the 2-isomers for O R groups

was rationalised by Notaria et al. [197] within the framework of Hammett linear-free energy
relationships [200] and the fact that substitution with strong π-donor (electron-donating) groups

such as OH and OCH3, would result in increased stabilisation of the 3-isomer over the 2-isomer
due to resonance effects.

5.3.1 Natural Bond Orbital Analysis

Here, natural bond orbital (NBO) analysis [201] has been applied using the B3LYP/CBSB7
model chemistry to compute charge transfer delocalisation energies (∆ECT) to assess this seem-

ingly strange deviation from the behavior of the hydroxythiophenes in the case of the furanols.
The results are summarised in Table 5.33.

Only interactions due to the presence of the C O bond formed from the introduction of the

hydroxyl group are considered in this analysis. Considered first is the influence of the donation
of the hydroxyl oxygen atom lone pair electrons to the adjacent C2 C3 orbital. For the 3-

isomers of hydroxythiophene and hydroxyfuran, the delocalisation energy for this interaction is
almost identical, accounting for the single largest stabilisation effect observed—168.9 and 164.6

kJ mol−1, respectively. In the case of the 2-isomers of hydroxythiophene and hydroxyfuran,
delocalisation of the same lone pair is much less significant, at 140.1 kJ mol−1 for the furan, and

much less again for the thiophene at 119.3 kJ mol−1.

However, this reduced delocalisation of the lone pair to the adjacent C2 C3 bond for the
2-isomers is compensated by delocalisation of the same electrons to the S1 C2 bond of hydrox-

ythiophene (38.8 kJ mol−1) and the O1 C2 bond of 2-furanol (31.3 kJ mol−1), respectively.
There is also increased delocalisation to the carbon atom in the C-2 position for the 2-hydroxy

heterocycles.

Ultimately, there is little difference between 2-hydroxythiophene, 3-hydroxythiophene and
3-furanol with respect to the total stabilisation energy resulting from the delocalisation of the

hydroxyl group lone pair. There is however an increased stabilisation of 2-furanol in comparison
to these other alcohols due to the increased electron transfer from the hydroxyl group lone pair

to the π?(C2-C3) orbital.

The second interaction considered is stabilisation due to electron transfer from the hetero-
cyclic ring to the antibonding orbitals of the nascent C O bond of the hydroxy group. For the

2-isomers of the thiophene and furan derivatives, the most important stabilisation interactions
are concordant for both heterocycles—delocalisation to the antibonding orbitals of the C O

bond from the bonding orbitals of the X C5 (X = S or O) and C3 C4 bonds. However, in
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Donor Acceptor Thiophene-2-ol Thiophene-3-ol 2-Furanol 3-Furanol

O6

X C2 38.8 31.3

C2 C3 119.3 168.9 140.1 164.6

C2 49.3 46.6

C3 41.8 35.4

H7 19.3 17.9 19.5 18.4

ΣLP 226.7 228.7 237.4 218.4

X1

C O6

3.3 9.3

C2 3.2 4.9 2.3 5.9
C3 5.5 5.1 7.8 5.1

C4 2.9 3.8
X1 C2 31.5 18.4

X1 C5 21.0 2.5 17.5
C2 C3 5.9 3.2 9.7 2.9
C3 C4 26.3 36.3 2.6

C4 C5 17.8 3.1 22.8

ΣC O6 65.3 67.9 86.0 61.5

Table 5.33: Summarised results of natural bond orbital analysis for hydroxyfurans and hydrox-
ythiophenes. ΣLP = sum of charge transfer delocalisation energies (∆ECT, kJ mol−1) as a result

of delocalisation of side-chain oxygen atom (O6) lone valence pairs to other orbitals. ΣC O
= sum of ∆ECT due to electron delocalisation from other molecular orbitals to the side-chain

C O bond (C2 O6 or C3 O6). Numbering scheme for atoms inset.
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5.3. SUBSTITUENT EFFECTS AND ENTHALPIC INCREMENTS

Figure 5.5: Bond lengths (Å) of 2- and 3-isomers of hydroxythiophene and hydroxyfuran com-

puted with the B3LYP/CBSB7 model chemistry.

2-furanol there is an increased stabilisation of approximately 10 kJ mol−1 observed for the latter.

This is coupled with increased interactions between the core orbitals of the heteroatom of the
ring (9.3 kJ mol−1) and the C O antibonding orbitals when compared with 2-hydroxythiophene

(3.3 kJ mol−1), and there is an increased delocalisation from the C2 C3 bond of the furan with
respect to the thiophene. So, whilst the important interactions for both systems are quite

similar, these effects are more pronounced in the case of the furan derivative when compared
with the thiophene.

For the 3-isomers, delocalisation to the antibonding orbitals of the C O bond from the

bonding orbitals of the X C2 (X = S or O) and C4 C5 constitute the largest stabilising effect.
These effects are more pronounced for the thiophene than for the furan. Again, electron transfer

from the heterocyclic orbitals to the σ?(C-O6) orbital of the hydroxyl group are quite similar
for 2-hydroxythiophene, 3-hydroxythiophene and 3-furanol, with the sum of these interactions
stabilising 2-furanol to a greater extent. This is reflected in the greater double bond character

of of the C2 O6 bond in 2-furanol when compared with the others as shown in Figure 5.5.

2-hydroxythiophene, 3-hydroxythiophene and 3-furanol show comparable ∆ECT for the in-
teractions discussed based on NBO analyses. In line with this result, the enthalpic increment for

hydroxylation to form these species is of a similar order. 2-furanol appears to be the exception,
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where the results of NBO analysis and the computed enthalpic increments corroborate the fact
that it should be more stable than the other species discussed. Similar effects are likely the

cause of the extra stabilisation observed for the 2-methyl and 2-methoxyfurans over their 3-
counterparts when compared with the thiophenes.

Based on the results presented, the enthalpic increments for the furans are closest to those

of substituted benzenes, and for π donating substituents there is a marked deviation from the
behavior of the thiophenes. The results also highlight a dearth of experimental or theoretical

data for substituted pyrroles and cyclopentadienes, which may provoke an interest in future
studies on the derivatives of these heterocycles.

5.4 Development of Group Additivity Rules for Furans

A set of group additivity (GA) rules which can be used to estimate thermodynamic parame-
ters for poly-substituted furans have been created based on the formation enthalpies computed
above, those calculated for alkylfurans in 2009 by Simmie and Curran [202], and some recent

computations for furan, 2-methylfuran and 2,5-dimethylfuran from Feller and Simmie [190].
For the polyoxygenated species described in this study, entropy and heat capacity data as a

function of temperature have been generated using the Guassian software package with the
freq=hinderedrotor keyword used for automatic determination of hindered rotor corrections.

For those species incorporated from the study of Simmie and Curran [202], S and Cp data were
obtained from a companion study by Metcalfe et al. [203], where a small set of GA rules for

alkylfurans were previously developed.

At this juncture it is perhaps best to give a brief introduction to the principles of group
additivity. Benson and Buss first showed that it was possible to interpret the macroscopic and
measurable properties of a molecule (∆fH

−◦ , S, Cp) as the result of contributions of each of the

bonds or groups within that molecule towards the said property [204,205]. The physical basis for
the finding lay in the fact that the forces and interactions between atoms were appreciable over

very short ranges (1–3 Å) and the contributions of the individual components of the molecule
were thus modular.

They subsequently proposed a scheme, now known as group additivity, where thermochem-

ical parameters could be reduced to contributions from individual groups of atoms, where a
“group” is any polyvalent atom bonded to at least one other polyvalent atom. Ethane and
methanol will now be taken as examples to illustrate the method, with specific computations

shown in Table 5.34 and illustrations in Figure 5.6, with the following discussion quite specific
to implementation of GA using the THERM software package [82].

Ethane consists of two polyvalent atoms (carbon) each bonded to three monovalent hydrogen

atoms and therefore consists of two identical groups each defined as C/C/H3. The first term in
this syntax defines the central atom of the group, forward slashes are then used to define any

groups bonded to this central atom, in this case one other carbon atom and three hydrogen
atoms. For methanol two groups are present in the molecule, C/O/H3 and O/C/H.

Each group therefore considers only those atoms or groups directly bonded to it and long-
range interactions are therefore generally unimportant, although they can and must be accounted

for through gauche interactions for highly branched alkanes. To compute the thermodynamic
properties of these species, summation of each groups’ contributions to ∆fH

−◦ , S and Cp leads

to the final computed thermodynamic parameters. An exception is the case of the entropy where
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Figure 5.6: Illustration of group additivity input for ethane and methanol and their radicals.

corrections for molecular symmetry are applied.
Figure 5.6 shows the symmetry numbers applied for both ethane and methanol. In the

case of ethane both methyl moieties have a three-fold internal symmetry about the carbon-
carbon bond, leading to an internal symmetry (σint) number of nine. Also present is a two-fold

symmetry about an external axis (σext). The total symmetry number (σ) is then computed as
σint × σext and is 18 in this instance. For methanol, a three-fold internal symmetry is present

due to rotation of the methyl group about an internal axis, and σext is unity, thus giving σ = 3.
In Table 5.34, one can see the specific contribution (127.28 J mol−1 K−1) of the C/C/H3

group to the entropy of a molecule at 298.15 K, . As ethane consists of two of these groups, one
might expect the final computed entropy to be 2× 127.28 = 254.56 J mol−1 K−1. However, the
presence of molecular symmetry reduces the total entropy by R lnσ where σ is the symmetry

number. In this case, the final computed entropy of ethane is 2 × 127.28− R ln 18 = 230.52 J
mol−1 K−1. A similar rationale is used to compute the entropy of methanol.

The reader should therefore be aware that any group values optimised as part of a group addi-
tivity procedure, and therefore as part of this work, are intentionally optimised to be “symmetry-

less”, by first adding R lnσ to the known entropy of the target species to produce an “intrinsic
entropy”, and then optimising group values to replicate this “symmetry-less” value. Any sym-

metry contributions are then “re-corrected” using the above procedure. The rationale for this
stems from the fact that certain groups contribute to many members of a homologous series, or

multiple homologous series, where molecular symmetries may vary when they are computed in
the manner described for ethane and methanol above.

For example, within the confines of group additivity the C/C/H3 group is present in ethane,
n-butanol and 2,2-dimethylpropane. One would assign a symmetry number of 18 to ethane
(σint = 9, σext = 2), 3 to n-butanol (σint = 3, σext = 1) and 972 to 2,2-dimethylpropane
(σint = 34 = 81, σext = 3 + 3 + 3 + 3 = 12). Note that external symmetry numbers are additive
and not multiplicative as illustrated in the case of 2,2-dimethylpropane.
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Table 5.34: Illustration of computation of thermodynamic functions for ethane, methanol and their radicals based on a group additivity approach. ∆fH
−◦

(kJ mol−1), S298 and Cp (J K−1 mol−1). GA rules are utilised from the study of Burke [206].

∆fH
−◦

S298 C
300
p C

400
p C

500
p C

600
p C

800
p C

1000
p C

1500
p Quantity

Ethane

Group ID C/C/H3 −41.97 127.28 26.19 32.89 39.16 44.69 53.89 62.43 71.92 2
Symmetry Number 18 Symmetry Correction 24.03

Result C2H6 −83.93 230.52 52.38 65.77 78.32 89.37 107.78 124.85 143.85

Radical

BDE Group C2H5 422.92 7.57 −1.92 −4.23 −6.74 −8.70 −11.76 −16.95 −17.57 1
Symmetry Number 6 Symmetry Correction 9.13

Result Ċ2H5 120.99 247.23 50.46 61.55 71.59 80.67 96.02 107.91 126.27

Methanol

Group ID
C/H3/O −41.84 127.24 25.90 32.80 39.33 45.15 54.52 61.80 73.55 1
O/C/H −159.28 126.36 18.79 18.95 19.92 21.71 26.53 30.04 39.58 1

Symmetry Number 3 Symmetry Correction 9.13
Result CH3OH −201.12 244.46 44.69 51.76 59.25 66.86 81.04 91.84 113.14

Radicals

BDE Group CJOH 96.50 0.93 1.28 0.93 0.20 −0.55 −1.83 −2.77 −4.17 1
Symmetry Number 2 Symmetry Correction 3.37

Result ĊH2OH −322.62 248.76 45.97 52.69 59.45 66.31 79.21 89.07 108.97

BDE Group ALKOXY 442.04 −6.32 −0.71 −3.05 −5.27 −6.99 −9.37 −12.76 −14.18 1
Symmetry Number 3 Symmetry Correction 0.00

Result CH3Ȯ 22.91 238.14 43.97 48.70 53.97 59.87 71.67 79.08 98.95

1
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5.4. DEVELOPMENT OF GROUP ADDITIVITY RULES FOR FURANS

Once the thermochemical properties of the stable (“parent”) molecule are known, one can com-
pute the corresponding parameters for radical species derived by removing a hydrogen atom from

the parent through an incremental bond dissociation group, referred to in subsequent equations
as the BD group, which has various meanings depending on whether the formation enthalpy,

entropy or heat capacity are being derived. To compute the formation enthalpy of the radical
species, the BD group is defined in such a manner that it corresponds to the bond dissociation

energy (De) for breaking an R H bond, Equation 2.39. The formation enthalpy of the radical
is thus computed as:

∆fH
−◦ (Ṙ) = ∆fH

−◦ (Parent) +De − ∆fH
−◦ (Ḣ) (5.7)

where the formation enthalpy of a hydrogen atom is well-known at 218.00 kJ mol−1. To derive

the enthalpy of formation of the ethyl radical from ethane as shown in Table 5.6, a bond
dissociation energy from primary C H bonds of 422.92 kJ mol−1 is applied, together with the

formation enthalpy of ethane and hydrogen one arrives at 120.99 kJ mol−1 for Ċ2H5.

To compute the entropy of the radical species, THERM does not account for any entropy
changes due to the loss of a hydrogen atom. The entropy of the radical species is computed from

the entropy of the parent molecule and the entropy defined in the BD group, with a correction
for the change in molecular symmetry, as follows:

S298(Ṙ) = S298(Parent) + S298(BD) +R ln (σParent/σṘ) (5.8)

In the case of ethane the entropy of the parent molecule is 230.52 J mol−1 K−1 and S298(BD)
is 7.57 J mol−1 K−1 for breaking a primary C H bond. The symmetry of the parent molecule

is 18 but that of the radical is 6, so R ln (σParent/σṘ) resolves to 9.13 J mol−1 K−1 and the

entropy of Ċ2H5 radical is thus computed as 230.52 + 7.57 + 9.13 = 247.23 J mol−1 K−1. For

the estimation of the methoxy radical entropy from methanol, both the radical and parent have
σ = 3 and the symmetry correction for the entropy is naught.

For the estimation of the heat capacities of a radical from a parent species using THERM,
one need not be concerned with corrections for the loss of the Ḣ atom or symmetry changes,
and the following simple relationship is used:

CT
p (Ṙ) = CT

p (Parent) + CT
p (BD) (5.9)

When defining the input for a stable or radical species, THERM does request that the user
specify the number of internal rotors present in the molecule. The reason for this is so that the
software can apply corrections to Cp(T = ∞) as described in Section 3.7.2.

Now that the basic principles of group additivity have been described and the basic pro-
cedures of the THERM code have been described, the GA scheme for furanic species can be
discussed. Table 5.35 reports the functional groups which were ultimately optimised as part of

this procedure, with each group graphically represented in Figure 5.7. As GA concerns itself
with atoms bonded only direct to a central group or atom, for ethyl-, methoxy-, acetyl- and

hydroxymethylfurans some groups had to be adopted, but not optimised herein, from the GA
rules of Burke [206]. The group IDs, symmetry numbers, number of rotors, and the number of

unpaired electrons, for every molecule used in the optimisation of the GA rules are provided in
detail in Table C.1 of Appendix C. A comparison of the quantum chemically derived ∆fH

−◦ ,

S298 and Cp functions with those predicted by the optimised groups is provided in Table 5.36.
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CHAPTER 5. A THERMOCHEMICAL STUDY OF SUBSTITUTED FURANS

The optimisation of group values was carried out using error minimisation via the Microsoft
Excel solver add-in [207].

In terms of the thermodynamic parameters predicted by the optimised groups, the mean
absolute deviation (MAD) has been computed according to:

MAD =
1

n

n∑

i=1

|Di − D̄i| (5.10)

where Di is the difference between the thermodynamic parameter predicted by the GA rules

and the theoretical result, and D̄i is the average of all the Di for a given parameter.
In terms of the average difference between theory and the GA rules, ∆fH

−◦ tends to be

underpredicted (stability is overestimated) by −0.41 kJ mol−1. One must now consider what
the uncertainty is with respect to the ability of the GA rules to predict formation enthalpies for

the substituted furans studied. Three measures of uncertainty have been used with the MAD
indicating an uncertainty of ±1.80 kJ mol−1, the standard deviation ±2.35 kJ mol−1 and there

is a 95% certainty that the GA rules will predict the theoretically computed formation enthalpy
to within 4.69 kJ mol−1, based on the computed 2σ uncertainty in Di.

Ruscic [177] recommended very recently that all thermochemical quantifications be accom-

panied with a 2σ confidence interval, specifically commenting that using the MAD will tend to
underestimate the uncertainty in thermochemical functions by approximately a factor of 2.5.

This is illustrated quite well based on the statistics reported in Table 5.36, where a factor of 2.6
difference is observed between the uncertainties determined via the MAD and 2σ computations.

The MAD is likely a gross uderestimation of the uncertainty in the ability of the rules to
predict the “true” (theoretically computed) ∆fH

−◦ . Consider for example 2,5-difuroic acid and

2,5-dimethyl-3-furoic acid, where the prediction of the GA rules differs from theory by 5.48
and −6.46 kJ mol−1 respectively, well outside the range of uncertainty estimated from the

MAD. In this line, and based on the recommendations of Ruscic, a reasonable estimate of the
accuracy of the GA rules for formation enthalpy predictions is −0.41± 4.69 kJ mol−1 based on
2σ uncertainties.

Similar rationales are therefore applied to the uncertainties in entropy and heat capacity
predictions. The uncertainty in the predicted entropies is therefore reported as −0.17 ± 3.44 J

mol−1 K−1. For Cp predictions from the GA rules, the uncertainties range from 0.02 ± 1.48 J
mol−1 K−1 at 300 K, to 0.02± 0.76 J mol−1 K−1 at 2000 K.

It can thus be concluded that the groups are quite capable of reproducing the theoretical
formation enthalpies, entropies and heat capacities with suitable accuracy for making predic-

tions on the thermochemistry of polyoxygenated furans. They have subsequently been used
in the development of kinetic mechanisms to describe the oxidation of 2-methylfuran and 2,5-

dimethylfuran. The final optimised THERM format group values in are in Appendix C.
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5.4. DEVELOPMENT OF GROUP ADDITIVITY RULES FOR FURANS

Group ID ∆fH
−◦ S298 C300

p C400
p C500

p C600
p C800

p C1000
p C1500

p

Parent Groups

CF/H 26.16 51.00 10.51 14.21 17.42 20.02 23.87 26.41 30.25
CF/C 35.34 22.75 20.06 24.56 28.70 32.24 37.64 41.19 46.91

CF/H/O 23.58 53.66 5.63 9.15 12.06 14.29 17.45 19.75 22.37
CF/C/O 21.40 24.38 15.20 19.68 23.63 26.89 31.62 34.88 39.25

CF/CD/O 100.67 −4.11 14.15 17.38 19.79 21.62 24.10 25.57 26.74
CF/CO/O −5.48 28.86 18.67 22.25 25.26 27.71 31.02 33.11 41.85
CF/O/O 47.13 23.91 11.21 12.60 13.57 14.23 15.07 15.69 15.87
CF/O 67.10 18.40 16.22 18.53 20.09 21.20 22.63 23.28 24.28

CF/CO −3.74 26.39 24.35 28.02 31.28 34.05 37.88 39.98 49.53
C/CF/H3 −43.79 73.78 13.74 17.04 20.62 24.01 29.94 34.72 41.87

C/CF/C/H2 −21.92 −10.40 11.45 14.60 16.94 19.18 22.99 24.15 29.70
C/CF/C3 −0.99 n/a n/a n/a n/a n/a n/a n/a n/a

C/CF/H2/O −26.00 −27.97 11.94 16.25 19.60 21.61 23.01 24.30 21.99
CD/CF/H −46.69 −4.11 14.15 17.38 19.79 21.62 24.10 25.57 26.74
CO/CF/H −91.28 71.30 15.09 18.77 22.05 24.83 29.34 32.48 29.11
CO/CF/C −100.23 −6.26 13.42 14.97 15.90 16.38 17.18 17.45 10.34
CO/CF/O −105.03 −9.79 14.51 16.53 18.58 20.55 22.38 23.17 51.93

O/CF2 −134.44 63.35 32.43 40.53 47.16 52.37 59.63 64.50 73.04
O/CF/H −195.27 60.84 16.43 18.44 19.91 21.09 22.90 24.29 26.54
O/CF/C −133.75 −18.54 10.99 12.69 13.76 14.33 14.80 14.68 13.61

Bond Dissociation Groups

FJ 501.94 5.70 −1.94 −4.76 −7.28 −9.37 −12.58 −15.01 −18.95
F2CH2J 356.04 −14.47 0.40 1.10 −0.13 −2.05 −6.00 −9.30 −14.34
F3CH2J 373.27 −13.61 1.98 2.21 0.58 −1.58 −5.78 −9.16 −14.29

F2CHJCH3 351.06 −7.57 −3.39 −4.46 −5.38 −6.76 −9.62 −11.67 −15.40
F2OJ 280.99 −5.54 −7.87 −8.19 −8.89 −9.61 −11.01 −12.26 −14.96
F3OJ 335.41 −1.69 −8.29 −9.14 −9.73 −10.25 −11.33 −12.38 −14.94

F2CJO 380.71 3.87 −2.58 −5.31 −8.02 −10.47 −14.43 −17.34 −21.07
F2CH2OJ 447.61 1.05 2.23 0.99 −1.14 −3.18 −6.45 −8.93 −13.19

Non-Furanic Groups

C/CO/H3 −42.59 127.24 25.90 32.80 39.33 45.15 54.48 61.80 73.55
O/C/H −159.28 126.36 18.79 18.95 19.92 21.71 26.53 30.04 39.58
C/H3/O −41.84 127.24 25.90 32.80 39.33 45.15 54.52 61.80 73.55
O/CO/H −243.09 102.51 15.90 20.92 24.27 26.36 30.12 32.64 n/a
C/C/H3 −41.97 127.28 26.19 32.89 39.16 44.69 53.89 62.43 71.92
CD/H2 26.28 115.44 21.34 26.40 31.13 35.23 41.80 46.86 55.10

Table 5.35: Optimized group contributions to the ∆fH
−◦ (kJ mol−1), S298 and Cp (J mol−1

K−1) for estimation of thermoydynamic parameters for stable and radical species. Non-furanic
groups were not optimized as part of this work but were adopted from the work of Burke [206].

No S or Cp data are available for the tert-butyl group bonded to a furan C/CF/CH3.
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CHAPTER 5. A THERMOCHEMICAL STUDY OF SUBSTITUTED FURANS

Figure 5.7: Functional groups and bond dissociation groups assigned for stable and radical

species as part of group additivity rule development.
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Table 5.36: Comparison of quantum chemically (QC) derived thermochemical functions for stable and radical species with optimized
group additivity values (GA) and absolute deviations (Di). ∆fH

−◦ (kJ mol−1), S298 and Cp (J mol−1 K−1).

Species ∆fH
−◦ S298 C300

p C400
p C500

p C600
p C800

p C1000
p C1500

p

Furan
QC −34.73 266.44 64.64 87.32 106.36 121.34 142.72 157.23 178.57
GA −34.96 266.91 64.71 87.25 106.11 120.98 142.28 156.82 178.28
Di 0.23 −0.47 −0.07 0.07 0.25 0.35 0.44 0.42 0.30

Furan-2-yl

QC 251.92 277.73 63.35 83.18 99.58 112.42 130.50 142.51 159.79

GA 248.61 278.24 62.76 82.51 98.87 111.63 129.62 141.80 159.28
Di −3.31 0.50 −0.59 −0.67 −0.71 −0.79 −0.88 −0.71 −0.50

Furan-3-yl

QC 252.30 277.11 62.63 82.47 98.95 111.84 130.04 142.17 159.58

GA 248.61 278.24 62.76 82.51 98.87 111.63 129.62 141.80 159.28
Di −3.68 1.13 0.13 0.04 −0.08 −0.21 −0.42 −0.38 −0.29

2-methylfuran
QC −80.30 308.70 87.99 114.81 138.28 157.57 186.40 206.65 237.02
GA −80.93 308.04 88.02 114.82 138.30 157.59 186.39 206.67 237.03

Di −0.63 −0.66 0.03 0.01 0.01 0.02 −0.01 0.02 0.01

2-furanylmethyl
QC 62.09 302.88 88.78 116.19 138.36 155.69 180.46 197.40 222.67
GA 56.78 302.67 88.37 115.90 138.20 155.56 180.33 197.40 222.67

Di −5.31 −0.21 −0.42 −0.29 −0.17 −0.13 −0.13 0.00 0.00

2-methylfuran-3-yl
QC 205.69 314.18 85.48 109.54 130.54 147.82 173.51 191.46 217.99
GA 202.67 313.47 86.02 110.04 131.04 148.24 173.76 191.67 218.07

Di −3.01 −0.71 0.54 0.50 0.50 0.42 0.25 0.21 0.08

2-methylfuran-4-yl

QC 204.89 313.76 85.65 109.79 130.79 148.07 173.72 191.54 218.03

GA 202.67 313.47 86.02 110.04 131.04 148.24 173.76 191.67 218.07
Di −2.22 −0.29 0.38 0.25 0.25 0.17 0.04 0.13 0.04
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Table 5.36: Comparison of quantum chemically (QC) derived thermochemical functions for stable and radical species with optimized
group additivity values (GA) and absolute deviations (Di). ∆fH

−◦ (kJ mol−1), S298 and Cp (J mol−1 K−1).

Species ∆fH
−◦ S298 C300

p C400
p C500

p C600
p C800

p C1000
p C1500

p

2-methylfuran-5-yl
QC 204.89 314.34 86.99 110.79 131.63 148.74 174.14 191.92 218.24
GA 202.67 313.47 86.02 110.04 131.04 148.24 173.76 191.67 218.07
Di −2.22 −0.88 −0.96 −0.75 −0.59 −0.50 −0.38 −0.25 −0.17

3-methylfuran

QC −69.04 308.78 88.03 114.68 138.07 157.36 186.19 206.48 236.94

GA −69.56 309.07 88.01 114.64 138.01 157.21 185.98 206.32 236.80
Di −0.53 0.29 −0.02 −0.05 −0.07 −0.15 −0.21 −0.16 −0.14

3-methylfuran-2-yl

QC 217.32 315.18 85.81 109.75 130.71 147.95 173.59 191.54 218.03

GA 214.18 314.55 86.06 109.87 130.75 147.86 173.38 191.33 217.82
Di −3.14 −0.63 0.25 0.13 0.04 −0.08 −0.21 −0.21 −0.21

3-furanylmethyl
QC 90.42 304.30 90.00 116.86 138.62 155.73 180.37 197.32 222.63
GA 85.48 304.64 89.96 116.86 138.62 155.64 180.20 197.19 222.46

Di −4.94 0.33 −0.04 0.00 0.00 −0.08 −0.17 −0.13 −0.17

3-methylfuran-4-yl
QC 216.31 313.76 85.94 109.70 130.54 147.78 173.43 191.33 217.86
GA 214.18 314.55 86.06 109.87 130.75 147.86 173.38 191.33 217.82

Di −2.13 0.79 0.13 0.17 0.21 0.08 −0.04 0.00 −0.04

3-methylfuran-5-yl
QC 214.89 314.09 87.07 110.88 131.59 148.66 174.10 191.84 218.15
GA 214.18 314.55 86.06 109.87 130.75 147.86 173.38 191.33 217.82

Di −0.71 0.46 −1.00 −1.00 −0.84 −0.79 −0.71 −0.50 −0.33

2,5-dimethylfuran

QC −124.60 338.86 111.75 142.51 170.37 193.93 230.12 256.14 295.47

GA −126.90 337.64 111.33 142.40 170.48 194.19 230.50 256.52 295.79
Di −2.30 −1.22 −0.42 −0.11 0.11 0.26 0.38 0.38 0.31
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Table 5.36: Comparison of quantum chemically (QC) derived thermochemical functions for stable and radical species with optimized
group additivity values (GA) and absolute deviations (Di). ∆fH

−◦ (kJ mol−1), S298 and Cp (J mol−1 K−1).

Species ∆fH
−◦ S298 C300

p C400
p C500

p C600
p C800

p C1000
p C1500

p

5-methyl-2-furanylmethyl
QC 11.59 339.07 112.21 143.59 170.25 191.88 224.05 246.86 281.12
GA 10.84 337.90 111.63 143.43 170.37 192.17 224.47 247.27 281.46
Di −0.75 −1.17 −0.59 −0.17 0.13 0.29 0.42 0.42 0.33

2,5-dimethylfuran-3-yl

QC 157.19 350.58 108.91 136.98 162.46 184.05 217.15 240.87 276.40

GA 156.73 348.65 109.29 137.57 163.22 184.85 217.90 241.54 276.86
Di −0.46 −1.92 0.38 0.59 0.75 0.79 0.75 0.67 0.46

2,3-dimethylfuran

QC −113.07 345.22 109.58 140.83 169.12 192.97 229.45 255.68 295.22

GA −115.53 344.43 111.32 142.21 170.19 193.82 230.10 256.18 295.56
Di −2.46 −0.79 1.74 1.38 1.08 0.85 0.65 0.49 0.33

3-methyl-2-furanylmethyl
QC 22.22 340.20 110.12 142.09 169.03 190.92 223.51 246.44 280.91
GA 22.34 338.99 111.67 143.26 170.08 191.79 224.10 246.94 281.21

Di 0.13 −1.21 1.55 1.17 1.05 0.88 0.59 0.50 0.29

2-methyl-3-furanylmethyl
QC 40.29 341.62 111.09 142.67 169.41 191.13 223.51 246.44 280.91
GA 39.54 339.87 113.22 144.39 170.79 192.25 224.35 247.07 281.25

Di −0.75 −1.76 2.13 1.72 1.38 1.13 0.84 0.63 0.33

2,3-dimethylfuran-4-yl
QC 168.20 350.62 107.03 135.60 161.46 183.26 216.65 240.50 276.14
GA 168.24 349.74 109.33 137.40 162.92 184.47 217.53 241.21 276.60

Di 0.04 −0.88 2.30 1.80 1.46 1.21 0.88 0.71 0.46

2,3-dimethylfuran-5-yl

QC 167.61 351.20 108.74 136.94 162.55 184.14 217.28 240.96 276.44

GA 168.24 349.74 109.33 137.40 162.92 184.47 217.53 241.21 276.60
Di 0.63 −1.46 0.59 0.46 0.38 0.33 0.25 0.25 0.17
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Table 5.36: Comparison of quantum chemically (QC) derived thermochemical functions for stable and radical species with optimized
group additivity values (GA) and absolute deviations (Di). ∆fH

−◦ (kJ mol−1), S298 and Cp (J mol−1 K−1).

Species ∆fH
−◦ S298 C300

p C400
p C500

p C600
p C800

p C1000
p C1500

p

2,4-dimethylfuran
QC −114.04 344.76 111.55 142.26 170.08 193.64 229.83 255.98 295.35
GA −115.53 344.43 111.32 142.21 170.19 193.82 230.10 256.18 295.56
Di −1.50 −0.33 −0.23 −0.04 0.11 0.18 0.27 0.20 0.21

4-methyl-2-furanylmethyl

QC 24.31 339.82 111.34 142.93 169.70 191.42 223.76 246.56 281.00

GA 22.34 338.99 111.67 143.26 170.08 191.79 224.10 246.94 281.21
Di −1.97 −0.84 0.33 0.33 0.38 0.38 0.33 0.38 0.21

2,4-dimethylfuran-3-yl

QC 167.69 350.54 108.99 136.86 162.26 183.72 216.86 240.54 276.10

GA 168.24 349.74 109.33 137.40 162.92 184.47 217.53 241.21 276.60
Di 0.54 −0.79 0.33 0.54 0.67 0.75 0.67 0.67 0.50

2-methyl-4-furanylmethyl
QC 40.00 339.99 113.85 144.68 170.87 192.21 224.18 246.86 281.08
GA 39.54 339.87 113.22 144.39 170.79 192.25 224.35 247.07 281.25

Di −0.46 −0.13 −0.63 −0.29 −0.08 0.04 0.17 0.21 0.17

2,4-dimethylfuran-5-yl
QC 168.49 351.67 109.58 137.36 162.72 184.18 217.28 240.96 276.48
GA 168.24 349.74 109.33 137.40 162.92 184.47 217.53 241.21 276.60

Di −0.25 −1.92 −0.25 0.04 0.21 0.29 0.25 0.25 0.13

3,4-dimethylfuran
QC −104.07 338.03 112.68 142.88 170.50 193.84 229.95 255.98 295.35
GA −104.17 339.70 111.31 142.03 169.90 193.45 229.69 255.83 295.33

Di −0.10 1.67 −1.37 −0.86 −0.59 −0.40 −0.26 −0.15 −0.02

3,4-dimethylfuran-2-yl

QC 177.40 350.20 110.71 138.20 163.30 184.60 217.44 241.08 276.48

GA 179.74 350.83 109.37 137.24 162.63 184.10 217.15 240.87 276.35
Di 2.34 0.63 −1.34 −0.96 −0.67 −0.50 −0.29 −0.21 −0.13
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Table 5.36: Comparison of quantum chemically (QC) derived thermochemical functions for stable and radical species with optimized
group additivity values (GA) and absolute deviations (Di). ∆fH

−◦ (kJ mol−1), S298 and Cp (J mol−1 K−1).

Species ∆fH
−◦ S298 C300

p C400
p C500

p C600
p C800

p C1000
p C1500

p

4-methyl-3-furanylmethyl
QC 50.21 338.74 114.81 145.27 171.17 192.42 224.22 246.86 281.08
GA 51.04 340.95 113.26 144.22 170.50 191.88 223.97 246.73 281.00
Di 0.84 2.22 −1.55 −1.05 −0.67 −0.54 −0.25 −0.13 −0.08

2-ethylfuran

QC −101.38 350.83 111.80 144.98 173.85 197.57 233.22 258.57 296.81

GA −101.03 351.14 111.92 145.27 173.78 197.45 233.33 258.52 296.79
Di 0.35 0.31 0.12 0.29 −0.07 −0.12 0.12 −0.05 −0.03

2-ethylfuran-2-yl (allylic)

QC 32.51 342.75 108.32 140.75 168.41 190.75 223.80 246.94 281.46

GA 32.01 343.63 108.49 140.83 168.41 190.66 223.68 246.86 281.37
Di −0.50 0.88 0.17 0.08 0.00 −0.08 −0.13 −0.08 −0.08

2-methyl-5-ethylfuran
QC −146.65 386.81 135.35 173.13 205.89 233.93 277.57 308.32 355.51
GA −147.00 386.50 135.23 172.84 205.96 234.05 277.45 308.37 355.54

Di −0.35 −0.31 −0.12 −0.29 0.07 0.12 −0.12 0.05 0.03

2-methyl-5-ethylfuran-5-yl (allylic)
QC −14.39 379.74 132.05 168.45 200.58 227.23 267.73 296.60 340.08
GA −13.93 378.82 131.75 168.36 200.58 227.27 267.82 296.73 340.16

Di 0.46 −0.92 −0.29 −0.08 0.00 0.04 0.08 0.13 0.08

2-vinylfuran
QC 21.42 326.14 108.32 138.95 164.56 185.06 214.81 235.06 264.47
GA 21.71 326.22 108.72 139.26 164.76 185.17 214.82 235.07 264.49

Di 0.29 0.08 0.39 0.31 0.20 0.11 0.01 0.01 0.02

2-methyl-5-vinylfuran

QC −23.97 361.66 132.42 167.15 197.15 221.88 258.95 284.93 323.26

GA −24.26 361.59 132.03 166.84 196.95 221.77 258.93 284.92 323.24
Di −0.29 −0.08 −0.39 −0.31 −0.20 −0.11 −0.01 −0.01 −0.01
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Table 5.36: Comparison of quantum chemically (QC) derived thermochemical functions for stable and radical species with optimized
group additivity values (GA) and absolute deviations (Di). ∆fH

−◦ (kJ mol−1), S298 and Cp (J mol−1 K−1).

Species ∆fH
−◦ S298 C300

p C400
p C500

p C600
p C800

p C1000
p C1500

p

2-furanol
QC −210.16 302.94 86.11 108.73 127.34 141.99 162.97 177.24 198.47
GA −206.68 303.75 86.71 109.14 127.53 142.01 162.81 177.04 198.31
Di 3.48 0.81 0.60 0.41 0.19 0.02 −0.16 −0.20 −0.16

2-furanyloxy

QC −146.20 297.40 78.24 100.54 118.45 132.38 151.96 164.98 183.51

GA −143.22 298.11 78.62 100.79 118.57 132.34 151.75 164.81 183.34
Di 2.98 0.71 0.38 0.25 0.13 −0.04 −0.21 −0.17 −0.17

3-furanol

QC −188.20 299.93 87.20 110.39 128.97 143.43 164.00 177.98 198.83

GA −189.28 300.91 86.85 110.01 128.70 143.26 163.94 177.97 198.84
Di −1.09 0.98 −0.35 −0.38 −0.27 −0.17 −0.06 −0.01 0.01

3-furanyloxy
QC −70.37 298.24 78.91 101.25 119.24 133.18 152.67 165.60 183.89
GA −71.30 299.45 78.74 101.09 119.12 133.09 152.59 165.60 183.89

Di −0.92 1.21 −0.17 −0.17 −0.13 −0.08 −0.08 0.00 0.00

5-methyl-2-furanol
QC −252.50 339.96 109.93 136.37 159.40 178.37 206.79 226.86 257.08
GA −252.65 339.12 110.02 136.72 159.72 178.61 206.92 226.90 257.07

Di −0.15 −0.84 0.09 0.34 0.32 0.25 0.12 0.04 −0.01

5-methyl-3-furanol
QC −233.01 337.22 110.50 137.95 161.13 179.95 207.95 227.66 257.44
GA −235.26 336.27 110.16 137.58 160.88 179.86 208.05 227.82 257.60

Di −2.25 −0.95 −0.34 −0.37 −0.25 −0.09 0.10 0.16 0.16

2-formylfuran

QC −157.23 317.29 93.16 119.45 141.70 159.59 185.56 203.07 227.38

GA −155.30 319.16 92.84 119.11 141.36 159.24 185.19 202.66 226.87
Di 1.93 1.87 −0.32 −0.34 −0.34 −0.35 −0.37 −0.41 −0.51
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Table 5.36: Comparison of quantum chemically (QC) derived thermochemical functions for stable and radical species with optimized
group additivity values (GA) and absolute deviations (Di). ∆fH

−◦ (kJ mol−1), S298 and Cp (J mol−1 K−1).

Species ∆fH
−◦ S298 C300

p C400
p C500

p C600
p C800

p C1000
p C1500

p

2-formylfuran-2-yl
QC 5.52 321.16 90.58 114.14 133.68 149.12 171.13 185.73 206.31
GA 7.45 323.13 90.21 113.85 133.34 148.82 170.67 185.31 205.77
Di 1.92 1.97 −0.38 −0.29 −0.33 −0.29 −0.46 −0.42 −0.54

3-formylfuran

QC −154.01 318.51 93.56 119.71 141.85 159.70 185.63 203.03 226.96

GA −156.14 319.35 93.65 119.83 142.02 159.85 185.62 202.86 226.66
Di −2.13 0.84 0.09 0.12 0.17 0.15 −0.01 −0.17 −0.30

5-methyl-2-formylfuran

QC −204.30 354.26 116.31 146.86 173.72 195.98 229.39 252.66 285.97

GA −201.27 354.53 116.15 146.69 173.55 195.84 229.30 252.51 285.62
Di 3.03 0.27 −0.16 −0.17 −0.17 −0.14 −0.09 −0.15 −0.35

5-methyl-3-formylfuran
QC −200.79 355.33 117.64 147.96 174.67 196.81 229.79 252.35 284.32
GA −202.11 354.72 116.96 147.40 174.21 196.45 229.73 252.72 285.42

Di −1.32 −0.61 −0.68 −0.56 −0.46 −0.36 −0.06 0.37 1.10

4,5-dimethyl-2-formylfuran
QC −238.45 392.04 137.37 172.79 204.61 231.49 272.67 301.86 344.31
GA −235.88 390.92 139.45 174.08 205.44 232.07 273.01 302.02 344.15

Di 2.57 −1.12 2.08 1.29 0.83 0.59 0.34 0.16 −0.16

2,5-diformylfuran
QC −273.30 362.86 121.96 151.68 177.12 197.88 228.34 248.67 275.44
GA −275.65 359.89 120.97 150.98 176.61 197.50 228.09 248.51 275.46

Di −2.35 −2.97 −0.99 −0.70 −0.51 −0.38 −0.25 −0.16 0.02

2-acetylfuran

QC −210.66 357.94 117.25 148.18 174.46 195.75 227.18 248.99 281.14

GA −206.84 359.71 117.06 148.12 174.54 195.93 227.50 249.43 281.65
Di 3.82 1.77 −0.19 −0.06 0.08 0.18 0.32 0.44 0.51
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Table 5.36: Comparison of quantum chemically (QC) derived thermochemical functions for stable and radical species with optimized
group additivity values (GA) and absolute deviations (Di). ∆fH

−◦ (kJ mol−1), S298 and Cp (J mol−1 K−1).

Species ∆fH
−◦ S298 C300

p C400
p C500

p C600
p C800

p C1000
p C1500

p

3-acetylfuran
QC −204.60 364.44 117.55 148.57 174.84 196.07 227.39 249.13 281.19
GA −207.68 359.90 117.87 148.83 175.20 196.54 227.94 249.64 281.45
Di −3.08 −4.54 0.32 0.26 0.36 0.47 0.55 0.51 0.26

5-methyl-2-acetylfuran

QC −257.15 394.89 140.38 175.67 206.61 232.29 271.15 298.69 339.76

GA −252.81 395.07 140.37 175.69 206.72 232.53 271.62 299.29 340.41
Di 4.34 0.18 −0.01 0.02 0.11 0.24 0.47 0.60 0.65

5-methyl-3-acetylfuran

QC −251.00 395.76 141.09 176.02 206.70 232.24 271.00 298.54 339.65

GA −253.65 395.26 141.18 176.40 207.39 233.14 272.05 299.49 340.20
Di −2.65 −0.50 0.09 0.38 0.69 0.90 1.05 0.95 0.55

2,5-dimethyl-3-acetylfuran
QC −297.19 427.53 164.72 204.58 240.81 271.54 318.55 351.84 400.93
GA −299.62 430.63 164.50 203.98 239.57 269.74 316.16 349.34 398.96

Di −2.43 3.10 −0.22 −0.60 −1.24 −1.80 −2.39 −2.50 −1.97

2-hydroxymethylfuran
QC −221.75 347.38 104.71 132.84 157.17 176.95 206.11 226.40 256.79
GA −222.43 341.78 105.00 132.98 157.20 176.91 205.99 226.29 256.74

Di −0.68 −5.60 0.29 0.14 0.03 −0.04 −0.12 −0.11 −0.05

2-furylmethanoxy
QC 7.57 343.21 101.21 129.58 153.05 171.67 198.45 216.73 243.30
GA 5.69 337.65 101.46 129.70 153.13 171.67 198.28 216.65 243.26

Di −1.88 −5.56 0.25 0.13 0.08 0.00 −0.17 −0.08 −0.04

5-methyl-2-hydroxymethylfuran

QC −266.35 374.84 128.75 160.88 189.63 213.67 250.15 276.15 315.43

GA −268.40 377.15 128.31 160.55 189.39 213.51 250.10 276.14 315.49
Di −2.05 2.31 −0.44 −0.33 −0.24 −0.16 −0.05 −0.01 0.06
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Table 5.36: Comparison of quantum chemically (QC) derived thermochemical functions for stable and radical species with optimized
group additivity values (GA) and absolute deviations (Di). ∆fH

−◦ (kJ mol−1), S298 and Cp (J mol−1 K−1).

Species ∆fH
−◦ S298 C300

p C400
p C500

p C600
p C800

p C1000
p C1500

p

5-methyl-3-hydroxymethylfuran
QC −259.16 379.57 129.14 161.23 189.86 213.81 250.22 276.19 315.46
GA −257.04 378.18 128.30 160.37 189.10 213.14 249.69 275.79 315.26
Di 2.12 −1.40 −0.83 −0.87 −0.77 −0.67 −0.52 −0.40 −0.20

5-hydroxymethyl-2-formylfuran

QC −343.38 383.59 132.16 163.79 191.47 214.29 248.20 271.61 305.14

GA −342.77 388.27 133.13 164.85 192.45 215.16 248.90 272.13 305.33
Di 0.61 4.68 0.97 1.06 0.98 0.87 0.70 0.52 0.19

2-methoxyfuran

QC −186.90 341.06 106.98 136.26 160.80 180.45 209.22 229.19 258.89

GA −187.00 342.48 107.17 136.19 160.71 180.39 209.22 229.24 258.94
Di −0.10 1.42 0.19 −0.07 −0.09 −0.06 0.00 0.05 0.05

3-methoxyfuran
QC −172.00 339.42 106.90 136.68 161.66 181.60 210.53 230.39 259.67
GA −169.61 339.63 107.31 137.06 161.87 181.64 210.35 230.16 259.47

Di 2.40 0.21 0.42 0.38 0.22 0.04 −0.17 −0.23 −0.20

5-methyl-2-methoxyfuran
QC −229.74 379.24 131.37 164.45 193.32 217.20 253.30 278.98 317.58
GA −232.98 377.85 130.48 163.77 192.90 216.99 253.33 279.09 317.70

Di −3.23 −1.39 −0.88 −0.68 −0.43 −0.21 0.04 0.11 0.12

5-methyl-3-methoxyfuran
QC −216.52 375.24 130.35 164.26 193.76 218.01 254.33 279.94 318.19
GA −215.58 375.00 130.62 164.63 194.06 218.24 254.47 280.02 318.22

Di 0.94 −0.24 0.27 0.37 0.30 0.23 0.13 0.07 0.03

2-furoic acid

QC −412.17 338.31 108.14 137.88 162.31 181.56 208.82 226.58 250.30

GA −412.14 340.59 108.16 137.80 162.16 181.32 208.36 225.99 249.69
Di 0.02 2.28 0.01 −0.08 −0.15 −0.24 −0.46 −0.59 −0.61

1
7
9



C
H

A
P

T
E
R

5
.

A
T

H
E
R

M
O

C
H

E
M

IC
A

L
S
T

U
D

Y
O

F
S
U

B
S
T

IT
U

T
E
D

F
U

R
A

N
S

Table 5.36: Comparison of quantum chemically (QC) derived thermochemical functions for stable and radical species with optimized
group additivity values (GA) and absolute deviations (Di). ∆fH

−◦ (kJ mol−1), S298 and Cp (J mol−1 K−1).

Species ∆fH
−◦ S298 C300

p C400
p C500

p C600
p C800

p C1000
p C1500

p

3-furoic acid
QC −416.10 339.53 108.68 138.36 162.71 181.87 208.83 226.29 249.62
GA −412.98 340.78 108.97 138.51 162.82 181.93 208.79 226.19 249.48
Di 3.12 1.25 0.29 0.15 0.11 0.06 −0.04 −0.10 −0.14

5-methyl-2-furoic acid

QC −459.40 375.39 131.50 165.50 194.54 218.15 252.74 276.12 308.58

GA −458.11 375.95 131.47 165.38 194.35 217.92 252.47 275.84 308.44
Di 1.29 0.56 −0.03 −0.12 −0.19 −0.23 −0.27 −0.28 −0.14

5-methyl-3-furoic acid

QC −461.96 375.95 132.33 166.10 194.95 218.36 252.54 275.62 307.99

GA −458.95 376.14 132.28 166.09 195.01 218.53 252.90 276.05 308.24
Di 3.00 0.19 −0.05 −0.01 0.06 0.17 0.36 0.43 0.25

2,5-dimethyl-3-furoic acid
QC −510.41 411.23 155.42 193.41 226.88 254.72 296.47 325.39 366.74
GA −504.92 411.51 155.59 193.66 227.19 255.13 297.02 325.90 366.99

Di 5.48 0.28 0.17 0.25 0.31 0.41 0.55 0.51 0.25

2,5-difuroic acid
QC −782.87 405.01 151.79 188.45 218.28 241.74 274.51 295.15 320.90
GA −789.33 402.73 151.60 188.35 218.21 241.66 274.44 295.16 321.10

Di −6.46 −2.28 −0.19 −0.10 −0.07 −0.08 −0.07 0.01 0.20

Summary Statistics

D̄i −0.41 −0.17 0.02 0.04 0.06 0.05 0.03 0.04 0.02
MAD 1.80 1.23 0.51 0.42 0.36 0.34 0.33 0.30 0.24

σ(Di) 2.35 1.72 0.74 0.58 0.50 0.48 0.48 0.46 0.38
2σ(Di) 4.69 3.44 1.48 1.17 1.00 0.96 0.97 0.92 0.76
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5.5. CONCLUSIONS

5.5 Conclusions

This chapter is a paradigm of computational theory working in tandem with experimental ther-

mochemistry. Through quantum chemical calculations and a database of well-known formation
enthalpies of literature compounds, the enthalpies of formation of a range of poly-substituted

furans which are of interest as platform chemicals and biofuels have been determined. There
is very good agreement between formation enthalpies derived from theoretical isodesmic re-

actions and experimental determinations throughout. There are some exceptions for which
agreement is not observed within theoretical or experimental uncertainty: 2-formylfuran [180],

2-hydroxymethylfuran [180], 5-hydroxy-2-formylfuran (HMF) [193] and 2,5-dimethyl-3-furoic
acid [189].

However, the isodesmically computed formation enthalpies are supplemented by atomisation
calculations which, despite their larger uncertainties (up to 26 kJ mol−1 based on 2σ confidence),
tend to show a remarkable agreement with isodesmic reactions, thus corroborating the latter

and casting doubt on the current recommendations for the above four compounds. For a given
conformer of any species studied, the atomisation enthalpies are shown to correlate linearly (R2

= 0.99) with the isodesmic values according to ∆fH
−◦ (atomisation) = ∆fH

−◦ (isodesmic) + 0.24
kJ mol−1.

An investigation as to why such agreement is observed shows that atomisation from the
CBS-QB3 and G3 methods tend to slightly over-predict the isodesmic values by 0.16 ± 4.4

and 4.17 ± 2.4 kJ mol−1 respectively, and the CBS-APNO method tends to under-predict by
−5.57 ± 4.9 kJ mol−1. On average, the combination of these methods is shown to agree with

the isodesmic values within −0.41 kJ mol−1, with the computed uncertainty of ±2.2 kJ mol−1

being much lower than the uncertainty computed for any individual atomisation calculation for
a given species.

A formation enthalpy determined from an average of atomisation via the CBS-QB3, CBS-
APNO and G3 methods therefore appears to introduce an error-cancellation effect in atomisation

calculations which overcomes the inherent lack of error cancellation in the atomisation method
itself. This result is quite interesting, and a combination of these methods may therefore pro-

vide an accurate yet cost-effective method for determining formation enthalpies in instances
where isodesmic reactions or very high-level theoretical methods cannot be employed. It is rec-

ommended that the combination of these three methods be benchmarked against a test-set of
well-known formation enthalpies from various homologous series to assess the applicability of

such a “super-compound” method to gas phase formation enthalpy determination.
Based on the theoretically derived formation enthalpies, entropies and heat capacities, a set

of group additivity rules for substituted furans and their radicals were developed. The rules

were shown to be capable of predicting the theoretical values within −0.41± 4.69 kJ mol−1 for
formation enthalpies, −0.17±3.44 J mol−1 K−1 for entropies and from 0.02±1.48 J mol−1 K−1

at 300 K, to 0.02 ± 0.76 J mol−1 K−1 at 2000 K, for heat capacities. It can be concluded that
the GA rules are therefore more than capable of providing accurate estimates of thermochemical

parameters for poly-substituted furans.
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Chapter 6

2-Methylfuran Combustion
Modelling

This Chapter describes in detail, the development of a detailed kinetic model to describe com-

bustion of 2-methylfuran (2MF), and the subsequent validation of this model against the exper-
imental data provided by other researchers. The work described herein formed the basis of two

first-author publications.

The first, “A High Temperature and Atmospheric Pressure Experimental and Detailed Chem-

ical Kinetic Modelling Study of 2-Methylfuran Oxidation” was published in the “Proceedings of
the Combustion Institute” [208]. It was the first ever detailed kinetic model proposed for the

high-temperature oxidation of an alkylfuran. The contribution of this author was to construct
the detailed computation mechanism based largely on quantum chemical methods, and to thus

interpret experimental measurements taken by authors at a fundamental chemical level.

The second publication, entitled “The Pyrolysis of 2-Methylfuran: A Quantum Chemical,

Statistical Rate Theory and Kinetic Modelling Study”, was published in Physical Chemistry
Chemical Physics [209] and built on the earlier work through quantum chemical and RRK-

M/ME calculations. This author contributed to the work by carrying out all quantum chemical
calculations on the potential energy surfaces investigated, by validating and applying the RRK-
M/ME methods described previously to determine rate constants as a function of temperature

and pressure, and by ultimately using the mechanism developed therein to interpret the exper-
imental measurements of Lifshitz et al. [61]. The following discussions, particularly the model

development section, are borrowed largely from these peer-reviewed publications.

6.1 Model Development

6.1.1 The Thermal Decomposition of 2-Methylfuran

In all subsequent Sections, a subscript x is used to enumerate tabulated rate constants (kx)

corresponding with the number assigned to the transition state (TSx) for that reaction on a
given potential energy surface. If a reaction does not have an accompanying potential energy

surface, as abstraction reactions or literature rate constants, other shorthand notations are used.

The thermal decomposition pathways of 2MF are of particular relevance to the study of

Lifshitz et al. [61], where the pyrolysis of 2MF was studied behind reflected shock waves from
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CHAPTER 6. 2-METHYLFURAN COMBUSTION MODELLING

Figure 6.1: Numbering scheme and bond dissociation energies [202] (kJ mol−1) for 2-

methylfuran.

temperatures of 1100–1400 K, pressures of 2.5 ± 0.3 atm, and residence times of 2.1 ± 0.2

ms. Theoretical rate constants will generally be discussed in light of these temperatures and
pressures.

The numbering scheme for 2-methylfuran which is frequently referred to throughout this text

is illustrated in Figure 6.1 along with the bond dissociation energies computed by Simmie and

Curran [202] in 2009.

α-Carbene Mediated Unimolecular Decomposition

Figure 6.2 delineates the potential energy surfaces for the decomposition of 2-methylfuran
through α-carbene intermediates. Based on CBS-QB3 calculations, a 2 → 3 methyl shift to

form a singlet α-carbene (M2) occurs with a transition state lying 346.3 kJ mol−1 above the
reactant in a reaction which is endothermic by 256.0 kJ mol−1, in good agreement with values
computed for the analagous 25DMF [155] and those of Davis for 2MF [160]. The carbene sub-

sequently decomposes in a mildly exothermic (−16.2 kJ mol−1) reaction forming methyl ketene
(CH3 CH C O) and acetylene (HC CH) with the transition structure lying 114.5 kJ mol−1

above the carbene intermediate and 370.4 kJ mol−1 above 2MF.

The formation of an α-carbene (M3) from a 5 → 4 hydrogen transfer proceeds through a

barrier of only 274.5 kJ mol−1 based on a CBS-QB3 computation with a reaction enthalpy of 230
kJ mol−1. Decomposition to ketene (CH2 C O) and propyne (CH3 C CH) follows through

a barrier 127.0 kJ mol−1 above the carbene, and 357.0 kJ mol−1 above 2MF. The energetics
of this multistep process are in excellent agreement with G3(MP2), CASPT2 and CBS-QB3

calculations carried out for the similar process in furan [168, 210]. TS3 and TS4 correspond
to those for Diels-Alder type reactions and multi-reference effects may be of importance. T1
diagnostics were therefore computed and found to be 0.019 for TS3 and 0.018 for TS4, thus

indicating that the single-reference methods used suffice. The computed decomposition rate
constants for the α-carbenes (k3 and k4) are in excellent agreement as one might expect, given

their similar decomposition mechanism and products.

Methyl ketene was identified in the low-pressure flames of 25DMF, which is formed along

with propyne, in an effectively identical process to the above [155, 157]. Based on the com-
puted energetics and kinetics of this process however, its production from 2MF and 25DMF is

insignificant through unimolecular decomposition.
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6.1. MODEL DEVELOPMENT

Figure 6.2: Potential energy surface for the formation and decomposition of α-carbenes. CBS-

QB3, CBS-APNO and G3 Energies in kJ mol−1 at 0 K relative to 2-methylfuran.

kx Reaction A n Ea/R

k1 M1 
 M2 1.36×1011 0.70 41593.
k2 M1 
 M3 2.26×1010 0.99 32486.

k3 M2 
 P1 + P2 1.55×1012 0.83 14343.
k4 M3 
 P3 + P4 8.54×1012 0.68 15881.

k5 M1 
 M4 2.15×1010 0.95 35145.

k6 M4 
 M5 2.80×1012 0.30 −72.
k7 M5 
 M6 2.17×1013 −0.24 2725.

k8 M6 
 P5 + P6 7.30×1010 0.69 21872.
k9 M6 
 P6 + P7 3.40×1011 1.00 30161.

k10 M1 
 M7 1.75×1010 1.00 34174.

k11 M7 
 M8 6.11×1012 0.09 552.
k12 M8 
 M9 1.26×1013 −0.13 2146.

k13 M9 
 P3 + P4 3.91×1008 1.48 33817.

Table 6.1: Arrhenius coefficients of high-pressure limiting rate constants for the decomposition

of 2-methylfuran via carbene intermediates. AT n (s−1), Ea/R (K).
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Figure 6.3: Potential energy surface for the formation and decomposition of β-carbenes formed
from a 3 → 2 hydrogen atom shift. CBS-QB3, CBS-APNO and G3 energies in kJ mol−1 at 0
K relative to 2-methylfuran.
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Figure 6.4: Potential energy surface for the formation and decomposition of β-carbenes formed
from a 4 → 5 hydrogen atom shift. CBS-QB3, CBS-APNO and G3 energies in kJ mol−1 at 0

K relative to 2-methylfuran. Variational processes in greyscale.
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β-Carbene Mediated Unimolecular Decomposition

Potential energy surfaces for the formation and decomposition of β-carbenes are depicted in Fig-

ures 6.3 and 6.4 with corresponding rate constants (k5–k13) reported in Table 6.1. Unimolecular
decomposition of 2MF through α-carbene intermediates was found to be uncompetitive with
the β-carbene pathways due to the higher energy barriers encountered on the formers’ potential

energy surfaces.

A 3 → 2 hydrogen atom transfer, Figure 6.3, which forms a β-carbene intermediate (M4) has
a computed barrier of 294.5 ± 1.6 kJ mol−1. This intermediate could not be located using the

CBS-QB3 method (B3LYP/CBSB7 optimisation step), which instead led to the cis conformer
of 2,3-pentadiene-1-al upon optimisation. The same observation was noted in a computational
study for the analogous process in 25DMF [155, 157].

The CBS-APNO and G3 methods successfully locate this carbene intermediate existing at

256.8 ± 2.9 kJ mol−1 above 2MF. The subsequent ring opening reaction of the cyclic carbene is
found to be extremely facile, with a transition state (TS6) being located 2.8 and 2.5 kJ mol−1

below the level of the reactants using the CBS-APNO and G3 methods respectively. The shallow
nature of the β-carbene well likely contributes to the inability of the CBS-QB3 method to locate
the reactant as a stationary point.

The product of ring opening exists in two rotameric forms (M5 and M6) about the formyl

group, which are connected by a rotational barrier of 21.4 ± 0.3 kJ mol−1. The trans conformer
(M6) can undergo CO elimination with a concomitant 1 → 4 hydrogen shift to form 1-butyne

(k8) in a near thermoneutral reaction with ∆rH0 = 11.9 ± 0.7 kJ mol−1.

The barrier for the process is computed to be 183.6 kJ mol−1 based on CBS-QB3 calculations,

and 180.2 kJ mol−1 via the CBS-APNO method, in good agreement with G2(MP2) calculations
[210] (175 kJ mol−1) for the similar process in furan. A 1 → 2 hydrogen atom transfer to form

1,2-butadiene and CO is also possible, although the barrier is much higher at 252.2 kJ mol−1.

Simple fission reactions are also possible for this acyclic species and BDEs of C C bonds in

the system have therefore been investigated, as they should coincide effectively with the barrier
for these dissociation reactions. The formation of formyl radical (HĊO) and 1,2-butadiene-1-yl

radical (ĊH C CH CH3) from the trans conformer is found to be endothermic by 321.7 kJ
mol−1 based on standard state CBS-QB3 energetics, with fission to form a ĊH3 radical and a

formyl allene radical (ĊH C CH CH O) having a similar BDE of 327.9 kJ mol−1. These
homolytic processes face enthalpic barriers much higher than that computed for the lowest
energy CO elimination process (circa 140 kJ mol−1), and are therefore unlikely to contribute to

the decomposition of the aldehyde.

β-carbene formation (M7) via a 4 → 5 hydrogen shift (Figure 6.4) proceeds through a barrier
of 287.8 ± 1.2 kJ mol−1, similar to that observed for the 2 → 3 hydrogen shift. The carbene can

undergo ring opening through TS11, in an effectively barrierless process (1.69 ± 1.7 kJ mol−1)
to form 3,4-pentadiene-2-one.

Like the formyl butadiene product formed from a 3 → 2 hydrogen atom transfer, there exists
cis and trans conformers of 3,4-pentadiene-2-one (M8 and M9) with the trans conformer (M9)

capable of undergoing a 1 → 5 hydrogen shift in a concerted process to form ketene and propyne.
A barrier of 287.3 kJ mol−1 is computed at the CBS-QB3 level of theory.

Given the tight nature of the transition state, a decrease in ∆‡S of −3.3 kJ mol−1 is computed
at standard temperature, and there is only a slight increase in ∆‡S to 1.0 kJ mol−1 at 2000 K.

C C bond fission of the more stable trans conformer to acetyl radical (CH3 Ċ O) and the
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kx Reactant Carbene, –R A n Ea/R

kFuran−α Furana α, –H 1.69×1012 0.56 33782.
kFuran−β Furanb β, –H 5.94×1013 0.00 35372.

kDMF−α 25DMFc α, –CH3 7.77×1013 0.00 41483.
kDMF−β 25DMFc β, –H 9.48×1013 0.00 35230.

Table 6.2: Arrhenius coefficients of high-pressure limiting rate constants for –H and –CH3 group
shifts in 2,5-dimethylfuran and furan. AT n (s−1), Ea/R (K). a this work, b Sendt et al. [210], c

Simmie and Metcalfe [155].

Figure 6.5: A comparison of the high-pressure limiting rate constants for –H and –CH3 group

transfer reactions in the homologous series furan (– –), 2-methylfuran (—) and 2,5-dimethylfuran
(· · · ). Furan and 2,5-dimethylfuran rate constants are reduced by a factor of two to account for

the external symmetry number of 1 for 2-methylfuran.

propargyl radical (ĊH2 C CH) is computed to be endothermic by 317.7 ± 1.8 kJ mol−1, with

the formation of a ĊH3 radical and a formyl allene radical (CH2 C CH Ċ O) found to be
endothermic by 359.1 ± 4.5 kJ mol−1.

The formation of acetyl and propargyl radicals is energetically similar to the concerted
elimination process and one may therefore expect that simple fission is likely to be favoured

over the elimination reaction at high temperatures, as the looser nature of the homolysis is
likely to result in an increase in ∆‡S for the reaction.

Figure 6.5, and Tables 6.1 and 6.2, show calculated rate constants for the formation of car-
benes in the homologous series furan, 2MF and 25DMF, with consistent rate constants emerging

for the formation of α- and β-carbenes via hydrogen atom and methyl group shifts.

Comparison is made with the computations of Simmie and Metcalfe [155] for the 25DMF

system and Sendt et al. [210] who reported Arrhenius parameters for this process in furan. Rate
constants for furan and 25DMF decomposition are reduced by a factor of two in Figure 6.5

for comparison with 2MF, given the loss of symmetry for the mono-alkylated furan, but those
reported in Table 6.2 have not undergone this treatment. There is a close agreement within the

computed rate constants amongst the homologous series, which may be of interest to kinetic
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Figure 6.6: Computed pressure-dependent rate constants (atm) for the decomposition of 2-
methylfuran to (a) 2,3-pentadiene-1-al (M6) and (b) 3,4-pentadiene-2-one (M9).

modellers.

RRKM/ME analysis has been applied to determine pressure- and temperature-dependent
rate constants for the multi-step collisionally activated decomposition pathways of 2MF. A

number of simplifications are made to the potential energy surface for decomposition through
β-carbenes. Both M4 and M7 are omitted from the RRKM/ME calculations as preliminary
calculations showed that collisional stabilisation is inefficient for these species, owing to their

shallow well-depth. Only a single rotamer of 2,3-pentadiene-1-al (M6) and of 3,4-pentadiene-2-
one (M9) is included in this analysis for simplicity.

Pressure-dependent rate constants for the β-carbene mediated decomposition of 2-methylfuran
are shown in Figure 6.6. Under the experimental conditions of Lifshitz et al. (1150–1500 K,

2.5 atm) [61], both reaction pathways are approximately at the high-pressure limit, with only
≈ 20% reduction in the computed high-pressure limiting rate constants at 1500 K and 2.5 atm.

With increasing temperature and decreasing pressure however, the deviation of the rate con-
stants from the high-pressure limiting case becomes more pronounced and there may be a need

to account for fall-off effects under these conditions.

As part of the RRKM/ME calculations, the simple fission of 2MF into 2-furanylmethyl

radical and Ḣ atom was also considered. The high-pressure limiting rate constant for this
barrierless process is estimated based on an analogy with a literature [211] rate constant for the

recombination of a Ḣ atom with the resonantly stabilised benzyl radical to form toluene. From
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Figure 6.7: Temperature-dependent branching ratios for the thermal decomposition of 2-
methylfuran under the conditions of the Lifshitz et al. [61] study (2.5 atm). (a) 2-methylfuran →
products; P3 + P4 (ketene + propyne via α-carbene), M6 (2,3-pentadiene-1-al via β-carbene),
M9 (3,4-pentadiene-2-one via β-carbene), M10 + P17 (C–H fission) (b) M6 → products; P5

+ P6 (1-butyne + CO), P6 + P7 (1,2-butadiene + CO).
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an estimated recombination rate constant of 9.25×1013T−0.01 exp(−96.9/T ) cm3 mol−1 s−1 and
the equilibrium constant for the reaction 2-furanylmethyl + Ḣ atom 
 2MF, a high-pressure

limiting rate constant of 3.37 × 1015T−0.01 exp(−44026/T ) s−1 for the dissociation reaction is
computed through microscopic reversibility.

For the alkyl side chains of 2MF [202] and toluene [212] similar BDEs have previously been
reported, they being 360.9 ± 5.2 and 375 ± 5.0 kJ mol−1 respectively. A BDE of 361.2 kJ mol−1

for 2MF is determined in this work. The high-pressure limiting rate constant of the barrierless
association of a Ḣ atom with the 2-furanylmethyl radical may be expected to be of a similar
order as that for the recombination of Ḣ atom with benzyl radical, and the high-pressure limiting

rate constant described above should therefore be of a reasonable order.

Transition state properties (frequencies, rotational constants) for the C–H fission process

have been generated automatically by the ChemRate code based on the properties of the
reactants and products for the reaction, as the transition state should have similar molecular

properties to the products. The microscopic rate constants, k(E), were then determined from
the estimated transition state properties and k(E) were subsequently altered by an empirical

fitting factor such that the high-pressure limiting rate constant described above was replicated
at every temperature. The enthalpy of activation for the process was assumed equal to the
enthalpy of reaction at 0 K.

Based on temperature- and pressure-dependent RRKM/ME calculations under the condi-
tions of Lifshitz et al. study for 2MF pyrolysis [61], Figure 6.7 (a), decomposition via β-carbene

intermediates is found to be dominant over the temperature range 1000–2000 K. 3 → 2 and 4
→ 5 hydrogen atom shift reactions forming M6 and M9 are preferred to the simple fission of a

C–H bond, and the formation of ketene and propyne through an α-carbene (M3).

Whilst a hydrogen atom transfer reaction to form an α-carbene (M3) is initially compet-
itive with β-carbene formation (Figure 6.5), unlike the β-carbenes which can readily undergo

ring opening, the α-carbene faces subsequent and much more substantial barriers in order to
decompose to bimolecular products. A steady-state analysis is employed at each pressure to

compute the fraction of 2MF which will form ketene and propyne via M3 and the results show
that only above 1500 K and pressures of 1 atm will this pathway become competitive. C–H

fission is found to be the least important unimolecular decomposition pathway of 2MF based on
the present analysis.

The temperature-dependent branching ratios for the decomposition of M6 are shown in

Figure 6.7 (b). M6 can decompose to form 1-butyne and CO or 1,2-butadiene and CO, with
the former being favoured over the entire temperature and pressure range of the Lifshitz et

al. study [61]. The latter becomes competitive only at higher temperatures. M9 is found
to decompose exclusively to acetyl and propargyl radicals under all conditions of temperature

and pressure. The high-pressure limiting rate constant for this reaction has been estimated in
a similar fashion to the C–H fission reaction of 2MF, with an assumed rate constant for the

recombination of acetyl and propargyl radicals of 5.2 × 1012T 0.01 exp(−114/T ) cm3 mol−1 s−1.
This implies a forward decomposition rate constant of 1.52 × 1025T−2.48 exp(−39621/T ) s−1,

which is ≈ 200 times faster than the tighter process (k13) forming ketene and propyne.

To summarise, the unimolecular decomposition of 2-methylfuran is shown to be initiated by
3 → 2 and 4 → 5 hydrogen atom shift reactions which are close to their high-pressure limits

under the experimental conditions of Lifshitz et al. [61], Figure 6.8. Once sufficient free radical
species are formed from the initial decomposition processes, abstraction of a hydrogen atom from

the alkyl side chain should assume importance in the combustion of 2MF. The unimolecular
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Figure 6.8: Schematic of primary 2MF unimolecular initiation pathways based on quantum

chemical RRKM/ME results.

decomposition of 1-butyne and acetyl radical results in the formation of methyl radicals. Rate
constants for abstraction processes by these radicals are therefore of interest, as is the fate of
the primary fuel radical.

6.1.2 Abstraction Reactions and the Decomposition of 2-Furanylmethyl

Abstraction Reactions

Results of thermochemical and kinetic computations of hydrogen atom abstraction reactions

by Ḣ atom and ĊH3 radical are listed in Table 6.3. Abstraction of a hydrogen atom from the
methyl group of 2MF by a ĊH3 radical is calculated to be exothermic by −74.9 ± 4.0 kJ mol−1,
with a barrier of 39.3 ± 4.0 kJ mol−1. Abstraction from the same site by a Ḣ atom faces lower

barriers (27.9 ± 2.8 kJ mol−1) but the exothermicity (−77.7 ± 2.8 kJ mol−1) is of a similar
order to that for abstraction by a ĊH3 radical.

Abstraction of any of the hydrogen atoms directly bonded to the furan ring is thought to
be unlikely given their highly vinylic nature, with BDEs circa 505 kJ mol−1 reported previously

[202]. Consistent rate constants for hydrogen atom abstraction by a ĊH3 radical and a Ḣ atom
are reported for abstraction from these sites but it is evident that these processes are of little

importance, Figure 6.9. As a result, the consumption reactions of the furyl radicals formed
from these abstraction processes are not considered as part of quantum chemical calculations

presented herein.

Rate constants for abstraction from the alkyl group by a Ḣ atom, kH−C2, are reported in

Table 6.3 at three levels of theory, thus allowing for an assessment of the uncertainty in the
computed rate constants. A factor of 2.5 variation is computed at temperatures of 1000–2000
K. In the same range of T , abstraction by methyl radical (kCH3−C2) varies by a similar order.

Rate constants for the reaction 2-methylfuran + Ṙ 
 2-furanylmethyl + RH other than those
described above are tabulated in Table 6.4 and will now be discussed. In the first mechanism

published for 2MF based on the work of this Thesis [208], the rate constant for abstraction of a
hydrogen atom from the alkyl side chain of 2MF by O2 was estimated as equivalent to abstraction

from the alkyl side-chain of toluene [213, 214] due to the similarly weak C–H bonds. The rate
constant was increased by a factor of two as the reaction displayed a reasonable sensitivity to

ignition delay times from 1200–1800 K. However, in the subsequent development of a mechanism
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Figure 6.9: Rate constants for hydrogen atom abstraction from 2-methylfuran by (a) hydrogen
atom and (b) methyl radical. kH−C3, kH−C4 and kH−C5 are effectively superimposed.

kx Ṙ Site ∆‡H0 ∆rH0 A n Ea/R

kH−C2 (QB3) Ḣ

C-2

26.6 −80.9 5.36×104 2.73 1785.

kH−C2 (APNO) Ḣ 25.9 −76.4 8.71×100 3.88 57.

kH−C2 (G3) Ḣ 31.1 −75.7 5.51×10−1 4.20 216.
27.8 ± 2.8 −77.7 ± 2.8

kH−C3 Ḣ C-3 85.1 ± 3.4 64.1 ± 3.3 1.53×108 1.86 9666.

kH−C4 Ḣ C-4 84.2 ± 3.3 63.4 ± 3.1 1.37×108 1.88 9700.

kH−C5 Ḣ C-5 87.3 ± 3.7 63.4 ± 3.8 1.03×108 1.94 9838.

kCH3−C2 (QB3) ĊH3 C-2
40.0 −78.1 1.21×10−2 4.29 2254.

kCH3−C2 (APNO) ĊH3 38.6 −76.2 4.36×10−7 5.58 50.
39.3 ± 1.0 -77.2 ± 4.0

kCH3−C3 ĊH3 C-3 82.0 ± 0.3 66.9 ± 4.5 1.04×102 3.18 8274.

kCH3−C4 ĊH3 C-4 82.5 ± 0.4 66.2 ± 4.3 1.31×102 3.19 8336.

kCH3−C5 ĊH3 C-5 82.9 ± 0.8 66.2 ± 5.1 1.54×102 3.20 8397.

Table 6.3: Computed barrier heights and enthalpies of reaction (kJ mol−1, 0 K) and Arrhenius
coefficients of high-pressure limiting rate constants for abstraction of a hydrogen atom from

2-methylfuran by hydrogen atom and methyl radical. AT n (cm3mol−1s−1), Ea/R (K).
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for 25DMF, an Evans-Polanyi relationship was developed to determine the rate constant for
abstraction from 25DMF by O2, Figure 6.10. Activation energies and enthalpies of reaction for

this relationship were based on the kinetic and thermodynamic parameters contained within the
C0–C4 sub-mechanism to be described. The activation energy was found to relate to the heat

of reaction via:

Ea = 1.06∆rH − 9.44 (6.1)

with units of kJ mol−1. Given an enthalpy of reaction of 149.1 kJ mol−1 for the abstraction
of a hydrogen atom from 25DMF, an Ea of 147.5 kJ mol−1 was computed. To determine the

pre-exponential factor of this rate constant, the frequency factors of those reactions utilised
in the above Evans-Polanyi relationship were analysed. Values ranged from a lower limit of 7

× 1011 cm3 mol−1 s−1 to an upper limit of 3 × 1013 cm3 mol−1 s−1. During this Thesis it
was found that abstraction by O2 was a sensitive parameter in predicting ignition delay times

measurements in the intermediate-temperature regime (800–1200 K) for 25DMF, and a pre-
exponential factor of 1.25× 1013 cm3 mol−1 s−1 was assumed for this rate constant to replicate

the ignition measurements.

The rate constant ultimately used for abstraction of a hydrogen atom from 2MF by O2

was optimised, Figure 6.11, to replicate ignition delay times for 2MF/Ar/O2 mixtures from

1200–1800 K, but also to be consistent with the rate constant optimised for 25DMF + O2 from
temperatures of 800–1200 K. The latter exhibited an extremely high sensitivity in the prediction

of ignition delay times for intermediate temperatures and high pressures for 25DMF/O2/N2 mix-
tures. Although no such measurements currently exist for 2MF/O2/N2 mixtures, it is rational

that this reaction will exhibit similar sensitivity to that for 25DMF under these conditions, and
the final rate constant assumed for the reaction 2-methylfuran + O2 is therefore considerate of
this, whilst performance against currently available high-temperature measurements is retained.

The rate constant is likely to be uncertain by up to a factor of five at any temperature.

For the reaction 2-methylfuran + Ö 
 2MF2R + ȮH, limited sensitivity to the experimental

targets was observed and the rate constant used was assumed equal to that for the analogous
reaction in the toluene system [214, 215].

The reaction 2MF + HȮ2 
 2MF2R + H2O2 has been assumed equal to half that for

the similar process in 25DMF, with the latter computed based on quantum chemical/TST
calculations as will be described in Chapter 7. For abstraction by methylperoxy radical, CH3Ȯ2,

it was assumed that the rate constant was 1/3 of that for abstraction by HȮ2, based on the
computations of Carstensen and Dean [216] who found a similar ratio for the reaction RȮ2 +

C2H6 
 RO2H + Ċ2H5.

The rate constant for the reaction 2MF + ȮH 
 2MF2R + H2O was originally esti-
mated as half that for the equivalent process in 25DMF, for which a rate constant of 1.02 ×
1004T 3.13 exp(−1085/T ) cm3 mol−1 s−1 was recommended by Simmie and Metcalfe [155]. In the
final mechanism, the original estimate was increased again by a factor of 2 to retain agreement

with laminar burning velocity measurements of 2MF/oxidiser mixtures.

For abstraction by propargyl radical (Ċ3H3) forming allene (C3H4-a) or propyne (C3H4-p)
the assumed rate constant of 3.90×1012 exp(−5787/T ) cm3 mol−1 s−1 has been adopted based on

the empirical estimate of Lifshitz et al. [61]. For all other reactions quoted in Table 6.4, the rate
constant has been taken as equivalent to the rate constant used in the kinetic model of Metcalfe

et al. [214] for toluene oxidation based on previous work by Bounaceur and co-workers [217].
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Figure 6.10: Evans-Polanyi relationship used to determine Ea for abstraction of a hydrogen
atom from 2-methylfuran and 2,5-dimethylfuran by O2.

Figure 6.11: Optimised rate constant for the reaction 2-methylfuran + O2 
 2-furanylmethyl
+ HȮ2 based on rate constants for 2,5-dimethylfuran [208] and toluene [213].
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Ṙ RH A n Ea/R

O2 HȮ2 2.80×1003 3.30 17739.

Ö ȮH 6.30×1011 0.00 0.

HȮ2 H2O2 0.99 3.78 6207.

CH3Ȯ2 CH3O2H 0.33 3.78 6207.

ȮH H2O 1.02×1004 3.13 1085.

HĊO CH2O 3.77×1013 0.00 11970.

CH3Ȯ CH3OH 8.40×1010 0.00 1308.

Ċ2H3 C2H4 4.00×1012 0.00 4026.

Ċ2H5 C2H6 1.00×1011 0.00 4932.

Ċ3H3 C3H4-a 3.90×1012 0.00 5787.

Ċ3H3 C3H4-p 3.90×1012 0.00 5787.

Ċ3H5-a C3H6 1.60×1012 0.00 7599.

Ċ4H5-n C4H6 1.60×1012 0.00 7599.

Ċ4H5-i C4H6 1.60×1012 0.00 7599.

Ċ5H5 C5H6 1.60×1012 0.00 7599.

Ċ6H5 C6H6 7.90×1013 0.00 6039.

C6H5Ȯ C6H5OH 5.48×1012 0.00 10529.

Table 6.4: Rate constant estimates for the reaction 2-methylfuran + Ṙ 
 2-furanylmethyl +
RH. AT n (cm3 mol−1 s−1), Ea/R (K).

The exception to the above is the rate constant for abstraction by cyclopentadienyl radical

(Ċ5H5), for which a typo in the original mechanism of Bounaceur et al. [217] was noted. The
Ea/R of 5586 K quoted in their original paper is in error, and as a result, Ea/R has been

increased to 7599 K in line with the rate constants used for abstraction by the other large
resonantly stabilised radicals shown in Table 6.4.

Thermal Decomposition of 2-Furanylmethyl

The fate of the primary radical (M10) formed from abstraction from the alkyl side chain is de-

picted in Figure 6.12 with corresponding rate constant computations given in Table 6.5. Lifshitz
included decomposition reactions for this radical in their proposed kinetic scheme with the forma-
tion of CO and the internal butadienyl radical (CH2 Ċ CH CH2) proposed as the major de-

composition product. Decomposition to HĊO radical and vinylacetylene (HC C CH CH2),
ketene and propyne, or CH CH, Ċ2H3 radical and CO was also included in their scheme, al-

though no mechanistic proposals were made. In the temperature range 1100–1600 K, a total
decomposition rate constant of 3.81× 1015T 0.11 exp(−32149/T ) s−1 is inferred from their work.

Ring opening of M10 proceeds via cleavage of the C O bond through a barrier of 167.9 kJ
mol−1 from CBS-QB3 calculations with both CBS-APNO and G3 failing to locate the transition
structure TS14. A high-pressure limiting rate constant of 1.38 × 1013T 0.3 exp(−20480/T ) s−1

is calculated for the ring opening process from CBS-QB3 calculations.

The ring opening product, 3,4-pentadiene-1-one-2-yl radical, has multiple conformers but

only two are of interest mechanistically, M11 and M12. The latter conformer can undergo a 1
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Figure 6.12: Potential energy surface for the decomposition of the 2-furanylmethyl radical.

CBS-QB3, CBS-APNO and G3 energies in kJ mol−1 at 0 K relative to 2-furanylmethyl radical.

kx Reaction A n Ea/R

k14 M10 
 M11 1.38×1013 0.30 20480.
k15 M11 
 P17 + P18 9.12×1010 1.15 26634.

k16 M11 
 M12 4.01×1013 −0.08 4541.
k17 M12 
 M13 9.54×1006 1.62 10071.

k18 M13 
 M14 1.50×1013 −0.19 4046.
k19 M14 
 P6 + P19 8.61×1014 0.19 12822.

k20 M13 
 M15 2.31×1013 −0.13 5663.
k21 M15 
 M16 4.06×1012 −0.15 5622.

k22 M16 
 P17 + P20 2.99×1011 1.14 28149.

k23a P20 
 INT1 1.03×1010 1.21 36232.
k23b INT1 
 P18 8.72×1012 0.21 2987.

Table 6.5: Arrhenius coefficients of high-pressure limiting rate constants for the decomposition
of 2-furanylmethyl radical (M10) and related intermediates. AT n (s−1), Ea/R (K).
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Figure 6.13: Carbene intermediate in the isomerisation of 2,4-cyclopendadienone and 1,3,4-

pentatrieneone. CBS-QB3, CBS-APNO and G3 energies in kJ mol−1 at 0 K relative to reactant.

→ 4 intramolecular hydrogen abstraction reaction through a five membered ring transition state
(TS17), in a relatively low barrier (99.5 ± 3.1 kJ mol−1) exothermic (−58.7 ± 2.3 kJ mol−1)

process. This reaction faces a high barrier on the Ċ5H5O radical potential energy surface,
and reformation of M12 from M13 is unlikely due to the exothermicity of the reaction, and

subsequent low energy exit channels which exist for the consumption of M13.

The β-scission of a C H bond in M11 to form 1,3,4-pentatriene-1-one (P18) was inves-

tigated as this species was detected experimentally in of 25DMF [219] and 2MF [220] flames.
With an endothermicity of 202.2 ± 3.9 kJ mol−1 and critical energy of 218.4 ± 1.5 kJ mol−1,

its formation is not competitive with the 1 → 4 intramolecular hydrogen abstraction reaction.

The product of the 1 → 4 hydrogen atom transfer reaction has two resonance structures that

lead to different configurational isomers, M13 and M14, connected by a transition state which
lies 33.1 kJ mol−1 above M13 and 3.4 kJ mol−1 above M14. IRC analysis (B3LYP/CBSB7)

verifies that the latter isomer undergoes decarbonylation (TS19) to form CH2 CH CH ĊH
radical and CO through a barrier of 99.4 kJ mol−1. M15, a second conformer of M13, can

undergo ring closure via a barrier of 51.0 ± 3.9 kJ mol−1 (TS21) to form a resonantly stabilised
cyclopentenone radical (M16) which is computed to be 27.7 ± 1.6 kJ mol−1 more stable than

the 2-furanylmethyl radical.

The β-scission of a C H bond is the only plausible consumption channel envisaged for

(M16), forming cyclopentadienone (P20) and a hydrogen atom. The barrier for the endothermic
process (233.1 ± 4.8 kJ mol−1) is calculated to be 234.8 ± 4.8 kJ mol−1, although the CBS-QB3

method predicts a negative critical energy (−3.19 kJ mol−1) if viewed from the perspective of
hydrogen atom addition across the double bond of cyclopentadienone.

Cyclopentadienone is a known intermediate in the combustion of cyclopentadiene and it is
interesting to see a common feature between this five-membered ring and 2MF, namely, the

formation and consumption of β-carbenes through a 1 → 2 hydrogen shift reaction on a singlet
potential energy surface, Figure 6.13. The energetics and kinetics of the process were not

considered in a previous analysis of cyclopentadienone decomposition [218]. Here it is shown
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Figure 6.14: Schematic of primary 2-furanylmethyl radical unimolecular decomposition pathway
based on quantum chemical and transition state theory results.

Figure 6.15: Pressure- (atm) and temperature-dependent rate constants for the thermal de-
composition of 2-furanylmethyl (M10) based on RRKM/ME calculations. ChemRate (—) ,

MultiWell (�).

that they are of a similar order to those found in the decomposition of 2MF, with the computed
rate constant for the hydrogen transfer reaction (k23a) within a factor of two of those calculated

for 2MF (k5 and k10) in the high-temperature regime. The carbene intermediate (INT1) can
undergo ring-opening to form 1,3,4-pentatriene-1-one, which again, was detected in the low-

pressure flames of 25DMF [219] and 2MF [220].

The formation of CO and n-butadienyl radical appears dominant in the kinetic scheme, once
M13 is formed the rate limiting steps for the formation of products are given by k19 and k22,

with k19 dominant in the temperature ranges pertinent to the modelling aspects of this work.
The primary reaction pathway is summarised in Figure 6.14

Multiple-well, multiple-channel RRKM/ME calculations have been carried out to study the

influence of pressure on the consumption of all Ċ5H5O isomers. These simulations were initiated
with a purely Boltzmann distribution of M10 infinitely dilute in bath gas. No other wells on

the PES were populated at time-zero. Simulations were run for a length of time suitable for all
wells on the PES to be populated, and to ultimately reach a non-Boltzmann but steady-state

distribution of molecules as a function of E. This point is important to note as if one were
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to start their simulation from M13, M14, M15 or M16, the k(T, p) for the decomposition of
these Ċ5H5O isomers would be much lower as a function of pressure. The reason for this being

that the energy distribution of M13 (and other conformers formed from M12 on this PES) is
higher if they are formed through the rearrangement of M12, than if they are initially assumed

to have a Boltzmann distribution of states e.g. if they were formed via an abstraction or C X
bond fission reaction, or if somehow you could heat the pure radical with a shock-wave to a

given temperature. For this reason, one can see that the k(T, p) computed for M13, M14,
M15 or M16 decomposition show limited fall-off in Figure 6.16, sometimes verging on being

faster than their high-pressure limiting rate constants. This is the result of their production
being through chemical reaction from M12 via TS17, with this transition state existing ≈ 156

kJ mol−1 higher in energy than M13, and ≈ 116 kJ mol−1 above the TSs for the subsequent
decomposition of M13.

As a test of the uncertainty in the computed rate constants, both the Multiwell and Chem-

Rate codes were employed in this analysis, with 106 trials used in the former. The computed
rate constants for the thermal decomposition of M10 (Figure 6.15) are within 30% of each other

under all conditions studied. The fall-off in the rate constant k14 appears to be non-negligible
under high-temperature, low-pressure conditions and this fall-off effect must be considered in

kinetic modelling studies, for example the low-pressure flames of Wei et al. [220] and Tran and
co-workers [221].

For all other intermediates, a factor of two difference was observed in the worst case scenario
for the reaction M15 
 M16 at 0.01 atm and 2000 K. The computed rate constants from the

two codes are therefore in excellent agreement and a comparison of computed rate constants is
presented in Figure 6.16. The decomposition of M11 to hydrogen atom and 1,3,4-pentatriene
has not been treated as pressure-dependent in the MultiWell computations shown therein, as

the ChemRate (—) simulations clearly show it is unimportant.
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6.1. MODEL DEVELOPMENT

Figure 6.17: Potential energy surface (CBS-QB3, 0 K, kJ mol−1) for the thermal decomposition

of n-butadienyl radical.

n-Butadienyl Radical Pyrolysis and Oxidation

The sole products of 2MF2R radical thermal decomposition were found to be CH2 CH CH ĊH

radical and CO. During the development of the mechanism, it was found that the branching
ratio for CH2 CH CH ĊH radical decomposition to CH2 CH C CH and a Ḣ atom, or

CH2 ĊH radical and CH CH radical were sensitive parameters in terms of predicting ignition
delay times and laminar burning velocities of 2-methylfuran/oxidiser mixtures.

The kinetics of CH2 CH CH ĊH radical decomposition in use in the C0–C4 base mech-
anism were adopted from the 1,3-butadiene kinetic mechanism of Laskin et al. [222], which in

turn, were adopted from a theoretical study by Wang and Frenklach carried out in 1994 [223].
The latter authors used AM1 computations to compute optimised geometries, rotational con-
stants and vibrational frequencies of CH2 CH CH ĊH radical and its decomposition tran-

sition states. It should be noted that the AM1 method is rarely used for computation of ac-
curate combustion kinetics/thermochemistry at present, owing to its semi-empirical nature. At

the time, the authors also forwent any treatment of hindered internal rotations, treating the
CH2 ĊH· · ·CH CH internal rotation as an external rotation. The rate constants for n-Ċ4H5

radical thermal decomposition were therefore re-computed as part of this Thesis based on more
modern theoretical methods.

Table 6.6 summarises the findings of the quantum chemical calculations. The results are quite
consistent across the levels of theory applied, with the decomposition to CH2 CH C CH and
Ḣ atom having a computed barrier of 160.0 ± 0.92 kJ mol−1 and decomposition to CH2 ĊH

radical and CH CH having a barrier of 176.7 ± 1.4 kJ mol−1. Wang and Frenklach reported
corresponding barriers of 148.1 and 184.5 kJ mol−1 for these respective reaction pathways, thus

they tend to underestimate the barrier height for formation of C4H4 and a Ḣ atom by 11.9 kJ
mol−1 and overestimate the C C β-scission pathway by 7.8 kJ mol−1. These differences in the

computed barrier heights are non-negligible, leading to an ≈ 36 kJ mol−1 prioritisation of the
pathway forming C4H4 and Ḣ atom, whereas the results from this work favour this pathway by

only 17 kJ mol−1. It would appear that their computations may be in error by some amount
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Products Method ∆‡H0 ∆rH0

Ḣ+HC C CH CH2

CBS-QB3 160.9 142.9
CBS-APNO 159.9 139.1

G3 159.1 140.8
x̄ 160.0 ± 0.92 140.9 ± 1.9

CH2 ĊH+HC CH

CBS-QB3 178.3 158.7
CBS-APNO 175.5 158.9

G3 176.4 155.2
x̄ 176.7 ± 1.4 157.6 ± 2.1

Table 6.6: Computed barrier heights (∆‡H0 ) and enthalpies of reaction (∆rH0) for n-butadienyl
radical thermal decomposition in kJ mol−1 at 0 K.

with respect to the barriers for these reactions.
High-pressure limiting kinetics for the decomposition of n-Ċ4H5 radical from this study and

those of Wang and Frenklach are shown in Figure 6.18. In the temperature range 900–2000
K, the rate constant computed as part of this this study for the reaction CH2 CH CH ĊH


 CH2 CH C CH + Ḣ is approximately a factor of 1.7 times faster than that reported by
Wang and Frenklach. If their barrier height is incorporated into the TST computation of this

work, the computed rate constant is approximately a factor of 3.7 ± 2.1 times faster than that
recommended by Wang and Frenklach from 900–2000 K, which actually points to discrepancies

in the ro-vibrational properties of their reactant and transition state. The authors omitted
the treatment of hindered internal rotations for this pathway and they also state that their

computed AM1 vibrational frequencies were not in good agreement with a test-set of ab initio

computations which they also carried out, and some empirical corrections therefore had to be
carried out to parameterise their results.

For the reaction CH2 CH CH ĊH 
 CH2 ĊH + CH CH, the high-pressure limiting
rate constant computed in this work varies by a factor of 19–43 times faster than that computed

by Wang and Frenklach. Replacing the computed barrier from this work with their’s, the
difference reduces to a factor of 10 at 900 K, and to a factor of 2 at 2000 K. This is unsurprising

given that they appear to have overestimated their barrier height for this pathway by 7.8 kJ
mol−1, and the difference in the estimated barrier heights clearly accounts for some of the

discrepancy in the two computed rate constants.
However, if the barrier heights from the Wang and Frenklach work are adopted, there still

remains a large deviation between the rate constants computed here, and those reported therein.
This deviation therefore must be due to differences in the ro-vibrational properties of the reac-
tants and transition states. Low-frequency vibrational modes corresponding to internal rotation

are known to be important in this regard. Figure 6.19 illustrates the computed potential ener-
gies for internal rotation around the C C single bond in all wells and transition states. Also

illustrated are the fitted potentials which were incorporated into the TST calculations.
The potential energy functions are quite well-fitted using the methods described earlier.

Of note is that for both conformers of n-butadienyl radical, and the Ḣ· · ·CH2 CH C CH
transition state, the potential energy about C C bond peaks from 24–30 kJ mol−1. However,

the C C bond in the CH2 ĊH· · ·CH CH transition state shows an extremely low barrier
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Figure 6.18: Computed high-pressure limiting rate constants for the the reactions
CH2 CH CH ĊH 
 CH2 CH C CH + Ḣ (—) and CH2 CH CH ĊH 
 CH2 ĊH

+ CH CH (—). Solid lines represent the computations of this study, dashed lines are rate
constants from the study of Wang and Frenklach [223], dotted lines are rate constants computed

with ro-vibrational properties from this study and ∆‡H0 from Wang and Frenklach [223].

to rotation (1.7 kJ mol−1) and behaves more like a free rotor. This is due to the elongation
of the C C bond in the transition state. This internal rotation, which is quite hindered in

the reactants, becomes more akin to the free external rotation of the CH2 ĊH and CH CH
fragments in the TS, Figure 6.20. An accurate treatment of this rotor, as carried out here, is

therefore important for accurate computation of ∆‡S.

The C C bond elongation is accompanied with increased molecular rotational constants

(lower moment of inertia) for the transition state relative to reactants. The result of both
the reduced potential barrier and moment of inertia in the C C β-scission transition is to
increase the entropy of the transition state relative to n-butadienyl radical. So, despite the

reaction barrier for the CH2 ĊH· · ·CH CH transition state being ≈ 17 kJ mol−1 higher than
that of the Ḣ· · ·CH2 CH C CH transition state, the reduced internal rotational barrier and

molecular moments of inertia result in a large increase in ∆‡S, which makes the C C β-scission
pathway dominant with respect to the high-pressure limiting kinetics.

QRRK/MSC analysis has been applied to n-butadienyl radical decomposition to compute
pressure-dependent decomposition rate constants for inclusion in the 2MF and 25DMF kinetic

models, Figure 6.21. Lennard-Jones parameters for n-butadienyl radical are taken directly from
the Wang and Frenklach study, with σ = 5.18 Åand ε = 357 K.

The average energy transferred in a deactivating collision has been treated as a temperature-
dependent parameter given by 〈∆E〉Td = 260(T/300)0.85 cm−1, which is within approximately a

factor of two of the energy transfer parameters estimated in a recent study on n-propyl radical
decomposition [151] of 〈∆E〉Td = 110(T/300)1 cm−1. In the temperature range 900–2000 K,

〈∆E〉Td therefore assumes values ranging from 660–1250 cm−1, which is in reasonable agreement
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Figure 6.19: Computed and fitted potential energy functions for rotation of the C C sin-
gle bond in wells and transition states on the n-butadienyl thermal decomposition potential

energy surface. n-C4H5 trans-cis (�), n-C4H5 trans-trans (�), Ḣ· · ·CH C CH CH2 (�),
CH2 ĊH· · ·CH CH (�).
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Figure 6.20: Illustration of bond lengths in n-butadienyl and its transition state for decomposi-

tion to CH CH + CH2 ĊH based on CBS-QB3 optimised geometries.

with a temperature-independent estimate for 〈∆E〉Td of 1000 cm−1 from Lutz et al.’s [224]
recent QRRK analysis of the i -Ċ4H5 + O2 system. Note that Wang and Frenklach estimated a

temperature-independent 〈∆E〉Td of 260 cm−1 for their RRKM/ME computations, which seems
somewhat low with respect to the estimates from the literature described above.

The computed pressure-dependent branching ratios for n-butadienyl radical decomposition
are depicted in Figure 6.21 (a). At infinite pressure, formation of acetylene and vinyl radical
is clearly dominant in the temperature range of interest here, with an approximately 95:5 ratio

from 900–2000 K. However, as the pressure decreases to 10 atm, the branching ratio lowers to
60:40 for these respective products, and at 1 atm a ≈ 50:50 branching ratio is observed. The

increasing importance of the CH2 CH C CH + Ḣ pathway at lower pressures is rationalised
as follows. At lower pressure, the population of excited molecules above the barriers of both

reaction pathways depletes, the population cannot be replenished by collisional activation, and
fall-off is thus induced in both pathways. However, the CH2 CH C CH + Ḣ pathway has a

lower critical energy compared to the CH2 ĊH + CH CH pathway, and the latter therefore
suffers more fall-off than the former at lower pressures, as the replenishment of the reactant

population above this higher barrier does not occur as readily.

The branching ratios from the Wang and Frenklach study are also illustrated in Figure 6.21

(b) for comparison. The trends observed are substantially different to those computed as part of
this work. Based on the work of Wang and Frenklach, at infinite pressure CH2 CH C CH +
Ḣ are the dominant products up to 1300 K, above which, CH2 ĊH + CH CH begin to domi-

nate the reaction flux. With decreasing pressure CH C CH CH2 + Ḣ becoming even more
dominant and the 1 atm rate constants of Wang and Frenklach imply that CH C CH CH2

+ Ḣ should retain 70% of the flux up to 2000 K. This is in contradiction to the results of this

work where the rate constants for the two pathways converge with decreasing pressure. The

updated kinetics presented as part of this study constitute a significant improvement on the
work of Wang and Frenklach [223].

As part of the updates to n-butadienyl kinetics, the rate constants for ĊH CH CH CH2

+ O2 → products were also updated. The 1,3-butadiene mechanism of Laskin and co-workers

[222] contained two oxidative pathways for this reaction
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Figure 6.21: Computed pressure-dependent branching ratios for the thermal decomposition of
CH2 CH CH ĊH radical forming CH2 CH C CH + Ḣ (—) and CH2 ĊH + CH CH
(—). (a) This study, (b) Wang and Frenklach [223]. k∞ (—), 10 atm (– –), 1 atm (· · · ).
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Figure 6.22: Rate constants used for the reaction CH2 CH CH ĊH + O2 → products as

part of this work (—), and those used in the study of Laskin et al. [222] (– –). kTotal (—),
CH2 CH ĊH HC O + Ö (—), CH2 CH HC O + HĊ O (—), CH2 CH HC O +

Ḣ + CO (—).

CH2 CH CH ĊH + O2 
 CH2 CH ĊH HC O + Ö

CH2 CH CH ĊH + O2 
 CH2 CH HC O + HĊ O

where kinetics were based on the reactions of CH2 ĊH + O2 from Slagle et al. [225]. Here,

kinetic parameters and reaction pathways for this reaction are updated based on the kinetics of
the reaction CH2 ĊH + O2 → products as recommended by Metcalfe et al. [226], who based

their rate constants on work by Marinov et al. [227] and Klippenstein et al. [228, 229]. In this
line, the kinetics of the reaction ĊH CH CH CH2 + O2 → products are consistent with the

closely analagous reaction CH2 ĊH + O2 → products as used in the C0–C4 sub-mechanism.
Figure 6.22 illustrates the updates made.

As a test of the updated kinetics, 1,3-butadiene/air laminar burning velocities [230] against
which Laskin et al. [222] validated their kinetic mechanism have been simulated, Figure 6.23

(a). The kinetic mechanism with updated n-butadienyl kinetics computes effectively identical
burning velocities to those predicted by AramcoMech 1.3 [226], which are not in particularly good

agreement with the experiments in any case. The updated n-butadienyl radical kinetics appear
to have a negligible influence on the combustion properties of 1,3-butadiene, in line with the

findings of Laskin et al. [222], who found that the i -butadienyl radical (CH2 Ċ CH CH2) is
of much higher importance with respect to 1,3-butadiene oxidation. Note that AramcoMech 1.3

[226] was validated only for the combustion of C0–C2 hydrocarbon and oxygenated compounds.
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Figure 6.23: (a) 1,3-butadiene/air laminar burning velocities [230] with linear stretch extrapola-
tion (�), non-linear stretch extrapolation (�). (b) Experimental acetylene/air laminar burning

velocities [231] at 298 K, 1 atm (�) and 2 atm (�). Modelling results are from AramcoMech
1.3 [226] (�), and AramcoMech 1.3 with updated n-C4H5 kinetics (– –).
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Figure 6.24: (a) Total high-pressure limiting rate constant for hydrogen atom addition to 2-

methylfuran and (b) site-specific branching ratios at various levels of theory. Colour scheme for
theoretical methods in (a) also applies to (b).

Work on C3–C4 species is ongoing within C 3. The updated n-butadienyl radical kinetics should

be amalgamated with future versions of the C3–C4 sub-mechanism as they are validated, but
are only included in the 2MF/25DMF sub-mechanisms of this work at present.

In order to assess whether the updated kinetics have an influence in the reverse recombination

direction (C2H2 + Ċ2H3 
 n-Ċ4H5) C2H2/air flame speeds from Jomaas et al. [231] at 1 and
2 atm and 298 K have been computed, Figure 6.23 (b). Again, there is less than a 0.3%

difference in the computed burning velocities upon updating these kinetics, indicating that these
modifications do not have a deleterious influence on the C0–C4 sub-mechanism performance.

6.1.3 Hydrogen Atom Addition to 2-Methylfuran

Computed barrier heights, enthalpies of reaction and rate constants for Ḣ atom addition to

2MF are presented in Table 6.7 and Figure 6.24. Consistent reaction barriers and enthalpies of
reaction are calculated for these processes. Ḣ atom addition to carbons adjacent to the oxygen

atom of the furan ring are much more exothermic (≈ 45 kJ mol−1) than addition to C-3/C-4,
and are thus favoured in terms of computed barriers heights. The difference in the computed
∆rH0 upon addition at C-2 and C-5 versus C-3 or C-4 stems from the ability of the radicals to

delocalise their unpaired electrons within the furan ring, with addition at sites removed from the
oxygen atom resulting in radicals incapable of doing so. Rate constants are presented at three

levels of theory for an assessment of their uncertainty. The total rate constant for hydrogen atom
addition to 2MF varies by less than a factor of two across the three levels of theory applied, with

site-specific branching ratios also predicting the following trend quite consistently amongst the
methods: C-5 > C-2 > C-3 = C-4. This trend is in line with the reaction exothermicity upon

addition at each site.
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kx Site ∆‡H0 ∆rH0 A n Ea/R

k24 (QB3)
C-2

12.2 −126.5 2.10×108 1.57 904.
k24 (APNO) 12.9 −128.0 2.67×107 1.89 776.

k24 (G3) 9.5 −127.3 3.33×107 1.88 421.
x̄ 11.54 ± 1.8 −127.3± 0.7

k40 (QB3)

C-3

17.5 −80.9 3.72×108 1.54 1414.

k40 (APNO) 18.9 −82.4 3.48×107 1.87 1282.
k40 (G3) 18.7 −80.7 3.94×107 1.86 1281.

x̄ 18.4 ± 0.8 −81.3± 0.9

k53 (QB3)
C-4

19.9 −84.6 2.01×108 1.61 1672.
k53 (APNO) 20.7 −85.9 1.88×107 1.95 1500.

k53 (G3) 20.1 −85.3 2.10×107 1.94 1460.
x̄ 20.2 ± 0.4 −85.3± 0.7

k60 (QB3)
C-5

7.0 −133.2 1.20×109 1.48 468.
k60 (APNO) 9.6 −133.9 9.06×107 1.80 457.
k60 (G3) 6.2 −132.3 1.30×108 1.76 127.

x̄ 7.59 ± 1.8 −133.1± 0.8

Table 6.7: Computed barrier heights and enthalpies of reaction (kJ mol−1, 0 K), and Arrhenius

coefficients of high-pressure limiting rate constants, for hydrogen atom addition reactions to
2-methylfuran. AT n (cm3mol−1s−1), Ea/R (K).

Addition at C-2

The potential energy surface for hydrogen atom addition to C-2 of 2MF is illustrated in Figures

6.25 and 6.26 with the corresponding rate constants provided in Table 6.8. The fate of the adduct
formed from hydrogen atom addition at C-2 (M17) was previously investigated by Simmie and

Metcalfe [155]. The authors calculated a rate constant of 2.232 × 1014 exp(−16292/T ) for the
demethylation process forming furan and a ĊH3 radical via TS24.

However, the authors did not investigate the result of cleavage of the C O bond which

could open the furan ring. Two chiral transition states were identified for this process (TS26
and TS30) which are verified by IRC analysis to form Z- and E- conformers (M18 and M21)

of 3-pentene-1-one-2-yl radical. A total rate constant for ring opening can be determined from
the summation of k26 and k30. A rate constant of 8.69 × 1012T 0.16 exp(−11042/T ) s−1 is thus

computed, indicating that ring opening should be competitive with demethylation throughout
the temperature range 1000–2000 K.

Both M19 and M22 can undergo a 1 → 4 hydrogen atom shift reaction to form an aldehydic
radical (M20) which can decarbonylate through TS29 in a reasonably low barrier process (101.9
kJ mol−1) forming 1-butene-1-yl radical and CO. Mechanistically, this process is similar to that

observed in the decomposition of the 2-furanylmethyl radical, where an aldehydic-type radical
is formed before subsequent α-scission to form CO and n-butadienyl radical.

Further reactions of M18 which could lead to the formation of either 1,3-butadiene and HĊO
radical or cyclopentadiene and ȮH radical were also investigated, Figure 6.26. The formation of

1,3-butadiene and HĊO radical is inhibited firstly by a 1 → 4 hydrogen atom transfer from M23
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Figure 6.25: Potential energy surface for hydrogen atom addition at carbon 2 of 2-methylfuran.
CBS-QB3, CBS-APNO and G3 energies in kJ mol−1 at 0 K relative to reactants.

kx Reaction A n Ea/R

k25 M17 
 P10 + P22 9.23×1012 0.38 15837.

k26 M17 
 M18 3.85×1013 −0.09 12216.
k27 M18 
 M19 2.61×1011 0.58 2710.
k28 M19 
 M20 2.49×1003 2.59 12236.

k29 M20 
 P6 + P23 1.19×1015 0.26 13053.
k30 M17 
 M21 3.85×1013 −0.09 11003.

k31 M21 
 M22 2.33×1012 0.26 4422.
k32 M22 
 M20 3.77×1005 2.03 13440.

k33 M18 
 M23 9.21×1010 0.53 3834.
k34 M23 
 M24 1.83×1008 1.41 19235.

k35 M24 
 M25 2.18×1010 0.50 746.
k36 M25 
 P9 + P24 2.67×1010 1.20 15994.

k37 M18 
 M26 7.50×1000 3.10 6584.
k38 M26 
 M27 1.45×1011 0.42 18323.

Table 6.8: Arrhenius coefficients of high-pressure limiting rate constants for reactions relevant
to hydrogen atom addition at C-2 of 2-methylfuran. AT n (s−1), Ea/R (K).
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Figure 6.26: Potential energy surface for hydrogen atom transfer reactions of 3-pentene-1-al-3-yl
radical. CBS-QB3, CBS-APNO and G3 energies in kJ mol−1 at 0 K relative to 2-methylfuran

and hydrogen.
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Figure 6.27: Rate constants for the reaction 2-methylfuran + Ḣ (C-2) → products computed

via MultiWell at 2.5 atm. Bimolecular products (—), Ċ5H7O radical (– –). See text for
description of colour scheme.

to form M24 via TS34, for which a barrier of 171.0 ± 0.6 kJ mol−1 is calculated. On simple

thermodynamic grounds the formation of these products was not envisaged to be competitive
as the products are computed to lie 25.9 ± 3.7 kJ mol−1 above 2MF and hydrogen at 298.15 K,

which is likely too endothermic to compete with the exothermic formation of furan and a ĊH3

radical or the 1-butene-1-yl radical and CO.

A 1 → 6 hydrogen atom transfer from the methyl group of M18 to its oxygen atom to form
an alcohol (M26), was found to face a very low initial barrier (TS36) of 85.0 kJ mol−1. However,

the subsequent ring closing reaction via TS38 is too energetic (155.6 ± 0.9 kJ mol−1 relative
to M26) for this reaction channel to be important. The products were computed to lie 36.9

± 3.7 kJ mol−1 above the reactants, and pre- and post-reaction complexes are probably found
in the process, but these are not investigated, nor are these pathways included in RRKM/ME
computations.

Figure 6.27 illustrates the pressure-dependent behaviour of the system based on RRKM/ME

computations using MultiWell under the conditions of Lifshitz et al. study [61]. Bimolecu-
lar product channels are illustrated as solid lines with the initially formed chemically activated
adduct illustrated as a grey dashed line. Other intermediate Ċ5H7O isomers are lumped based

on their colour—isomers of 3-pentene-1-one-2-yl radical (M18, M19, M21, M23, M23) are de-
picted as broken red lines, with unimportant stabilisation isomers (M20, M24, M25) depicted

as broken blue lines. In this case the initially formed adduct (M17) is important only at very
low temperatures, at temperatures above 600 K it accounts for less than 10% of the chemically

activated flux, with isomers of 3-pentene-1-one-2-yl radical becoming the dominant stabilisation
products at all other temperatures—thus the reason why they are lumped by colour in Figure

6.27. M20, M24 and M25 are not formed at any temperature, for M20 this is the result of
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Figure 6.28: Major product branching ratios as a function of temperature and pressure from

RRKM/ME calculations on the chemically activated recombination of hydrogen atom with 2-
methylfuran at C-2. M17 (—),

∑
other Ċ5H7O radical (—), P10 + P22 (—), P6 + P23

(—).

its shallow well depth, and if it is formed via TS28 or TS32, it decomposes to P6 + P23

before it undergoes stabilisation at every pressure studied. The formation of M24 and M25 is
limited by the large barrier for TS34. From 1000-1250 K, the chemically activated formation

of bimolecular products starts to become dominant, in particular, furan and a methyl radical
(P10+P22) and 1-butene-1-yl radical and CO (P6+P23).

Rather than discussing the pressure-dependency of product formation from the reaction

of 2-methylfuran + Ḣ with respect to rate constants as in Figure 6.27, results are illustrated
henceforth as branching ratios of lumped products as shown in Figure 6.28. This allows for a

more succinct analysis, but product specific rate constants are used in the final mechanism.

For the reaction 2-methylfuran + Ḣ (C-2) → products at high pressures (100 atm) the ini-
tially activated well (M17) is stabilised up to ≈ 1200 K. Above this temperature the formation
and stabilization of linear Ċ5H7O radicals (3-pentene-1-one-2-yl radical isomers) becomes domi-

nant, thus indicating that ring opening has become competitive with quenching of M17. Above
1600 K, furan and a methyl radical and 1-butene-1-yl radical and CO become major products,

accounting for 40+% of the chemically activated yield.

These formally direct pathways become increasingly significant with decreasing pressure and
in particular the formation of 1-butene-1-yl radical and CO, which must occur through multiple

well-skipping reactions, starts to become the dominant bimolecular products of the reaction.
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Figure 6.29: Potential energy surface for hydrogen atom addition at carbon 3 of 2-methylfuran.

CBS-QB3, CBS-APNO and G3 energies in kJ mol−1 at 0 K relative to reactants.

The increasing branching ratio for 1-butene-1-yl radical and CO formation corresponds with the
lack of quenching of linear Ċ5H7O radicals with decreasing pressure. The branching ratio for

formation of furan and methyl radical shows a lesser dependency on pressure, owing to the fact
it is formed directly from the the initial chemically activated species (M17).

Addition at C-3 and C-4

Potential energy surfaces for hydrogen atom addition at C-3 and C-4 are delineated in Figures
6.29 and 6.30, with the relevant rate constants reported in Tables 6.9 and 6.10. The rate

constants for the initial hydrogen atom addition reactions at C-3 and C-4 are shown to be
competitive with addition at C-2 and C-5 in Figure 6.24, but subsequent ring opening reactions
are less facile, and these pathways are thus uncompetitive with addition at C-2 and C-5 as

back-dissociation to form 2MF + Ḣ is favoured.

Despite the rate constant for addition at C-3 being competitive with addition at C-2, the

addition forming M28 is much less exothermic than that forming M17 via Ḣ atom addition
at C-2, with the latter capable of undergoing resonance stabilisation to delocalise the radical

formed.

In turn the ring opening reaction of M28 through a barrier of 141.1 ± 0.9 kJ mol−1 (TS41)
is much less facile than those of M17 (k26 and k30). This is clearly a result of the vinylic nature

of M28, with the process being endothermic by 70.9 ± 3.5 kJ mol−1. The ring opening of M17
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Figure 6.30: Potential energy surface for hydrogen atom addition at carbon 4 of 2-methylfuran.

CBS-QB3, CBS-APNO and G3 energies in kJ mol−1 at 0 K relative to reactants.

is shown to be exothermic (−2.90 ± 1.3 kJ mol−1), with the radical formed being allylic in

nature.

A similar scenario arises upon Ḣ atom addition at C-4, where ring opening of the adduct
proceeds through a barrier of 145.7 ± 2.2 kJ mol−1 with the formation of a secondary vinylic

radical (M37) being endothermic by 80.1 ± 2.5 kJ mol−1. Computed rate constants for ring
opening reactions of C-3 and C-4 Ḣ atom addition adducts are in excellent agreement, k41 and

k54, respectively.

The fate of these acyclic intermediates is of a lesser importance than those formed via

addition at C-2, as β-scission of a C–H bond to reform 2MF and a hydrogen atom dominates
over ring opening based on the computed kinetics and thermochemistry. As a result, RRKM/ME
analysis has not been applied to addition at C-3 and C-4, although the fate of the ring opening

products has nonetheless been investigated to gain further mechanistic information into the
decomposition pathways of furanic species.

M29 can undergo isomerisation via a 1 → 5 hydrogen shift to form a more stable primary
radical (M32) with the ultimate formation of ketene and an allyl radical through a transition

state (TS47) at 61.7 ± 4.9 kJ mol−1 above 2MF + Ḣ atom. The formation of acetylene and the
acetonyl radical is also possible via TS44, and the rate constant for its formation from M31 is

seen to become competitive with that of the hydrogen transfer reaction (k47) at temperatures
above 1600 K. Ring closing to form a cyclopenteneone radical (M34), which can occur with a
computed barrier of 113.8 ± 1.1 kJ mol−1, is unlikely despite the modest activation energy for

the process.

M37 can form a more stable aldehydic radical (M40) via hydrogen atom transfer through

TS58. The subsequent decarbonylation reaction forming CO and CH2 CH ĊH CH3 radical
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kx Reaction A n Ea/R (K)

k41 M28 
 M29 2.92×1011 0.66 16915.
k42 M29 
 M30 1.50×1009 0.90 −65.

k43 M30 
 M31 2.28×1009 1.22 1524.
k44 M31 
 P2 + P27 8.98×1010 1.00 12619.

k45 M30 
 M32 6.08×1002 2.58 2663.
k46 M32 
 M33 6.36×1009 0.64 626.
k47 M33 
 P3 + P28 1.38×1009 1.31 17053.

k48 M32 
 M34 2.66×1008 0.82 8272.
k49 M34 
 P17 + P29 1.55×1010 1.02 17412.

k50 M34 
 P17 + P30 1.74×1010 0.98 15751.
k51 M34 
 M35 1.94×1012 0.26 13712.

k52 M35 
 P6 + P31 9.41×1012 0.42 7590.

Table 6.9: Arrhenius coefficients of high-pressure limiting rate constants for reactions relevant

to hydrogen atom addition at C-3 of 2-methylfuran. AT n (s−1), Ea/R (K).

kx Reaction A n Ea/R (K)

k54 M36 
 M37 2.98×1012 0.39 17520.

k55 M37 
 M38 5.81×1008 0.93 −334.
k56 M38 
 P4 + P32 4.63×1010 0.98 11385.

k57 M37 
 M39 4.08×1012 −0.01 615.
k58 M39 
 M40 1.41×1009 0.92 183.

k59 M40 
 P6 + P33 1.11×1011 0.64 3744.

Table 6.10: Arrhenius coefficients of high-pressure limiting rate constants for reactions relevant

to hydrogen atom addition at C-4 of 2-methylfuran. AT n (s−1), Ea/R (K).
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Figure 6.31: Potential energy surface for hydrogen atom addition at carbon 5 of 2-methylfuran.

CBS-QB3, CBS-APNO and G3 energies in kJ mol−1 at 0 K relative to reactants.

through TS59 is quite rapid. The endothermic formation of CH3 C CH and ĊH2 CH O

radicals can also occur and despite the large barrier (95.4± 2.7 kJ mol−1) when compared with
the hydrogen transfer reaction, its formation should become competitive above 1500 K.

Addition at C-5

Figure 6.31 displays the potential energy surface investigated upon hydrogen atom addition at
C-5. Ring opening of the adduct occurs through TS61 with a ring-opening rate constant of a

similar order to that computed upon hydrogen atom addition at C-2 (k26 and k30). Demethy-
lation of the ring opening product occurs through TS62 to form vinyl ketene and a methyl

radical, in a reaction computed to be endothermic by 176.4 ± 4.7 kJ mol−1. A barrier of 202.0
± 5.3 kJ mol−1 is computed for the process relative to the reactant and 61.7 ± 4.9 kJ mol−1

relative to 2MF and a hydrogen atom.

A secondary conformer of the ring opening product (M43) can undergo a hydrogen atom
transfer reaction with a barrier of 124.6 kJ mol−1 (TS64) to form an acetonyl-like radical

(M44), which can undergo β-scission to form ketene and a vinyl propene radical (k66).

Ring closure of M45 to form a cyclopropanone radical derivative (M46) is energetically
more favourable than the formation of ketene and a vinyl propene radical, with the transition

state for the process (TS67) computed to lie only 19.3 ± 3.1 kJ mol−1 above 2MF + Ḣ atom.
M46 can rearrange via β-scission (TS68) to form an aldehydic radical which is capable of

eliminating CO through TS70 to produce the resonantly stabilised butenyl radical (P36).

The potential energy surface investigated indicates that hydrogen atom addition at C-5 will

proceed with competition between (1) back dissociation to form 2MF and a hydrogen atom, (2)
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kx Reaction A n Ea/R (K)

k61 M41 
 M42 1.52×1012 0.31 10931.
k62 M42 
 P10 + P34 6.01×1014 0.16 25568.

k63 M42 
 M43 3.24×1013 −0.28 3301.
k64 M43 
 M44 3.64×1004 2.25 11977.
k65 M44 
 M45 7.18×1012 −0.16 900.

k66 M45 
 P3 + P35 4.29×1012 0.56 23690.
k67 M45 
 M46 1.74×1013 −0.42 13859.

k68 M46 
 M47 8.27×1007 1.28 940.
k69 M47 
 M48 5.08×1007 1.25 −313.

k70 M48 
 P6 + P36 5.84×1010 0.74 3377.

Table 6.11: Arrhenius coefficients of high-pressure limiting rate constants for for reactions rele-

vant to hydrogen atom addition at C-5 of 2-methylfuran. AT n (s−1), Ea/R (K).

the endothermic formation of vinyl ketene and a methyl radical in a relatively straightforward

3-step process, and (3) the exothermic formation of CO and CH2 CH ĊH CH3 which faces
many possible bottlenecks before formation.

Pressure-dependent rate constants computed at 2.5 atm from 600–2000 K are depicted in

Figure 6.32 with branching ratios shown as a function of pressure in Figure 6.33. Rate constants
for the formation of M46 and M48 could not be extracted from the MultiWell simulations
at all temperatures as they are very minor products and an unreasonable number of stochastic

trials would have been required to quantify their disregardable yields.

The results of the RRKM/ME analyses show similar trends to those observed for hydrogen
atom addition at the C-2 position. At 100 atm collisional deactivation of chemically activated

M41 dominates the product branching fractions up to 1000 K, at which point linear Ċ5H7O
radicals start to form and subsequently stabilize. As a result, the formation of bimolecular

products is insignificant at temperatures up to ≈ 1700 K. At 1 atm the furanyl radical does not
persist above 1000 K and above 1300 K, the formation of bimolecular products (vinyl ketene

and a methyl radical, 2MF and a hydrogen atom) are dominant.

The formation of vinyl ketene and a methyl radical shows a stronger pressure-dependency
than the formation of 2MF and a hydrogen atom. Again, this is the result of multiple well
skipping reactions occurring at lower pressures to produce the latter. Negligible quantities of

CO and CH2 CH ĊH CH3 radical are produced as formally direct products of hydrogen
atom addition to 2MF.

Influence of 〈∆E〉d on RRKM/ME Derived k(T, p)

In order to evaluate the influence of 〈∆E〉d on the computed temperature- and pressure-

dependent rate constants, test calculations with 〈∆E〉d = 500 cm−1 and 2000 cm−1 were carried
out on some potential energy surfaces for comparison with the value of 1000 cm−1 which was

chosen for all computations. The pressure chosen for these computations was 2.5 atm, equivalent
to the average pressure in the shock-tube pyrolysis study of Lifshitz et al. [61].

The results show a small variation in the computed rate constants for the unimolecular

decomposition reactions of 2-methylfuran, Figure 6.34. The largest variations observed were
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Figure 6.32: Rate constants for the reaction 2-methylfuran + Ḣ (C-5) → products computed

via MultiWell at 2.5 atm. Bimolecular products (—), Ċ5H7O radical (– –). See text (page
213–216) for description of colour scheme.
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Figure 6.33: Major product branching ratios as a function of temperature and pressure from
RRKM/ME calculations on the chemically activated recombination of hydrogen atom with 2-

methylfuran at C-5. M41 (—),
∑

other Ċ5H7O radical (—), M1 + P17 (—), P10 + P34
(—).
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Figure 6.34: Rate constants computed for the unimolecular decomposition pathways of 2-

methylfuran based on RRKM/ME computations with 〈∆E〉d = 500 (—), 1000 (—), and 2000
(—) cm−1. (a) 2MF 
 2,3-pentadiene-1-al, (b) 2MF 
 ketene + propyne, (c) 2MF 
 3,4-

pentadiene-2-one, (d) 2MF 
 2-furanylmethyl + hydrogen atom.

at the highest temperatures studied (2000 K) where fall-off in the high-pressure limiting rate

constants is greatest. Relative to the 〈∆E〉d = 1000 cm−1 computations, the rate constants
computed with 〈∆E〉d = 500 cm−1 and 2000 cm−1 vary by approximately a factor of two at

2000 K. Under the conditions of Lifshitz et al. [61] study (1200–1500 K), the variation in the
computed rate constants with the various values of 〈∆E〉d chosen is minimal, and the rate

constants are close to the high-pressure limit in all cases. The choice of 〈∆E〉d therefore has
limited influence on the kinetic parameters of relevance to the unimolecular decomposition of

2MF under these conditions.

Test calculations were also carried out on the reaction 2-methylfuran + hydrogen atom →
products (C-2 addition), Figures 6.35 and 6.36. In terms of general trends in these pathways,

increasing 〈∆E〉d to 2000 cm−1 increases the extent of stabilisation of either the directly formed
adduct or other intermediate wells, and thus increasing the temperature at which bimolecular

products begin to form by approximately 100 K. Decreasing 〈∆E〉d to 500 cm−1 has an equal
and opposite effect, leading to decreased stabilisation of Ċ5H7O radical isomers and the for-

mation of bimolecular products at temperatures approximately 100 K lower than for the case
of 〈∆E〉d = 1000 cm−1. Not all reaction pathways are influenced equally by these alterations.

For instance the quantity of excited adduct which back-dissociates to 2-methylfuran + Ḣ atom
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Figure 6.35: Computed product branching ratios at 2.5 atm. for the reaction 2-methylfuran +

hydrogen atom (C-2 addition) → products based on RRKM/ME computations with 〈∆E〉d =
500 (– –), 1000 (—), and 2000 (· · · ) cm−1

shows effectively no sensitivity to 〈∆E〉d, nor does the pathways forming 1,3-butadiene + formyl
radical. The pathway forming furan and a methyl radical is also less influenced by this change

than the pathway forming 1-butene-1-yl and CO. The reason for this is that the former pathway
is directly linked to the nascent adduct on the PES, whereas the latter must undergo multi-

ple well-skipping reactions in order to form directly from 2MF + Ḣ atom. The latter reaction
products are therefore more sensitive to the amount of energy transferred in a deactivating colli-

sion, as they are more likely to actually undergo a collision before fragmentation to bimolecular
products.

In terms of absolute rate constants computations (Figure 6.36), the largest variation observed
upon altering 〈∆E〉d was approximately a factor of 7 at 600 K for the reaction 2-methylfuran
+ hydrogen atom 
 P9 (formyl radical) + P24 (1,3-butadiene) with 〈∆E〉d = 500 cm−1.

However, it should be noted that this is a very minor reaction pathway whose branching ratio
is ≈ 5 × 10−08 at 600 K, 2.5 atm, with 〈∆E〉d = 1000 cm−1. The uncertainty in this reaction

pathway due to the choice of 〈∆E〉d is of little concern with respect to kinetic modelling studies.
For all other reactions pathways, reducing 〈∆E〉dto 500 cm−1 led to a variation of approxi-

mately a factor of 2–3 from the rate constants computed with 〈∆E〉d = 1000 cm−1. Increasing
〈∆E〉d to 2000 cm−1 resulted in a variation in the computed rate constants of approximately

a factor of two. Of note also is that the quantity of chemically activated Ċ5H7O which back-
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Figure 6.36: Ratios of rate constants for the reaction 2-methylfuran + Ḣ → products at 2.5 atm

based on RRKM/ME computations with 〈∆E〉d = 500, 1000, and 2000 cm−1.
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dissociates to form 2MF + Ḣ atom remains reasonably unchanged with the choice of 〈∆E〉d,
meaning that the total rate constant for hydrogen atom termination at C-2 of 2MF is effectively

pressure/〈∆E〉d-independent.

So, assuming that 〈∆E〉d has a value in the range 500–2000 cm−1 in the temperature range
of interest in this work (700–2000 K), the uncertainty in the computed pressure-dependent
rate constants stemming from this parameter alone are likely of the order of a factor of five.

This uncertainty is likely to be of the same order as those introduced into the RRKM/ME
computations as a result of uncertainties in reaction barriers, and ro-vibrational properties of

wells and transition states. Should direct kinetic measurements on the thermal decomposition
of 2MF or on the reaction of 2MF with hydrogen atom become available in the future, it

would be equally acceptable to alter the details of the potential energy surface, as it would be
to make alterations to the collision energy transfer parameters chosen. At present, such direct

experimental measurements are unavailable, although they would provide the ideal measurement
for more accurate parameterisation of the RRKM/ME input parameters used herein.

Comparison of QRRK/MSC and RRKM/ME Derived k(T, p)

In Section 3.8 a comparison of the QRRK/MSC and RRKM/ME methods was presented for

some simple model systems, with the former capable of reproducing the latter to within a factor
of 4 in the worst-case scenario. Here the two methods are compared for some complex multiple-

well reaction systems.

Figure 6.37 presents QRRK/MSC and RRKM/ME rate constants for the unimolecular de-

composition of 2MF as a function of temperature and pressure for the four unimolecular reaction
pathways described previously. The two approaches differ at most by a factor of three at 2000

K and 0.01 atm for the reaction 2MF 
 ketene + propyne, Figure 6.37 (c). All other rate
constants are within a factor of two of each other over the temperature range 1000–2000 K and

0.01–100 atm with the general trend that QRRK/MSC theory slightly overestimates k(T, p),
particularly at low pressures, when compared with RRKM/ME computations. This indicates

that the QRRK/MSC approach overestimates the frequency of collisional activation and thus
the population of molecules in excess of the reaction barrier is not as severely depleted as in

the RRKM/ME computations leading to k(T, p) being faster than in the RRKM. The general
conclusion which one can draw from these results is that the QRRK/MSC approach provides
a cost-effective way to determine k(T, p) for this four-well system without significant loss of

accuracy in the rate constants.

Figure 6.38 compares QRRK/MSC and RRKM/ME results for the reaction 2MF + Ḣ →
products in the C-2 addition pathway. In this instance, due to the complexity of the PES being
studied, branching ratios and not rate constants are compared for simpler interpretation of the

results/trends. The general trend is that the QRRK/MSC approach tends to overestimate the
stabilisation of wells and under-predict the formation of formally direct chemically activated

products. This is particularly the case for chemically activated products which must undergo
multiple isomerisation steps before their irreversible formation.

So for instance, furan and a ĊH3 radical can be formed directly from the decomposition of
nascent adduct formed from the reaction 2MF + Ḣ atom at C-2. The branching ratio for the

formation of these products is in good agreement with the RRKM/ME results at 1 and 100
atm. The rate constants for the reaction 2MF + Ḣ 
 furan + ĊH3 are also in good agreement

when the two methods are compared, Figure 6.39 (a), with the QRRK/MSC rate constants
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Figure 6.37: QRRK/MSC (—) derived temperature- and pressure-dependent (atm) rate con-
stants compared with RRKM/ME results (�) for the reactions (a) 2MF 
 2,3-pentadiene-1-one,
(b) 2MF 
 3,4-pentadiene-2-one, (c) 2MF 
 ketene + propyne, and (d) 2MF 
 2MF2R + Ḣ .
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Figure 6.38: QRRK/MSC (—) derived temperature- and pressure-dependent branching ratios

compared with RRKM/ME results (�) for the reactions 2MF + Ḣ → Products at (a) 1 atm
and (b) 100 atm.

being within a factor of 2.5 of RRKM/ME results from p = 0.01–100 atm and T = 600–2000 K.

Likewise 2MF and a Ḣ atom can be formed from the initial adduct via back-dissociation and
again the branching ratios for these products at 1 and 100 atm are in reasonable agreement with

the RRKM/ME results.

However, 1-butene-1-yl radical and CO can only be formed directly from 2MF and a Ḣ atom
through multiple isomerisation reactions of the nascent adduct (Figure 6.25, page 213) before

ultimate fragmentation through a β-scission reaction. The branching ratio for the formation of
this product set is grossly underestimated by the QRRK/MSC method when compared with

the RRKM/ME results at all pressures, and conversely, the branching ratios for the formation
of the stabilised wells which precede the formation of these products are overestimated. Figure

6.39 (b) illustrates the QRRK/MSC and RRKM/ME rate constants for the reaction 2MF +
Ḣ 
 1-butene-1-yl + CO, with the rate constants derived from the former being consistently

slower than those derived from the latter. This is the result of the QRRK/MSC approach
over-estimating the importance of collisional stabilisation of intermediate wells. The results for

addition of a hydrogen atom at C-5 of 2MF were similar when the QRRK/MSC and RRKM/ME
methods were compared—stabilisation of intermediate wells tended to be over-predicted and the
direct formation of bimolecular product sets was retarded as a result.

This is an interesting result and it would appear that using QRRK/MSC theory produces
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Figure 6.39: QRRK/MSC (—) derived temperature- and pressure-dependent (atm) rate con-
stants compared with RRKM/ME results (�) for the reactions 2MF + Ḣ → (a) furan + ĊH3

(b) 1-butene-1-yl + CO.
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rate constants which are within a factor of 4 for simple thermally and chemically activated one-
and two-well systems based on the comparisons presented in Section 3.8 and in this Section.

For more complicated multiple-well systems where 3/4/5 isomerisation processes lead to the
formation of products, the QRRK/MSC computations overestimate the rate of stabilisation of

chemically activated molecules. This is likely a reflection on the Modified Strong Collision (MSC)
assumption rather than the QRRK derivation of k(E). The more successive isomerisation which

a molecule must undergo before it fragments in a chemically activated reaction, the increased
probability there is that it will undergo collision and thus deactivation when the QRRK/MSC

approach is applied. The ultimate recommendation this author puts forward as a result of these
comparisons is that the QRRK/MSC code approach be applied to systems which contain at

most three successive wells on a PES before this over-estimation of the importance of collisional
stabilisation starts to influence the results, leading to uncertainties of a factor of >5 in rate
constants.

6.1.4 Hydroxyl Radical Addition to 2-Methylfuran

The reaction of ȮH radical with furan has previously been investigated through CCSD(full)/6-

11+G(3df,2p) computations by Mousavipour et al. [232], who concluded that addition to C3 of
furan, or abstraction of any of the ring–H bonds, was unimportant in comparison with addition

at the C-2 position. Only C-2 and C-5 ȮH radical addition to 2MF were considered as part of
this Thesis as a result, Figure 6.40, with reaction pathways and kinetics based on those which

were computed for the 25DMF system to be described in Chapter 7.

The fate of the C-2 addition product is two-fold, it can either demethylate forming 2-furanol,

or undergo ring-opening via C O bond fission to form pent-3-ene-1-one-4-hydroxy-2-yl radical.
The demethylation rate constant of 6.31 × 1013T 0.11 exp(−20560/T ) s−1 was determined from

an estimated rate constant for the reaction of 2-furanol with ĊH3 radicals and the equilibrium
constant for the reaction. The rate constant for the addition of methyl radical to 2-furanol was
estimated based on the rate constant for methyl radical addition to 2MF based on the work of

Sirjean and Fournet [158].

The ring opening rate constant for the C O bond fission process was similarly estimated

as 2.43 × 1004T 2.34 exp(−11478/T ) s−1 based on the ring opening rate constant for the adduct
formed from addition of a hydrogen atom at C-2 of 25DMF [158]. A 4.2 kJ mol−1 reduction

in the activation energy to account for the electron withdrawing effect of the hydroxyl group
was also implemented. Based on these estimates, the ring opening process is dominant over

demethylation at all temperatures of interest.

Once the ring is opened, a hydrogen atom transfer reaction from the hydroxyl group of

pent-3-ene-1-one-4-hydroxy-2-yl to the radical site on the chain was taken as the likely reaction
pathway, with a rate constant of 4.27× 1007T 1.49 exp(−14643/T ) s−1 based on an analogy with
the similar process in the 25DMF system, for which a rate constant has been computed as part of

this Thesis. The rate constant for decomposition to methyl vinyl ketone and a HĊO radical has
been estimated as 8.86×1012T 0.32 exp(−16866/T ) s−1 based on an estimated rate constant for the

reverse reaction of 1.07×1003T 2.8 exp(−2229/T ) cm3 mol−1 s−1, which was taken as equivalent to
the reaction CH3ĊO + CH2 CH CH CH2 
 CH3 C( O) CH2 ĊH CH CH2 [158].

For ȮH radical addition at the C-5 site of 2MF, the mechanistic proposals are effectively
identical and rate constants have been estimated identically to those for the C-2 pathways

described above. As the ring-opening and hydrogen transfer reactions are both estimated in
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Figure 6.40: Pathways included in the current kinetic scheme upon hydroxyl radical addition to

2-methylfuran.

the forward direction, both pathways have identical kinetics. As the β-scission reactions are
estimated based on microscopic reversibility with an estimated recombination rate constant

of 1.07 × 1003T 2.8 exp(−2229/T ) cm3 mol−1 s−1, the β-scission reaction for the C-5 pathway
therefore has a rate constant of 8.41 × 1012T 0.40 exp(−14078/T ) s−1, which has a similar pre-

exponential factor to the above, but a notably lower activation energy due to the relative ther-
modynamic stability of the reaction products.

6.1.5 Bimolecular Reactions of 2-Furanylmethyl

The reactions of resonantly stabilised radicals with HȮ2 radical are known to be important

in the intermediate-temperature combustion regime and at high pressures, for reactants such
as propene and toluene. Franklin-Goldsmith and co-workers [233] recently studied the reac-
tion of allyl radical (CH2 CH ĊH2) with HȮ2 radicals using high-level ab initio calculations

and RRKM/ME methods to compute temperature- and pressure-dependent rate constants and
product branching ratios. They determined that the reaction of allyl and HȮ2 radicals proceeds

primarily to CH2 CH CH2 Ȯ + ȮH via chemical activation.
Using similar methods, da Silva and Bozzelli [234] showed that the reaction of the resonantly

stabilised benzyl radical with HȮ2 radical proceeds via chemical activation to form benzoxyl
radical and ȮH radical. At atmospheric pressure and from 800–2000 K they recommend a rate

constant of 1.19× 109T 1.03 exp(+1132/T ) cm3 mol−1 s−1 for this chemically activated process,
with the rate constant having an average value of 4.78 × 1012 cm3 mol−1 s−1 in this regime.

In a similar work, da Silva and co-workers [167] also showed that the chemically activated
recombination of a Ḣ atom with benzylperoxy radical proceeds almost exclusively to benzoxyl
radical and ȮH radicals over a wide range of temperatures and pressures.

Based on the work of da Silva and Bozzelli [234], a temperature- and pressure-independent
rate constant of 1.0× 1013 cm3 mol−1 s−1 is assumed here for the reaction of 2MF2R + HȮ2 


2-furylmethanoxy radical + ȮH, with the intermediate peroxide species omitted in the kinetic
scheme as it is likely to be transient, Figure 6.41. For the reaction of a CH3Ȯ2 radical with

2MF2R to form 2-furylmethanoxy radical and CH3Ȯ radical, a slightly smaller pressure- and
temperature-independent rate constant of 5.0× 1012 cm3 mol−1 s−1 is assumed.

The 2-furylmethanoxy radical can in turn undergo β-scission to form 2-formyl furan and
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Figure 6.41: Oxidation pathways of 2-furanylmethyl radical included in the current mechanism.

a Ḣ atom, or furan-2-yl radical and formaldehyde. For these reactions, an analogy has been

drawn with the decomposition of the benzoxyl radical to benzaldehyde and a Ḣ atom and/or
phenyl radical and formaldehyde. For the decomposition to 2-formylfuran and a Ḣ atom, a

rate constant of 1.13 × 1012T 0.22 exp(−1702/T ) cm3 mol−1 s−1 is assumed for the addition
reaction, which is derived from the rate constant provided for the decomposition of benzoxyl

radical to benzaldehyde and a Ḣ atom from Sakai et al. [235]. The thermochemical parameters
used for computation of the equilibrium constant are those supplied in the kinetic modelling

study of Metcalfe and co-workers [214]. The rate constant for the decomposition of the 2-
furylmethanoxy radical to formalydehyde and 2-methyl-5-furanyl radical is similarly derived.

In turn unimolecular decomposition rates for the 2-furylmethanoxy radical to these respective
products are given as 4.14 × 1012T 0.12 exp(−8347/T ) s−1 and 2.12 × 1011T 0.63 exp(−14492/T )
s−1, respectively.

The above product set can also be plausibly formed from the reaction of atomic oxygen
with 2MF2R. Here, rate constants for 2MF2R + Ö 
 2-formylfuran + Ḣ, or furan-2-yl +

CH2O, are adopted directly based on those used in recent kinetic modelling studies of toluene
oxidation [214, 235] in the case of benzyl + Ö atom.

For the recombination of a ĊH3 radical with 2MF2R to form 2-ethylfuran, a temperature- and
pressure-independent recombination rate constant of 2.5×1013 cm3 mol−1 s−1 is assumed, which

is in-line with literature rate constants for methyl-methyl [236] and methyl-ethyl [237] radical
recombination reactions. A similar rate constants applied in the 25DMF kinetic mechanism to

be described, was shown to replicate the analogous 5-methyl-2-ethylfuran which was quantified
in the oxidation of 25DMF in jet-stirred reactor experiments.

6.1.6 Sub-Mechanisms

A discussion on the kinetics applied to various furan derivatives is worthwhile given that the
mechanism presented in this work is the first to include detailed mechanistic and kinetic pro-

posals on their combustion. The sub-mechanisms developed were largely created during the
development of the 2,5-dimethylfuran mechanism to be described in Chapter 7.

For the unimolecular decomposition of substituted furans such as formylfurans, ethylfurans,
vinylfurans and furanols a generic reaction scheme for carbene-mediated decomposition is pre-

sented in Figure 6.42 for a di-substituted furan with substituents R and R′. It was assumed
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Figure 6.42: Reaction scheme applied to mono- and disubstituted furans for their thermal

decomposition via hydrogen atom transfer and β-carbene intermediates.

that the formation of β-carbene intermediates and subsequent ring opening to isomeric species

is of the same order as that computed by Sirjean and Fournet in the case of 25DMF [157], with
corrections for symmetry. The ring opening product can undergo unimolecular decomposition

by simple fission or, where R is a hydrogen atom, as for a mono-substituted furan, concerted
elimination reactions forming CO and an alkyne. Rate constants for the simple fission process
forming two radical products are estimated in the reverse addition direction, with a recombina-

tion rate constant of 2 × 1013 cm3 mol−1 s−1. For hydrogen atom transfer with CO elimination
and formation of an alkyne, a rate constant of 4.15× 1011T 0.48 exp(−22192/T ) s−1 was applied

based on the reaction, for which a rate constant was computed previously as part of 2MF thermal
decomposition:

Simple fission reactions from the side chain functional group of these species forming a Ḣ
atom and a substituted furan radical are estimated in the reverse recombination direction, with

a temperature-independent rate constant of 1 × 1014 cm3 mol−1 s−1 [238]. For formylfurans, a
hydrogen transfer reaction with concomitant elimination of CO was thought plausible. For the

formation of furan and CO from 2-formylfuran, a rate constant of 3.77×1012T 0.87 exp(−44381/T )
s−1 has been computed at the CBS-QB3 level of theory. This rate constant is applied to all

formylfurans in the current mechanism for decomposition to a furan derivative and CO. However,
the reaction was found unlikely to be competitive with carbene-mediated decomposition in the
temperature range of this work based on these computations.

For Ḣ atom addition reactions, a generic reaction scheme which is based on Ḣ atom addition
to 25DMF is shown in Figure 6.43. The scheme allows for the ipso-substitution at C-2 of

the furan ring as well as opening of the furan ring followed by hydrogen atom transfer and
subsequent decomposition to bimolecular products. In order to simplify the reaction scheme,

thermochemical and kinetic parameters for all intermediate steps were not included in the current
kinetic mechanism. Instead the high-pressure limiting rate constant for Ḣ atom addition to

25DMF [158] was taken as the total rate constant for Ḣ atom addition to the ring of a given
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Figure 6.43: Reaction scheme applied to mono- and disubstituted furans for hydrogen atom
addition reactions.

furan derivative. This is a safe assumption given that the total rate constant for hydrogen
atom addition to 25DMF was found to show little dependence on pressure [156, 158]. The

high-pressure limiting rate constant was then scaled by a temperature-dependent branching
ratio based on those recommended [158] for the formation of 2-methylfuran and a ĊH3 radical

(“cyclic” products) and 1,3-butadiene and acetyl radical (“acyclic” products).

It should be noted that the results of the 2MF studies from this work as described in
Somers et al. [209] are equally as applicable to describe the unimolecular decomposition and
reactions of hydrogen atom with these substituted furans. However, when these sub-mechanisms

were constructed and published as part of the 25DMF modelling work from this Thesis [248],
the results of Sirjean and Fournet [157, 158] were described in completion whereas the 2MF

computations were still ongoing. Also of note is that these reactions showed limited sensitivity
to the experimental results described in this Thesis.

For methyl-substituted furans, abstraction rate constants were taken to be equal to half of

those applied to 25DMF as will be described in Chapter 7. For abstraction from the secondary
allylic site of ethylfurans, first the rate constants applied to 25DMF were scaled on a per hydrogen
atom basis, the frequency factor was then scaled with the ratio of primary hydrogen atom to

secondary atom abstraction in a normal alkane. The secondary allylic sites therefore have a
higher selectivity than the primary sites for hydrogen atom abstraction reactions, as one would

expect. For the primary alkyl sites on the ethyl side chain of ethylfurans, abstraction rate
constants are taken as equal to those of primary alkanes. The rate constants for abstraction of

a primary/secondary hydrogen atom in an n-alkane are based on those for n-butane found in
the C0–C4 sub-mechanism of this work described below.

For radicals formed at the secondary allylic sites and primary ethyl sites of these ethylfurans,
β-scission reactions can occur forming a Ḣ atom and a vinylfuran. The rate constants for these

β-scission reactions are estimated in the reverse addition direction and are assumed to be of
the same order as hydrogen atom addition to propene [239]. At intermediate temperatures, the

resonantly stabilised primary and secondary radicals can react with HȮ2 and CH3Ȯ2 radicals
by analogy with those reactions applied to 25DMF, as described above. Kinetics and thermo-

dynamics for the thermal decomposition of these species via ring opening have been estimated
by analogy with those for the 5-methyl-2-furanylmethyl radical as computed by Sirjean and

Fournet [159].
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For abstraction from formylfurans (monoformyl-, methylformyl- and diformylfuran), the rate
constants for hydrogen atom abstraction from 25DMF were scaled by the ratio of the rate

constants applied by Metcalfe and co-workers [214] in the case of hydrogen atom abstraction
by various radicals in the benzaldehyde/toluene systems. The likely fate of the formyl radicals

formed from these abstraction reactions is via α-scission reactions forming a vinylic furan radical
and CO. The rate constant is taken directly from the decarbonylation of the similar benzaldehyde

radical [214].

For abstraction from the hydroxyl group of furanols, the kinetics of abstraction from phenol
[214] were taken directly, as these species are of lesser importance compared to formyl-, ethyl-

and vinyl furans in the current kinetic scheme.

The mechanism of Tian et al. [168] has been used to describe the oxidation of furan. For
the combustion of phenol and related aromatic species (C6H6, toluene, 1,3-cyclopentadiene) the

kinetic mechanism of Metcalfe et al. [214] is incorporated.

The C0–C4 sub-mechanism is based on the mechanism described by Healy and co-workers
[240–244]. Further validation of this chemistry set is described in the work of Kochar and co-
workers [245] and in a recent study of C1–C2 hydrocarbon and oxygenated fuels from Metcalfe

et al. [226]. The H2/O2 sub-mechanism is adopted from the work of Kéromnès et al. [246].

6.1.7 Thermochemistry and Transport Properties

For the species described as part of the quantum chemical results presented previously in this

Section, entropies and heat capacities have been derived from statistical thermodynamics with
the formation enthalpy of 2MF taken directly from the work of Feller and Simmie [190]. Standard
state enthalpies of formation (∆fH

−◦ ) of other C5H6O species are computed based on the ∆fH
−◦

of 2MF [190], and ∆rH0 (0 K) with subsequent extrapolation via enthalpy functions (HT −H0).
∆fH

−◦ of Ċ5H7O radicals are derived from ∆fH0 of 2MF and Ḣ atom and ∆rH0. For the

2-furanylmethyl radical, ∆fH0 (78.07 kJ mol−1) is determined from ∆rH0 (85.11 kJ mol−1)
for the reaction 2MF 
 Ḣ + 2-furanylmethyl and the known ∆fH

−◦ of 2MF and Ḣ atom.

∆fH
−◦ of all other Ċ5H5O radicals are computed relative to 2-furanylmethyl radical. Whilst

isodesmic reactions could also be employed to determine the above parameters, the lack of

well characterized companion species for error cancellation inhibits the development of suitable
working reactions, particularly as the acyclic species which are formed upon opening of the

2MF ring are highly functionalised. The above method does ensure a consistent approach to
thermochemical computations for inclusion in subsequent kinetic modelling work.

For furan derivatives the group additivity rules developed in Chapter 5.4 [175] were used to
provide thermoynamic parameters. For linear species where specific quantum chemical calcula-

tions were not carried out, a set of group additivity rules optimised by Burke [206] were applied.
Transport properties for all furanic species were assumed equal to those for 25DMF used by

Sirjean and Fournet in their theoretical study [158]. For acyclic species, the Transport Data
Estimator package of the Reaction Mechanism Generator software of Green and co-workers [247]

has been used to provide relevant transport properties. The transport parameters were shown
to have limited sensitivity in the prediction of laminar burning velocities in the work of Somers

et al. [248] on 25DMF oxidation.
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6.2 Model Validation

6.2.1 The Pyrolysis of 2-Methylfuran

Experimental profiles from Lifshitz et al. [61] are presented in Figure 6.44 along with numerical

modelling results based on the current kinetic mechanism. Some comments on the experimental
results are now appropriate before a comparison of modelling predictions with experiment is

presented in detail. Mole percents are calculated via equation 6.2 in accord with the experimental
definition [249], where xi is the computed mole fraction of a species.

Mole% = 100× xi/
∑

i

xi (6.2)

Only species which were quantified and included in this mole % calculation experimentally, are
included in the corresponding computational results depicted in Figure 6.44.

Currently, it is typical that the temperature (T5) and pressure (p5) behind a reflected shock
wave are determined by measuring the velocity of the incident shock wave at various points

along the length of the shock-tube, using a series of pressure transducers mounted at known
axial positions. The measured velocity is then extrapolated to the end-wall of the tube, with

the accuracy of the extrapolation rising with the number of velocity measurements which are
recorded along the length of the tube. This extrapolated velocity is then used together with
the known initial pressure (p1) and temperature (T1) and the initial mixture composition to

determine reflected shock conditions from the 1-D shock equations [250], implemented in software
such as GasEq [251]. The method makes several assumptions concerning the nature of the gas

mixture (ideal shock theory only holds for monoatmic gases) and ideality of the shock wave
dynamics. Studies [252,253] suggest that deviations from ideality can introduce significant errors

into the values of T5 derived from applying the ideal 1-D shock wave equations. The chemical
thermometer method offers an alternative to the above in terms of deriving T5 and Lifshitz et

al. [61] have applied this method in their work on 2MF pyrolysis. Heyne and Dryer [254] and
Tranter et al. [255] give some detailed insight on the application of chemical thermometry in

chemical kinetics, but a general synopsis will be given here.

When applying the chemical thermometer method, the reactant mixture is doped with small

quantities of a reference molecule (the chemical thermometer) whose decomposition kinetics
are well-known. The experiment is carried out and for its duration, the chemical thermome-

ter and reactant will obviously be subjected to identical reaction conditions. The quantity of
chemical thermometer before experiment is known, and by measuring the concentration of the

thermometer (or its decomposition products) remaining after the experiment, a temperature
can be inferred based on an Arrhenius-type rate correlation/first order rate-law. Importantly,
the chemical thermometer is chosen such that its primary decomposition reaction is molecular

in nature, and therefore its decomposition will not generate free radicals which can react with
the reagent of interest and perturb the experiment. Therefore, when applying the chemical

thermometer method there are several variables which must be well-defined:

• The concentration of chemical thermometer in the reaction mixture before experiment

• The concentration(s) of chemical thermometer and/or its decomposition products in the

post-reaction mixture
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• The first-order rate constant for the chemical thermometer decomposition as a function of
T and p.

Lifshitz et al. [61] used the chemical thermometer (1,1,1-trifluoroethane) method to deter-

mine the temperatures behind the reflected shock wave according to equations 6.3 and 6.4:

T = −(E/R)/

[

ln

{

− ln(1 − χ)

A t

}]

(6.3)

where E and A are the activation energy and pre-exponential factor assumed for the molecular
elimination reaction (CH3 CF3 → CH2 CF2 + H F) of the chemical thermometer, t is the

reaction dwell time and χ is given by:

χ = [CH2 CF2]t/([CH2 CF2]t + [CH3 CF3]t) (6.4)

The temperature behind the reflected shock wave was calculated by Lifshitz et al. based on

a literature assignment of the rate constant [256] for the decomposition of CH3 CF3 of k =
1014.51 exp(−36533/T ) s−1.

The same chemical thermometer method was employed in the Lifshitz et al. [62] study on the

thermal decomposition of 2,5-dimethylfuran, although a slightly different rate constant (within
10–20%) was estimated for the thermometer decomposition. Recent experimental and kinetic

modelling studies [248,257] have shown that the rate constant assumed by Lifshitz et al. in their
2,5-dimethylfuran work was likely in error. Somers et al. [248] carried out single pulse shock-

tube experiments under similar conditions to those of Lifshitz et al. [62] where temperatures were
determined independent of a chemical thermometer. The results showed that 25DMF underwent

decomposition at temperatures up to ≈ 90 K higher than those determined by Lifshitz et al. [62].
Sirjean et al. [257] carried out quantum chemical (CBS-QB3) and RRKM/ME calculations

to determine the rate constant for the molecular elimination reaction, recommending a rate
constant at 2.5 bar of k = 6.17 × 1013 exp(−36060/T ) s−1. At 1200 K, their computed value is
up to 3.8 times lower than that assumed by Lifshitz et al. in their 2,5-dimethylfuran work [62],

and 3.5 times lower than that assumed in the experiments being modelled herein. Sirjean et

al. [257] corrected the temperature measurements of Lifshitz et al. accordingly, with the resultant

measurements from Somers et al. [248] and the corrected ones of Sirjean et al. [257] being within
25 K of each other and in good agreement with kinetic modelling calculations.

The temperature reported by Lifshitz et al. [61] for their 2-methylfuran experiments is there-
fore corrected based on the rate constant recommended by Sirjean et al. [257] and equations

6.3 and 6.4. The result is a ≈ 50 K increase in the experimental temperature at the lowest
conversions of 2-methylfuran, and up to 80 K at the highest temperatures studied. The cor-

rected temperature can be described adequately by Tc(K) = 1.12× Ti − 82.54. Uncertainties in
the determination of the concentrations of CH3 CF3, CH2 CF2 or HF in the pre/post-shock
mixtures could could also lead to uncertainties in the computed T5 of Lifshitz et al., although

some preliminary calculations showed it to be of much less importance than the rate constant
applied for the above molecular elimination reaction.

The experimental yields (Figure 6.44) of 2MF are presented with temperature uncertainty
bars which assume a residual factor of two uncertainty in the recommended rate constant for

the thermal decomposition of 1,1,1-TFE, which is reasonable based on the theoretical methods
employed therein [257]. There thus remains a ± 30 K uncertainty in the temperature of 2MF

decomposition, even with this correction to the computed reflected shock temperatures. Figure
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6.44 (a) also shows the temperature-uncorrected yields of 2MF, which clearly lie outside the
uncertainty in this updated temperature profile.

In order to obtain optimal agreement with the corrected 2MF and methane profiles, the
rate constant for hydrogen atom abstraction by methyl radical from the alkyl side chain of

2MF, kCH3−C2(QB3), has been reduced by a factor of two, which is within the theoretical
uncertainty. The rate constant for hydrogen atom abstraction by hydrogen atom, kH−C2(QB3),

has been increased by a factor of two in order to retain agreement with laminar burning velocity
measurements, Section 6.2.4. The rate constant for this reaction shows little sensitivity to the

pyrolysis results described here and predictions of the fuel conversion in Figure 6.44 (a) are well
within the experimental uncertainty.

Lifshitz et al. [61] originally recommended a pseudo-first order rate constant of 9.71 ×
1013 exp(−34, 400/T ) s−1 for the thermal decomposition of 2MF in this temperature and pres-
sure regime. After correction of their data, one arrives at 8.41× 1013 exp(−34, 450/T ) s−1, with

the kinetic modelling results predicting a rate constant of 1.97× 1014 exp(−35, 071/T ) s−1. For
all three derived rate constants, the activation energies are of the order of ≈ 286–291 kJ mol−1,

which corresponds closely with the barrier heights calculated for the 3 → 2 and 4 → 5 hydro-
gen atom shift reactions shown to be the dominant unimolecular decomposition pathways for

2MF in previous sections. This is an interesting result, as free radical reactions are found to
be important in the consumption of the reactant species, Figure 6.45. One might expect that

the activation energy to be smaller than the activation energies for the primary unimolecular
initiation pathways but the thermal decomposition of 2MF seems to obey first order kinetics

quite well in this temperature range.
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Figure 6.44: Experimental speciation profiles [61] for the pyrolysis of 0.5% 2-methylfuran at 2.5
atm and ≈ 2 ms residence time with modelling predictions (lines). Solid lines correspond with
closed symbols and dashed lines with open symbols. Tc = corrected reflected shock temperatures,

Ti = original reflected shock temperatures.
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Figure 6.46: Experimentally estimated yields [61] (see text) of ketene (symbols) with computa-

tional yields of ketene and vinyl ketene.

The fate of the oxygen containing fragments of the fuel are of obvious interest and other
than 2MF, only three species were experimentally measured which contained an oxygen atom;

CO, ketene and furan. CO, which was found to be the primary decomposition product, was
detected in yields of up to 40%, and is well-predicted by the kinetic model. Its formation is well

rationalised within the quantum chemical calculations presented previously, through multiple
channels. Its formation is re-illustrated in the reaction flux analysis presented in Figure 6.45,

where four of the six important reaction pathways lead directly to the formation of CO. Opening
of the furan ring, followed by a hydrogen transfer reaction and CO elimination is common to

the unimolecular decomposition reactions of the fuel and the primary fuel radical, and is also
seen after hydrogen atom addition reactions. The reaction CH3 Ċ O 
 CO + ĊH3 is also
an important source of CO, with the majority of the CH3 Ċ O radicals formed in a 1:1 ratio

with ĊH2 C CH radicals from the decomposition of 3,4-pentadiene-2-one.

Ketene yields of up to 8% were implied from experiment but the determination of its concen-
trations proved difficult due to analytical issues. A series of isolated experiments were performed

by Lifshitz et al. [61] where small quantities of methanol were added to the post-shock mixture
in order to convert ketene to the more readily quantifiable methyl acetate. Methyl acetate was

subsequently identified although its concentrations could not be quantitatively determined.

It was therefore assumed by Lifshitz et al. that if ketene was formed in the same unimolecular
process as allene and propyne, its concentrations should equal the sum of the concentrations of

the C3H4 isomers. Despite multiple pathways (Figures 6.2, 6.4, 6.29 and 6.31) leading to the
production of ketene within the assembled reaction scheme, its formation is consistently found

to be uncompetitive with alternate pathways. This is somewhat unsurprising given ketene’s
thermodynamic instability. The small amounts of ketene predicted by the model in Figure 6.44

stem from a 5 → 4 hydrogen atom transfer reaction which consumes only 1.5% of 2MF and is
thus not even included in Figure 6.45.

However, vinyl ketene, which was not detected experimentally by Lifshitz [61] but which was

identified in 2MF flames [220], is shown to be a major product upon hydrogen atom addition
at C-5 of the furan ring, accounting for 21.7% of the reaction flux presented in Figure 6.45.

Computed vinyl ketene yields are in good agreement with the experimentally estimated ketene
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concentrations if this undetected species is incorporated into the mole % calculation, Figure 6.46.
Vinyl ketene may therefore account for the missing carbon and oxygen which the experimentalists

assumed would be found in ketene.

Furan yields are well-predicted and its formation pathway was clearly rationalised in a previ-

ous work by Simmie and Metcalfe [155]. However, the ring opening step presented in Figure 6.25
is central to the accurate prediction of its yields shown in Figure 6.44 (d), with the exclusion

of this process resulting in over-prediction of the experimental yield. The hydrogen atom addi-
tion reaction forming furan accounts for 4.5% of the product yield shown in Figure 6.45, with

the competitive ring-opening pathway leading to but-1-ene-1-yl radical (ĊH CH CH2 CH3)
accounting for 5.2%.

The yield of methane, which is primarily formed via the reaction 2MF + ĊH3 
 2MF2R

+ CH4, is also well-predicted, with 8.8% of the fuel consumed by this reaction under the con-
ditions of the reaction flux analysis. Yields of ethane, which is formed from methyl radical

self-recombination, are over-predicted by the mechanism, possibly pointing to both a slight im-
balance between the total rate of production of methyl radical, which is a major decomposition

product from numerous pathways, and the branching ratio between the rate constants for hy-
drogen atom abstraction by methyl radical and methyl-methyl self-recombination. Ethylene is

formed from the decomposition of ethyl radical which is in turn formed from the decomposition
of ĊH CH CH2 CH3 radical (30.7%) and from the reaction C2H6 + ĊH3 = Ċ2H5 + CH4

(35.0%).

Yields of the C4H6 isomers 1-butyne, 2-butyne, 1,2-butadiene and 1,3-butadiene are all
reasonably well estimated by the kinetic mechanism, although it should be noted that the ex-

perimentalists had some difficulties resolving the four isomers in their GC analysis. 1-Butyne is
formed in 100% yield from the hydrogen-atom transfer reaction which consumes 10.6% of 2MF in

Figure 6.45. 1,3-Butadiene is formed largely (86%) via re-arrangement of ĊH CH CH2 CH3

radical (which is formed from hydrogen atom addition and CO elimination 5.2%, Figure 6.45) to

CH2 CH ĊH CH3 and CH2 CH CH2 ĊH2 radicals, followed by their subsequent elim-
ination of a hydrogen atom. Re-assessment of the kinetics of these Ċ4H7 radical isomers may
therefore lead to an improvement in 1,3-butadiene yields, which are currently under-predicted.

The remaining isomers, 2-butyne and 1,2-butadiene, are largely formed from re-arrangement of
1-butyne and 1,3-butadiene, thus their less significant but well-predicted yields.

Like ketene, many pathways leading to the formation of propyne were identified in the quan-
tum calculations (k4, k13, k47, k66) but none were found to be competitive. Nonetheless, propyne,

allene, and benzene yields are all accounted for. The former are produced via abstraction by
propargyl radical from the alkyl side chain of 2MF with 63.0% of the propyne and 99.4% of the

allene formed from this pathway according to the reaction flux analysis. Benzene is formed either
directly from propargyl radical self-recombination, or through abstraction of a hydrogen atom
from 2MF by the phenyl radical, which phenyl radical produced exclusively via the reaction

2Ċ3H3 
 Ċ6H5 + Ḣ.

It is worth noting that propargyl radical was identified by Grela et al. [60] in the thermal

decomposition of 2MF, based on the presence of its ion at m/z 39 in their MS analysis. This

work proposes two clear channels for its formation from 2MF via the reactions sequences:

2MF 
 O CH CH C CH CH3 
 CO + CH C CH2 CH3 
 ĊH2 C CH + ĊH3

2MF 
 CH3 C( O) CH C CH2 
 CH3 Ċ O + ĊH2 C CH
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These pathways are visible in the reaction flux analysis in Figure 6.45 as the two unimolecular
decomposition pathways which consume 10.6% and 12.9% of 2MF respectively.

The decomposition of n-butadienyl radical, which is the primary product of the decomposi-

tion of the 2-furanylmethyl radical, Figure 6.12, accounts for the acetylene and vinylacetylene
(CH2 CH C CH) concentrations detected experimentally. Vinylacetylene predictions are in

excellent agreement with experiment, although acetylene yields are consistently overestimated.
It is difficult to resolve the over-prediction of acetylene at present, as an increase in the rate

constant for the reaction:

CH2 CH CH ĊH 
 CH2 CH C CH + Ḣ

or a decrease in the rate constant for the reaction:

CH2 CH CH ĊH 
 Ċ2H3 + C2H2

will lead to an over-prediction of vinylacetylene yields. The kinetics of these reactions do lead to
good agreement with ignition delay times and laminar burning velocities described in susequent
sections.

In general, the current kinetic mechanism performs well in replicating the experimental

results of Lifshitz et al., with clear routes proposed for the formation of many products detected
experimentally. At present, these experiments are the solitary data which can be used as a

test of the pyrolysis kinetics developed as part of this Thesis, and in this respect they prove a
useful validation target for the current mechanism. However, it is clear that there are remaining

uncertainties in the temperature at which the reactant undergoes decomposition, and in the
experimentally derived concentrations of some intermediates, ketene and the undetected vinyl
ketene being noteworthy examples. In light of the detailed theoretical methods applied to

develop the 2MF pyrolysis mechanism herein, an experimental re-investigation of the pyrolysis
of 2-methylfuran is well-advised.

6.2.2 Ignition Delay Times of 2-Methylfuran/O2/Ar at Atmospheric Pres-
sure

Experimental ignition delay times from the study of Somers et al. [208] and those calculated
by the current model are shown in Figure 6.47. Experimentally, the effect of increasing O2

concentrations from 3% (φ = 2.0) through 6% (φ = 1.0) to 12% (φ = 0.5) is clearly visible in
the form of increased reactivity characterised by reduced ignition delay times.

The current model reproduces well the observed experimental data under all conditions,

being within the 20% uncertainty quoted in the original study [208]. In order to identify key
reactions under varying concentrations of O2, rate-of-production analyses, Figure 6.48, at 1500
K and at 20% fuel consumption were carried out at φ = 0.5 (fuel-lean) and φ = 2.0 (fuel-rich).

Sensitivity analyses, Figure 6.49, were carried out at the same temperature and equivalence
ratios. In the reaction flux analyses presented in this Section, the products shown may be the

result of multiple re-arrangement steps on the potential energy surfaces delineated in previous
sections. As these pathways are described in detail previously, only the final bimolecular prod-

ucts of a given reaction pathway are shown for a concise analysis of the reaction mechanism. In
the sensitivity analyses, each highlighted reaction is accompanied by a reaction number to be

quoted during the discussion.

244



6.2. MODEL VALIDATION

Figure 6.47: Atmospheric-pressure experimental ignition delay times (symbols, [208]) as a func-

tion of temperature and O2 concentration with 20% uncertainty bars and current model predic-
tions (—).

The most sensitive reaction observed under both fuel-lean and fuel-rich conditions is the
quintessential high-temperature chain-branching combustion reaction, Ḣ + O2 
 Ö + ȮH. Its

presence there is unsurprising, its kinetics are certain (±4.6–8.8% uncertainty in k(T ) [258]), and
it has been omitted from the sensitivity analyses in Figure 6.49 for clarity because its sensitivity

coefficients far outweigh the contribution of any other reaction.

Under fuel-lean and fuel-rich conditions the single most dominant reaction pathway (≈ 25%)
is the hydrogen atom addition reaction at C-5 of the 2MF ring, which leads to vinyl ketene

and a methyl radical. Vinyl ketene is in turn consumed by either hydrogen atom addition
reactions or oxygen atom addition reactions, leading to a range of unsaturated hydrocarbon or

oxygenated species whose kinetics are governed by the C0–C4 sub-mechanism. These Ḣ and
Ö atom addition reactions show little sensitivity under these conditions although the hydrogen

atom addition reaction forming vinyl ketene and methyl radical (R26) is found to be the most
inhibiting reaction at φ = 0.5, and the second-most inhibiting reaction at φ = 2.0. Hydrogen
atom additions forming 4-pentene-2-one-3-yl radical (CH3 C( O) ĊH CH CH2), which

is the pre-cursor of vinyl ketene and methyl radical, are also highlighted as sensitive, R19 and
R23.

Hydrogen atom additions at the C-2 position, forming furan and a methyl radical (R21) or

1-butene-1-yl radical and CO, consume approximately 10% of the fuel in a 50:50 ratio under
fuel-lean conditions, with the former reaction shown to inhibit reactivity at φ = 0.5 and φ = 2.0

(R21). The reaction forming 1-butene-1-yl radical and CO shows limited sensitivity, most likely
due to the regeneration of hydrogen atoms from the decomposition of 1-butene-1-yl radical to

1,3-butadiene. The reasons for the inhibiting nature of the other 2MF + Ḣ addition reactions
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Figure 6.48: Rate-of-production analyses showing consumption of 2-methylfuran at 1500 K, 1

atm, 20% fuel consumption, φ = 0.5 and φ = 2.0 (bold font). Unimolecular fuel reactions (↙),
abstraction pathway (↘), hydroxyl radical addition (→), hydrogen atom addition (↑).
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Figure 6.49: Ignition delay time sensitivity analyses for 1% 2-methylfuran/O2/Ar mixtures at

1500 K, 1 atm, φ = 0.5 (solid bars) and φ = 2.0 (open bars). Positive coefficients correspond to
reactions which inhibit reactivity and vice versa. Reactions of relevance to the 2-methylfuran

mechanism are emboldened.
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will be alluded to momentarily.

Abstraction from the alkyl-side chain is found to consume 36.3% and 28.8% of the fuel under

lean and rich conditions, respectively, with Ḣ atoms and ȮH radicals being the largest consumers.
Under fuel-rich conditions the contribution of 2MF + ȮH 
 2MF2R + H2O notably decreases

due to the decreased O2 concentrations in the mixture, although abstraction by Ḣ atom remains
significant. Both abstraction reactions (R5 and R8) are highlighted as reactivity-promoting,
particularly at φ = 0.5.

The fate of the 2MF2R radical is to form CH2 CH CH ĊH radical and CO in a 1:1
ratio. The kinetics of CH2 CH CH ĊH radical decomposition are subsequently highlighted

as being important in sensitivity analyses with its decomposition to CH2 CH C CH + Ḣ
shown to decrease reactivity (R25), with the formation of CH2 ĊH + CH CH shown to
promote reactivity (R4).

It is somewhat surprising, or at least it was during the mechanism development, to observe
the decomposition to CH C CH CH2 + Ḣ atom as being inhibiting, as it provides a source

of Ḣ atoms which can react with O2 in the chain-branching reaction described previously. Initial
thoughts were that this reaction may have been active in the reverse recombination direction,

although a rate-of-production analysis subsequently showed this to be incorrect and this pathway
does in fact lead to a net increase in [Ḣ]. The reactivity-inhibiting nature of this reaction is the
result of its rivalry with C2H2 and Ċ2H3 formation via the alternative decomposition pathway.

Some reactions of C2H2 and Ċ2H3 are subsequently found to be chain-branching.

C2H2 can react with atomic oxygen to form ketenyl radical (HĊ C O) and Ḣ atom with

the subsequent oxidation of HĊ C O radical by O2 leading to CO2, CO and a Ḣ atom in a
highly exothermic chain-branching reaction. Both of these reactions are shown to be promoting
in sensitivity analyses, R6 and R10 respectively. Likewise, Ċ2H3 radical reacts with O2 forming

a ĊH2 CH O radical and an Ö atom (R3) in a chain-branching reaction of known importance
in combustion chemistry. This reaction is the most promoting reaction shown in Figure 6.49

under fuel-rich conditions and is of similar importance at φ = 0.5.

In review of the above, there is a competition between Ḣ atom addition reactions and re-
actions which abstract a hydrogen atom from the alkyl side-chain of 2MF. The former tend to

lead to a stable C4H4O isomer and a methyl radical at the expense of a more reactive Ḣ atom,
which could otherwise undergo chain-branching via the reaction Ḣ + O2 
 Ö + ȮH. Whilst

one might conceive that abstraction by Ḣ atom should also be inhibiting as it also competes
with Ḣ + O2 
 Ö + ȮH, this is not the case, as abstraction reactions lead to the formation of

acetylene and vinyl radical, whose subsequent oxidation leads to chain-branching via alternative
pathways. Abstraction by ȮH radicals is therefore also found to be promoting.

Within the abstraction reactions highlighted as being sensitive, there is a peculiar resident

whose kinetics are normally of little consequence with respect to high-temperature ignition delay
time predictions, namely abstraction by molecular oxygen, R2. This reaction is found to be the

second most reactivity-promoting reaction under fuel-lean conditions and this is an interesting
and somewhat unusual behavior.

Whilst it could be argued that its promoting nature is a result of the chain-branching reac-

tions which the abstraction pathway products subsequently undergo, the reaction 2MF + O2 


2MF2R + HȮ2 consumes very little (<4%) of the fuel once the radical pool has initiated, yet it is

the most promoting fuel-specific reaction under fuel-lean conditions. An ulterior hypothesis for
its sensitivity is that it provides a source of HȮ2 radicals, >30% of the HȮ2 radicals under the

conditions of the reaction flux analyses, which can in turn react with ĊH3 radicals to produce
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Mixture 2MF O2 Ar D φ

(a) 0.252 6.045 93.703 15.5 0.25
(b) 0.503 6.030 93.467 15.5 0.50

(c) 0.752 4.511 94.737 21.0 1.00
(d) 1.000 6.000 93.000 15.5 1.00
(e) 1.506 9.036 89.458 9.90 1.00

(f) 1.980 5.941 92.079 15.5 2.00

Table 6.12: Composition (mole %) of mixtures studied in the shock-tube ignition delay time

study of Wei et al. [259]. D is the dilution ratio, XAr/XO2.

ȮH radicals via reaction R1. In turn, reaction R1 is shown to be the most promoting reaction
at φ = 0.5 in the sensitivity analyses.

In fact, the reaction ĊH3 + HȮ2 
 CH3Ȯ + ȮH produces 17% and 20.9% of the ȮH

radicals in the system at φ = 0.5 and 2.0, respectively, under the conditions of the reaction flux
analysis. This is non-neglible when one considers that under the same conditions, the classic

high-temperature combustion reaction Ḣ + O2 
 Ö + ȮH produces 38.6% and 32.2% of the
ȮH radicals.

A final point to note is the increased importance of propargyl radical kinetics under fuel-rich
conditions (R11, R12, R14, R16). Propargyl radical is largely produced (84%) under these

conditions by the decomposition of 3,4-pentadiene-2-one, whose formation from 2MF is shown
to be promoting reaction under both fuel-lean and fuel-rich conditions, R7.

To summarise, the current kinetic mechanism can predict the ignition delay times of 1%
2MF/O2/Ar mixtures at 1 atm from Somers et al. [208] within the quoted experimental un-

certainty of 20%. The reactivity of 2-methylfuran under the conditions of these experiments is
largely controlled by the kinetics of the C0–C4 sub-mechanism. However, the behavior stems

from a competition between fuel-specific Ḣ atom addition reactions, which inhibit reactivity due
to the formation of furan/vinyl ketene and a methyl radical, and hydrogen atom abstraction re-

actions which lead to the formation of C2H2 and Ċ2H3 radical, and whose subsequent reactions
promote chain-branching. It will now be shown that these reactions also govern the ignition
delay times of 2-methylfuran/O2/Ar mixtures at elevated pressures.

6.2.3 Ignition Delay Times of 2-Methylfuran/O2/Ar at Elevated Pressures

Recently Wei et al. [259] measured ignition delay times of 2-methylfuran/O2/argon mixtures
from φ =0.25–2.0, p = 1.25–10.65 bar, and T = 1120–1700 K. Table 6.12 displays the mixture

compositions studied therein. Wei et al. used the original 2MF kinetic model developed as part of
this Thesis [208] to interpret their experiments, although contemporaneously, an updated kinetic
mechanism for 2-methylfuran oxidation was developed by this author and published [209].

Figures 6.50 illustrates the influence of pressure on the ignition delay times of a given mixture.

The trends of decreasing ignition delay time with increasing pressure is both qualitatively and
quantitatively predicted. For mixtures (a), (b) and (c), there is a tendency for the model to

over-predict the ignition delay times at the lowest pressure and temperatures studied, but for
all of the other fifteen data-sets agreement is within the 15% uncertainty quoted by the authors.

Figure 6.51 illustrates the influence of equivalence ratio on ignition delay times at a given
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Figure 6.50: Experimental ignition delay times with 15% uncertainties (symbols, [259]) and
current model predictions (—) for argon diluted 2-methylfuran/O2 mixtures illustrating the

influence of pressure on ignition delay time. For composition of mixtures (a)–(f) refer to Table
6.12.
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pressure. Again, for effectively all data sets the numerical results are within experimental uncer-
tainty with the exception of a solitary mixture at φ = 0.25 and 1.25 atm for which ignition delay

times are slightly over-predicted. The experimental results illustrate that there is a crossover in
reactivity as a function of φ at any given pressure. This crossover temperature increases with

pressure and this trend is well-captured by the model.

It is worth noting that the influence of φ on the experimental or numerical ignition delay
times of Wei et al. [259] is qualitatively unlike those in the Somers et al. [208] study depicted in

Figure 6.48. The reason for this is that the Somers et al. study varied only the O2 concentrations
in order to adjust the equivalence ratio and the concentration of 2MF remained constant at 1%.

Therefore, a clear increase in reactivity is observed (ignition delay times decrease by ≈ a factor
of 2) as one doubles the O2 concentration moving from φ = 2.0, to φ = 1.0, to φ = 0.5. This is to

be expected as one can generally interpret high-temperature ignition delay time measurements
based on an Arrhenius-type relationship:

τ = [Fuel]a[O2]
b[Diluent]c exp(Ea/RT ) (6.5)

where τ is the ignition delay time, a typically has a positive value and b typically has a negative
value.

In the Wei et al. study, the concentrations of 2MF, O2 and argon were all varied with

equivalence ratio in order to keep a constant dilution ratio, D = XAr/XO2 . The result is that
it can be difficult to isolate the influence of altering the concentration of one component of the
mixture through visual inspection of the data. Resultantly, the Somers et al. and Wei et al.

data are dissimilar in their qualitative and quantitative trends. Both approaches are obviously
acceptable, although the Somers et al. data show a more readily interpretable trend. The kinetic

model developed herein shows excellent agreement with the data of Somers et al. at atmospheric
pressure. The Wei et al. experiments are well-predicted with the exception of the φ = 0.25 and

φ = 1.0 mixture (c) data at 1.25 atm.

Reaction flux and sensitivity analyses have been carried out at 1360 K, and at 1.25 and
10.45 atm at φ = 0.25 and φ = 2.0 , for mixtures (a) and (f) respectively, in order to determine

chemical reactions and kinetics which are important under the conditions of the Wei et al.

experiments. These conditions were selected as they represent the extremes of equivalence ratio

and pressure which were studied, and all data intermediate to these conditions with respect to
φ and p should be captured within these analyses. A temperature of 1360 K was selected for

these analyses as the data was taken at an average temperature of 1360 ± 249 K (2σ), and so
the results should be quite representative of experimental conditions of Wei et al. [259].

Figure 6.53 shows the results of rate-of-production analyses. The reactions of interest are
largely the same as those discussed previously for atmospheric-pressure ignition delay times in

Section 6.2.2.

At φ = 0.25, hydrogen atom addition reactions show little dependency on pressure, consum-
ing 36.1% and 34.6% of the fuel at 1.2 and 10.4 atm respectively, with C-5 addition forming vinyl

ketene and a methyl radical being of most importance at ≈ 25%. At φ = 2.0, these reactions
show a similar importance, consuming 38.0% (1.2 atm) and 38.3% (10.5 atm) of the reactant.

These hydrogen atom addition reactions are found to have an inhibiting influence on the ignition
delay times, particularly at φ = 0.25, Figure 6.54.

The largest difference between the reaction pathways of the fuel at 1.2 and 10.4 atm is the

reduced flux proceeding through unimolecular decomposition reactions at the higher pressures
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Figure 6.51: Experimental ignition delay times with 15% uncertainties (symbols, [259]) and
current model predictions (—) for argon diluted 2-methylfuran/O2 mixtures illustrating the

influence of equivalence ratio on ignition delay time for D = 15.5. mixture (f) φ = 2.0 (�),
mixture (d) φ = 1.0 (•), mixture (b) φ = 0.5 (N), mixture (a) φ = 0.25 (H).
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Figure 6.52: Thermal decomposition of 2-furanylmethyl radical to n-butadienyl and carbon

monoxide with reaction barriers and enthalpies in kJ mol−1 (CBS-QB3, 0 K).

under fuel-lean (9.3% at 1.2 atm vs 1.7% at 10.4 atm) and fuel-rich (11.1% at 1.2 atm vs 3.9% at

10.5 atm) conditions. On the contrary, there is an increased importance of abstraction reactions
moving from low to high pressures at both φ = 0.25 (39.4% at 1.2 atm vs 46.7% at 10.4 atm) and
φ = 2.0 (37.9% at 1.2 atm vs 43.9% at 10.5 atm). This is largely due to increased contributions

to 2MF consumption from abstraction by ȮH radicals and O2. Abstraction by Ḣ atom makes
a constant contribution to the consumption of 2MF under all conditions. Abstraction by O2,

ȮH radicals and Ḣ atoms are found to reduce ignition delay times, particularly at φ = 0.25,
Figure 6.54. Again, this reactivity-inhibiting behaviour of the Ḣ atom addition reactions, and

reactivity-promoting behaviour of abstraction reactions is explained in Section 6.2.2.

Also of note is the presence of bimolecular reactions as consumers of the 2MF2R radical.
These reactions were not present in previous rate-of-production analyses due to the higher

temperatures and lower pressures at which the experiments/reaction flux analyses were carried
out. At 10.24 atm 5.9% of the 2MF2R radical recombines with methyl radical to produce 2-

ethylfuran at φ = 0.25, and at φ = 2.0, 11.4% of 2MF2R is consumed by this pathway. At 10.4
atm reactions of HȮ2 and Ö radicals with 2MF2R consume 11.6% of the furan radical at φ =

0.25, and 9.1% of it at φ = 2.0. The reaction 2MF2R + Ö 
 2-formylfuran + Ḣ has a slight
inhibiting influence on reactivity under lean conditions (R11, Figure 6.54).

The decomposition of 2MF2R radical is not found to be sensitive, but the isomerisation

of its ring opening product is shown to be sensitive at φ = 0.25 and 10.4 atm (R10, Figure
6.54), but much less so under fuel-rich conditions (R11, Figure 6.55). This reaction pathway is

illustrated in Figure 6.52 where the second step is the reaction highlighted as being sensitive. Its
sensitivity stems from the fact that once this exothermic isomerisation occurs, decomposition to

n-butadienyl radical and CO will occur more readily than reformation of 2MF2R radical, and
the bimolecular reactions of 2MF2R which inhibit reactivity will not occur. Increasing this rate

constant therefore reduces the computed ignition delay times. Therefore at elevated pressures
and lower temperatures the bimolecular reactions of 2MF2R are of some importance, but the

primary pathway for its decomposition remains decomposition to CH2 CH CH ĊH radical
and CO.

CH2 CH CH ĊH radical shows a pressure-dependent behavior in its consumption, in

particular, the branching ratio for formation of CH2 CH C CH and a Ḣ atom or Ċ2H3

radical and C2H2. The reasons for this are discussed on page 207. These decomposition reactions

of CH2 CH CH ĊH radical are again found to be sensitive parameters in predicting ignition
delay times of Wei et al. [259], as they were in the Somers et al. [208] study.

In conclusion, the kinetic mechanism developed as part of this Thesis can accurately predict

the majority of the Wei et al. [259] experiments within their uncertainty. Sensitivity and rate-
of-production analyses show that the reactions of importance in the study of Wei et al. [259]

are largely the same as those of Somers et al. [208]. Hydrogen atom addition reactions inhibit
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reactivity and abstraction from the alkyl side-chain of 2MF promote reactivity. There is an
increased importance of bimolecular reactions of the 2-furanylmethyl radical in the elevated

pressure experiments of Wei et al. based on reaction flux analyses, although they do not show
a large sensitivity.
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Figure 6.53: Rate-of-production analysis showing consumption of 2-methyl furan at 1360 K, φ = 2.0, 20% fuel consumption, p =

1.3 atm and p = 10.5 atm (bold font). Unimolecular fuel reactions (↙), abstraction pathway (↘), hydroxyl radical addition (→),
hydrogen atom addition (↑).
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Figure 6.54: Ignition delay time sensitivity analyses for mixture (a) (φ = 0.25) at 1360 K,
1.2 atm (solid bars) and 10.4 (open bars). Positive coefficients correspond to reactions which

inhibit reactivity and vice versa. Reactions of relevance to the 2-methylfuran mechanism are
emboldened. The reaction Ḣ + O2 
 Ö + ȮH is omitted for clarity.

256



6.2. MODEL VALIDATION

Figure 6.55: Ignition delay time sensitivity analyses for mixture (f) (φ = 2.0) at 1360 K, 1.2

atm (solid bars) and 10.5 (open bars). Positive coefficients correspond to reactions which in-
hibit reactivity and vice versa. Reactions of relevance to the 2-methylfuran mechanism are
emboldened.
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Figure 6.56: Experimental laminar burning velocities (symbols) as a function of unburnt gas

temperature and equivalence ratio with current model predictions (lines). Closed symbols are
from the study of Somers et al. [208] (—) , open symbols are data reported by Ma et al. [57] (–

–).

6.2.4 Laminar Burning Velocities of 2-Methylfuran/Air Mixtures

Experimental atmospheric-pressure laminar burning velocities (SL) of 2-methylfuran/O2/N2

mixtures from the study of Somers et al. [208] and Ma et al. [57] are presented in Figure
6.56, along with model predictions from this work. The experiments of Somers et al. [208] were

carried out using the heat-flux method developed by de Goey [260] and those of Ma et al. [57]
were measured in a combustion vessel.

There are some small experimental inconsistencies to be noted, for instance, the 393 K data

of Ma et al. [57] would be expected to show a lower SL than the 398 K data of Somers et al. [208]
due to the lower unburnt gas temperature (TU). Likewise, the 333 K data of Ma et al. [57] would

be expected to show a higher SL than the 328 K data of Somers et al. [208], but this is not the
case. The general shapes of the burning velocity curves also disagree, particularly under lean

conditions where the Ma et al. data is up to 15 cm s−1 faster than the corresponding data of
Somers et al..

Discrepancies like this are not unheard of when data from heat-flux burners and combustion

vessels are compared. Kelley and Law [261] have recently noted that linear extrapolation of
the stretched flame propagation speed may lead to inaccurate determination of the unstretched

laminar burning velocity when measurements are made using combustion vessels. For example,
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Figure 6.57: First-order sensitivity coefficients to the laminar burning velocities of 2-

methylfuran/air mixtures at φ = 0.6 (black fill), φ = 1.1 (red fill) and φ = 1.5 (blue fill)
and 398.15 K. Where no bars are visible for a given condition, the corresponding reaction was

not found to be amongst the top 30 most sensitive reactions. Positive coefficients correspond to
reactions which increase SL and vice-versa. Coefficients for the reactions Ḣ + O2 
 Ö + ȮH

and CO + ȮH 
 CO2 + Ḣ are omitted for clarity.

linear extrapolation may be perturbed by ignition energy and the presence of electrodes in the
early stages of flame propagation, and confinement and chamber effects in the latter stages.

Deviations from linearity may arise due to high stretch rates, mixture non-equidiffusion and
small diffusivity of larger fuels. One should note that corrections for these factors are not

necessary with the heat-flux method [260] which was used to determine burning velocities in the
study of Somers et al. [208]. No uncertainties were reported in the data of Ma et al.

The current model predicts the burning velocities of 2MF/air mixtures to be closer to the

data of Somers et al. than those of Ma et al., although in the range φ = 0.8–1.2 both sets of
experiments are quite accurately predicted by the model. Numerically, peak flame speeds are

accurately predicted, and the trend of increasing SL with increasing TU for a given φ is also
captured by the mechanism.

Sensitivity analyses were carried out at 298.15 K and 398.15 K, at three equivalence ratios.
The sensitive reactions showed limited dependency on TU, so only results from the 398.15 K

computations are presented in Figure 6.57, where the six most inhibiting and promoting reactions
are shown for each condition. These analyses highlight the importance of the C0–C4 sub-

mechanism kinetics in predicting the burning velocities of these mixtures, more so than the
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Figure 6.58: Reaction flux analysis at φ = 1.1 and 398.15 K illustrating the most important

2-methylfuran consuming reactions in 2-methylfuran/O2/N2 flames [208] as a function of height
above the burner plate. 2MF 
 2MF2R + Ḣ (—), 2MF + Ḣ 
 2MF2R + H2 (—), 2MF +

ȮH 
 2MF2R + H2O (– –), 2MF + Ḣ 
 CH3 C( O) ĊH CH CH2 (—), 2MF + Ḣ 


Vinyl Ketene + ĊH3 (– –), Total rate of consumption (—), Temperature (—)

kinetics of 2MF. The predictive capability of the mechanism with respect to the measurements

in Figure 6.56 is largely owing to the well-validated kinetics of this sub-mechanism. Having said
this, the accurate predictions in Figure 6.56 surely reflect that the mechanistic proposals put

forward in this Thesis for high-temperature 2MF oxidation are reliable. The kinetics of only
four reactions of 2MF were highlighted as being of any importance in the prediction of SL.

Hydrogen atom addition and abstraction reactions show contrasting sensitivities, with the
former promoting reactivity (R17) and the latter inhibiting it (R10). This is in-line with

ignition delay time sensitivity analyses shown earlier. Rate-of-production analysis (Figure 6.58)
at φ = 1.1 and 398.15 K shows the temperatures at which 2MF is consumed is in the range 750–
2000 K, with peak 2MF consumption occurring at approximately 1400 K. This is well into the

high-temperature combustion regime where the model has also been validated against ignition
delay and pyrolysis experiments.

Hydrogen atom addition at C-5 of 2MF forming stabilised CH3 C( O) ĊH CH CH2

radicals, or vinyl ketene and a methyl radical, are both highlighted as being important fuel

consuming reactions, Figure 6.58. Hydrogen atom abstraction by Ḣ atoms and ȮH radicals are
also highlighted as important fuel consumers. Initial simulations tended to under-predict the

flame speed data of Somers et al. by 1–2 cm s−1. Rate constants for abstraction by Ḣ atoms and
ȮH radicals were thus increased by a factor of two based on their ability to increase the flame

speed, leading to the predictions in Figure 6.56, and all other modelling results shown previously.
Although the reaction 2MF + ȮH 
 2MF2R + H2O is not present in the sensitivity analysis in

Figure 6.57, it still has a slight promoting influence on the flame speed and an increase in this
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rate constant was thus necessary.

The reaction 2MF 
 2MF2R + H (R6) is shown to decrease the computed burning velocities

at φ = 0.6 and at peak flame speed. This reaction is found to be active in the reverse termination
direction, Figure 6.58, and its sensitivity therefore stems from this reaction acting as a sink

for Ḣ atoms within the system. The isomerisation of 3,4-pentadiene-1-one-2-yl radical to 2,4-
pentadiene-1-one-1-yl radical (R21) is shown to have a promoting influence on the system’s

reactivity. The reasons for this were discussed in the previous section, where this reaction
was highlighted as being important in the consumption of 2MF2R, Figure 6.52, and once this

reaction occurs, termination reactions of the type 2MF2R + Ṙ 
 2MF no longer occur and
inhibit reactivity. The inverse sensitivities observed for the reactions R6 and R21 are therefore

linked.

The current mechanism can accurately predict the burning velocities of 2-methylfuran/O2/N2

flames from Somers et al. [208], but the experiments of Ma et al. [57] disagree with the numerical

predictions herein, and the experiments of Somers et al. [208]. There is likely a large uncer-
tainty in the measurements of Ma et al. [57], particularly under the extremes of φ which they

studied. Analysis of the kinetic mechanism highlights the C0–C4 sub-mechanism kinetics are
of real importance in predicting the experiments. Of the reactions of 2-methylfuran found to

be important, hydrogen atom addition reactions at C-5, and abstraction from the alkyl group
by Ḣ atoms and ȮH radicals, were the dominant fuel-consuming reactions. The rate constants

for the latter two reactions were justifiably increased by a factor of two from their theoretically
derived values [155, 209] in order to achieve improved agreement with experiment.

6.2.5 Speciation in a Laminar Flame

Tran and co-workers [221] recently studied the flame structure of two laminar premixed low-

pressure (20 and 40 mbar) 2MF/O2/Ar flames, with electron-ionization molecular beam mass
spectrometry (EI-MBMS) and GC used to quantify reactant, intermediate and product concen-
trations as a function of distance from the burner. They provided a chemical mechanism for

2MF oxidation under these conditions, constructed largely by taking analogies to rate constants
from furan [168] and 2,5-dimethylfuran [257] mechanisms available in the literature. Their mech-

anism was shown to satisfactorily reproduce their experimental results, as was the mechanism
previously described by Somers et al. [208]. However, no validation results for their mechanism

versus ignition delay time or laminar burning velocities was presented.

The results of Tran et al. [221] are presented in the form of species profiles as a function of

distance above the burner plate for φ = 1.0 and φ = 1.7 mixtures. Experimental results are
presented in Figures 6.59–6.62 with modelling results from both this work and that of Tran

et al. [221] included. In these experiments, species concentrations were determined at axial
distances up to 40 mm from the burner plate, however, at distances above 10 mm the flame
structure has typically reached equilibrium conditions. Therefore, only species concentrations

preceding this equilibrium region of the flame are presented herein. For numerical modelling of
these experiments, it was necessary to include the experimentally measured temperature profile

as a function of sampling distance, as the sampling nozzle is known to perturb the temperature
of the flame [262].

For the main species measured experimentally (2MF, O2, Ar, H2O, CO and H2) both mech-
anisms perform similarly and can capture the experimental profiles well, Figure 6.59 (φ = 1.0)

and 6.61 (φ = 1.7). In the φ = 1.0 flame, there is a tendency of both mechanisms to over-predict
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Figure 6.59: Experimental profiles [221] of main combustion intermediates measured in a φ =

1.0 2-methylfuran/O2/Ar flame with model calculations from this work (—) and the study of
Tran et al. [221] (– –).

the rate of consumption of O2, although these profiles are in better agreement in the φ = 1.7
flame. For smaller hydrocarbon and oxygenated species, there is more of a divergence between

the two mechanisms in terms of the quality of predictions. This is largely due to differences in
the kinetic sub-mechanisms for C0–C4 species.

Yields of methane and formaldehyde are well-predicted in both flames by the mechanism
from this work, tending to be slightly under-predicted. There is also a tendency to under-

predict acetylene and ethylene mole fractions in the φ = 1.0 flame, although agreement in
the richer flame is better for C2H2. For C2 oxygenates, ketene yields are reproduced well in

the φ = 1.0 flame and are over-predicted by 30% in the rich flame. Acetaldehyde yields are
underestimated at all conditions by the current mechanism, with dimethyl ether mole fractions

being over-predicted. In terms of C3 species, acrolein is overestimated by the current mechanism
in the stoichiometric flame, and underestimated in the rich flame. Both mechanisms also tend to

under-predict the formation of allene and propyne (C3H4) in both flames, whilst over-predicting
the concentration of propargyl radical, Ċ3H3. The under-prediction of C3H4 and over-prediction
of Ċ3H3 may therefore be linked to a missing pathway in the sub-mechanism for these species.

For C4 species, vinylacetylene and diacetylene, the former is under-predicted by the sub-
mechanism with the latter being over-predicted. Again this may be linked to problems in the

kinetics of these species in the sub-mechanism. A reduction in the rate of consumption of C4H4

would likely improve predictions of both, as C4H2 is formed from C4H4 through the reaction

sequence C4H4 + Ṙ 
 Ċ4H3 + RH and Ċ4H3 
 C4H2 + Ḣ. Alternatively, an increase in
the rate of consumption of C4H2 may alleviate the problem. Peak 1,3-butadiene yields are in

reasonable agreement with experiment in the φ = 1.7 flame, although they are under-predicted
in the φ = 1.0 flame by up to a factor of 3–4. 1,3-butadiene yields were also under-predicted, to

a lesser extent, in modelling results on the pyrolysis of 2MF from Lifshitz et al. [61] in previous
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Figure 6.60: Experimental profiles [221] of C1–C4 species measured in a φ = 1.0 2-

methylfuran/O2/Ar flame with model calculations from this work (—) and the study of Tran et

al. [221] (– –).
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Figure 6.61: Experimental profiles [221] of main combustion intermediates measured in a φ =

1.7 2-methylfuran/O2/Ar flame with model calculations from this work (—) and the study of
Tran et al. [221] (– –).

sections.

Furan yields are underestimated by the current model in both flames, although they are
overestimated in the modelling results of Tran et al.. Its main production pathway in both

mechanisms is from the reaction 2MF + Ḣ 
 furan + ĊH3. Rate-of-production analyses,
Figure 6.63, using the mechanism of this study shows that the primary consumption pathways

of 2MF under the conditions of Tran and co-workers experiments is hydrogen atom addition
to C-5 of 2MF forming either CH3 C( O) ĊH CH CH2 radical, or vinyl ketene and a

methyl radical. CH3 C( O) ĊH CH CH2 radical also decomposes to form vinyl ketene
and a methyl radical. However, vinyl ketene was not quantified in the experiments of Tran et

al., and they do not include pathways to its formation in their kinetic scheme, which is likely
why they over-predict furan yields.

The mechanism from this work shows that vinyl ketene yields should be on a par with

those measured for furan, and it is worth noting that vinyl ketene was previously detected in
a low-pressure flame study from Wei et al. [220]. Numerical modelling of shock-tube pyrolysis,

ignition delay times, and laminar flame speeds shows good agreement with these experiments,
and they all show that this pathway is of real importance in 2MF high-temperature oxidation.

Predictions of furan yields in the experiments of Lifshitz et al. [61] were also in good agreement
with experiment using the mechanism developed as part of this work. Quantification of vinyl

ketene would allow for the branching ratios for the reactions 2MF + Ḣ 
 furan + ĊH3 and
2MF + Ḣ 
 vinyl ketene + ĊH3 to be adjusted to more accurately predict the experimental
data for furan in the study of Tran et al., but short of such information, the kinetic model must

remain as is, as a full re-validation of RRKM/ME results and all other experimental targets
would be required as part of this adjustment to the kinetic mechanism from this work.

The mechanism of this work and that of Tran et al. [221] perform quite similarly in terms of
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Figure 6.62: Experimental profiles [221] of C1–C4 species measured in a φ = 1.7 2-
methylfuran/O2/Ar flame with model calculations from this work (—) and the study of Tran et

al. [221] (– –).
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Figure 6.63: Reaction flux analysis illustrating the most important 2-methylfuran consuming

reactions in 2-methylfuran/O2/Ar flames [221] as a function of height above the burner plate.
2MF 
 2MF2R + Ḣ (—), 2MF + Ḣ 
 2MF2R + H2 (—), 2MF + ȮH 
 2MF2R + H2O (–
–), 2MF + Ḣ 
 O CH ĊH CH CH CH3 (—), 2MF + Ḣ 
 Furan + ĊH3 (– –), 2MF

+ Ḣ 
 ĊH CH CH2 CH3 + CO (· · ·), 2MF + Ḣ 
 CH3 C( O) ĊH CH CH2 (—),
2MF + Ḣ 
 Vinyl Ketene + ĊH3 (– –), 2MF + ȮH 
 C-2 Addition (—), 2MF + ȮH 
 C-5

Addition (– –), Total rate of production (—), Temperature (—).
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predictions of primary reactants and intermediates in measured dilute 2MF/O2/Ar flames [221].
The primary consumption pathways predicted from the model of this work are largely the

same as in previous Sections describing the pyrolysis of 2MF in a shock-tube, and its oxidation
in shock-tubes and atmospheric-pressure flames. Hydrogen atom addition reactions, particu-

larly those leading to vinyl ketene and a methyl radical are the dominant consumer of 2MF
in these experiments, with hydrogen atom addition forming furan and a methyl radical, or

ĊH CH CH2 CH3 radical and CO of lesser importance. Abstraction reactions from the
alkyl side-chain are also of a lesser importance than addition at the C-5 position, but are still

non-negligible in 2MF consumption in these flames.

6.3 Conclusions

This Chapter presents a detailed overview on the development and validation of a kinetic mech-
anism to describe 2-methylfuran combustion. A comprehensive investigation of the potential

energy surfaces for the pyrolysis reactions of 2MF is presented based on CBS-QB3, CBS-APNO
and G3 quantum chemical calculations. Kinetics for the thermal unimolecular reactions of

2-methylfuran and the 2-furanylmethyl radical, the chemically activated recombination of hy-
drogen atoms with 2-methylfuran and several hydrogen atom abstraction processes have been

investigated theoretically. Transition state theory and Rice-Ramsperger-Kassel-Marcus theory
have been employed to determine rate constants as a function of temperature and pressure (if ap-

plicable) for each pyrolysis reaction pathway. The RRKM/ME computations are also compared
with the less expensive QRRK/MSC approach, with the latter shown to provide a reasonable
assessment of k(T, p) for the thermal reactions of 2MF, but deviating significantly when the

addition of hydrogen atom to 2MF was considered.

Unimolecular decomposition of 2MF is initiated by hydrogen shift reactions routed through

β-carbene intermediates to form stable acyclic intermediates which further decompose to either
1-butyne and CO, or acetyl and propargyl radicals. The decomposition of the 2-furanylmethyl
radical is shown to proceed through C–O bond cleavage which opens the furan ring. Subsequent

hydrogen atom transfer and α-scission leads to the formation of the dominant products, CO and
the n-butadienyl radical.

Hydrogen atom addition to carbon atoms adjacent to the oxygen of the furan ring are kinet-
ically favoured over addition to atoms remote from the oxygen moiety. In terms of bimolecular
products, hydrogen atom addition results predominantly in the formation of furan and a methyl

radical, 1-butene-1-yl radical and CO, and vinyl ketene and a methyl radical. Rate constants for
the oxidation of 2MF and 2-furanylmethyl radical have largely been estimated based on analogy

with 25DMF or similar aromatic systems (e.g. toluene).

The kinetics of the thermal decomposition of n-butadienyl radical were found to be of im-
portance in predicting ignition delay time and laminar burning velocity measurements during

the course of this work. Kinetics of the reactions:

CH2 CH CH ĊH 
 CH2 CH C CH + Ḣ

CH2 CH CH ĊH 
 CH2 ĊH + CH CH

have therefore been computed based on CBS-QB3, CBS-APNO and G3 computations and QR-

RK/MSC computations. The results show that previous estimates of the rate constants for these
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reactions from Wang and Frenklach [223] may have been uncertain due to misassigned barrier
heights and ro-vibrational properties derived from semi-empirical AM1 computations.

The kinetic mechanism is first compared with experimental shock-tube speciation profiles

for 2MF/argon mixtures from Lifshitz et al. [61] measured at 1150–1400 K, 2.5 atm and 2 ms
residence times. Analysis of their experiments shows that the temperature calculated behind

their reflected shock waves are likely in error by some amount (50–80 K). This is the result of
an erroneous estimate for the rate constant used as part of their chemical thermometry work.

Upon correction of their experimental temperatures, the current mechanism can predict the
consumption of 2MF and formation of effectively all measured intermediates within the remain-

ing experimental uncertainty. Rate-of-production analyses delineate the important consumption
pathways of the reactant and propose clear routes to formation of the products quantified ex-

perimentally. Given that there is quite some uncertainty remaining in the Lifshitz et al. [61]
measurements (with respect to both temperature and intermediate mole fractions), this author

advises an experimental re-investigation of the pyrolysis of 2MF be carried out.

The oxidation mechanism and kinetics of 2-methylfuran have been validated against ignition

delay time measurements of Somers et al. [208] at equivalence ratios of 0.5, 1.0 and 2.0, at
temperatures of 1200–1800 K, at atmospheric pressure for dilute mixtures of 2MF/O2/Ar. The

mechanism can predict these measurements within their experimental uncertainty of 20%. Rate-
of-production and sensitivity analyses highlight the kinetic parameters found to be important

with respect to predicting the experiments, with kinetic parameters for the following reactions
highlighted as being important:

2MF + Ḣ 
 2MF2R + H2

2MF + ȮH 
 2MF2R + H2O

2MF + ĊH3 
 2MF2R + CH4

2MF + O2 
 2MF2R + HȮ2

2MF + Ḣ 
 Furan + ĊH3

2MF + Ḣ 
 CH3 C( O) ĊH CH CH2

2MF + Ḣ 
 Vinyl Ketene + ĊH3

With the exception of the rate constant for 2MF + O2 
 2MF2R + HȮ2 which is estimated
based on an Evans-Polanyi relationship, rate constants for all of these reactions are derived from

mid-to-high level quantum chemistry and statistical rate theory.

The mechanism can also replicate ignition delay times of dilute 2MF/O2/Ar at equivalence
ratios of 0.25, 0.5, 1.0 and 2.0, at temperatures of 1120–1700 K, and at pressures of 1.2–10.6
atm from the shock-tube study of Wei et al. [259]. Rate-of-production and sensitivity analyses

re-iterate the importance of the above reactions. At elevated pressures and lower temperatures,
bimolecular recombination reactions of 2-furanylmethyl radical leading to the formation of 2-

ethylfuran and 2-formylfuran are found to become more important in the consumption of this
species.

Numerical modelling of premixed laminar atmospheric flame speed measurements of Somers

et al. [208] shows that the mechanism can also predict this fundamental combustion property at
unburnt gas temperatures of 298–398 K and for equivalence ratios of 0.55–1.65. A brief analysis

of the experiments of Ma et al. [57] under similar conditions shows that these measurements may
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be erroneous under fuel-lean and fuel-rich conditions, but of a reasonable order in the limited
range of equivalence ratio of φ = 0.9–1.2. Kinetics of the hydrogen atom abstraction reaction by

hydrogen atom, and hydrogen atom addition reaction at C-5 of 2-methylfuran are highlighted
as being sensitive parameters in predicting these experiments.

Finally, the mechanism is compared with low-pressure premixed 2MF/O2/Ar flame speci-
ation measurements of Tran et al. [221]. Predictions of the most abundant species detected

experimentally (2MF, O2, Ar, H2O, CO and H2) are in reasonable agreement with experiment,
and of a similar order to the predictions of the 2MF kinetic mechanism developed by Tran et

al. [221]. The primary consumption pathway of 2MF was shown to be hydrogen atom addition
forming vinyl ketene and a methyl radical, in-line with analyses on pyrolysis and ignition delay

experiments. This pathway is absent from the mechanism of Tran et al. [221], but quantum
chemical/RRKM/ME computations carried out as part of this work find it to be a dominant
consumption reaction of 2MF. Vinyl ketene was not quantified by Tran et al. but was detected

in low-pressure 2MF flames by Wei et al. [220]. Given the sensitivity of this reaction in all of
the experiments described above, the quantification of vinyl ketene must become a priority in

order for the kinetics of this pathway to be further validated.
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Chapter 7

2,5-Dimethylfuran Combustion
Modelling

This Chapter describes the development of a detailed chemical kinetic model for 2,5-dimethylfuran
pyrolysis and oxidation. The research formed the basis of a lead-author publication enti-

tled “A Comprehensive Experimental And Detailed Chemical Kinetic Modelling Study of 2,5-
Dimethylfuran Pyrolysis and Oxidation” which was published in “Combustion and Flame” in

2013 [248]. This author contributed to the work by constructing the chemical kinetic mechanism,
by using it to interpret a wide range of fundamental laboratory experiments, and to ultimately
highlight which chemical reactions and kinetic parameters were important in predicting exper-

iments. The model development section below is borrowed largely from that work. Note that
the atom numbering scheme adopted for 2-methylfuran in Chapter 6 (Figure 6.1, page 184) is

analogous to that used for 2,5-dimethylfuran in this Chapter.

7.1 Model Development

7.1.1 The Thermal Decomposition of 2,5-Dimethylfuran

The unimolecular decomposition pathways of 25DMF have been studied by Simmie and Metcalfe
[155] previously, and more recently in detail by Sirjean and Fournet [157]. Both works concluded

that the thermal decomposition of 25DMF should proceed with competition between simple C–
H bond fission from the alkyl side chain of the fuel, and carbene formation and consumption via

hydrogen atom transfer reactions. Simmie and Metcalfe [155] calculated a high-pressure limiting
rate constant of 9.48 × 1013 exp(−35230/T ) s−1 for a 3 → 2 hydrogen atom transfer reaction
forming a β-carbene, Figure 7.1, in good accord with the analogous reaction in furan [210] and

2MF [208, 209] as described earlier. For the same process Sirjean and Fournet [157] report an
almost identical rate constant of 4.93× 1011T 0.659 exp(−34577/T ) s−1. Both rate constants are

valid in the temperature range 500–2000 K.

Both sets of authors also found that the β-carbene intermediate undergoes ring opening read-
ily to form 3,4-hexadiene-2-one, in a reaction with virtually no barrier. Sirjean and Fournet [157]

carried out RRKM/ME calculations on this multiple-well system, reporting pressure-dependent
rate constants for the carbenic decomposition pathway which are adopted in this study, as

well as further unimolecular decomposition reactions of 3,4-hexadiene-2-one. The primary de-
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Figure 7.1: Schematic unimolecular decomposition pathways of 2,5-dimethylfuran [157] and

2-methylfuran [208, 209].

composition pathway of 3,4-hexadiene-2-one was found to be a simple fission reaction forming

CH3 Ċ O and CH C ĊH CH3, which in turn can decompose to form a ĊH3 radical and
CO, or CH C CH CH2 and a Ḣ atom, respectively. Kinetics from the study of Sirjean and

Fournet are adopted [157] in the current work.

For the homolytic fission of the alkyl C–H bonds in 25DMF, Lifshitz et al. [62] recommended

a rate constant of 1.60× 1016 exp(−43276/T ) s−1, which is an empirical estimate derived from
fitting to a complex mechanism. Friese et al. [263, 264] measured Ḣ atom concentrations upon

shock heating of dilute 25DMF/argon mixtures and recommended a high-pressure limiting rate
constant of 3.5 × 1016 exp(−42817/T ) s−1 for the simple fission reaction. However, the rate

constant estimated by Friese et al. [263, 264] is a global measurement of Ḣ atom production
from the thermal decomposition of 25DMF, and does not account for the formation of a Ḣ from

the thermal decomposition of CH C ĊH CH3 radical which is formed from 25DMF.

Somers et al. [208] used 1 × 1014 cm3 mol−1 s−1 as an estimate of the recombination rate

constant of hydrogen atom with the 2-furanylmethyl radical in the case of 2MF, thus implying a
decomposition rate constant of 2.52 × 1012T 0.9 exp(−42974/T) s−1 from microscopic reversibil-

ity. Likewise, Sirjean and Fournet [157] assumed a similar rate constant for the recombination
of hydrogen atom with the 5-methyl-2-furanyl-methyl radical, 6.55 × 1013T 0.07 exp(+25.9/T )

cm3 mol−1 s−1, based on analogy with the recombination of hydrogen atom with benzyl rad-
ical. A unimolecular decomposition rate constant for the simple fission reaction of 4.75 ×
1015T 0.07 exp(−43125/T ) s−1 was implied from microscopic reversibility, in good agreement with
the estimate of Somers et al. [208] for the 2MF system, accounting for reaction path degeneracy,
and within a factor of two of that estimated by Lifshitz et al. [62]. Kinetics from the study of

Sirjean and Fournet [157] are adopted in this work.

Mechanistically, the unimolecular decomposition of 2-methylfuran and 2,5-dimethylfuran are
wholly similar, both being initiated by hydrogen atom transfer to form transient β-carbene in-

termediates, followed by decomposition of a linear isomer of the reactant, Figure 7.1. Whilst
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Figure 7.2: Rate constants for the dominant β-carbene mediated thermal decomposition of 2,5-

dimethylfuran (—) [157] and 2-methylfuran (—) [209] at infinite pressure (—), 1 atm (– –) and
0.1 atm (· · · ).

2-methylfuran has two reaction pathways due to asymmetry, 2,5-dimethylfuran has a single 2-

fold degenerate hydrogen-atom transfer decomposition route. Rate constants for the thermal
decomposition of 25DMF and 2MF through the dominant β-carbene pathways which are illus-

trated in Figure 7.1, are depicted in Figure 7.2 based on the quantum chemical/TST/RRKM
results of Sirjean and Fournet [157] and Somers et al. [209].

At the high-pressure limit, both fuels show effectively identical rate constants. At 1 atm
the computations of Sirjean [157] and Somers [209] are in good agreement, varying at most by

a factor of 2 at 2000 K. At lower pressures (0.1 atm) differences arise between the theoretical
work of Sirjean [157] and those described in Chapter 6 [208, 209], with the pressure-dependent
decomposition rate constants varying by up to a factor of four at 2000 K. These differences can

largely be attributed to the choice of 〈∆E〉d used in both studies, with Sirjean and Fournet [157]
assuming a temperature-independent value of 260 cm−1, whereas the work described in this

Thesis assumed a value of 1000 cm−1, in-line with other aromatic compounds as described on
page 114. The lower value of 〈∆E〉d selected in the study of Sirjean leads to increased fall-off

(lower rate constants), particularly at high temperatures and low pressures.
However, under the conditions (1100–1500 K, 2.5 atm) of the pyrolysis studies on 2MF [61]

and 25DMF [62] by Lifshitz et al., and those of Somers et al. [248] which will be described below,
the rate constants recommended in this Thesis [208,209] and those of Sirjean and Fournet [157]

are effectively at the high-pressure limit.

7.1.2 The Reactions of Hydrogen Atom with 2,5-Dimethylfuran

Kinetic studies on the reactions of Ḣ atoms with 25DMF are perhaps the most thoroughly inves-
tigated pathways on the combustion reactions of 25DMF to date. Simmie and Metcalfe [155] in

their theoretical work investigated numerous abstraction pathways from 25DMF, recommending
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a rate constant of 3.86 × 105T 2.68 exp(−2683/T ) cm3 mol−1 s−1 for hydrogen atom abstrac-
tion by Ḣ atom from the alkyl side chain of the molecule. Their computed rate constant of

7.78× 107T 2.00 exp(−10156/T ) cm3 mol−1 s−1 for the same process from the ring carbon bonds
clearly illustrated that for abstraction reactions, the dominant pathways are from the alkyl side

chain.

However, they found that Ḣ atom addition reactions are dominant up to 2000 K, with a high-
pressure limiting rate constant of 8.84×108T 1.50 exp(−782.7/T ) cm3 mol−1 s−1 reported for ad-

dition to C-2 of the furan ring (see Figure 6.1, page 184 for atom notation). Subsequent demethy-
lation of the adduct was reported to occur with a rate constant of 1.974 × 105 exp(−16469/T )

cm3 mol−1 s−1, thus elucidating the formation of 2MF from 25DMF.

More recently, Sirjean and Fournet [158] carried out CBS-QB3 calculations to explore the re-
actions of hydrogen atom with 25DMF. They found addition to C-2, followed by ring opening of

the nascent radical was competitive with the demethylation process. RRKM/ME calculations
on their potential energy surface showed that 2MF and ĊH3 radical, and 1,3-butadiene and

CH3 Ċ O radical were the dominant products generated from the chemically activated addi-
tion of a hydrogen atom to 25DMF. Their reported rate constant for the reaction of hydrogen

atom with 25DMF is within a factor of two of experimental measurements [156].

Again, a comparison is now drawn with the kinetics of the reactions of 2-methylfuran with Ḣ
atom discussed in Chapter 6. A comparison of high-pressure limiting rate constants is presented

against the work of Simmie and Metcalfe [155] in Figure 7.3, as Sirjean and Fournet [158] did
not report high-pressure limiting kinetic parameters for hydrogen atom addition reactions to

25DMF.

The total rate constants for the reaction of 2MF/25DMF + Ḣ atom are within a factor of 2 of
each other at 500 K, and 12% at 2000 K. The rate constants shown in Figure 7.3 are not parallel

for two reasons. Firstly, at low temperatures where addition is favoured over abstraction, Ḣ
atom addition at C-5 of 2MF is faster than the corresponding rate constant for 25DMF, as it

has a lower reaction barrier. This is likely due to the lack of a stearic hindrance when addition
at C-5 occurs in the monoalkylated furan. At high temperatures, where abstraction reactions

start to compete with addition processes, hydrogen atom termination with 25DMF starts to
overtake 2MF, as it is 6-fold degenerate with respect to the number of hydrogen atoms which

can be abstracted—2MF is of course only 3-fold degenerate.

The increased importance of hydrogen atom abstraction from 25DMF over 2MF at temper-
atures > 1500 K is reflected in Figure 7.3 (b) where branching ratios at p = ∞ are presented.

So, there are subtle differences in the rate constants for the reactions of hydrogen atom with
25DMF and 2MF, but the general trend of C-2/C-5 addition > C-3/C-4 addition > abstraction

is present for both molecules upon inspection of the high-pressure limiting rate constants. It is
important to note, that although addition at C-3/C-4 is competitive at the high-pressure limit,

these pathways do no contribute to the consumption of 2MF [208,209], with Sirjean and Fournet
reporting the same for 25DMF [158].

A comparison of the pressure-dependent branching ratios for specific product formation

from the reactions of 2MF/25DMF + Ḣ atom is provided in Figure 7.4. Note that the high-
pressure limiting rate constants for 2MF/25DMF + Ḣ are not included in the branching ratio

computation, but rather, it is high-pressure limiting rate constant less the rate constant for back
dissociation of the chemically activated adduct to 2MF/25DMF + Ḣ atom.

Of particular note in Figure 7.4 is the temperature at which bimolecular product formation

starts to become important and stabilisation ceases. Taking the temperature at which the
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Figure 7.3: Comparison of high-pressure limiting kinetics for the reactions of hydrogen atom

with 2,5-dimethylfuran (—) [155] and 2-methylfuran (—) [209]. (a) k∞(Total) (b) Branching
ratios for addition at C-2+C-5 (—), C-3+C-4 (– –) and abstraction from the alkyl side-chain

(· · · ).
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Figure 7.4: 1 atm branching ratio for the addition reactions of hydrogen atom with 2,5-

dimethylfuran (—) [155] and 2-methylfuran (– –) [209]. Product channels from 2,5-dimethylfuran
are: stabilised adducts (—), 2-methylfuran + ĊH3 (—), 1,3-butadiene + CH3ĊO (—) Product

channels from 2-methylfuran are: stabilised adducts (– –), furan + ĊH3 (—), 1-butene-1-yl +
CO (—), vinylketene + ĊH3 (—).

branching ratio for stabilisation:bimolecular product formation is 50:50, the latter becomes

dominant at 900 K in the Sirjean work on 25DMF, and 1350 K in this work on 2MF. In Section
6.1.3 the influence of varying 〈∆E〉d on the computations from this work was discussed based

on RRKM/ME simulations at 2.5 atm from 600–2000 K. A reduction in the value of 〈∆E〉d
from 1000 cm−1 used in this work, to 260 cm−1 as estimated by Sirjean and Fournet, would
certainly reduce this ≈ 450 K discrepancy in the temperature at which bimolecular products are

formed from 2MF and 25DMF. In any case, the kinetic parameters recommended by Sirjean and
Fournet [158] at pressures of 1–10 bar constitute the best estimates of these pressure-dependent

rate constants at present, and are incorporated into the current mechanism unchanged.

7.1.3 Bimolecular Reactions of 2,5-Dimethylfuran: Fuel + Ṙ

For the reactions of ȮH radicals with 25DMF, both abstraction and addition pathways are

included in the current kinetic mechanism. For abstraction from the methyl group a rate constant
of of 1.016×104T 3.133 exp(−1085/T ) cm3 mol−1 s−1 is used based on a theoretical determination

by Simmie and Metcalfe [155] .
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Figure 7.5: Pathways included in the current kinetic scheme upon hydroxyl radical addition to
2,5-dimethylfuran.

For ȮH radical addition to the furan ring only addition at C-2 was included, Figure 7.5,
as addition remote from the oxygen atom tends to lead to less stable radical intermediates as

exhibited in the case for Ḣ atom addition. A rate constant has been calculated as part of this

work based on CBS-APNO and G3 calculations of the reactants and transition state. The

transition state for the addition process is found to lie 27.59 kJ mol−1 and 24.13 kJ mol−1 below
the reactants at these two levels of theory respectively, in substantially good agreement with

one another.

A rate constant of 2.21× 104T 2.45 exp(+3649/T ) cm3 mol−1 s−1 is computed in the temper-
ature range 600–2000 K, the reaction displaying a negative activation energy. A pre-reaction

complex is found based on IRC analysis, but its affects are not accounted for in the present rate
constant calculations as it is likely to be unimportant in this temperature range. The computed
rate constant is in good agreement with CCSD(full)/6-11+G(3df,2p) RRKM calculations for

the reaction of ȮH radical with furan computed recently by Mousavipour et al. [232]. They also
concluded that ȮH radical addition to C-3 of furan, or abstraction of any of the ring–H bonds,

was unimportant in comparison with this addition process. An uncertainty of a factor of three
in the high-pressure limiting rate constant for the addition process is estimated.

The product of ȮH radical addition can undergo ring opening by β-scission of the C O bond

of the furan ring, Figure 7.5. The pre-exponential factor of the rate constant is estimated from
the similar ring opening process after hydrogen atom addition to C-2 of 25DMF. A reduction

in the activation energy of 4.2 kJ mol−1 is included to account for the electron withdrawing
effect of the oxygen atom adjacent to the ring breaking C O bond. The ring opening product,

3-hexene-2-one-5-hydroxyl-3-yl radical, is a heavily functionalised resonantly stabilised radical.
A hydrogen atom transfer reaction from the hydroxyl group to the radical site at C3 of the

hydrocarbon chain to form 2,5-hexadione-3-yl radical is computed to have a rate constant of
4.27× 107T 1.49 exp(−14668/T ) s−1. This radical can in turn undergo β-scission to form methyl
vinyl ketone (3-butene-2-one) and CH3 Ċ O radicals, the rate constant for which is estimated

in the reverse addition direction, based on analogy with external CH3 Ċ O radical addition
to 1,3-butadiene [158].

A second plausible reaction for the product of hydroxyl radical addition is a demethylation

reaction to form 5-methyl-2-furanol. A rate constant for the process is estimated in the exother-
mic, radical addition, direction based on the addition of a ĊH3 radical to 2-methylfuran [158],

with a rate constant of 2.99× 104T 2.34 exp(−3478/T ) cm3 mol−1 s−1. The demethylation rate
constant is thus computed to be 3.12×1015T−0.29 exp(−20880/RT ) s−1, which is uncompetitive

with ring-opening.

For the reactions of ĊH3 radicals with 25DMF, both hydrogen atom abstraction and ĊH3
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Figure 7.6: Pathways included in the current kinetic scheme upon methyl radical addition to
2,5-dimethylfuran.

radical addition reactions are considered. Abstraction from the alkyl side chain is computed

to have a rate constant of 1.26 × 103T 3.02 exp(−3734/T ) cm3 mol−1 s−1 based on the CBS-
QB3 method. This rate constant is within a factor of two the similar rate constant computed

for 2-methylfuran, it being 1.21×10−2T 4.29 exp(−2254/T ) cm3 mol−1 s−1, once reaction path
degeneracy is accounted for. The computed rate constant was reduced by a factor of two for

improved modelling predictions of 25DMF pyrolysis, as was done for improved predictions of
2MF pyrolysis experiments.

For the addition process an analogy was used with the reaction of ĊH3 radical with 2-
methylfuran [158]. This estimate is based on the closest analogy possible, and an uncertainty

in this rate constant as small as 2–3 is reasonable. Based on these estimates, hydrogen atom
abstraction is found to be the dominant pathway, the rate constant being a factor of 2.85 times

higher than addition at 800 K and 6.48 times higher at 2000 K. This is somewhat reinforced
by past studies [62, 265] and the study of Somers et al. [248] in which the product of this ĊH3

radical addition pathway, Figure 7.6, was not detected. A recent study on the structure of
2,5-dimethylfuran/air flames [266] also failed to detect 2-methyl-1,3-butadiene.

Abstraction by HȮ2 radicals from the alkyl side-chain is computed to have a barrier at 0 K
of 40.81 kJ mol−1 at the CBS-QB3 level of theory, with G3 calculations differing substantially

with a computed barrier of 57.23 kJ mol−1. Based on B3LYP/CBSB7 partition functions and
a 1-D hindered rotor treatment of low frequency torsional modes, a pre-exponential factor of

1.98T 3.78 cm3 mol−1 s−1 is computed for the reaction. The Boltzmann factor can assume
values of exp(−6207/T ) or exp(−4234/T ) based on G3 or CBS-QB3 energetics, respectively.

Ultimately, the rate constant used in the current mechanism is based on G3 energetics, as use
of the CBS-QB3 results was found to have a deleterious impact on JSR predictions. Use of the

G3 results leads to positive predictions of JSR profiles, and an uncertainty of 4–5 in this rate
constant is a reasonable assignment. For hydrogen atom abstraction by CH3Ȯ2 radicals from

the same site, an analogy with abstraction by HȮ2 was assumed, with a factor of three reduction
in the frequency factor in-line with the findings of Carstensen and Dean [216].

For the reactions of 25DMF with molecular oxygen, the rate constant is consistent with that
estimated for 2-methylfuran described previously, with a 2-fold increase in the frequency factor to

account for reaction path degeneracy leading to a rate constant of 5.6×103T 3.30 exp(−35251/RT )
cm3 mol−1 s−1. This rate constant was optimised to reproduce intermediate-temperature (800–

1200 K) ignition delay times of 25DMF/air mixtures, but also to be consistent with the rate
constant recommended for abstraction of a hydrogen atom from the alkyl side-chain of toluene
at temperatures above 1000 K [213, 214].

Abstraction of a hydrogen atom by atomic oxygen showed little sensitivity to any of the

current validation targets, so it is assumed to equal the rate of hydrogen atom abstraction of a
benzylic-type hydrogen from toluene [214], with a two-fold increase in the pre-exponential factor

to account for reaction path degeneracy.
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Ṙ RH A n Ea/R

Ḣ H2 2.95×1006 2.36 2254.

ĊH3 CH4 1.26×1003 3.02 3734.

O2 HȮ2 5.60×1003 3.30 17739.

O ȮH 1.26×1012 0.00 0.

HȮ2 H2O2 1.98×1000 3.78 6207.

CH3Ȯ2 CH3O2H 0.66 3.78 6207.

ȮH H2O 1.02×1004 3.13 1085.

HĊO CH2O 7.54×1013 0.00 11970.

CH3Ȯ CH3OH 1.68×1011 0.00 1308.

Ċ2H3 C2H4 8.00×1012 0.00 4026.

Ċ2H5 C2H6 2.00×1011 0.00 4932.

Ċ3H3 C3H4-a 8.00×1011 0.00 5032.

Ċ3H3 C3H4-p 8.00×1011 0.00 5032.

Ċ4H5-n C4H6 3.20×1012 0.00 7599.

Ċ4H5-i C4H6 3.20×1012 0.00 7599.

Ċ5H5 C5H6 3.20×1012 0.00 7599.

Ċ3H5-a C3H6 3.20×1012 0.00 7599.

Ċ6H5 C6H6 1.58×1014 0.00 6039.

C6H5Ȯ C6H5OH 1.09×1013 0.00 10529.

Table 7.1: Rate constant estimates for the reaction 2,5-dimethylfuran + Ṙ 
 5-methyl-2-

furanylmethyl + RH. AT n (cm3 mol−1 s−1), Ea/R (K).

For abstraction by propargyl radical forming allene (C3H4-a) or propyne (C3H4-p) the as-

sumed rate constant of 8.0× 1011 exp(−5032/T ) cm3 mol−1 s−1 has been adopted based on the
empirical estimate of Lifshitz et al. [62]. For all other reactions quoted in Table 7.1, the rate

constant has been taken as being equivalent to the rate constant used in the kinetic model of Met-
calfe et al. [214] for toluene oxidation based on previous work by Bounaceur and co-workers [217],

with the exception of abstraction by cyclopentadienyl radical (Ċ5H5), for which the activation
energy of 5586 K which was quoted in the original Bounaceur and Metcalfe mechanisms was in

error, and is thus corrected here to 7599 K.

7.1.4 Uni- and Bimolecular Reactions of 5-Methyl-2-Furanylmethyl

The 5-methyl-2-furanylmethyl radical, 25DMF2R henceforth, is the primary product of hydro-
gen atom abstraction reactions from 25DMF and a discussion on its fate under combustion

conditions is relevant. The kinetics of the thermal decomposition of the 25DMF2R radical have
recently been studied in detail using CBS-QB3 calculations and RRKM/ME modelling [159].

The important consumption pathways will be briefly re-iterated and are shown in Figure 7.7.
The reaction was found to proceed primarily via ring opening, to produce an acyclic ketone,

4,5-hexadiene-2-one-3-yl radical, which can isomerize via hydrogen atom transfer to form, 3,5-
hexadiene-2-one-1-yl radical. This radical can in turn undergo a 6-membered ring closing reac-

tion to form a 2-cyclohexene-1-one-4-yl which can decompose to form 2,4-cyclohexadiene-1-one
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Figure 7.7: Primary thermal decomposition pathway of 5-methyl-2-furanylmethyl radical [159]

showing key intermediates with IUPAC names.

radical and a Ḣ atom. Other possible pathways could lead to the formation of 2,5-dimethylene

furan and a Ḣ atom, 2,5-cyclohexadiene-1-one and a Ḣ atom or carbon monoxide and a range
of linear and cyclic Ċ5H7 radicals closely related to 1,3-pentadiene and 1,3-cyclopentadiene.

Thermodynamics parameters for all Ċ6H7O species involved in these pathways are taken from
Sirjean and Fournet [159].

The reactions of resonantly stabilised radicals with HȮ2 radical are known to be important
in the intermediate-temperature combustion regime and at high pressures for reactants such

as propene and toluene, but no discussion on this reaction class exists in the literature for
25DMF. Franklin Goldsmith and co-workers [233] recently studied the reaction of allyl radical

with HȮ2 radicals using high-level ab initio calculations and RRKM/ME methods to compute
temperature- and pressure-dependent rate constants and product branching ratios. They deter-

mined that the reaction of CH2 CH ĊH2 + HȮ2 proceeds primarily to CH2 CH CH2 Ȯ
+ ȮH via direct chemical activation, or through the stabilised hydroxperoxyl adduct.

Using similar methods, da Silva and Bozzelli [234] showed that the reaction of the resonantly

stabilised benzyl radical with HȮ2 radicals proceeds via chemical activation to form benzoxyl
and ȮH radicals. At atmospheric pressure and from 800–2000 K they recommend a rate constant

of 1.19× 109T 1.03 exp(+1132/T ) cm3 mol−1 s−1 for this process, with the rate constant having
an average value of 4.78 × 1012 cm3 mol−1 s−1 in this regime. In a similar work, da Silva

and co-workers [167] also showed that the chemically activated recombination of a Ḣ atom with
benzylperoxy radical proceeds almost exclusively to benzoxyl and ȮH radicals over a wide range

of temperatures and pressures.

Based on the work of da Silva and Bozzelli [234], in this work a temperature- and pressure-

independent rate constant of 5.0×1012 cm3 mol−1 s−1 was assumed for the reaction of 25DMF2R
+ HȮ2 
 5-methyl-2-furylmethanoxy radical + ȮH, with the intermediate peroxide species

omitted in the scheme, Figure 7.8. For the reaction of a CH3Ȯ2 radical with 25DMF2R to form
5-methyl-2-furylmethanoxy radical and CH3Ȯ radical, the same rate constant is assumed. These
rate constants are likely to be uncertain by a factor of 2–3.

The 5-methyl-2-furylmethanoxy radical (CH3 C4H2O CH2 Ȯ) can undergo β-scission
to form 5-methyl-2-formylfuran and a Ḣ atom or 2-methyl-5-furanyl radical (2MF5R) and

CH2O. For these reactions, analogy was drawn with the decomposition of the benzoxyl radical
(Ph CH2 Ȯ) to benzaldehyde and a Ḣ atom and/or phenyl radical and CH2O.

For the decomposition to 5-methyl-2-formylfuran and Ḣ atom, a rate constant of 1.13 ×
1012T 0.22 exp(−1702/T ) cm3 mol−1 s−1 was assumed for the addition reaction, which is derived

from the rate constant provided for the decomposition of benzoxyl to benzaldehyde and a Ḣ atom
from Sakai et al. [235]. The thermochemical parameters used for computation of the equilibrium

constant were those supplied in the kinetic modelling study of Metcalfe and co-workers [214].
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The rate constant for the decomposition of CH3 C4H2O CH2 Ȯ radical to formalyde-
hyde and 2MF5R radical is similarly derived. In turn the rate constants for the unimolecu-

lar decomposition of CH3 C4H2O CH2 Ȯ radical to these respective products are given as
7.72×1012T 0.04 exp(−8397/T ) s−1 and 1.48×1012T 0.77 exp(−14746/T ) s−1, thus implying that

the channel forming 5-methyl-2-formylfuran and a Ḣ atom is dominant throughout the tem-
perature range of interest in this work, as expected given the instability of the vinylic 2MF5R

radical which is produced with formaldehyde.

The above product set can also be plausibly formed from the reaction of atomic oxygen
with 25DMF2R. Here, rate constants for 25DMF2R + Ö 
 5-methyl-2-formylfuran + Ḣ or 2-

methyl-5-furanyl + CH2O were based directly on those used in recent kinetic modelling studies
on toluene oxidation [214, 235] for the reactions of benzyl and Ö atoms.

Reaction with molecular oxygen is another plausible consumption pathway for 25DMF2R
radical, Figure 7.8. The initial formation of the RȮ2 adduct is found to be exothermic by some

−66.7±3.6 kJ mol−1 (0 K) based on CBS-QB3, CBS-APNO and G3 calculations. The analogous
reaction in the case of the allyl radical was recently found to be exothermic by −75.6 ± 2.3 kJ

mol−1 [267]. In the case of the reaction of benzyl radical with O2, Murakami and co-workers [268]
found the adduct to have a well depth of 93.3 kJ mol−1 at the CBS-QB3 level of theory.

From a kinetic perspective, Murakami et al. [268] carried out temperature- and pressure-

dependent computations of the product branching ratios concluding that back-dissociation to
benzyl and O2 was the dominant reaction pathway by some orders of magnitude, followed by

the formation of benzaldehyde and ȮH radical. Here the high-pressure limiting rate constant for
the reaction of 25DMF2R with O2 is assumed equal to the high-pressure limiting rate constant

for the reaction of benzyl with O2 at 6.58 × 1031T−6.38 exp(−3346/T ) cm3 mol−1 s−1. A rate
constant of 8.50×1036T−7.61 exp(−11770/T ) s−1 for the dissociation of the adduct to 25DMF2R
and O2 follows from microscopic reversibility.

In terms of the RȮ2 decomposition, a hydrogen atom transfer reaction with concerted elim-
ination of an ȮH radical to form 5-methyl-2-formylfuran was computed to have a rate constant

of 1.46× 1013 exp(−24192/T ) s−1 by Simmie and Metcalfe [155], which is also adopted. Based
on the branching ratios for the consumption of the furanic RȮ2 species, back dissociation to

25DMF2R radical and O2 is dominant throughout the temperature range of this work. For this
reason, the reaction of the 2-furanylmethyl radical (2MF2R), formed from 2MF, with O2 was

not included in the kinetic model for the mono-alkylated furan described previously.

The recombination of methyl radical with 25DMF2R forming 5-methyl-2-ethylfuran has also
been considered herein. A temperature-independent recombination rate constant of 2.50 × 1013

cm3 mol−1 s−1 is assumed for the process, which gives a good account of 5-methyl-2-ethylfuran
yields in a jet-stirred reactor.

7.1.5 Sub-mechanisms, Thermochemistry and Transport Properties

The kinetics applied to the consumption of substituted furans have been discussed in Section
6.1.6 but some species which are not of relevance to 2MF combustion will briefly be commented

on. 2,4-cyclohexadien-1-one is the primary product of hydrogen atom abstraction and homolytic
fission at the alkyl side chain of 25DMF. Its keto-enol tautomerisation to phenol is well known

[269–271]. Here, pressure-dependent rate constants for its decomposition were adopted from the
study of Sirjean and Fournet [257]. Rate constants for abstraction reactions by radical species

from 2,4-cyclohexadien-1-one and 2,5-cyclohexadien-1-one forming phenoxy radical were also
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Figure 7.8: Oxidation pathways of 5-methyl-2-furanylmethyl radical included in the current

mechanism.

adopted directly from their study.

Methyl vinyl ketone is an important intermediate formed from hydroxyl radical addition to
25DMF. Unimolecular decomposition, hydrogen atom abstraction and radical addition reactions

are all included in the current scheme to account for its oxidation. Unimolecular decomposition
reactions are estimated in the reverse addition direction, with rate constants of 2 × 1013 cm3

mol−1 s−1 assumed for all recombinations involving hydrocarbon radicals, and 1 × 1014 cm3

mol−1 s−1 for hydrogen atom recombination with its derived radicals. For abstraction from
the acetonyl site, abstraction rate constants are assumed to be half of those applied to acetone

within the C0–C4 sub-mechanism. Rate constants for abstraction of the secondary hydrogen
atom are assumed equal to those for abstraction from the secondary site of 1,3-butadiene on a

per hydrogen atom basis and abstraction of a hydrogen from the primary vinylic site are similarly
adopted from propene, as described in the C0–C4 sub-mechanism. The sub-mechanism for C0–

C4 species was described in Section 6.1.6.

Where possible, the thermochemical parameters have been taken directly from several recent

computational studies on the kinetics of 25DMF combustion [155, 157–159, 190, 257], elsewhere
the group additivity rules developed as part of this work are applied. For linear species where

specific quantum chemical calculations were not carried out, a set of group additivity values
optimised by Burke [206] were applied.

Transport properties for all furanic species were assumed equal to those for 25DMF used

by Sirjean and Fournet in their theoretical study [158]. For acyclic species, the Transport Data
Estimator package of the Reaction Mechanism Generator software of Green and co-workers [247]

has been used to provide relevant transport properties. The transport parameters were shown
to have limited sensitivity in the prediction of laminar burning velocities in the work of Somers

et al. [248] on 25DMF oxidation.
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7.2 Model Validation

7.2.1 The Pyrolysis of 2,5-Dimethylfuran

Ḣ Atom Production

Friese et al. [263,264] studied the pyrolysis of 25DMF/argon mixtures and used spectroscopy to
quantify hydrogen atom concentrations in the initial decomposition states of the reactant. They

recommended a rate constant of 3.5 × 1016 exp(−42817/T ) s−1 for the formation of hydrogen
atom from 25DMF, or more specifically for fission of the allylic C H bond in 25DMF. Figure
7.9 compares modelling results with three of their experimentally determined Ḣ atom profiles.

The experiments are well reproduced by the mechanism. Rate-of-production analyses were
carried out at half of the peak [Ḣ], and Figure 7.10 shows that there multiple routes to the

production of Ḣ atom in the initial stages of 25DMF pyrolysis. Although the carbene initiated
pathway (a) dominates the C H fission pathway (b), the latter pathway has the ability to

generate a second (and sometimes third) hydrogen atom. One should note that ≈ 10–20% of
the remaining hydrogen atom is produced from secondary and tertiary decomposition pathways

of 25DMF2R radical and 2,4-cyclohexadienone.

The rate constant recommended by Friese et al. [263, 264] for the reaction 25DMF 


25DMF2R + Ḣ is not trully representative of this process however, but rather it is a global
representation of the rate constant for Ḣ atom production from 25DMF.

Shock-Tube and Flow Reactor Speciation

The pyrolysis of 25DMF has been studied previously by Lifshitz et al. [62] for mixtures of 0.5%
fuel in argon bath gas from 1070–1370 K, at residence times ≈ 2 ms, and at pressures of ≈ 2–3
atm. Their reflected shock temperatures, T5, were determined via chemical thermometry and the

reader is referred to Section 6.2.1 for a more detailed overview of this method. Small quantities
(0.1%) of 1,1,1-trifluoroethane (1,1,1-TFE) were added to the reaction mixtures to act as a

chemical thermometer and the reflected shock temperatures determined from the relationship:

T = (E/R)/

[

ln

{

− ln(1− χ)

A τ

}]

where τ is the reaction dwell time, and χ is defined as:

χ = [CH2 CF2]t/([CH2 CF2]t + [CH3 CF3]t)

The parameters E and A are the activation energy and pre-exponential factor taken from
the first order rate constant assumed by the authors for the molecular elimination reaction

CH3 CF3 
 HF + CH2 CF2 of 6.31 × 1014 exp(−37238/T ) s−1. However, early in the de-
velopment of the current mechanism, the temperatures of 25DMF decomposition were under-

predicted by up to 90 K when compared with the experiments of Lifshitz et al. This led to
the pyrolysis of 25DMF being re-investigated by Somers et al. [248] through experiments where

reflected shock parameters were determined independently of a chemical thermometer, for mix-
tures of 3% 25DMF in argon. The conditions are therefore similar to those of the Lifshitz et

al. [62] study.
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Figure 7.9: Experimental (—) hydrogen atom profiles measured upon reflected-shock heating

of dilute 2,5-dimethylfuran/Ar mixtures at (a) 1292 K, 1.59 atm, [Ar] = 1.53×10−5 mol cm3

[25DMF] = 6.12×10−11 mol cm3 (b) 1423 K, 1.54 atm, [Ar] = 1.35×10−5 mol cm3 [25DMF] =
5.39×10−11 mol cm3 (c) 1519 K, 1.56 atm, [Ar] = 1.27×10−5 mol cm3 [25DMF] = 7.51×10−11

mol cm3. Modelling predictions (—).

284



7.2. MODEL VALIDATION

Figure 7.10: Rate-of-production analyses carried out under conditions presented in Figure 7.9

at a residence time corresponding to 50% of the peak Ḣ atom concentrations.

Recently, Sirjean and co-workers [257] highlighted the same issue, which led to a re-evaluation
of the thermal decomposition rate constant of 1,1,1-TFE via CBS-QB3 computations and RRK-

M/ME modelling. Their reported rate constant is up to a factor of 3.8 times slower than that
used in the Lifshitz study at 2.5 bar and leads to an increase in the temperature profile of the

Lifshitz et al. experimental data, which they subsequently corrected [257] via the relationship:

Tcorr = 1.14× Texp − 110

where all temperatures are defined in Kelvin.

Experimental data and current modelling predictions for the decomposition of 25DMF are
shown in Figure 7.11, with intermediate profiles shown in Figures 7.12 and 7.13. The experiments

of Somers et al. [248] indicate that 25DMF undergoes decomposition at temperatures ≈ 90 K
higher than those determined in the study of Lifshitz et al., and temperatures ≈ 25 K higher once

the theoretical temperature-correction proposed by Sirjean and Fournet [257] is implemented.
In Section 6.2.1 it was shown that an ≈ ± 30 K uncertainty in the temperatures of Lifshitz and

co-workers experiments remains if one assumes a factor of two uncertainty in the most recently
recommended rate constant for 1,1,1-TFE thermal decomposition. Adsorption of the reactant
was found to be a plausible source of error in determining concentrations of 25DMF in the

post shock mixtures of Somers et al. [248] study, with an uncertainty of up to 30% estimated
therein. Current modelling predictions show that the total decomposition rate of 25DMF is

over-predicted by the current model when compared with both sets of data. However, given
the uncertainties in both sets of experiment as described, the modelling predictions are quite

reasonable.
Rate-of-production analyses corresponding to ≈ 20% fuel consumption have been carried out

under the conditions of Lifshitz et al. [62] and Somers et al. [248] experiments, and are depicted
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Figure 7.11: Shock-tube decomposition profile for 0.5% 2,5-dimethylfuran in argon from Lifshitz
et al. (�) [62] and temperature-corrected measurements of Lifshitz et al. from Sirjean et al. (�)

[257]. Thermal decomposition measurements from Somers et al. [248] (3.0% 2,5-dimethylfuran
in argon) are presented with 20% uncertainty bars (�). Lines are modelling calculations from
this work (—) and from Sirjean et al. [257] (– –).
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Figure 7.12: Single pulse shock-tube profiles (symbols, [248]) and simulations (lines) for the

pyrolysis of 3% 2,5-dimethylfuran in argon from 2–2.5 atm and τ ≈ 2 ms
.
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Figure 7.13: Temperature-corrected pyrolysis experiments of Lifshitz et al. (0.5% 2,5-
dimethylfuran in argon from 2–3 atm and τ ≈ 2 ms, symbols) [62,257] with modelling predictions

(lines) from this work.
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Figure 7.14: Rate-of-production analysis carried out at 20% fuel conversion under the pyrolysis

conditions of Somers et al. [248] (1210 K), Lifshitz et al. [62] (1210 K, bold font), and Djokic et

al. [272](998 K, italic font) flow reactor study. Dashed lines represent the product(s) of a series

of reactions within the current mechanism. Products detected in Lifshitz study are highlighted
in red.
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in Figure 7.14. The flux analyses are largely the same for both sets of experiments given the
similar mixture compositions, residence times and reflected shock temperatures and pressures.

As a result, only flux analysis results under the conditions of Somers et al. [248] experiments
will be alluded to in the text.

Abstraction by methyl radical forming the 25DMF2R radical and methane is the largest
fuel consuming reaction at 27.1%, with yields of methane predicted within ≈ 2% of the those

reported by Lifshitz et al., and 5% of those reported by Somers et al.. Methyl radical is produced
largely from the reaction 25DMF + Ḣ 
 2MF + ĊH3, which consumes over 20% of the reactant,

and CH3 Ċ O 
 ĊH3 + CO.

CH3 Ċ O is in turn formed from the reaction 25DMF + Ḣ 
 1,3-butadiene + CH3 Ċ O

which consumes ≈ 15% of the reactant and 25DMF 
 CH3C( O) CH C CH CH3 


CH C ĊH CH3 + CH3 Ċ O which accounts for close to 10% of the 25DMF consumption.

The reactions of hydrogen atom with 25DMF are found to consume large quantities of the
reactant species under the conditions of the flux analysis (>50%), and the source of these
hydrogen atoms is of interest.

Close to 60% of hydrogen atom is produced through the β-scission reaction of 2-cyclohexene-
1-one-4-yl radical to 2,4-cyclohexadien-1-one and hydrogen atom, with ≈ 90% of 25DMF2R

radical decomposing to produce these species. 12.1% of the hydrogen atom in the system is
produced from the decomposition of 1,4-pentadiene-3-yl radical (CH2 CH ĊH CH CH2) to

1,3-cyclopentadiene and hydrogen atom, again, with the majority of CH2 CH ĊH CH CH2

radical being produced from the thermal decomposition of 25DMF2R radical. Abstraction

from the alkyl side-chain of 25DMF forming 25DMF2R plays an important role in regenerating
hydrogen atoms through subsequent decomposition of the fuel radical.

Approximately 15% of the hydrogen atom in the system is produced from the decomposition
of CH C ĊH CH3 radical to vinylacetylene and a hydrogen atom, with effectively all of the

CH C ĊH CH3 being produced via the reaction sequence:

25DMF 
 CH3C( O) CH C CH CH3 
 CH3 Ċ O + CH C ĊH CH3

Carbon monoxide is the dominant product detected in the experiments of Lifshitz et al. and

Somers et al., with both sets of experiments well predicted by the model.

When predictions of small hydrocarbon species are considered, the current mechanism is

quite consistent in its trends. Methane and ethane yields are both slightly over-predicted when
compared with the experiments of Lifshitz et al. and Somers et al., likely pointing to the rate-

of-production of methyl radical being too fast. Acetylene and ethylene yields are both slightly
under-predicted but are generally in quite good agreement with experiment. Propene is found
to be a minor product in both sets of experiments and is accurately captured by the mechanism.

In terms of the experimental results of Lifshitz et al., both 1,3-butadiene and 2-methylfuran
were quantified and their formation is rationalised in the mechanism via hydrogen atom addition

reactions. The former is accurately predicted by the model, although 2MF yields are over-
predicted by up to a factor of three. The over-production of methane and ethane due to the

accelerated rate-of-production of ĊH3 radical may therefore be linked to the over-production of
2MF, as both are produced via the reaction 25DMF + Ḣ 
 2MF + ĊH3.

Cyclopentadiene (1,3-C5H6) was detected in yields of up to 5% by Lifshitz, its formation
is reasonably well-predicted by the mechanism, but above 1350 K, its rate-of-consumption is

under-predicted. Rate-of-production analysis shows that cyclopentadiene and cyclopentadienyl
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Figure 7.15: Experimental data of reactants and products (symbols) [272] measured in the

pyrolysis of 2,5-dimethylfuran/N2 in a flow reactor at 1.7 bar with modelling predictions (lines).

radical are in equilibrium above this temperature through the reaction C5H6 + Ṙ 
 Ċ5H5 +

RH.
Vinylacetylene was detected in reasonable yields in the experiments of Lifshitz (≈ 10%) and

modelling results predict its formation quite well, although yields are slightly over-predicted.
Its production can be traced directly to the unimolecular decomposition of the fuel via the

reaction 25DMF 
 CH3C( O) CH C CH CH3 
 CH C ĊH CH3 + CH3 Ċ O
and the subsequent reaction CH C ĊH CH3 
 Ḣ + CH C CH CH2. 10–15% of the

fuel is consumed via this reaction sequence, and it is the primary unimolecular consumption
pathway of the fuel. Diacetylene (CH C C CH, C4H2) is of lesser importance and is formed

from the reaction sequence CH C CH CH2 + Ṙ 
 i/n-Ċ4H3 
 C4H2 + Ḣ.
The pyrolysis of 25DMF has been studied recently in a flow reactor by Djokic et al. [272]

from 873–1098 K, at 1.7 bar and τ = 300–400 ms and the current mechanism is also compared

with this data, Figures 7.15 and 7.16. The flow reactor data is significantly more reactive (≈
50 K) than the current mechanism estimates, a finding which is in conflict with the shock-tube

measurements discussed above, where modelling work slightly over-predicts the reactivity of
25DMF. A rate-of-production analysis was performed under the conditions of this flow reactor

work (Figure 7.14) at 998 K and τ = 0.32 s, corresponding to ≈ 20% fuel consumption, with
the results indicating that the reactions governing the consumption of 25DMF are largely the

same as those found in the shock-tube studies.
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Figure 7.16: Experimental data of primary intermediates species (symbols) [272] measured in
the pyrolysis of 2,5-dimethylfuran/N2 in a flow reactor at 1.7 bar with modelling predictions
(lines).
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In the temperature range of the flow reactor study, a radical mechanism must be the
dominant consumption route of 25DMF. Yet, the kinetics of the reactions of hydrogen atom

[156, 158, 263] and methyl radical with 25DMF are not so uncertain as to provide realistic op-
timisation targets for resolving the discrepancy in the predicted 25DMF yields. Rate constants

for abstraction by methyl, hydrogen and hydrogen atom addition reactions were all increased in
an attempt to reproduce the 25DMF conversion curve, but even when they were all increased by

a factor of two, the kinetic mechanism was still unable to predict the experiments. It is difficult
to resolve these differences within the current kinetic scheme without significant performance

loss against the shock-tube experimental data, where predictions of 25DMF, CO, 2-methylfuran,
1,3-butadiene and 1,3-cyclopentadiene are all in reasonable agreement with experiment.

It is well known that surface catalysed reactions can perturb batch and flow reactor experi-
ments. In this case, the authors [272] have shown that doubling the surface to volume ratio of
their reactor has negligible effect on reactant conversion and product selectivities. This is not a

definitive test however, as detailed by Rice and Herzfeld [273], who described instances whereby
changing the surface:volume ratio had no influence on the rate of a heterogeneous reaction in

cases where chain reactions were both initiated and terminated at the walls of the reactor. Fur-
ther analysis may be required to reconcile these experiments with other measurements and the

kinetic model of this work.

Discounting the discrepancy in the temperature range of conversion of 25DMF, yields of

phenol, which is the primary product of the 25DMF2R radical decomposition, are grossly over-
predicted. A sensitivity analysis showed that abstraction from 25DMF by methyl radical was

sensitive (promoting) in predicting the phenol yields, but this rate constant has already been
reduced by a factor of two to improve agreement with the Lifshitz et al. and Somers et al.

experiments. Reducing this rate constant even more would also make predictions of the Djokic
et al. 25DMF profile worse.

Yields of 1,3-cyclopentadiene, which is also produced from 25DMF2R radical decomposition,

are under-predicted, possibly pointing to uncertainties in the rate constants recommended by
Sirjean and Fournet [159] for 25DMF2R radical decomposition, in particular, the recommended

product branching ratios. Peak concentrations of 2-methylfuran are over-predicted and 1,3-
butadiene yields are under-predicted when compared with experiment, both being produced

via hydrogen atom addition reactions at the C-2 position of 25DMF. Again, this may indicate
that refinements to the product branching ratios would improve agreement with experiment

the experiments of Djokic et al. It is worth keeping in mind that 1,3-butadiene yields in the
experiments of Lifshitz et al. are well reproduced, albeit, at higher temperatures.

Yields of ethylene, which is experimentally a major intermediate, are also under-predicted.
Its main production pathway is from the reaction 25DMF + Ċ2H3 
 25DMF2R + C2H4, with

the Ċ2H3 radical primarily formed from the unimolecular decomposition of the 2MF2R radical,
which is formed from 2MF. 2MF yields are over-predicted however, so increasing the rate of
formation of 2MF to help improve the ethylene yields would further decrease agreement with

the reported 2MF mole %. Increasing the rate constants for abstraction by vinyl radical from
25DMF also had a limited influence on the computed C2H4 yields. Acetylene, which is derived

from ethylene, is also under-predicted as a result.

The overall performance of the mechanism against the data of Djokic et al. is quite poor.

Although variation of the rate constants for the reactions highlighted in rate-of-production
analyses did little to reconcile differences between numerical and experimental results. The

mechanism does predict the shock-tube pyrolysis data of Lifshitz et al. and Somers et al. well
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Figure 7.17: Comparison of experimental [61, 62] and modelling (—) results for the pyrolysis of

2,5-dimethylfuran (�) and 2-methylfuran (�). 2MF = 40 K slower than DMF.

however, tending to be slightly more reactive than the experiment indicates, in opposition to

the simulations of Djokic et al. data which indicates a higher rate-of-consumption of 25DMF
than the kinetic mechanism. Based on the modelling results, the experiments of Djokic et al.

are likely in error.

Comparison with 2-Methylfuran

Figure 7.17 presents a comparison of the numerical modelling results against the experimental

data of Lifshitz et al. for 25DMF and 2MF [61,62]. 25DMF is shown to be more reactive under
these conditions, undergoing decomposition at temperatures ≈ 40 K lower than 2MF. This trend

is captured well by the 25DMF and 2MF mechanisms developed herein.
Rate-of-production analyses carried out previously are summarised in Figure 7.19, allowing

one to compare the primary pyrolytic consumption pathways of both alkylfurans. Unimolecular
decomposition accounts for a higher quantity of 2MF consumption than that of 25DMF, and the

reverse is therefore true with respect to radical attack on each molecule. The rates-of-production
of hydrogen atom and methyl radical are shown in Figure 7.18, clearly illustrating that their

production from 25DMF is faster than from 2MF. It is this which causes the reactivity of 25DMF
to be higher than that of 2MF as the total rate constants for hydrogen and methyl radical attack
on both species are quite similar.

In Section 6.2.1, a pseudo-first order rate constants for 2MF pyrolysis under these conditions
was regressed and computed as 1.97×1014 exp(−35071/T ) s−1 based on the numerical modelling

results. A rate constant of 7.93×1013 exp(−32872/T ) s−1 has similarly been fitted to reproduce
25DMF modelling results under Lifshitz experimental conditions. The frequency factor is wholly

similar to that of 2MF, although the activation energy is slightly lower, which is also consistent
with an increased importance of radical attack on 25DMF.

Also of note in Figure 7.19 are the differences in the products formed from the 25DMF2R
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Figure 7.18: Hydrogen atom (—) and methyl radical (—) production rates from 2,5-
dimethylfuran (—) and 2-methylfuran (– –) under the conditions of Lifshitz and co-workers

shock-tube studies [61, 62] at a residence time of ≈ 2 ms.
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and 2MF2R radical thermal decompositions. 2MF2R largely produces small unsaturated com-
pounds, 25DMF2R forms phenol, and cyclopentadiene radical derivatives, both of which are

pre-cursors to aromatic/soot formation—this may have a definite bearing on the viability of
25DMF as a biofuel.
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Figure 7.20: Experimental ignition delay times from the study of Somers et al. [248] (symbols)

for 0.75% 2,5-dimethylfuran in argon at 1 atm pressure with 20% uncertainty bars. Lines are
modelling calculations from the current study (—) and Sirjean et al. (– –) [257].

7.2.2 Low-Pressure Ignition Delay Times

Atmospheric-pressure ignition delay times from the study of Somers et al. [248] are detailed in
Figure 7.20, along with current numerical modelling results. The kinetic mechanism can accu-
rately reproduce the experimental data under all conditions (there is one exception), capturing

the reduction in ignition delay times with increasing oxygen concentrations and temperature.
The kinetic mechanism of Sirjean et al. [257] is also used to simulate data and also replicates the

experiments within their assigned uncertainty. There is a notable difference in the the slopes
predicted by both kinetic mechanisms. Some of this can be traced to rate constants applied in

this work for abstraction by O2, which was optimised to reproduce the high-pressure ignition
delay times to be described in the next Section. It is worth noting that aside from the pyrolytic

kinetic mechanism of 25DMF, the mechanism from this work and that of Sirjean et al. [257]
contain different C0–C4, 2MF and aromatic sub-mechanisms which also contribute (perhaps

moreso) than the differences in the 25DMF oxidation kinetics.

Figure 7.21 shows ignition delay time measurements for 2MF [208] and 25DMF [248] from
the NUI Galway low-pressure shock-tube facility. The results show a slightly different slope for
the two fuels, but in general the reactivity of both is identical within the uncertainty of the

measurements—the model developed herein reproduces both sets of experiments within those
uncertainties.

Numerical predictions of the shock-tube experiments from Sirjean et al. [257] have been

carried out using the mechanism developed as part of this work, and that developed by Sirjean
et al., Figure 7.22. The ignition delay times were measured at pressures close to 1 and 4 bar,

for temperatures of 1300–1831 K, for equivalence ratios of 0.5–1.5, for varying concentrations of
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Figure 7.21: Ignition delay time measurements for mixtures of 1.0% 2-methylfuran [208] (�, –

–) and 0.75% 2,5-dimethylfuran [248] (�, —) diluted in O2/Ar, with modelling predictions from
this work.

fuel, oxygen and diluent.

Both mechanisms tend to estimate shorter ignition delay times for φ = 0.5 and φ = 1.0

mixtures of 25DMF/O2/Ar, particularly measurements containing 1% fuel, Figures 7.22 (a) and
(b). Under these conditions, the mechanism of Sirjean et al. is within 20% of experiment in the

best instances, and 50% of experiment in the worst instances. The mechanism of this work is
considerably faster than the experiments, deviating by up to 60% across the temperature range.

Under fuel-rich conditions, Figure 7.22 (c), the agreement of both mechanisms with experi-

ment improves. The simulations of Sirjean et al. are found to be within experimental error, and
simulations using the mechanism of this work are within 20–30% of experiment. Estimations of

ignition delay times for φ = 1.0 mixtures at 3.46 bar remain faster than experiment using the
mechanism of this work, with ignition delay times underpredicted by a factor of 2.

Figure 7.23 presents a comparison of the experimental results of Sirjean et al. with those
of Somers et al. at φ = 0.5 and 1.0. The measurements of Sirjean et al. consistently show

shorter ignition delay times for 25DMF/O2/Ar mixtures at φ = 0.5, although ignition delay
times are of a similar order at stoichiometric equivalence ratios. Sirjean et al. also correlated
their experiments to the relationship:

τ(µs) = 1.8× 10−8[25DMF]0.34(±0.04)[O2]
−0.79(±0.03)[Ar]−0.37(±0.05) exp(21000(±300)/T )

where τ is the ignition delay time, the square brackets denote concentration in units of mol

cm−3 and T is in Kelvin. If one uses this correlation to compute ignition delay times under the
conditions of the Somers et al., it is clear that the experiments of Sirjean et al. tend to predict

longer ignition delay times than the Somers et al. experiments under these conditions.
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Figure 7.22: Experimental ignition delay times from Sirjean et al. [257] with 20% uncertainty

bars. Lines are modelling calculations from the current study (—), Sirjean et al. (– –) [257] and
a modified version of the model from this work (· · · , see text).
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Figure 7.23: Comparison of experimental ignition delay times for 2,5-dimethylfuran/O2/Ar
mixtures from the study of Sirjean et al. [257] (�) and Somers et al. [248] (�) at (a) φ = 0.5

and (b) φ = 1.0. Predictions of the Somers et al. experiments based on the correlation provided
by Sirjean et al. are also presented (– –).
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Experimentally, the methods of Somers et al. and Sirjean et al. are quite similar. Both
authors prepared their mixtures in external mixing vessels, with concentrations determined by

the method of partial pressures, before the driven section was charged with 25DMF/O2/Ar prior
to experiment, so mixture inhomogeneity is unlikely to be an issue in either study. Both works

extrapolated the measured incident shock velocities to determine the velocity of the reflected
shock wave, and thus, to determine T5 and p5. Ignition delay times were determined by observing

chemiluminescence upon ignition of the mixture, with Somers et al. detecting emission from
CH? and Sirjean et al. detecting emission by OH?. Here, simulation results which τ derived

from the maximum d[CH?]/dt or d[OH?]/dt are in agreement to within approximately 5–10%,
so the experimental, and corresponding numerical, definitions of ignition delay time are unlikely

to be the source of the discrepancies observed. The discrepancies being the result of errors in
mixture preparation (e.g. incorrect partial pressure of fuel, O2 or argon) is another possibility,
but such a hypothesis is near-impossible to prove without an experimental re-investigation of

the ignition delay times. The reasons for the differences in the experiments are therefore unclear
at this point based on the experimental procedures, as both sets of experiments display the

typical Arrhenius-type behaviour one would expect of high-temperature ignition delay time
measurements.

With respect to numerical modelling, both mechanisms tend to recreate the data of Somers
et al., thus predicting shorter ignition delay times than those measured by Sirjean et al., possibly

pointing to the former experiments being more reliable than the latter. However, test simulations
have been carried out in order to improve agreement with the Sirjean et al. experiments.

Rate constants for hydrogen atom abstraction from the alkyl side chain of 25DMF by methyl,

hydroxyl and hydroperoxy radicals are in good agreement between both mechanisms. Sirjean
et al. did increase a theoretical rate constant [158] for abstraction from this site by hydrogen

atom by a factor of two as part of their modelling work, with this reaction highlighted as being
important in sensitivity and rate-of-production analyses, Figures 7.25 and 7.24.

It was also found that the estimate of the rate constant for hydrogen atom abstraction by
O2 in this work is a factor of 20–100 times faster than that chosen by Sirjean et al. in the

temperature range (1300–1800 K) of their shock-tube experiments. Rate constants for hydrogen
atom abstraction from 25DMF by Ḣ atom and O2 were therefore adopted from the study of

Sirjean et al. as a test and the results are shown in Figure 7.22 as the “modified” mechanism.
Although modification of these rate constants reaction does improve agreement of the current
model with the experiments of Sirjean et al., predictions remain outside the certainty bounds

of the data, particularly for lean and stoichiometric data. These changes were therefore not
adopted permanently in this work, as adoption of the estimated Sirjean et al. O2 abstraction

rate constant would have a deleterious impact on predictions of high-pressure intermediate-
temperature ignition delay times to be described in Section 7.2.3, where it is found to be of

importance in reproducing the experimental data.

It is difficult to reconcile the ignition delay times calculated by the mechanism of this work,

with those determined experimentally and numerically by Sirjean et al. Both mechanisms show
similar trends when compared with two sets of shock-tube experiments; neither mechanism can

replicate the experiments of Sirjean et al. under fuel-lean conditions, although better agreement
is observed with experiment as a function of increasing fuel-oxygen equivalence ratio and pres-

sure. Both mechanisms predict a higher dependency of ignition delay time on fuel and oxygen
concentrations than is observed experimentally by Sirjean et al. Conversely, absolute predictions

of shock-tube ignition delay times from Somers et al. [257], and the accompanying dependency
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of ignition delay times on oxygen concentrations, are well predicted by both mechanisms.

Sensitivity and rate-of-production analyses based on the mechanism developed as part of this

work are shown in Figures 7.24 and 7.25, respectively, and provide insight into the key reactions
which govern the prediction of the ignition delay times.

A rate-of-production analysis at 20% fuel consumption shows that over 50% of the fuel is
consumed by reactions with Ḣ atoms under fuel-lean and fuel-rich conditions. Abstraction by Ḣ

atoms from the alkyl site is the most dominant of these 25DMF + Ḣ reactions, consuming 23%
of the fuel under fuel-lean conditions, with Ḣ atom addition forming 1,3-butadiene and acetyl

radical and 2-methylfuran and ĊH3 radical consuming 17% and 11% of the fuel, respectively.
Sensitivity analyses highlight all three reactions as being important in the prediction of ignition

delay times. Ḣ atom addition forming 1,3-butadiene and acetyl radical (R20) promotes reac-
tivity under fuel-lean conditions but inhibits under fuel-rich conditions. Addition forming 2MF

and a methyl radical (R25) is inhibiting under fuel-lean conditions but shows no sensitivity
under fuel-rich conditions. It is difficult to isolate the reason for this reversal in the sensitivity

of these reactions under lean and rich conditions, but it is likely the result of the subsequent
reactions and reaction products formed from the consumption of the 2MF, 1,3-butadiene, etc.

Abstraction by both ȮH radicals (R18) and Ḣ atoms (R23) are found to inhibit reactivity.
Abstraction of a hydrogen atom from the fuel leads largely to the formation of phenol and radical
derivatives of 1,3-cyclopentadiene and 1,3-pentadiene through the decomposition of 25DMF2R.

The resonantly stabilised/aromatic products of this reaction sequence could also be responsible
for the inhibiting influence of hydrogen atom abstraction by Ḣ atoms, particularly under fuel-

rich conditions. For instance, the chain termination reaction of Ḣ atoms with cyclopentadienyl
radicals (R17) is the most inhibiting reaction found in the sensitivity analysis under fuel-rich

conditions, followed closely by hydrogen atom abstraction from 1,3-cyclopentadiene by Ḣ (R14)
atom and the decomposition of phenol to 1,3-cyclopentadiene (R13).

On the other hand, the reaction of cyclopentadienyl radical with HȮ2 radical (R10) forming
a resonantly stabilised cyclopentadienol radical and ȮH is seen to promote reactivity under fuel-

rich conditions, as it prevents the chain termination of hydrogen atom with cyclopentadienyl
radical, whilst also providing a source of reactive hydroxyl radicals. It is clear therefore, that the

predictions of ignition delay times are dependent on the subsequent reactions of the aromatic
species and their derivatives, which are formed from hydrogen atom abstraction reactions from
the alkyl side chain of 25DMF.

The decomposition of 2-cyclohexene-1-one-4-yl radical to 2,4-cyclohexadien-1-one and Ḣ
atom (R10) is found to promote reactivity, as it produces 32% of the Ḣ atoms in the system

under fuel-lean conditions under the conditions of the rate-of-production analysis.

Unimolecular decomposition of the fuel via a β-carbene intermediate (R3) consumes 14% of

the fuel under fuel-lean conditions and is seen to reduce the computed ignition delay times under
these conditions, as it results in the formation of Ḣ atoms through the subsequent decomposition

of 3,4-hexadiene-2-one. This reaction sequence accounts for 17% of the Ḣ atoms within the
system at fuel-lean conditions. Simple fission forming 25DMF2R radical and a Ḣ atom (R7)

consumes 8–10% of the fuel and produces 10–14% of the hydrogen atom within the system under
fuel-lean and fuel-rich conditions. It is of lesser importance in predicting ignition delay times

than the carbene mediated decomposition pathways, as evidenced in the sensitivity analyses.
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Figure 7.24: Rate-of-production analysis carried out at 20% fuel consumption under shock-tube
conditions at 1 atm, 1600 K at φ = 0.5 and φ = 2.0 (bold font). Dashed lines represent the

product(s) of a series of reactions within the current mechanism.

304



7.2. MODEL VALIDATION

Figure 7.25: Ignition delay time sensitivity coefficients for mixtures of 0.75% 2,5-dimethylfuran

in argon at 1 atm, 1580 K, φ = 0.5 (black bars)and φ = 2.0 (red bars). Negative coefficients
indicate a reaction which reduces the computed ignition delay time and vice versa. The reaction

Ḣ + O2 
 Ö + ȮH has been omitted for clarity.
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7.2.3 High-Pressure Ignition Delay Times

Ignition delay times from the study of Somers et al. [248] for stoichiometric fuel-air mixtures at
20 and 80 bar, at temperatures in the range 820–1210 K are shown in Figure 7.27, along with

current model calculations. Simulations of high-pressure ignition delay time experiments are
carried out through inclusion of a volume-time profile, which is created from the experimental

pressure-time profile, knowing the functional relationship between the volume and pressure of a
gaseous mixture undergoing isentropic compression/expansion. Every experimental data point
therefore receives individual simulation under the reflected shock temperatures and pressures of

interest. For 20 bar experiments the % pressure rise used in the simulations was of the order
of 5.51± 0.38% per millisecond and at 80 bar, 3.52± 0.94% per millisecond. This approach is

necessary to adequately describe facility effects given the extended test times of the experiments
(> 1 ms).

The method is also compared with constant volume-constant internal energy simulations,
which are known to adequately describe shock-tube experiments of dilute mixtures which un-

dergo ignition on shorter time scales, such as those used in the simulation of low-pressure shock-
tube measurements described above. Some experimental pressure-profiles also should signs of

pre-ignition pressure rise, Figure 7.26.

Chaos and Dryer [274] highlight the need for careful interpretation of shock-tube measure-

ments for non-dilute fuel-air mixtures undergoing ignition at extended test times (> 1 ms). They
conclude, as did others before them [275–277] that ignition delay data under these conditions do
not always represent purely chemical kinetic observations, but can be perturbed by numerous,

sometimes complex, sources (i.e. inhomogeneities, local flame kernels/hot-spots). The mod-
elling approach here is in line with the recent recommendations of Chaos and Dryer [274]. Note

that the “linear pressure rise” regions illustrated in Figure 7.26 are not considered when the
volume-profile for the simulation is created. Only the “constant pressure” region, which shows

the 3–5% pressure rise per ms is used to account for the facility effects.

The simulations show that at extended test times, there is a clear need to include facility

effects in the computation of ignition delay times as the constant volume-constant internal energy
assumption regularly used for numerically modelling shock-tube experiments is not applicable in

these instances. The performance of the model against the data is largely within experimental
uncertainty.

Rate-of-production analyses at 950 K and simulation times corresponding to 20% fuel con-
sumption were performed to identify important fuel consuming reactions under these exper-

imental conditions, Figure 7.28, along with sensitivity analysis, Figure 7.29. These analyses
illustrate the important intermediate-temperature oxidation pathways of 25DMF, in contrast
with the atmospheric-pressure and high-temperature experiments described previously.

25DMF is primarily consumed by ȮH radical addition reactions at both 20 and 80 bar, with
30% and 39% of the fuel consumed by this pathway at these respective pressures. The primary

product of this pathway is methyl vinyl ketone, although smaller quantities of 3-hexene-2,5-
dione are also produced. The reaction kinetics of neither of these stable species is highlighted as

being important in sensitivity analyses. Abstraction reactions consume 41–45% of the fuel, with
abstraction by ȮH radical being the largest contributer to the total flux at 19.0% and 26.9%,

respectively.

Despite ȮH radical addition and abstraction reactions being the largest consumers of the

fuel in the above rate-of-production analysis, the kinetics of these reactions (R9/R13) do not
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Figure 7.26: Example pressure-time profiles for stoichiometric 2.66% 2,5-dimethylfuran-“air”

mixtures [248] showing “constant” pressure region behind reflected shock wave and pre-ignition
pressure rise at (a) 852 K and 20.4 bar and (b) 913 K and 74.1 bar.
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Figure 7.27: Experimental ignition delay time measurements for stoichiometric mixtures of
2.66% 2,5-dimethylfuran/O2/N2 at 20 bar (–) and 80 bar (—) elevated pressures with 20%

uncertainty bars. Lines are modelling results; constant volume batch reactor (—), facility effects
(– –).

Figure 7.28: Rate-of-production analysis carried out at 20% fuel consumption under shock-tube

conditions at 950 K, 20 bar and 80 bar (bold font) for stoichiometric 2,5-dimethylfuran-air
mixtures.
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Figure 7.29: Ignition delay time sensitivity coefficients for stoichiometric 2,5-dimethylfuran-air

mixtures at 950 K, 20 bar (filled bars) and 80 bar (open bars). Negative coefficients indicate a
reaction which decreases the computed ignition delay time and vice versa.
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appear to be overly sensitive variables in the calculation of ignition delay times under these
conditions. The hydroxyl radical addition reaction has a slight inhibiting influence on reactivity

at 80 bar and a slight promoting influence at 20 bar.

Bimolecular initiation by molecular oxygen (R3) forming 25DMF2R and HȮ2 radicals is

found to be amongst the most promoting reactions in the mechanism at both 20 and 80 bar,
but does not contribute to the consumption of 25DMF by the time that 20% of the fuel has

disappeared, its sensitivity must stem from the fact that it is an important chain-initiation
reaction. This reaction exhibits little sensitivity to the prediction of the previously described
low-pressure/high-temperature ignition delay time experiments in comparison to the present

experiments.

The reaction 25DMF2R + HȮ2 
 CH3 C4H2O CH2 Ȯ + ȮH consumes 49–55% of

the 25DMF2R radical at intermediate temperatures, and it is found to have a highly promoting
influence on the predicted ignition delay times. It is the most sensitive reaction at both 20 and 80

bar (R1) as to two relatively unreactive species are converted into a reactive ȮH radical with the
subsequent generation of a hydrogen atom from the decomposition of CH3 C4H2O CH2 Ȯ

radical to 5-methyl-2-formylfuran.

The analagous reaction of 25DMF2R with CH3Ȯ2 radical also reduces the ignition delay
times, more so at 20 bar than 80 bar. Effectively all hydrogen atom abstraction reactions from

the fuel are found to reduce ignition delay times, as a result of these important oxidation reactions
of the allylic 25DMF2R radical. Under the high-temperature conditions described previously

where 25DMF2R radical undergoes thermal decomposition forming aromatic molecules, abstrac-
tion reactions tended to reduce reactivity, the opposite now seems true at lower temperature

conditions.

The chain branching nature of the 25DMF2R radical oxidation pathways is in competi-
tion with the chain termination reaction of 25DMF2R with ĊH3 radical forming 5-methyl-2-

ethylfuran (R17), which is found to be the most inhibiting reaction at 20 bar, despite consuming
only 12.9% of the 25DMF2R radical. At 80 bar, the sensitivity of the predicted ignition delay

times to this rate constant diminishes as the process consumes less of the 25DMF2R radical
(4.4%).

The subsequent reactions of 5-methyl-2-ethylfuran show little sensitivity in the prediction of

ignition delay times, unlike 5-methyl-2-formylfuran, with hydrogen atom abstraction reactions
from the formyl site of the latter species exhibiting sensitivity coefficients on a par with the

abstraction reactions of 25DMF. The combustion chemistry of formylfurans may therefore be
worthy of further exploration, both theoretically and experimentally, along with studies of their

atmospheric chemistry and toxicological properties. They have been detected in recent engine
studies as products of 25DMF combustion [54] and here they are shown to be important inter-

mediates in terms of predicting 25DMF/air ignition delay times. In Section 7.2.4 it is shown
that they are important intermediates in the oxidation of 25DMF, yet literature discussion on

the combustion of these aldehydes is scarce at best.

7.2.4 2,5-Dimethylfuran/O2/N2 Speciation in a Jet-Stirred Reactor

Experimental profiles of key species detected in the JSR study of Somers et al. [248] are shown

in Figures 7.30, 7.31 and 7.32 along with current modelling predictions. Due to the temperature
range of these experiments, these data complement the high-pressure ignition delay time data

presented previously. Fuel and O2 concentrations, which offer good tests of global reactivity
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Figure 7.30: Experimental JSR (�) and modelling predictions (—) for the oxidation of 2,5-
dimethylfuran at φ= 0.5, 10 atm and τ = 0.7 s. 2MF = 2-methylfuran.
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Figure 7.31: Experimental JSR (�) and modelling predictions (—) for the oxidation of 2,5-

dimethylfuran at φ= 1.0, 10 atm and τ = 0.7 s. MVK = methyl vinyl ketone, 5M2EF =
5-methyl-2-ethylfuran, 5M2CHOF = 5-methyl-2-formylfuran, 2MF = 2-methylfuran.

Figure 7.32: Experimental JSR (�) and modelling predictions (—) for the oxidation of 2,5-
dimethylfuran at φ= 2.0, 10 atm and τ = 0.7 s. MVK = methyl vinyl ketone, 5M2EF =

5-methyl-2-ethylfuran, 2MF = 2-methylfuran.
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Figure 7.33: Rate-of-production analysis for 2,5-dimethylfuran in a jet-stirred reactor at 10
atm and τ = 0.7 s, at φ = 0.5 (775 K) and φ = 2.0 (915 K and bold font) corresponding

to approximately 20% fuel consumption. Dashed lines represent the product(s) of a series of
reactions within the current mechanism.

are well predicted under all equivalence ratios, although the mechanism over-predicts the fuel

reactivity by 25 K under fuel-lean conditions. Rate-of-production analyses are used to identify
those reactions contributing to the consumption of the fuel, Figure 7.33.

Under fuel-lean conditions at 775 K and τ = 0.7 s, 25DMF is consumed largely (47%) by an

ȮH radical addition reaction ultimately forming stable methyl vinyl ketone, and acetyl radicals.
Concentrations of methyl vinyl ketone are over-predicted under fuel-lean conditions, although

under stoichiometric and fuel-rich conditions the computed yields are in excellent agreement
with experiment. Under fuel-lean conditions this over-production may be linked to an over-
production of ȮH radicals or perhaps a competitive pathway absent from the exploratory ab

initio calculations of the reactions of ȮH radical with 25DMF which were carried out as part of
this work.

There is also a secondary product formed in this pathway, hex-3-ene-2,5-dione, which was

quantified experimentally at φ = 1.0. Figure 7.34 displays the mole fractions of this species
along with modelling results, with methyl vinyl ketone yields included as a reference. The

model does give a reasonable account of the relative mole fractions for these two products of
hydroxyl radical addition reactions, although hex-3-ene-2,5-dione production is not as prompt

as experiment suggests.

The addition and abstraction reactions of hydrogen atom with the fuel account for ap-
proximately 35% of total fuel consumption under fuel-lean and fuel-rich conditions. Yields of

hydrogen gas are well predicted under stoichiometric and rich conditions (900–1200 K), but are
under-predicted under fuel-lean conditions (750–1100 K). The main stable product of hydrogen

atom addition reactions, 2MF, is over-predicted under all conditions studied.

313



CHAPTER 7. 2,5-DIMETHYLFURAN COMBUSTION MODELLING

Figure 7.34: Experimental jet-stirred reactor [248] yields of hex-3-ene-2,5-dione (�) measured

in the oxidation of 2,5-dimethylfuran at φ = 1.0 with modelling predictions (—). Methyl vinyl
ketone yields are included for comparison (�, – –).

As expected under fuel-rich conditions at 930 K, the hydroxyl radical addition pathway con-

sumes less fuel (21%), with abstraction by methyl radical becoming an important fuel consuming
reaction at 17%, increasing from 4% under fuel-lean conditions. Methane yields are slightly over-

predicted at all equivalence ratios studied, in line with the pyrolysis data discussed previously.
Hydrogen atom addition pathways consume 28.2% of the fuel under fuel-rich conditions, with

abstraction by hydrogen atom of less importance (7.2%).

Under fuel-lean conditions, the 25DMF2R radical is primarily consumed by reaction with

HȮ2 radical (50%) and CH3Ȯ2 radical (42%) forming CH3 C4H2O CH2 Ȯ radical, and ȮH
or CH3Ȯ radicals, respectively. The importance of these two pathways decreases at higher tem-

peratures and under fuel-rich conditions, with thermal decomposition pathways of 25DMF2R
starting to contribute to the radical consumption. 5-methyl-2-formylfuran, the stable interme-

diate of these pathways, was quantified at stoichiometric conditions and its concentrations are
very well reproduced by the mechanism.

Recombination of 25DMF2R radical with a ĊH3 radical to form 5-methyl-2-ethylfuran ac-
counts for 4.1% of the consumption of this species under fuel-lean conditions, assuming higher

importance with reduced oxygen concentrations, accounting for 31% of the consumption of
25DMF2R under fuel-rich conditions. Yields of 5-methyl-2-ethylfuran are also well predicted at

all equivalence ratios.

The branching ratio between the bimolecular recombination of HȮ2/CH3Ȯ2 radical and

ĊH3 radical with 25DMF2R radical is therefore an important one in terms of the prediction
of intermediate profiles and ignition delay times seen previously, as the former reactions tend

to promote reactivity due to their chain branching nature, with the latter chain termination
reaction inhibiting reactivity. The good predictions of these furanic species give some credence

to the rate constants applied in the current study.

Unimolecular decomposition of 25DMF2R radical consumes 32% of this species under fuel-

rich conditions (915 K), and is of lesser significance in the intermediate-temperature regime than
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Figure 7.35: Rate-of-production analysis for 5-methyl-2-formylfuran in a JSR at 10 atm and τ

= 0.7s, at φ = 0.5 (775 K) and φ = 2.0 (915 K and bold font).

bimolecular consumption of this species. The primary products of these thermal decomposition
pathways are in line with those discussed in the shock-tube studies described previously and

include hydrogen atom and phenol or CO and Ċ5H7 radicals. Phenol was not quantified because
the online sampling system used was not appropriate in the study of Somers et al. [248]. However,

it was identified by GC/MS in the products.

A range of stable furan derivatives are found to be important products formed in the ox-

idation of 25DMF under the experimental conditions studied in the JSR. Rate-of-production
analyses for 2-methylfuran and 2-methyl-5-formylfuran have therefore been carried out under
the same conditions as those for 25DMF to further explore the chemistry of these intermediates,

Figures 7.35 and 7.37.

For 5-methyl-2-formylfuran, abstraction from the formyl group constitutes the largest con-

suming reactions, in particular by methyl and hydroperoxy radicals. Both reactions were high-
lighted as sensitive in predicting ignition delay times previously. The formylfuran radical is

consumed completely by a decarbonylation reaction forming the vinylic 2-methyl-5-furanyl rad-
ical. This radical can undergo ring opening to form an acyclic vinylic ketene radical which can

subsequently decompose to form ketene and propyne by β-scission, or react with molecular oxy-
gen to form a dione radical which can undergo α-scission to form a methyl vinyl ketone radical
and carbon monoxide. 2-methyl-5-furanyl radical can also react directly with molecular oxygen

to form a furanol radical, which can undergo ring opening and subsequent decarbonylation to
form methyl vinyl ketone radical and carbon monoxide.

Propyne is the stable product of this primary reaction sequence, and it was quantified in the
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Figure 7.36: Experimental jet-stirred reactor [248] yields of propyne measured in the oxidation
of 2,5-dimethylfuran at φ = 0.5 (�), 1.0 (�) and 2.0 (�) with modelling predictions (—).

JSR experiments. The experimental yields are both prompt and overestimated by the current

model possibly indicating that the branching ratio for abstraction at the formyl site of 5-methyl-
2-formylfuran may be overestimated, Figure 7.36.

Hydrogen atom abstraction from the methyl group of 5-methyl-2-formylfuran leads to a

resonantly stabilised radical similar to the 25DMF2R radical, and like 25DMF2R radical, it is
consumed largely by reaction with HȮ2 and CH3Ȯ2 radicals forming furanic alkoxy radical and

ȮH or CH3Ȯ radicals, respectively. The alkoxy radical decomposes to hydrogen atom and 2,5-
diformylfuran, which was not detected experimentally, reflecting on the dominant pathways for

5-methyl-2-formylfuran oxidation occuring at the formyl site. Hydrogen atom addition pathways
consume less than 10% of this species, notably forming 2-formylfuran and 2-methylfuran via

ipso-addition reactions.

Theoretical determinations of the rate constants for abstraction from the formyl group of 5-
methyl-2-formylfuran are beyond the scope of this work but would likely refine predictions of the

propyne yields. It would be sensible that the kinetics and mechanism of 2-formylfuran oxidation
be assessed experimentally and theoretically rather than those for 5-methyl-2-formylfuran. The

former would allow for a more concise assessment of the reactivity of the formyl group of mono-
and diformylfurans, as the initial mechanism proposed as part of this work clearly illustrates a

complex oxidation chemistry for 5-methyl-2-formylfuran.

2-methylfuran like 25DMF, is consumed under fuel-lean conditions primarily by hydroxyl
radical addition reactions (62.4%). The products of these pathways are likely to be methyl vinyl

ketone and formyl radical, and acrolein and acetyl radical, based on the analogous pathway de-
scribed above for 25DMF. Hydrogen atom addition reactions constitute 21.6% of 2-methylfuran

consumption under fuel-lean conditions and 34.2% under fuel-rich conditions, with abstraction
from the alkyl group consuming 15% and 36.1% of this species under fuel-lean and fuel-rich
conditions respectively.

The primary 2-methylfuran radical (2MF2R) is consumed via oxidation by HȮ2 and CH3Ȯ2
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Figure 7.37: Rate-of-production analysis for 2-methylfuran in a JSR at 10 atm and τ = 0.7s, at

φ = 0.5 (775 K) and φ = 2.0 (915 K and bold font). Dashed lines represent the product(s) of a
series of reactions within the current mechanism.

radicals under fuel-lean conditions, ultimately forming 2-formylfuran as a stable intermediate.
Recombination with methyl radical forming 2-ethylfuran becomes more important under fuel-

rich conditions, consuming 21.6% of the 2MF2R radical as HȮ2 and CH3Ȯ2 radical concentra-
tions decrease. Like the 25DMF2R radical, ring opening with ultimate formation of n-butadienyl

radical and carbon monoxide also becomes important under richer conditions and increasing
temperatures, accounting for 44.8% of 2MF2R radical consumption under these conditions. No
JSR data currently exists for 2-methylfuran, though it is clear that a study under similar con-

ditions to the current study would provide a good test of the mechanistic and kinetic proposals
for 25DMF, as both species will undergo reactions which are mechanistically and kinetically

similar.

7.2.5 Laminar Burning Velocities of 2,5-Dimethylfuran/Air Mixtures

Experimental Analysis

There have been a considerable number of laminar burning velocity (SL) determinations for
25DMF/O2/N2 mixtures as a function of unburnt gas temperature (TU), equivalence ratio and

pressure. A quick overview of the data will therefore been given before modelling results are
discussed.

Tian et al. [55] used a constant volume vessel to determine the laminar burning velocities
of 25DMF-air mixtures at 0.1 MPa pressure and at initial temperatures (TU) of 323, 348 and

378 K. Similarly Wu et al. [278,279] used a constant volume cylindrical combustion chamber to
determine the laminar burning velocity of 25DMF-air mixtures at 0.1 MPa initial pressure and

TU of 393, 433 and 473 K. In all three studies the un-stretched laminar burning velocity was
calculated from the experimentally measured stretched flame speed, stretch rate and Markstein

length, along with a calculated ratio of burnt to unburnt gas densities. Linear stretch extrap-
olation was also applied. To negate the influence of ignition energy and pressure rise on their

final measurements, the observation range was confined to flame front radii of 6–18 mm in the
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Figure 7.38: Experimental laminar burning velocities for 2,5-dimethylfuran-air mixtures as a

function of unburnt gas temperature and equivalence ratio from Somers et al. [248] (�), Wu et

al. [278, 279] (•) and Tian et al. [55] (N) with modelling predictions from this work (—).
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Figure 7.39: Experimental laminar burning velocities for 2,5-dimethylfuran-air mixtures as a

function of pressure and equivalence ratio at unburnt gas temperatures of 393 K [280] with
modelling predictions from this work (—).

case of Tian et al. [55], and 6–25 mm in the case of Wu et al. [278,279]. Measurements have also
been recently made using the heat-flux method [260] and are reported in the study of Somers et

al. [248].

When comparing Somers et al. experiments with those of Tian et al. at similar TU, (358 K
and 348 K Tian et al., respectively), those measured by Tian et al. are slower than the heat-flux
determinations, which one would expect. At 358 K, the peak burning velocity of 51.8 cm s−1

was determined at φ = 1.10 in the work of Somers et al., which contrasts with the peak velocity
of ≈ 45 cm s−1 determined by Tian et al. at φ = 1.15. The experimental burning velocities of

Tian et al. measured at 373 K are also slower than the 358 K measurements of Somers et al.

for equivalence ratios of 1.0–1.2 and their measurements at 323 K are not dissimilar to the 298

K of Somers et al. measurements in the same range of φ. This is unexpected given their higher
TU. The measurements of Tian et al. are therefore found to be consistently slower than those

of Somers et al., in the region where peak flame speed can be anticipated. Both sets of studies
do agree well in terms of the equivalence ratio at which peak flame speed is observed.

A comparison of the Somers et al. measurements with those of Wu et al. [278, 279] shows
that the latters’ data at 393 K is of a similar order to both the 358 K measurements of Somers et

al. and the 373 K measurements of Tian et al. for equivalence ratios up to φ = 1.1. This seems
inconsistent and one might expect this data to show a higher laminar burning velocity than the

other measurements given the higher TU of their experiments. Above φ = 1.1 the experiments
of Wu et al. range from 3–6.5 cm s−1 faster than the 358 K measurements of Somers et al.,

which is more in-line with expectation. However, the peak laminar burning velocities from Wu
et al. are observed at φ = 1.2, yet they are observed at φ = 1.1 in the Somers et al. and the

Tian et al. studies.
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Although the experimental data of Tian et al. [55] and Wu et al. [278, 279] and Somers et

al. [248] appear consistent within the confines of their own studies, comparisons with each other

highlight non-neglible inconsistencies between the experimental data. This is possibly due to the
linear stretch extrapolations necessary to determine the laminar burning velocity of spherically

expanding flames analysed using combustion bombs and vessels.

Wu et al. [280] also measured laminar burning velocities at various initial pressures up to

0.75 MPa for a TU of 393 K as an extension of their atmospheric work discussed above, Figure
7.39. Maximum laminar burning velocities were measured at φ = 1.2 at all pressures studied,

with a decrease in burning velocity observed with increasing pressure—a result of the increased
free-stream density and influence of pressure-dependent radical chain termination reactions. At

pressures above 0.5 MPa, wrinkling of the flame was observed with flame instabilities observed
at 0.75 MPa for φ ≥ 1.2.

Numerical Analysis

Current modelling calculations of atmospheric-pressure laminar burning velocities (Figure 7.38)
show that the peak burning velocity for a given TU is consistently predicted to occur at φ = 1.1.
Indeed a highly linear increase (R2 = 0.99) in peak laminar burning velocity is predicted by the

mechanism for the eight unburnt gas temperatures studied. This linear relationship between the
computed laminar burning velocity and TU at a given φ can be expected, given the corresponding

linear increase in the adiabatic flame temperature with TU. Somers et al. [208] found experi-
mentally (heat-flux method) that the peak burning velocity for closely related 2-methylfuran-air

mixtures increased linearly with TU. The same is expected for 25DMF-air mixtures, yet this
trend is not observed experimentally when all data is considered and the current analysis is

important in highlighting discrepancies in the presently available experimental data for 25DMF.
Therefore, it is extremely unlikely that a single kinetic mechanism will accurately predict all

experimental data in the literature, with the experimental data of Wu et al. [278,279] seemingly
deviating most from the numerical predictions and other literature data both qualitatively and
quantitatively.

At a TU of 298 and 358 K, the burning velocities calculated using the mechanism are 3.2 cm

s−1 (≈ 7.5%) lower than the experimental data of Somers et al. at φ = 1.1, with a consistent
under-estimation of the laminar burning velocity under fuel-rich conditions where deviations are
as large as 6 cm s−1 (≈ 25%) from experiment. From φ = 0.6–1.2 the mechanism is within 10%

of all experimental data, even in the worst instances. The mechanism therefore seems to deviate
most from experiment under fuel-rich conditions.

When compared with the experiments of Tian et al. [55], the kinetic mechanism is in good
agreement with the experimental laminar burning velocities from 323–373 K, allowing for some

scatter in the reported measurements. Deviations at 323 K are at most ≈ 6%, deviations at
343 K are ≈ 18.6% at φ = 1.5 but are within ≈ 8% for the other three measurements, and

deviations at 373 K are ≈ 20% at φ = 1.6, but calculations are within ≈ 9% of experiment
for all other measurements. As with the heat-flux method measurements described above, the

mechanism estimations differ most from experiment under fuel-rich conditions.

When compared with the experiments of Wu et al. [278, 279], the mechanism consistently

over-predicts the laminar burning velocity under fuel-lean conditions (for φ = 0.8; ≈ 11% at 373
K, ≈ 13% at 433 K, ≈ 14% at 473 K) and vice-versa under fuel-rich conditions (for φ = 1.5; ≈
21% at 373 K, ≈ 23% at 433 and 473 K). At the peak experimental burning velocity (φ = 1.2),
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the mechanism agrees with experiment within 2% at 373 K, 1% at 393 K and 6% at 473 K.

The predictions of the mechanism therefore agree best with the literature data of Tian et al.,

within their limited range of φ, and measurements from Somers et al. [248] under fuel-lean to
stoichiometric equivalence ratios. Although the peak flame speed of Wu et al. is well estimated

by the mechanism, the experimental dependency of laminar burning velocity on equivalence
ratio is not in agreement with numerical modelling, and it would also seem that this data may

be inconsistent with respect to the measurements of Somers et al. [248] and those of Tian et

al. [55].

For laminar burning velocities as a function of pressure, Figure 7.39, the kinetic mechanism

does predict the general trend of decreasing burning velocity with increasing initial pressures,
but deviates more from the experimental measurements with increasing equivalence ratio and

pressure. Considering that the atmospheric-pressure data of Wu et al. [278,279] appears incon-
sistent in light of other experimental and modelling work, it is not surprising that modelling

predictions of laminar burning velocity at elevated pressures by the same authors are in poor
agreement. Re-determination of the laminar burning velocities of 25DMF-air mixtures at ele-

vated pressures may therefore be of interest, or even necessity, as part of future studies.

Sensitivity analyses were carried out to identify the kinetic parameters which control the
predictions of laminar burning velocity over a range of conditions, Figures 7.40 and 7.44. In

particular, a focus was placed on the kinetics of the reactions of 25DMF or its related inter-
mediates which can serve as optimization targets to improve agreement with the experimental

data, particularly under fuel-rich conditions. However, it is quite apparent from the sensitivity
analyses that it is the kinetics of smaller hydrocarbon species and the reactions of hydrogen

atom which exert most control of the predicted burning velocity, with only three reactions of
25DMF showing importance.

At φ = 1.1 and 1.5, hydrogen atom abstraction from the alkyl side chain by Ḣ atom (R21)

and ȮH radicals (R17) are found to inhibit reactivity (abstraction by ȮH radicals also has
an inhibiting effect under fuel-lean conditions). It is found that hydrogen atom abstraction

reactions from the methyl group lead to the formation of 2,4-cyclohexadien-1-one, which in turn
isomerises to phenol or forms a range of cyclopentadiene and 1,3-pentadiene radicals as found

during high-temperature ignition delay and pyrolysis studies previously. These species tend to
form resonantly stabilised free radicals, which may persist in a flame and act as a sink for Ḣ

atoms, whose kinetics are particularly sensitive to the accurate prediction of the laminar burning
velocity of effectively all hydrocarbon fuels.

As a test, simulations were carried out under the conditions of Somers et al. burning velocity

experiments to assess how a variation in some of the kinetics relevant to 25DMF impacts the
computed laminar burning velocity. Figure 7.41 shows the result of simultaneously reducing the

pre-exponential factor of the rate constants for hydrogen atom abstraction by Ḣ atoms and ȮH
radicals by a factor of two. As before, the modified mechanism matches the laminar burning

velocities measured as part of this work under fuel-lean conditions, with an increase observed
in peak flame speed of approximately 1–1.5 cm s−1 at both 298 and 358 K. Laminar burning

velocities remain under-predicted by up to 2 cm s−1 (≈ 5%) at the peak experimental flame
speed. However, predictions under fuel-rich conditions show a modest improvement and remain
underestimated (φ = 1.6, 24% at 298 K, 18% at 358 K). The effect which altering these rate

constants has on elevated-pressure laminar burning velocity predictions is similar, and also does
not resolve agreement with experiment.

These tests illustrate the relatively small influence which altering these parameters has on
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Figure 7.40: First order sensitivity analysis of computed laminar burning velocities for 2,5-

dimethylfuran-air mixtures at 1.0 atm and TU = 358 K, as a function of equivalence ratio; φ
= 0.6 (black bars), φ = 1.1 (red bars), φ = 1.5 (blue bars). The top 13 reactions from each

condition are reported and a negative coefficient corresponds to a reaction which reduces the
computed laminar burning velocity and vice versa. The reactions Ḣ + O2 
 Ö + ȮH and CO

+ ȮH 
 CO2 + Ḣ have been omitted for clarity.
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Figure 7.41: Experimental laminar burning velocities for 2,5-dimethylfuranair mixtures from

Somers et al. [248] with modelling predictions. Mechanism: current (—), modified (– –, see
text).

the computed laminar burning velocities. It is therefore difficult to resolve the discrepancies
between the mechanism and the experiments under fuel-rich conditions, by altering the kinetic
parameters unique to the 25DMF mechanism, given that those highlighted in sensitivity analyses

stem from computational studies [155,158] where uncertainties in the rate constants are probably
of the order of a factor of 2–3.

Figure 7.42 presents laminar burning velocities of both 2MF/air and 25DMF/air mixtures for
a comparison of the two prospective fuels. The results show that 2-methylfuran laminar burning

velocities are faster than their equivalent 2,5-dimethylfuran counterparts at all equivalence ratios.
The model predicts the 2-methylfuran experiments accurately, although the 2,5-dimethylfuran

flame speeds are under-predicted under fuel-rich conditions.

Interestingly, the modelling results show that above φ = 1.3, the 298 K 2MF/air flame
has a faster burning velocity than the 358 K 25DMF/air flame. This result is not visible

experimentally, but the numerical results are corroborated somewhat via the computed adiabatic
flame temperatures (Tadi) under these conditions. Tadi for the 298 K 2MF/air flame is ≈ 50

K higher than that of the 358 K 25DMF/air flame above φ = 1.3, and it is not unreasonable
therefore that the 2MF flame speed should be faster than that for 25DMF under these conditions

as the laminar burning velocity is known to be dependent on both the unburnt and burned gas
temperatures, as the temperature of the reaction zone lies somewhere in between these two

extremes.

Rate-of-production analyses have been carried out at peak flame speed, and under fuel-rich
conditions where agreement tends to be poor with experiment, Figure 7.43. The results show

that only four reactions are of importance in consuming 25DMF—two hydrogen atom addition
reactions forming 2MF and methyl radical, or 1,3-butadiene and acetyl radical, and abstraction

from the alkyl side chain by hydrogen atom and hydroxyl radical. Experimental 2MF laminar
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Figure 7.42: Laminar burning velocities (SL) of 2,5-dimethylfuran/air (closed symbols, —) 2-

methylfuran/air (open symbols, – –) from the studies of Somers and co-workers [208, 248] with
modelling predictions from this work and computed adiabatic flame temperatures (Tadi).
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Figure 7.43: Reaction flux analysis at φ = 1.1 (—) and φ = 1.5 (– –) at TU = 358 K for
2,5-dimethylfuran in air flames illustrating the most important 2,5-dimethylfuran consuming

reactions as a function of height above the burner plate. Total consumption rate (—), 25DMF
+ Ḣ 
 2MF + ĊH3 (—), 25DMF + Ḣ 
 1,3-C4H6 + CH3ĊO (—), 2MF + Ḣ 
 25DMF2R +

H2 (—), 2MF + ȮH 
 25DMF2R + H2O (—).
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Figure 7.44: First order sensitivity analysis of computed laminar burning velocities for 2,5-

dimethylfuran-air mixtures φ = 1.5 and TU = 393 K, as a function of pressure. A negative
coefficient corresponds to a reaction which reduces the computed laminar burning velocity and

vice versa. The reaction Ḣ + O2 
 Ö + ȮH has been omitted for clarity.

burning velocities have been shown to be well-predicted by the mechanism in Section 6.2.4
of this work. 1,3-Butadiene burning velocities were shown to be under-predicted by the C0–

C4 sub-mechanisms in Figure 6.23, page 210, and phenol, the primary product of abstraction
from 25DMF, has never had its burning velocity determined experimentally to the best of

this author’s knowledge. Alterations to both the phenol and 1,3-butadiene mechanisms may
therefore be required to improve agreement of the model with the burning velocities presented

above, as alterations to the 25DMF primary consumption reactions have limited influence on
the predictions.

At elevated pressures and fuel-rich conditions, hydrogen atom termination reactions show an

increased sensitivity, Figure 7.44. In particular, the reaction of Ḣ + ĊH3 
 CH4 clearly reduces
the computed laminar burning velocity and an alteration to this, albeit extensively studied,

rate constant is likely to have more influence on the prediction of the elevated-pressure data
of Wu et al. [280] than would an alteration of the kinetics of 25DMF and its related species.

The recombination of a Ḣ atom with resonantly stabilised allyl and cyclopentadienyl radicals
forming propene and 1,3-cyclopentadienyl, respectively, are also seen to inhibit laminar burning

velocity, but to a much smaller extent than Ḣ + ĊH3 
 CH4.
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Figure 7.45: Major combustion intermediates quantified in a φ = 1.7 2,5-dimethylfuran/O2/Ar

flame at 40 mbar with (a) GC-MS and (b) EI-MBMS, and (c) a φ = 1.0 2,5-dimethylfuran/O2/Ar
flame at 20 mbar with species quantification via EI-MBMS.

7.2.6 Speciation in a Laminar Flame

Togbé and co-workers [266] recently studied two low-pressure 25DMF/O2/Ar flames in a work

complementary to that on 2MF/O2/Ar flames of Tran et al. [221]. The measurements were
published after the work of this Thesis [248], and so the model was never validated against

them. However, in light of the poor agreement of the model with previously described laminar
burning velocity measurements, it is worthwhile to compare the mechanism against these data,
although an in-depth experimental and kinetic analysis will not be presented.

Three flames were studied by Togbé et al. [266] on two different experimental burners—a φ
= 1.0 25DMF/O2/Ar flame at 20 mbar pressure with electron-ionisation molecular-beam mass

spectrometry (EI-MBMS) as the analytical technique, and two φ = 1.7 25DMF/O2/Ar flames
at 40 mbar pressure with species mole fractions quantified via GC-MS and EI-MBMS.

Yields of major intermediates quantified in these flames are reported in Figure 7.45. The
kinetic mechanism can capture the relative and absolute yields of 25DMF, O2, CO, CO2, H2O
and Ar very well, although yields of H2 are slightly under-predicted. An increase in the rate

constant applied for the reaction 25DMF + Ḣ 
 25DMF2R + H2 would likely remedy this,
however, this would lead to even worse agreement with the flame speeds reported in previous

sections.

Figures 7.46 and 7.47 show modelling predictions of intermediate (C1–C6) species quantified

in a φ = 1.7 flame. Numerical results show similar agreement against the φ = 1.0 and φ = 1.7
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Figure 7.46: Major combustion intermediates quantified via GC-MS in a φ = 1.7 2,5-

dimethylfuran/O2/Ar flame at 40 mbar [266].

flame structures, so only the two φ = 1.7 flames will be analysed using the current mechanism.

Measurements where GC-MS was the analytical technique are presented in Figure 7.46, EI-
MBMS experiments are shown in Figure 7.47.

The kinetics of C1 and C2 species such as formyl and methyl radical, and acetylene and
ethylene were previously shown to be sensitive in predicting burning velocities. Figures 7.46 (a)

and Figure 7.47 (a) and (b), show that the kinetic mechanism can predict the mole fractions
and relative abundances of CH4, CH2O, C2H2, C2H4 and C2H6 quantitatively and qualitatively.

Methyl radical yields are found to be over-predicted by up to a factor of 4, and the reaction ĊH3

+ Ḣ 
 CH4 was shown to inhibit the laminar burning velocity predictions greatly previously.

However, a factor of 2–4 uncertainty in the experimental determination of ĊH3 radical yields
was quoted by the experimentalists [266], and so the computed ĊH3 radical concentrations may

not be erroneous.

Flame speed predictions previously showed a lesser dependence on the kinetics species larger
than C2. Propyne, allene and propene yields are quite well reproduced in the φ = 1.7 flame

with GC-MS quantification, Figure 7.46 (b). However, measurements with EI-MBMS, Figure
7.46 (d), would indicate that C3H4 yields are under-predicted and that propargyl radical yields

are over-predicted by up to a factor of 7, although one should keep in mind the factor of 2–4
uncertainty in the experimental measurements.

With respect to C4 species, Figure 7.46 (c) and Figure 7.47 (c), 1,3-butadiene yields are quite
well reproduced in both flames, its production stemming from the reaction 25DMF + Ḣ 
 1,3-

C4H6 + CH3ĊO. Vinylacetylene (C4H4) yields are under-predicted in the GC-MS experiments,
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its main production pathway being from the molecular elimination reaction 1,3-C4H6 
 C4H4

+ H2. Diacetylene (C4H2) yields are over-predicted, but has two primary production pathways,

the first being abstraction from C4H4 and subsequent C H β-scission of the i -Ċ4H3 radical, the
second being from the reaction 1,3-C5H6 
 i -Ċ4H3 + ĊH3, again followed by β-scission of the

i -Ċ4H3 radical. In the EI-MBMS experiments, C4H4 remains under-predicted, although C4H2

yields are accurately predicted by the model.

2MF yields are slightly under-predicted in the GC-MS experiments, Figure 7.46 (d), and over-
predicted in the EI-MBMS experiments, Figure 7.47 (e) but generally speaking its production

via the reaction 25DMF + Ḣ 
 2MF + ĊH3 is in good agreement with experiment. Phenol,
formed from thermolysis of 25DMF2R radical, was quantified in the EI-MBMS experiments,

with computed yields in good agreement with experiment. 1,3-cyclopentadiene yields are under-
predicted in both sets of experiments, its production is largely from the sequence 25DMF2R 


CO + CH2 CH ĊH CH CH2 
 1,3-C5H6 + Ḣ.

Methyl vinyl ketone yields are under-predicted by a factor of four in the experiments where
GC-MS is the analytical technique, Figure 7.46 (c), but is over-predicted by up to a factor of

five in EI-MBMS experiments, Figure 7.47 (e). However, its relative abundance compared to
other species is satisfactorily reproduced. It is formed from the reaction sequence 25DMF +

ȮH 
 adduct 
 CH3 C( O) CH CH2 + CH3ĊO.

The mechanism described as part of this work shows good agreement against the experiments

of Togbé and co-workers [266], despite not having undergone optimisation to improve agreement
with these data. The results indicate that although refinements to some kinetic parameters

would improve agreement with the experiment, the high-temperature consumption kinetics of
25DMF are quite reliable. There are four key intermediates which can be linked directly to

25DMF combustion—2-methylfuran, phenol, 1,3-butadiene, and 1,3-cyclopentadiene. Predic-
tions of these intermediates are in quite good agreement with experiment, as are 25DMF mole
fractions. The performance of the mechanism against these data complement the findings of

the previous section whereby re-determinations the experimental laminar burning velocities of
25DMF/air mixtures may be required at this juncture.

7.3 Conclusions

This Chapter presents the development and validation of a detailed kinetic mechanism to de-
scribed 2,5-dimethylfuran pyrolysis and oxidation based on a combination of theoretical lit-
erature studies, newly presented ab initio calculations and by analogy with similar chemical

systems. The mechanism is compared with available literature data, with rate-of-production
and sensitivity analyses used to identify important reaction pathways and kinetic parameters.

The pyrolysis of 2,5-dimethylfuran has previously been investigated experimentally by Lif-
shitz et al. [62] and Somers et al. [248] in shock-tube facilities although the temperature profile

of the Lifshitz et al. was later corrected by Sirjean et al. [257]. The mechanism developed
herein can predict both experiments within their uncertainty, along with yields of major C0–

C5 intermediates. The primary reaction pathways for 2,5-dimethylfuran pyrolysis under these
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Figure 7.47: Secondary combustion intermediates quantified via EI-MBMS in a φ = 1.7 2,5-

dimethylfuran/O2/Ar flame at 40 mbar [266].
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conditions are shown to be:

25DMF + Ḣ 
 25DMF2R + H2

25DMF + ĊH3 
 25DMF2R + CH4

25DMF + Ḣ 
 2MF + ĊH3

25DMF + Ḣ 
 CH2 CH CH CH2 + CH3 Ċ O

Previous experiments on the pyrolysis of 25DMF in a bench scale flow reactor [272] from 873–

1098 K, 1.7 bar and 300–400 ms have also been numerically investigated. Modelling results
show that the consumption mechanism of 25DMF under these conditions is largely the same as

under the shock-tube conditions described above. Despite some initial resolutions being made on
the pyrolysis behavior of 2,5-dimethylfuran, the kinetic mechanism over-predicts the conversion

temperature of the fuel under these flow reactor conditions. There remains an unresolved discord
between the mechanism/higher temperature pyrolysis experiments and these flow reactor results

which is likely to be resolved only through further experiment.
Shock-tube ignition delay times for low-pressure (1–3 atm), dilute 25DMF/O2/Ar mixtures

from the studies of Somers et al. [248] and Sirjean et al. [257] have been modelled with the
mechanism of this work and that of Sirjean et al. [257]. A comparison of the experimental data

shows that the measurements of Sirjean et al. are significantly slower than those of Somers
et al. particularly under fuel-lean conditions—the reasons for this discrepancy are unknown.
Both kinetic mechanisms agree with the Somers et al. experiments within their 20% assigned

uncertainty, but under-predict the ignition delay times of Sirjean et al. as a result.
Shock-tube ignition delay times for stoichiometric mixtures of 2.66% 25DMF in synthetic

air are modelled at 20 and 80 bar for temperatures of 820–1200 K, at measuring times up
to 5 ms. Numerical predictions of these experiments shows good agreement with experiment.

The influence of facility effects are discussed and inclusion of volume-time profiles in numerical
modelling leads to an improved agreement with experiment.

Profiles of reactants, intermediates and products of 25DMF oxidation in a jet-stirred reactor
were modelled from 770–1220 K, at 10 atm, τ = 0.7 s and φ = 0.5–2.0. Newly described reaction

pathways and kinetics for the formation of methyl vinyl ketone, 5-methyl-2-formylfuran and 5-
methyl-2-ethylfuran lead to acceptable prediction of these species. The kinetics of the reactions

25DMF + O2 
 25DMF2R + HȮ2

25DMF + HȮ2 
 25DMF2R + H2O2

25DMF + ȮH 
 Methyl Vinyl Ketone + CH3 Ċ O

25DMF2R + HȮ2 
 CH3 C4H2O CH2 Ȯ + ȮH

25DMF2R + CH3Ȯ2 
 CH3 C4H2O CH2 Ȯ + CH3Ȯ

25DMF2R+ ĊH3 
 CH3 C4H2O CH2 CH3

are highlighted as important variables in the prediction of high-pressure ignition delay times

and jet-stirred reactor profiles.
Further theoretical and experimental studies on these pathways may be of interest to re-

duce uncertainty the rate coefficients assigned herein. Studies on the combustion behavior of
ethyl- and formyl- furans may also be worthwhile as this work now proposes them as important

intermediates in the oxidation of 25DMF, yet experimental and theoretical work is lacking.
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Numerical modelling of these 25DMF/air laminar burning velocities has been carried out
under the conditions of available experimental data [55, 248, 278–280]. Predictions are within

8% of the experiments of Somers et al. [248] from φ = 0.6–1.1. At φ > 1.3, modelling results
deviate further from the experiments, under-estimating SL by ≈ 25% in the worst instances.

Predictions of the experiments of Tian et al. [55] show similar trends, with the best agreement
observed (within ≈ 9%) for fuel-lean to stoichiometric mixtures, with modelling results again

deviating substantially from experiment (up to 20%) under fuel-rich conditions. The model
does not predict the experiments observed by Wu and co-workers [278, 279] with any degree of

accuracy.
Although numerical predictions of Somers et al. and Tian et al. are in less than satisfactory

agreement under fuel-rich conditions, it would appear that the results of Wu [278, 279] are
inconsistent when considered in light of the other experimental measurements modelling work.
Predictions of laminar burning velocities at elevated pressures, also from Wu et al. [280], are in

poor agreement with experiment. Sensitivity analysis do not identify a clear route to resolving
the predictions of burning velocities under fuel-rich conditions. Modelling predictions of the

structure of low-pressure 25DMF/O2/Ar flames [266] shows the mechanism can account very
well for combustion reactants, intermediates and products. Further experiments coupled with

future refinements of the current mechanism are therefore necessary for a better understanding
of the laminar burning velocities of 25DMF-air mixtures.

Engine studies by Daniel et al. [54] have previously detected cyclopentadiene, 2MF, methylvinyl
ketone, benzene and 5-methy-2-ethylfuran in the exhaust gas of a DISI engine fueled with

25DMF—clear pathways to their formation are proposed and validated as part of the kinetic
model developed as part of this work.

In summary, the work presented herein represents the most comprehensive and wide ranging

experimental and kinetic modelling study on the combustion of 2,5-dimethylfuran to date. The
kinetic mechanism can adequately describe a wide range of experimental measurements and

contributes to a fundamental understanding of the combustion of furanic biofuels. However,
further experimental and theoretical work are required to improve our knowledge of the very

interesting chemistry that lies at the root of the reactivity of 2,5-dimethylfuran under the con-
ditions outlined above. In particular, studies of elementary reactions step are advised to refine

estimated kinetic parameters. This study provides a platform for this future work.
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Chapter 8

Conclusions and Recommendations

The development of novel methods to produce furanic biofuels from non-edible waste biomass
[14, 15] has generated great interest from synthetic and combustion chemists alike given their

promise as fossil fuel replacements in the transportation sector [47, 49–53]. At the outset of
this work the literature was greatly lacking with respect to knowledge of the mechanistic and
kinetic aspects of their combustion chemistry. This deficit has been addressed via the detailed

theoretical studies carried out herein.

A combination of quantum chemistry and statistical kinetic theories have been applied to

study the potential energy surfaces, kinetics and thermodynamics of promising furanic platform
chemicals, and the biofuel candidates 2-methylfuran (2MF) and 2,5-dimethylfuran (25DMF).

The formation enthalpies of ≈ 40 polyoxygenated furan derivatives which may form the basis

of future bio-refineries have been determined using the CBS-QB3, CBS-APNO and G3 model
chemistries in tandem with isodesmic reaction and atomisation techniques. Good agreement with

experimental measurements was observed where they existed in the literature, although future
work should aim to reconcile theory and experiment for 2-formylfuran, 2-hydroxymethylfuran,
5-hydroxy-2-formylfuran and 2,5-dimethyl-3-furoic acid. The atomisation method was shown to

produce remarkably good agreement with the more accurate isodesmic reaction method, with
the two techniques shown to correlate via ∆fH

−◦ (atomisation) = ∆fH
−◦ (isodesmic) + 0.24 kJ

mol−1.

The reasons for this linear correlation are discussed in detail. It would appear that a combi-
nation of the CBS-QB3, CBS-APNO and G3 methods introduces an error-cancellation effect in

the atomisation calculations carried out. This error-cancellation is not observed if only one of
these compound methods is used in isolation. It is recommended that the combination of these

three methods be benchmarked against a test-set of well-known formation enthalpies to assess
the applicability of such a “super-compound” method for the determination of cost-effective yet

accurate gas phase formation enthalpies. A set of group-additivity rules were also developed for
alkyl- and oxyfurans and their radicals. They were capable of replicating high-level theoretical

results to within −0.41± 4.69 kJ mol−1 for formation enthalpies, −0.17± 3.44 J mol−1 K−1 for
entropies and from 0.02± 1.48 J mol−1 K−1 at 300 K, to 0.02± 0.76 J mol−1 K−1 at 2000 K,

for heat capacities.

Quantum chemistry (QC), Transition State Theory (TST), and Rice-Ramsperger-Kassel-
Marcus (RRKM) theory with energy grained Master Equation (ME) analysis were used to in-

vestigate the thermal decomposition pathways of 2MF and the 2-furanylmethylradical (2MF2R),
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and the reactions of Ḣ atoms and ĊH3 radicals with 2MF, and ultimately to derive temperature-
and pressure-dependent rate constants, k(T, p). The potential energy surfaces for these reaction

pathways were shown to exhibit a complex mechanistic behavior, with several isomerisation
steps typically required to open and fragment the stable furan ring.

k(T, p) were derived using two RRKM/ME codes with less than a factor of two difference
observed in k(T, p) between the MultiWell and ChemRate packages. The ChemRate code

out-performed the MultiWell code by orders of magnitude (hours vs weeks) in terms of CPU
time. The TST/RRKM/ME results formed the basis of a detailed chemical kinetic model for

2MF which showed excellent agreement with pyrolysis, ignition delay time, laminar flame veloc-
ity, and flame speciation measurements. The dominant unimolecular decomposition reactions

of 2MF were shown to be:

2MF 
 CH3 C( O) CH C CH2 
 CH3 Ċ O + ĊH C CH2

2MF 
 O CH CH C CH CH3 
 CO + CH C CH2 CH3

The kinetics of the following reactions were highlighted as being important in the oxidation of
2MF at temperatures above 1000 K:

2MF + Ḣ 
 2MF2R + H2

2MF + ȮH 
 2MF2R + H2O

2MF + ĊH3 
 2MF2R + CH4

2MF + O2 
 2MF2R + HȮ2

2MF + Ḣ 
 Furan + ĊH3

2MF + Ḣ 
 CH3 C( O) ĊH CH CH2

2MF + Ḣ 
 Vinyl Ketene + ĊH3

It is recommended that the reaction of 2MF with O2 be investigated with multi-reference QC

methods to reduce the uncertainty in the rate constant recommended as part of this work.
The primary consumption pathway of the 2MF2R radical was found to be through a 3–4 step

isomerisation:
2MF2R 
 CH2 CH CH ĊH + CO

A detailed chemical kinetic model for 25DMF has been constructed and validated based on
TST/RRKM/ME computations available in the literature, or carried out as part of this work.

The mechanism showed good agreement with shock-tube pyrolysis data. Based on the modelling
results, pyrolysis experiments in a flow reactor [272] could be in error due to possible catalytic

reaction.
High-temperature low-pressure ignition delay time measurements from the Combustion Chem-

istry Centre laboratory [248] were shown to be well-captured by the kinetic mechanism, although

the mechanism could not reproduce measurements under similar conditions from the litera-
ture [257]. Attempts to resolve the discrepancy between model and experiment via alteration of

the kinetic parameters in the 25DMF mechanism were unsuccessful, although the experimental
analysis clearly showed the two different sets of experimental data were also in discord. It is

unclear why these data differ in terms of the measured ignition delay times.
Laminar burning velocities measured via the heat-flux method [248] and in combustion

vessels [55, 278–280] were numerically modelled and interpreted using the kinetic mechanism.

334



Measured atmospheric-pressure burning velocities were shown to be in poor agreement, which
is likely the result of the experimental methods used. The kinetic mechanism showed good

agreement with two sets of experiments from φ = 0.65–1.0. However, at φ>1.0, the kinetic model
tended to under-predict the flame speed and the numerical results were outside the reported

experimental uncertainty. Again, attempts to resolve the discrepancies by altering the kinetics of
the reactions of Ḣ atom or ȮH radical with 25DMF were unsuccessful. Future work should aim

to resolve the differences in experimental laminar burning velocity measurements of 25DMF/air
mixtures before an optimisation of the kinetic mechanism can be performed proPerly.

Despite the poor agreement observed between the kinetic mechanism and laminar flame speed
measurements, the mechanism could quite accurately capture flame speciation measurements

[266] as a function of distance from the burner plate, thus indicating that the mechanism does
have the ability to predict the structure of 25DMF flames.

Whilst the 2MF mechanism developed as part of this work showed excellent agreement with
all experiments, there are remaining discrepancies between experimental and modelling results

for 25DMF oxidation. Future experimental and theoretical work should aim to remedy this
problem.

Like 2MF, the dominant consumption pathway of 25DMF was mediated through an acyclic
isomer of the fuel:

25DMF 
 CH3 C( O) CH C CH CH3 
 CH3 Ċ O + ĊH C CH CH3

The kinetics of the following reactions were highlighted as being important in the oxidation of
25DMF at temperatures above 1000 K:

25DMF + Ḣ 
 25DMF2R + H2

25DMF + ȮH 
 25DMF2R + H2O

25DMF + ĊH3 
 25DMF2R + CH4

25DMF + Ḣ 
 2MF + ĊH3

25DMF + Ḣ 
 CH2 CH CH CH2 + CH3 Ċ O

The 25DMF2R radical is primarily consumed via a complicated multi-step process leading to:

25DMF2R 
 C6H5OH + Ḣ

25DMF2R 
 Ċ5H7 + CO

where C6H5OH and the cyclopentadienyl radical (Ċ5H7) can be lead to the formation of 1,3-
cyclopentadiene, benzene and other precursors of soot, which has definite ramifications for its

viability as a biofuel. The 25DMF mechanism has also been validated against intermediate-
temperature (700–1200 K) and high-pressure (10–80 bar) jet-stirred reactor and ignition delay

experiments. The intermediate-temperature oxidation pathways are shown to be quite different
from the high-temperature data described above, in particular the stable 25DMF2R radical is

shown to undergo bimolecular reactions rather than unimolecular decomposition. The kinetics
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of the reactions:

25DMF + O2 
 25DMF2R + HȮ2

25DMF + HȮ2 
 25DMF2R + H2O2

25DMF + ȮH 
 Methyl Vinyl Ketone + CH3 Ċ O

25DMF2R + HȮ2 
 CH3 C4H2O CH2 Ȯ + ȮH

25DMF2R + CH3Ȯ2 
 CH3 C4H2O CH2 Ȯ + CH3Ȯ

25DMF2R+ ĊH3 
 CH3 C4H2O CH2 CH3

are highlighted as important variables in the prediction of high-pressure ignition delay times

and jet-stirred reactor profiles. It is recommended that detailed quantum chemical studies are
performed to reduce the uncertainty in the rate constants estimated above.

Whilst the kinetic mechanisms validated for 2MF and 25DMF as part of this work provide

a strong foundation for future studies combustion studies on these compounds, refinements are
likely necessary and further experimental and quantum chemical work is likely necessary. This

work provides a basis for future studies on the combustion of these interesting chemical species.
In particular, a validation of the 2MF mechanism from 700–1000 K through speciation measure-

ments in jet-stirred or flow reactors should provide insightful information on its combustion.
Of note also is that 2MF, methyl vinyl ketone (CH3 C( O) CH CH2), 1,3-cyclopentadiene

and 5-methyl-2-ethylfuran (CH3 C4H2O CH2 CH3) were all recently detected in the exhaust
emissions of a single cylinder DISI engine [54]. Clear paths to their formation are proposed in

this work thus giving credence to the results presented herein. 5-methyl-2-formylfuran was not
detected in these engine studies but based on modelling results, it may be as abundant to 5-
methyl-2-ethylfuran during the combustion of 25DMF. Similarly, based on the kinetic models

constructed herein, 2-formylfuran and 2-ethylfuran are likely intermediates in the combustion
of 2MF under similar conditions, although direct experimental measurement of these species

in engines or laboratory reactors are lacking in the literature. Engine tests on 2MF, similar
to those carried out for 25DMF [54] may be of interest, as should studies on the combustion,

atmospheric, and toxicological properties of formylfurans and ethylfurans.
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[196] M.V. Roux, M. Temprado, P. Jiménez, J.Pérez-Parajón, R. Notario, J. Phys. Chem. A,
2003, 107, 11460–11467.

[197] R. Notario, M. Temprado, M.V. Roux, J.F. Liebman, J. Phys. Chem. A., 2012, 116,
4363–4370.

[198] A.F.L.O.M. Santos, M.A. V. Ribeiro da Silva, J. Phys. Chem. A., 2011, 115, 12549–12557.

[199] A.F.L.O.M. Santos, J.R.B. Gomes, M.A. V. Ribeiro da Silva, J. Phys. Chem. A., 2009,
113, 3630–3638.

[200] C. Hansch, A. Leo, R.W. Taft, Chem. Rev., 1991, 91, 165–195.

346



BIBLIOGRAPHY

[201] J.E. Carpenter, F. Weinhold, J. Mol. Struct. (Theochem), 1988, 169, 41–62.

[202] J.M. Simmie, H.J. Curran, J. Phys. Chem. A, 2009, 113, 5128–5137.

[203] W.K. Metcalfe, J.W. Bozzelli, J.M. Simmie, H.J. Curran, W5P015, International Sympo-
sium on Combustion, China, 2010.

[204] S.W. Benson, J.H. Buss, J. Chem. Phys, 1958, 29, 546–572.

[205] S.W. Benson, Thermochemical Kinetics Methods for the Estimation of Thermochemical
Data and Rate Parameters, John Wiley & Son, New York, 1976.

[206] S.M. Burke, Development of a Chemical Kinetic Mechanism for Small Hydrocarbons,
Ph.D. Thesis, School of Chemistry, National University of Ireland, Galway, 2013.

[207] Microsoft. Microsoft Excel. Redmond, Washington: Microsoft, 2010. Computer Software.

[208] K.P. Somers, J.M. Simmie, F. Gillespie, U. Burke, J. Connolly,W.K. Metcalfe, F. Battin-
Leclerc, P. Dirrenberger, O. Herbinet, P.-A. Glaude, H.J. Curran, Proc. Combust. Inst.,

2013, 34, 225–232.

[209] K.P. Somers, J.M. Simmie, W.K. Metcalfe, H.J. Curran, Phys. Chem. Chem. Phys, 2014,
16, 5349–5367.

[210] K. Sendt, G.B. Backsay, J.C. Mackie, J. Phys. Chem. A, 2000, 104, 1861–1875.

[211] L.B. Harding, S.J. Klippenstein, J. Phys. Chem. A, 2007, 111, 3789–3801.

[212] Y.-R. Luo. Comprehensive Handbook of Chemical Bond Energies, CRC Press, Boca Raton,

FL, 2007, p. 41.

[213] M.A. Oehlschlaeger, D.F. Davidson, R.K. Hanson, Combust. Flame, 2006, 147, 195–208.

[214] W.K. Metcalfe, S. Dooley, F.L. Dryer, J. Phys. Chem. A., 2011, 25, 4915–4936.

[215] A. Hoffman, M. Klatt., H.Gg. Wagner, Z. Phys. Chem., 1990, 168, 1–12.

[216] H.H. Carstensen, A.M. Dean, Proc. Combust. Inst., 2005, 30, 995–1003.

[217] R. Bounaceur, I. Da Costa, R. Fournet, F. Billaud, F. Battin-Leclerc, Int. J. Chem. Kin,
2005, 37, 25–49.

[218] H. Wang, K. Brezinsky, J. Phys. Chem. A, 1998, 102, 1530–1541.

[219] X. Wu, Z. Huang, T. Yuan, K. Zhang, L. Wei, Combust. Flame., 2009, 156, 365–376.

[220] L. Wei, Z. Li, L. Tong, Z. Wang, H. Jin, M. Yao, Z. Zheng, C. Wang, H. Xu, Energy Fuels,

2012, 26, 6651–6660.
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Appendix A

ChemDis Input Files

A.1 C2H6 → ĊH3 + ĊH3

Chemdis

FITRANGE

Temp

13 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Pres

8 0.01 0.1 1. 2 5 10. 20 50

Dissoc

Mass

30.07

Parameters

4.39 234

COLLIDER

!ar

1. 39 3.47 114 355

Exp

1.0

INT

0.1

WELL 1

C2H6

Freq ’s (#, freq in cm-1, degeneracy)

3 607.2 3.809

1486.7 8.976

3277.9 4.715

PRODUCT

CH3+CH3

5.95233E+25 -2.81931 0.0 90.159

END
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A.2 C3H8 → Ċ2H5 + ĊH3

Chemdis

FITRANGE

Temp

13 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Pres

8 0.01 0.1 1. 2 5 10. 20 50

Dissoc

Mass

44.1

Parameters

4.94 275

COLLIDER

!ar

1. 39 3.47 114 627

Exp

1.0

INT

0.1

WELL 1

C3H8

Freq ’s

3 447.2 5.798

1348.3 13.586

3250.6 6.616

PRODUCT

C2H5+CH3

1.35811E+25 -2.46629 0.0 88.986

END

A.3 n-C4H10 → Products

Chemdis

FITRANGE

Temp

13 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Pres

8 0.01 0.1 1. 2 5 10. 20 50

Dissoc

Mass

58.12

Parameters

5.40 307

COLLIDER
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A.4. I-C4H10 → I-Ċ3H7 + ĊH3

!ar

1. 39 3.47 114 619

Exp

1.0

INT (integration interval in kcal)

0.1

WELL 1

nC4H10

Freq ’s

3 250.4 6.185

1134.5 17.372

2808.9 10.943

PRODUCT

C2H5+C2H5

1.355e+037 -6.036 0.0 92.9290

PRODUCT

C3H7+CH3

6.600e+052 -10.626 0.0 100.3300

END

A.4 i-C4H10 → i-Ċ3H7 + ĊH3

Chemdis

FITRANGE

Temp

13 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Pres

8 0.01 0.1 1. 2 5 10. 20 50

Dissoc

Mass

58.12

Parameters

5.39 298

COLLIDER

!ar

1. 39 3.47 114 343.5

Exp

1.0

INT

0.1

WELL 1

iC4H10

Freq ’s

3 250.4 3.632
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863.3 15.426

2303.7 15.443

PRODUCT

CH3+IC3H7

2.520e+031 -4.102 0.0 91.4950

END

A.5 ĊH2OCH3 → CH2O + ĊH3

Chemdis

FITRANGE

Temp

13 500. 600. 700. 800. 900. 1000. 1100. 1200 1300 1400 1500 1600 1700

Pres

8 0.001 0.01 1.0 2.0 10.0 20.0 50.0 100.0

Dissoc

Mass

45.06

Parameters

4.71 296.6

COLLIDER

!N2

1. 28 3.681 67.89 260

Exp

0.88

INT

0.5

WELL 1

ch3och2

Freq ’s

3 565.0 5.456

1478.3 6.768

3158.8 5.276

PRODUCT

ch3+ch2o

2.36E+11 0.73 0 25.50

END

A.6 C3H6 + Ḣ → Products

A.6.1 Internal Addition

Chemdis

FITRANGE

Temp
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A.6. C3H6 + Ḣ → PRODUCTS

14 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Pres

5 0.0013 0.039 1.0 10.0 100.0

Dissoc

Chemact

Mass

43.0

Parameters

3.96 236

COLLIDER

!N2

1. 28 3.681 67.89 34

Exp

1

INT (integration interval in kcal)

0.5

INPUT

8.268E+11 0.57 0.0 4.2

WELL 1

NC3H7

Freq ’s

3 577.2 7.827

1497.8 8.967

3211.1 6.206

REACTANT

C3H6+H

3.850E+10 0.97 0.0 3.580E+01

PRODUCT

C2H4+CH3

3.024E+10 1.05 0.0 3.070E+01

ISOMER

IC3H7

3.56E+10 0.88 0.0 37.300

END

WELL 2

IC3H7

Freq ’s

3 544.9 6.897

1581.7 10.581

3284.8 5.522

PRODUCT

C3H6+H

3.095E+09 1.62 0.0 3.710E+01

ISOMER

NC3H7
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4.987E+11 0.66 0.0 4.100E+01

END

A.6.2 External Addition

Chemdis

FITRANGE

Temp

14 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Pres

5 0.0013 0.039 1.0 10.0 100.0

Dissoc

Chemact

Mass

43.0

Parameters

3.96 236

COLLIDER

!N2

1. 28 3.681 67.89 97

Exp

1.0

INT

0.5

INPUT

5.505E+10 1.13 0.0 2.400

WELL 1

IC3H7

Freq ’s

3 544.9 6.897

1581.7 10.581

3284.8 5.522

REACTANT

C3H6+H

3.095E+09 1.62 0.0 3.710E+01

ISOMER

NC3H7

4.987E+11 0.66 0.0 4.100E+01

END

WELL 2

NC3H7

Freq ’s

3 577.2 7.827

1497.8 8.967
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A.6. C3H6 + Ḣ → PRODUCTS

3211.1 6.206

ISOMER

IC3H7

3.56E+10 0.88 0.0 37.3

PRODUCT

C3H6+H

3.850E+10 0.97 0.0 3.580E+01

PRODUCT

C2H4+CH3

3.024E+10 1.05 0.0 3.070E+01
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Appendix B

Perl Codes

B.1 GEOM 2 GJF.pl

#! c :\ Strawberry \Pe r l\bin\ pe r l −w
use s t r i c t ;

# Author : Kieran P. Somers , Combustion Chemistry Centre , NUI Galway ,
# Contact : kieransomers87@gmail . com

########################################################################################################
# VERSION HISTORY AND INSTRUCTIONS #
########################################################################################################
# v3 I s the f i r s t r e a l working ve r s i o n . I t i n c l ude s SPE fo r Compound Methods ,
# Scans and s imp le op t im i z at i on s and some e r ror−proo f i ng f o r input
# v4 Now c re a te s separate .GJF f i l e s f o r a l l s c an s and runs i nd i v id ua l l y from a s in g l e . pbs .
# PBS then concatenate s i nd i v idu a l sc an s i n to 1
# which should a l l ow f or the sending o f i nd i v i d ua l sc an s to gauss2lamm in fu tu re
# v5 Doesn ’ t p r i n t chkpoint to avoid e r r or i f f i l e s s t a r t s with number .
# Updated to inc l ude f r e q=h inde red rotor and s c a l e f a c t o r s f o r CPD methods
# Pr in t s SPE j obs to sepe rat e f i l e s now f or each method used to make ext rac t i on o f data e a s i e r .
# Removed p r in t i ng o f −− l i nk1−− to improve ease o f e x t ra c t i o n
# of data . No l o n te r c oncatenates sc an s to a s i n g l e f i l e , th i s was p o in t l e s s .
# v6 Removed s c a l e f a c t o r s and f r e q=h inde red rotor
# v7 Pr in t s ba s i s s e t i n f i l e names
# v8 Ref ined keyword input f o r compound methods ,
# added de f a u l t T1 d i a gn os t i c c a l cu l a t i o n f o r QB3, APNO, G3 , G4
# removed p r in t i ng o f bas i s s et to PBS f o r s uc c i n c t f i l e name s on ICHEC ( too long f or JMS ta s t e s )
# added CCSD(T,T1DIAG) and QCISD(T,T1DIAG) to l i s t o f non−compound methods so that T1 d i ags can
# be run on old s t r uc t u r e s
# Added the opt i on to s pe c i f y the number o f p ro ce s so r s and memory f or
# ca l c u l at i on ( u s e f u l f o r desktop runs ) , e n su re s that %nproc i s alway s p e c i f i e d so that
# GAUSS 2 MULT and CPDEXTRACT codes can par se output f i l e s
# Corrected smal l e r r or i n f i l e name p r in t i n g f o r non−compound methods ,
# the ”SCAN” was appended to the f i l e name s o f non−scan j ob s i n v7 .

##########################################################
# INSTRUCTIONS #
##########################################################
# 1 . DOUBLE CLICK TO RUN, FOLLOW BUILT−IN INSTRUCTIONS FROM THERE−ON

##########################################################
# DEFINE DATE/TIME FOR AUDITING #
##########################################################
my ( $sec , $min , $hour , $mday , $mon , $year , $wday , $yday , $ i sd s t ) = loc a l t im e ;
$year += 1900 ;
$mon += 1;
my $datetime = sp r in t f " %02 d /%02 d /%04 d  %02 d :%02 d :%02 d " , $mday , $mon , $year , $hour , $min , $se c ;

##########################################################
# DEFINE ACCOUNT DETAILS #
##########################################################
my $account = " n ui g0 1 " ; #ACCOUNT
my $q = " nuig " ;
my $email = " x . y \ @e ma il . ext " ; # MUST BACKSLASH ESCAPE @ SYMBOL

##########################################################
# PRINT TITLE BLOCK FOR USERS #
##########################################################

pr in t " ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! " ;
p r i n t " !                                                                               ! " ;
p r i n t " !   THIS  S CR IP T  C RE AT E S :                                                         ! " ;
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pr in t " !   A )  GA U SS I A N  IN PUT  F IL ES                                                      ! " ;
p r i n t " !   B )  C O R RE S P O N D I N G  PBS  F ILE S                                                   ! " ;
p r i n t " !                                                                               ! " ;
p r i n t " !   = > COPY  YOUR  G EO M E TR Y  TO  ’ geom . inp ’                                           ! " ;
p r i n t " !   = > PUT  D I H ED R AL  ATO MS  IN  ’ scan . inp ’  IF  YOU  WISH  TO  P ER F OR M  SC AN S              ! " ;
p r i n t " !                                                                               ! " ;
p r i n t " !   YES  OR  NO  QU E S TI O N S  CAN  BE  A NS W E RE D  WITH  ’ YES / y / NO / n ’  etc .                   ! " ;
p r i n t " !   AN S WE R S  ARE  CASE  I N S E N S IT I V E                                                 ! " ;
p r i n t " !                                                                               ! " ;
p r i n t " ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! \ n \ n " ;

##########################################################
# DEFINE KEYWORDS #
##########################################################

no warnings ;
# DEFINE COMPOUND METHODS, ADD METHODS AS APT.
my @cpd = qw/CBS−QB3 CBS−APNO G2 G3 G4 G3B3 W1U W1BD W1RO/;
#DEFINE DFT/AB INITIO METHODS, ADD METHODS AS APT.
my @opt = qw/HF B3LYP BMK MP2 MP3 MP4 M062X CCSD(T,T1DIAG) QCISD(T,T1DIAG)/ ;
#DEFINE BASIS SET , ADD BASIS SETS AS APT.
my @bas i s s e t = qw/6−31G(D,P) 6−31+G(D,P) 6−311G(D,P) 6−311+G(D,P) CBSB7 6−31+G(2 df , p ) / ;
my $opt keywords =’ ’ ;
my $scan keywords = ’ ’ ;
my $ i = 0;
my $nproc=8; # DEFAULT NUMBER OF PROCESSORS
my $mem=12; # DEFAULT MEMORY ALLOCATION IN GB
#my %s ca l e f a c t o r = ( ’CBS−QB3 ’ , 0 . 99 , # CAN ADD SCALE FACTORS
# ’G3 ’ , 1 . 00 , # TO THESE HASH ARRAY
# ’CBS−APNO ’ , 1 . 00 , # FOR COMPOUND METHODS
# ’G2 ’ , 1 . 00 , # THIS IS NOW NOT RECOMMENDED
# ’G4 ’ , 1 . 00 , # BY AUTHOR AS THIS LED
# ’G3B3 ’ , 1 . 00 , # TO DOUBLE SCALING OF
# ’W1U’ , 1 . 00 , # FREQUENCIES FOR ZPE AND
# ’W1RO ’ , 1 . 00 , # THERMAL CORRECTIONS
# ’W1BD’ , 1 . 00 , # SCALING IS CARRIED OUT
# ) ; # IN EXTRACTION CODES NOW
my $ f r e q s c a l e = ’ ’ ;
my $u = ’ ’ ;
use warnings ;

##########################################################
# CHECK FOR GEOMETRY FILE WITH X, Y, Z CO−ORDINATES #
##########################################################
open (GEOM, " geom . inp " ) ;
chomp(my @geom = <GEOM>);
c l o s e (GEOM) ;
my $ i n p u t f i l e=’ geom . inp ’ ;
d i e " $i n p u t _ fi l e  not  pr e se nt  in  wo rk i ng  d ir e c to r y !!.\ n "

un l e s s −e $ i n p u t f i l e ;

##########################################################
# ENTERING NUMBER OF PROCESSORS AND MEMORY ALLOCATION #
##########################################################
pr in t " \ n EN TE R  N UM BE R  OF  P R OC E S S OR S  ( PR ESS  E NT ER  FOR  D EF A UL T =8)\ n " ;
p r i n t " = > " ;
chomp ( $nproc = <STDIN>);
$nproc =˜ s /ˆ\ s +//; # REMOVES WHITE SPACE FROM BEGINNING OF STRING
$nproc =˜ s /\ s+$ // ; # REMOVES WHITE SPACE FROM END OF STRING

i f ( $nproc eq ’ ’ ){ # I f no . p ro ce s so r s i s undef ined , go to de f au l t
$nproc = 8 ;

}

pr in t " \ n EN TE R  M EM OR Y  A L L OC A T I ON  ( N UM BE R  ONLY ,  GB = AUTO ,  P R ESS  E NT ER  FOR  D EF A UL T =1 2) \ n " ;
p r i n t " = > " ;
chomp ($mem = <STDIN>);
$mem =˜ s /ˆ\ s+//; # REMOVES WHITE SPACE FROM BEGINNING OF STRING
$mem =˜ s /\ s+$ // ; # REMOVES WHITE SPACE FROM END OF STRING

i f ($mem eq ’ ’ ){ # I f memory i s undef ined , go to de f a u l t
$mem = 12;

}

##########################################################
# ENTER FILE TITLE−USUALLY THE NAME OF THE COMPOUND ONLY #
##########################################################
pr in t " \ n EN TE R  S PE C IE S  NAME / FILE  I D EN T I F IE R  ( E . G .  E T HA N OL  OR  C 2 H 5 O H _ D E H Y D R A T I O N  ETC .):\ n " ;
p r i n t " = > " ;
chomp (my $spe c i es name = <STDIN>);
$ spe c ies name =˜ s /ˆ\ s +//; # REMOVES WHITE SPACE FROM BEGINNING OF STRING
$spe c ies name =˜ s /\ s+$ // ; # REMOVES WHITE SPACE FROM END OF STRING
$spe c ies name =˜ s /\ s+/ /g ; # REMOVES WHITE SPACE FROM MIDDLE OF STRING, REPLACES WITH UNDERSCORE

##########################################################
# ENTER CHARGE AND MULTIPLICITY #
##########################################################
pr in t " \ n EN TE R  C HA RG E :\ n " ;
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pr in t " = > " ;
chomp (my $charge = <STDIN>);
$charge =˜ s /ˆ\ s+//; # REMOVES WHITE SPACE FROM BEGINNING OF STRING
$charge =˜ s /\ s+$ // ; # REMOVES WHITE SPACE FROM END OF STRING

i f ( $charge ! ˜ m/ˆ\d/ i ){
whi l e ( $charge ! ˜ m/ˆ\d/ i ){
pr in t " \ n C HA R GE  MUST  BE  A  NUMBER ,  P LE AS E  EN TE R  CH AR GE :\ n " ;
p r i n t " = > " ;
chomp ( $charge = <STDIN>);

$charge =˜ s /ˆ\ s+//; # REMOVES WHITE SPACE FROM BEGINNING OF STRING
$charge =˜ s /\ s+$ // ; # REMOVES WHITE SPACE FROM END OF STRING
}

}

pr in t " \ n EN TE R  M U L T I P LI C I T Y :\ n " ;
p r i n t " = > " ;
chomp (my $mult = <STDIN>);
$mult =˜ s /ˆ\ s+//; # REMOVES WHITE SPACE FROM BEGINNING OF STRING
$mult =˜ s /\ s+$ // ; # REMOVES WHITE SPACE FROM END OF STRING

i f ( $mult !˜ m/ˆ\d/ i ){
whi l e ( $mult ! ˜ m/ˆ\d/ i ){
pr in t " \ n MU L T I P L I C I TY  MUST  BE  A  NUMBER ,  PL EA SE  E NT ER  MU L T I P L I CI T Y :\ n " ;
p r i n t " = > " ;
chomp ( $mult = <STDIN>);

$mult =˜ s /ˆ\ s+//; # REMOVES WHITE SPACE FROM BEGINNING OF STRING
$mult =˜ s /\ s+$ // ; # REMOVES WHITE SPACE FROM END OF STRING
}

}

i f ( $mult > 1){
$u = " u " ; # ADD ‘U’ BEFORE METHOD IF SPECIES IS OPEN SHELL

}
e l s e {

$u = ’ ’ ;
}

##########################################################
# TRANSITION STATE KEYWORD DEFINITION #
##########################################################
pr in t " \ nIS  S T R UC T U R E  A  TR A N S IT I O N  STATE ,  YES  OR  NO ?\ n " ;
p r i n t " = > " ;
chomp (my $t s = <STDIN>);
$ t s =˜ s /ˆ\ s+//; # REMOVES WHITE SPACE FROM BEGINNING OF STRING

i f ( $t s ! ˜ m/ˆ( y | n)/ i ){
whi l e ( $t s ! ˜ m/ˆ( y | n)/ i ){
pr in t " \ n \ n \ nYOU  MUST  D EF IN E  NA TU R E  OF  S TA T I O NA R Y  P OI NT !\ n " ;
p r i n t " \ nIS  ST R U CT U R E  A  T RA N S I TI O N  STATE ,  YES  OR  NO ?\ n " ;
p r i n t " = > " ;
chomp ( $t s = <STDIN>);

$ t s =˜ s /ˆ\ s+//; # REMOVES WHITE SPACE FROM BEGINNING OF STRING
}

}

i f ( $ t s =˜ m/ˆY/ i ){ # DEFINE KEYWORDS FOR OPT/SCAN IF USER INDICATES IT IS A TS
$opt keywords = " opt =( tight , ma xc yc =500 , ts , calcfc , n o e i g en t e s t ) " ;
$scan keywords = " opt =( tight , ma xc y c =500 , ts , calcfc , n oe ig en te st , m o d re d u n d a n t )  n os ym m " ;
$ spe c ies name = " $ s p e c ie s _ n a m e " . " _TS " ;

}
e l s e { # IF NOT A TS, REVERT TO DEFAULT KEYWORDS FOR OPT/SCAN
$opt keywords = " opt =( tight , ma xc yc =5 00 ) " ;
$scan keywords = " opt =( tight , ma xc y c =500 , m o d r ed u n d a n t )  n o sy mm " ;

}

##########################################################
# CREATE A SINGLE POINT ENERGY CALC. WITH CPD. METHOD #
##########################################################
pr in t " \ nDO  YOU  WANT  SPE  C A LC U L A T I ON  WITH  C O MP O U ND  ME TH OD ( S ) ,  YES  OR  NO ?:\ n " ;
p r i n t " = > " ;
chomp (my $spe = <STDIN>);
p r i n t " \ n \ n " ;

i f ( $spe ! ˜ m/ˆ( y |n)/ i ){
whi l e ( $spe ! ˜ m/ˆ( y |n)/ i ){
pr in t " \ n \ n \ nDO  YOU  WANT  SPE  C A L C UL A T I O N  WITH  C O M PO U ND  ME TH OD ( S ) ,  YES  OR  NO ?!\ n " ;
p r i n t " = > " ;
chomp ( $spe = <STDIN>);

$spe =˜ s /ˆ\ s+//; # REMOVES WHITE SPACE FROM BEGINNING OF STRING
}

}

i f ( $spe =˜ m/ˆY/ i ){
my $i = 0;

f o r ( $ i = 0 ; $ i < @cpd ; $ i++){
my $j = $ i +1;
p r i n t " $j \)  $cpd [ $i ]\ n " ;
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}

pr in t " \ n \ n SE LE C T  C OM P O UN D  M ET HO D ( S )  FROM  LIST  ( SP ACE  SE P A RA T E D  N UM B ER S ):\ n " ;
p r i n t " = > " ;
chomp (my $methods = <STDIN>);
my @selected methods = s p l i t (/\ s+/,$methods ) ;

p r i n t " \ n " ;
f o r e ach my $se l e c t ed me thods ( @selected methods ){

i f ( $ se l e c t ed me thods ! ˜ m/\d/ i ) {
un t i l ( $se l e c t ed me thods =˜ m/\d/ i ){
pr in t " \ n $ s e l e c t e d _ m e t h o d s )  IS  NOT  IN  LIST  OF  METHODS ,  EN TER  M E TH OD  A GAI N :\ n " ;

f o r ( $ i = 0 ; $ i < @cpd ; $ i++){
my $j = $ i +1;
p r i n t " $j \)  $cpd [ $i ]\ n " ;

}
pr in t " = > " ;
chomp ( $se l e c t ed me thods = <STDIN>);
}

}
i f ( $ se l e c t ed me thods > @cpd ){
un t i l ( $se l e c t ed me thods <= @cpd ){
pr in t " \ n $ s e l e c t e d _ m e t h o d s )  IS  NOT  IN  LIST  OF  METHODS ,  EN TER  M E TH OD  A GAI N :\ n \ n " ;

f o r ( $ i = 0 ; $ i < @cpd ; $ i++){
my $j = $ i +1;
p r i n t " $j \)  $cpd [ $i ]\ n " ;

}
pr in t " = > " ;
chomp ( $se l e c t ed me thods = <STDIN>);
}

}
i f ( ( $se l e c t ed me thods ! ˜ m/\d/ i ) | ( $se l e c t ed me thods > @cpd ) ){
pr in t " \ n \ n \ nYOU  DO  NOT  DE S ER V E  TO  USE  THIS  CODE ,  PL EA SE  D EL E TE  IT \ n \ n " ;
}

}

my %se l e c t ed me thods = map { $ , 1 } @selected methods ;
@selected methods = keys %se l e c t ed me thods ;

##########################################################
# CREATES .PBS FILE HEADERS FOR SPE CALCULATION #
##########################################################

open (PBS , " > $ s p e ci e s _ n a m e " . " _SPE . pbs " ) ;
p r i n t PBS " #!/ bin / bash  \ n " ;
p r i n t PBS " # PBS  - N  $s p e c i e s _ n am e " . " _SPE  \ n " ;
p r i n t PBS " # PBS  - l  no de s =1: ppn =8 , w al l t im e = 2 4 0: 0 0 : 0 0  \ n " ;
p r i n t PBS " # PBS  - r  n  \ n " ;
p r i n t PBS " # PBS  - A  $ a cc o u nt  \ n " ;
p r i n t PBS " # PBS  - M  $ em ai l                   \ n " ;
p r i n t PBS " # PBS  - m  ea  \ n " ;
#pr in t PBS ”#PBS −q $q \n \n” ;
p r i n t PBS " cd  \ $ P B S _ O _ W O R K D I R  \ n  \ n " ;
p r i n t PBS " u li mi t  - Ss  1 04 8 57 6  \ n " ;
p r i n t PBS " u li mi t  - Sl  5 24 28 8   \ n  \ n " ;
p r i n t PBS " m od ul e  load  g a u ss i an  \ n  \ n " ;
p r i n t PBS " e xp or t  T RA P _ FP E =\ "\ "  \ n " ;
p r i n t PBS " e xp or t  M P _ S T A C K _ O V E R F L O W =\" ON \"  \ n  \ n  \ n " ;
p r i n t PBS " date \ n " ;

##########################################################
# CREATES .GJF FOR SPE CALC. AND ALTERS .PBS FILE #
##########################################################
fo r ( $ i = 0 ; $ i < @selected methods ; $ i++) {

my $j = $se l e c t ed me thods [ $ i ]−1;
#$ f r e q s c a l e = $ s c a l e f a c t o r {$cpd [ $ j ] } ; # NOT DEFINED ANYMORE
my $chk = " % chk = $ s pe c i e s _ n a m e " . " _ $c pd [ $j ]. chk " ;
my $l ink commands = " % mem = $mem " . " GB \ n % n pro c = $n pr o c \ n " ;

open (GJF , " > $ s p e ci e s _ n a m e " . " _$ cpd [ $j ]. gjf " ) ;
p r i n t GJF " $chk \ n $ l i n k_ c o m m a n d s " ;

i f ( $cpd [ $ j ] =˜ /ˆCBS−QB3$|ˆG4$ /){ # the v e r t i c a l l i n e | i s an ’ or ’ statement ,
# the ˆ and $ req u i r e exact match

pr in t GJF " #  $cpd [ $j ]  $ o p t _ k e yw o r d s  scf = qc  scf = m a xc yc =500  int = ul t r af i n e  ccsd = m a xc yc =500  \ n \ n " ;
}
e l s i f ( $cpd [ $ j ] =˜ /ˆW1BD$/){ # the v e r t i c a l l i n e | i s an ’ or ’ statement ,

# the ˆ and $ requ i r e exact match
pr in t GJF " #  $cpd [ $j ]  $ o p t _ k e y w or d s  scf = qc  scf = ma xc yc =500  int = u lt r a fi n e  \ n \ n " ;

}
e l s i f ( $cpd [ $ j ] =˜ /ˆCBS−APNO|ˆG3$ /){ # the v e r t i c a l l i n e | i s an ’ or ’ statement ,

# the ˆ and $ req u i r e exact match
pr in t GJF " #  $cpd [ $j ]  $ o p t _ k e y w or d s  scf = qc  scf = ma xc yc =500  q ci sd = m ax cy c =500   \ n \ n " ;

}
e l s e { # de f a u l t keywords −− dumps eve ryth ing in
p r i n t GJF " #  $cpd [ $j ]  $ o p t _ k e y wo r d s  freq  scf = qc  scf = ma x cy c =50 0

        qc is d = ma xc yc =500  int = u lt r a fi n e  ccsd = ma xc yc = 500   \ n \ n " ;
}
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pr in t GJF " S PE C IE S  NAME / CO M ME N T S :  $s p e c i e s _ n am e  $ d at e t im e \ n \ n " ;
p r i n t GJF " $ ch a rg e  $m ul t \ n " ;
f o r e ach my $geom (@geom){

i f ( $geom =˜ m/(\d+)/){
pr in t GJF " $g eo m \ n " ;}

}

i f ( $cpd [ $ j ] =˜ /ˆCBS−QB3$|ˆG4$ /){ # the v e r t i c a l l i n e | i s an ’ or ’ statement ,
# the ˆ and $ req u i r e exact match

pr in t GJF " \ n - - Link1 - -\ n " ;
p r i n t GJF " $chk \ n " ;
p r i n t GJF " #  Geom = A l lC h ec k  ccsd =( T , T1 di ag )  \ n \ n " ;

p r i n t GJF " S PE C IE S  NAME / CO M ME N TS :  $ s p e c i e s _ na m e  T1  D ia g n o st i c  C al c u l a t io n  $ da t e ti m e  \ n \ n " ;
p r i n t GJF " $ c ha rg e  $ mul t \ n \ n " ;

}
e l s i f ( $cpd [ $ j ] =˜ /ˆCBS−APNO|ˆG3$ /){ # the v e r t i c a l l i n e | i s an ’ or ’ statement ,

# the ˆ and $ req u i r e exact match
pr in t GJF " \ n - - Link1 - -\ n " ;
p r i n t GJF " $chk \ n " ;
p r i n t GJF " #  Geom = A l lC h ec k  q ci sd =( T , T1 di a g )  \ n \ n " ;

p r i n t GJF " S PE C IE S  NAME / CO M ME N TS :  $ s p e c i e s _ na m e  T1  D ia g n o st i c  C al c u l a t io n  $ da t e ti m e  \ n \ n " ;
p r i n t GJF " $ c ha rg e  $ mul t \ n \ n " ;

}
e l s e {

pr in t GJF "  \ n  \ n  " ;
}

pr in t PBS " g09  <  $ s p e c ie s _ n a m e " . " _$ cpd [ $j ]. gjf  > $ s p e c i e s _ n am e " . " _ $c pd [ $j ]. log  \ n " ;
#pr in t ”Method = $cpd [ $ j ] S c a l e Factor = $ f r e q s c a l e \n” ; # SCALE FACTORS NO LONGER USED

}
pr in t PBS " date \ n " ;
c l o s e PBS ;
#chomp ( $ = <STDIN>);

}

##########################################################
# END OF SPE CALCULATION LOOPS #
##########################################################

##########################################################
# START OF:CREATE A GEOMETRY OPTIMSATION/SCAN JOB #
##########################################################

##########################################################
# SELECTION OF THEORETICAL METHOD/MODEL CHEMISTRY #
##########################################################
i f ( $spe =˜ m/ˆN/ i ){

pr in t " D E F AU L T I N G  TO  O P T I MI Z A T I O N / SCAN \ n " ;
p r i n t " = > SE LE CT  ONE  M E TH OD  FROM  LIST :\ n " ;
f o r ( $ i = 0 ; $ i < @opt ; $ i++){

my $j = $ i +1;
p r i n t " $j \)  $opt [ $i ]\ n " ;
}
pr in t " \ n = > " ;

chomp (my $j = <STDIN>);

i f ( $ j ! ˜ m/\d/ i ) {
un t i l ( $ j =˜ m/\d/ i ){
pr in t "   $j )  IS  NOT  IN  LIST  OF  METHODS ,  EN TER  M E TH OD  A GAI N :\ n " ;

f o r ( $ i = 0 ; $ i < @opt ; $ i++){
my $j = $ i +1;
p r i n t " $j \)  $opt [ $i ]\ n " ;

}
pr in t " = > " ;
chomp ( $ j = <STDIN>);
}

}
i f ( $ j > @opt ){

un t i l ( $ j <= @opt ){
pr in t " $j )  IS  NOT  IN  LIST  OF  METHODS ,  E NTE R  ME T HO D  AGA IN :\ n \ n " ;

f o r ( $ i = 0 ; $ i < @opt ; $ i++){
my $j = $ i +1;
p r i n t " $j \)  $opt [ $i ]\ n " ;

}
pr in t " = > " ;
chomp ( $ j = <STDIN>);
}

}
i f ( ( $ j ! ˜ m/\d/ i ) | ( $ j > @opt ) ){
pr in t " \ n \ n \ nYOU  DO  NOT  DE SE R VE  TO  USE  THIS  CODE ,  P LE A SE  D EL ET E  IT \ n \ n " ;
}

$ j = $j −1;
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##########################################################
# SELECTION OF BASIS SET #
##########################################################

pr in t " \ n S EL E CT  ONE  B AS IS  SET  FROM  LIST :\ n " ;
f o r ( $ i = 0 ; $ i < @bas i s se t ; $ i++){

my $l = $ i +1;
p r i n t " $l \)  $ ba s i s _s e t [ $i ]\ n " ;
}

pr in t " = > " ;
chomp (my $l = <STDIN>);

i f ( $ l ! ˜ m/\d/ i ) {
un t i l ( $ l =˜ m/\d/ i ){
pr in t " \ n$l )  IS  NOT  IN  LIST  OF  METHODS ,  EN TER  M E TH OD  A GAI N :\ n " ;

f o r ( $ i = 0 ; $ i < @bas i s se t ; $ i++){
my $l = $ i +1;
p r i n t " $l \)  $ ba s i s _s e t [ $i ]\ n " ;

}
pr in t " = > " ;
chomp ( $ l = <STDIN>);
}

}
i f ( $ l > @bas i s se t ){

un t i l ( $ l <= @bas i s se t ){
pr in t " \ n$l )  IS  NOT  IN  LIST  OF  METHODS ,  EN TER  M E TH OD  A GAI N :\ n \ n " ;

f o r ( $ i = 0 ; $ i < @bas i s se t ; $ i++){
my $l = $ i +1;
p r i n t " $l \)  $ ba s i s _s e t [ $i ]\ n " ;

}
pr in t " = > " ;
chomp ( $ l = <STDIN>);
}

}
i f ( ( $ l ! ˜ m/\d/ i ) | ( $ l > @bas i s se t ) ){
pr in t " \ n \ nYOU  DO  NOT  D ES E RV E  TO  USE  THIS  CODE ,  PL EA S E  DE LE TE  IT \ n " ;
}
$ l = $l −1;

##########################################################
# REQUEST RELAXED PES SCAN #
##########################################################

pr in t " \ nDO  YOU  WANT  TO  SCAN  BONDS ,  YES  OR  NO ?\ n " ;
p r i n t " = > " ;
chomp(my $scan = <STDIN>);

i f ( $scan =˜ m/ˆY/ i ){

##########################################################
# CHECK FOR DIHEDRAL DEFINITION FILE #
##########################################################

open (DIHEDRAL, " scan . inp " ) ;
chomp(my @bonds = <DIHEDRAL>);
chomp (@bonds ) ;
my @dihedral ;

f o r e ach (@bonds ){
i f ( $ =˜ m/\d/ i ){
push ( @dihedral , $ ) ;
}
}

c l o s e (DIHEDRAL ) ;
my $sc an input=’ scan . inp ’ ;
d i e " $ sc a n _ i n pu t  not  pr e se n t  in  wo r ki n g  d ir e c t or y !!.\ n "

un l e s s −e $sc an input ;

##########################################################
# DEFINE NUMBER OF SCAN POINTS PER 2xPi #
##########################################################

pr in t " \ nHOW  MANY  PO I NT S  PER  360  D EG R EE S  DO  YOU  WANT ?\ n " ;
p r i n t " = > " ;
chomp (my $sc an po in t s = <STDIN>);
$ sc an po in t s = in t ( $sc an po in t s ) ;
my $degre e s = s pr i n t f ( " %.2 f " ,360/ $sc an po in t s ) ;

##########################################################
# CREATES .PBS FILE FOR SCAN JOB #
##########################################################

open (PBS , " > $ s p e ci e s _ n a m e " . " _$ opt [ $j ] " . " _ $ b a s is _ s e t [ $l ] " . " _SC AN . pbs " ) ;
p r i n t PBS " #!/ bin / bash  \ n " ;
p r i n t PBS " # PBS  - N  $s p e c i e s _ n am e " . " _ $o pt [ $j ] " . " _ SC AN  \ n " ;
p r i n t PBS " # PBS  - l  no de s =1: ppn =8 , w al l t im e = 2 4 0: 0 0 : 0 0  \ n " ;
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pr in t PBS " # PBS  - r  n  \ n " ;
p r i n t PBS " # PBS  - A  $ a cc o u nt  \ n " ;
p r i n t PBS " # PBS  - M  $ em ai l                   \ n " ;
p r i n t PBS " # PBS  - m  ea  \ n " ;
#pr in t PBS ”#PBS −q $q \n \n” ;
p r i n t PBS " cd  \ $ P B S _ O _ W O R K D I R  \ n  \ n " ;
p r i n t PBS " u li mi t  - Ss  1 04 8 57 6  \ n " ;
p r i n t PBS " u li mi t  - Sl  5 24 28 8   \ n  \ n " ;
p r i n t PBS " m od ul e  load  g a u ss i an  \ n  \ n " ;
p r i n t PBS " e xp or t  T RA P _ FP E =\ "\ "  \ n " ;
p r i n t PBS " e xp or t  M P _ S T A C K _ O V E R F L O W =\" ON \"  \ n  \ n  \ n " ;
p r i n t PBS " date \ n " ;

##########################################################
# CREATES .GJF FILE AND ALTERS .PBS FOR SCAN JOB #
##########################################################

my $m; # a v ar i ab l e used simply to loop through numbers
my @name control ; # used to push names o f a l l scan f i l e s i n to a s i n g l e array
f o r ( $ i = 0 ; $ i < @dihedral ; $ i++) {
$m = $ i +1;
open (GJF , " > $ s p e ci e s _ n a m e " . " _$ opt [ $j ] " . " _ $ b a s is _ s e t [ $l ] " . " _S CA N_ " . " $m . gjf " ) ;
my $chk = " % chk = $ s pe c i e s _ n a m e " . " _ $o pt [ $j ] " . " _S CA N _ " . " $m . chk " ;
my $l ink commands = " % mem = $mem " . " GB \ n % n pro c = $n pr o c \ n " ;

p r i n t GJF " $ l i n k _ c o m m a n d s " ;
p r i n t GJF " #  $ u $o pt [ $j ]\/ " . " $ ba s i s _s e t [ $l ]  $ s c a n_ k e y w o r d s  scf = qc  int = ul t r af i n e  scf = m ax cy c = 50 0\ n \ n " ;

p r i n t GJF " S PE C IE S  NAME / CO M ME N T S :  $s p e c i e s _ n am e  $ d at e t im e \ n \ n " ;
p r i n t GJF " $ ch a rg e  $m ul t \ n " ;

f o r e ach my $geom (@geom){
i f ( $geom =˜ m/(\d+)/){
pr in t GJF " $g eo m \ n " ;}
}

my @atom no = s p l i t (/ / , $d ihed ra l [ $ i ] ) ;
p r i n t GJF " \ n " ;
p r i n t GJF " *  $a t o m_ n o [1]  $ at o m_ n o [2]  *  R \ n " ;
p r i n t GJF " $ d i he d r al [ $i ]  S  $ sc a n _ p o i nt s  $ de g re e s \ n  \ n  \ n  " ;

p r i n t PBS " g09  <  $ s p e ci e s _ n a m e " . " _$ opt [ $j ] " . " _ $ b a s is _ s e t [ $l ] " . " _S CA N_ " . " $m . gjf  >

    $ s p e c i e s _ na m e " . " _ $op t [ $j ] " . " _ $b a s i s _ se t [ $l ] " . " _ SC AN _ " . " $m . log  \ n " ;
#push ( @name control , ” $spe c ies name ” . ” $opt [ $ j ] ” . ” SCAN ”.”$m. l og ”)
}

pr in t PBS " date \ n \ n " ;
}

##########################################################
# END OF SCAN JOB LOOPS #
##########################################################

##########################################################
# CREATES .GJF AND .PBS FILES FOR OPT+FREQ JOB #
##########################################################

e l s e {
open (GJF , " > $ s p e ci e s _ n a m e " . " _$ opt [ $j ] " . " _ $ b a s is _ s e t [ $l ]. gjf " ) ;
my $chk = " % chk = $ s pe c i e s _ n a m e " . " _ $o pt [ $j ]. chk " ;
my $l ink commands = " % mem = $mem " . " GB \ n % n pro c = $n pr o c \ n " ;

##########################################################
# CREATES .PBS FILE FOR OPT+FREQ JOB #
##########################################################

open (PBS , " > $ s p e ci e s _ n a m e " . " _$ opt [ $j ] " . " _ $ b a s is _ s e t [ $l ]. pbs " ) ;
p r i n t PBS " #!/ bin / bash  \ n " ;
p r i n t PBS " # PBS  - N  $s p e c i e s _ n am e " . " _ $o pt [ $j ]  \ n " ;
p r i n t PBS " # PBS  - l  no de s =1: ppn =8 , w al l t im e = 2 4 0: 0 0 : 0 0  \ n " ;
p r i n t PBS " # PBS  - r  n  \ n " ;
p r i n t PBS " # PBS  - A  $ a cc o u nt  \ n " ;
p r i n t PBS " # PBS  - M  $ em ai l  \ n " ;
p r i n t PBS " # PBS  - m  ea  \ n " ;
#pr in t PBS ”#PBS −q $q \n \n” ;
p r i n t PBS " cd  \ $ P B S _ O _ W O R K D I R  \ n  \ n " ;
p r i n t PBS " u li mi t  - Ss  1 04 8 57 6  \ n " ;
p r i n t PBS " u li mi t  - Sl  5 24 28 8   \ n  \ n " ;
p r i n t PBS " m od ul e  load  g a u ss i an  \ n  \ n " ;
p r i n t PBS " e xp or t  T RA P _ FP E =\ "\ "  \ n " ;
p r i n t PBS " e xp or t  M P _ S T A C K _ O V E R F L O W =\" ON \"  \ n  \ n  \ n " ;
p r i n t PBS " date \ n " ;
p r i n t PBS " g09  <  $ s p e c ie s _ n a m e " . " _$ opt [ $j ] " . " _ $ b a s is _ s e t [ $l ]. gjf  >

        $s p e c i e s _ n am e " . " _ $o pt [ $j ] " . " _ $ ba s i s _ se t [ $l ]. log  \ n " ;

##########################################################
# CREATES .GJF FILE AND ALTERS .PBS FOR OPT+FREQ JOB #
##########################################################

pr in t GJF " $ l i n k _ c o m m a n d s " ;
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i f ( $opt [ $ j ] =˜ /T1DIAG/){
pr in t GJF " #  $u $o pt [ $j ]\/ " . " $ ba s i s _s e t [ $l ]  \ n \ n " ;
p r i n t GJF " S PE C IE S  NAME / CO M ME N T S :  $s p e c i e s _ n am e  T1  D I AG N O S TI C  C A LC U L A T IO N  $ da t e t im e \ n \ n " ;
}
e l s e {
pr in t GJF " #  $u $o pt [ $j ]\/ " . " $ ba s i s _s e t [ $l ]  $ o p t _k e y w o r d s  freq   scf = qc  scf = ma xc yc =500

        int = u l t ra f i n e  \ n \ n " ;
p r i n t GJF " S PE C IE S  NAME / CO M ME N T S :  $s p e c i e s _ n am e  $ d at e t im e \ n \ n " ;
}

pr in t GJF " $ ch a rg e  $m ul t \ n " ;

f o r e ach my $geom (@geom){
i f ( $geom =˜ m/(\d+)/){
pr in t GJF " $g eo m \ n " ;}
}
pr in t GJF "  \ n  \ n  " ;

}
pr in t PBS " date \ n " ;

c l o s e PBS ;
}

##########################################################
# END OF CODE #
##########################################################
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B.2 GAUSS 2 MULT.pl

#! c :\ Strawberry \Pe r l\bin\ pe r l −w
use s t r i c t ;
use F i l e : : Copy ;

# Author : Kieran P. Somers , Combustion Chemistry Centre , NUI Galway ,
# Contact : kieransomers87@gmail . com

########################################################################################################
# VERSION HISTORY AND INSTRUCTIONS #
########################################################################################################
# v1 CORRECTLY CONVERTS CPD METHOD FILE TO THERMO.DAT INPUT FILE
# v2 UPDATED TO INCLUDE FREQUENCY SCALING FACTORS
# NOTE: PROBLEMS MAY BE ENCOUNTERED WITH LINEAR MOLECULES, OR MOLECULES WHERE
# TWO ROTATIONAL CONSTANTS ARE IDENTICAL .

##########################################################
# INSTRUCTIONS #
##########################################################

# 1 . OPEN A DOS WINDOW IN DIRECTORY CONTAINING GAUSSIAN OUTPUT FILES
# 2 . TYPE ‘ ‘ pe r l GAUSS 2 MULTI v2 . p l f i l e name 1 . ext f i l e name 2 . ext f i l e name n . ext ’ ’
# 3 . CAN POST−PROCESS MULTIPLE FILENAMES AT ONCE.
# 4 . FILENAME EXTENSIONS ( e . g . .LOG/ .OUT) ARE NECESSARY AT STEP 2.

##########################################################
# READS IN FILE NAMES THAT ARE PIPED INTO PERL ABOVE #
##########################################################
fore ach $ (@ARGV){ # runs each f i l e name n through s c r i p t
my $f i l e name = $ ;
p r i n t " \ n P r o c e ss i n g  $f i l en a m e \ n " ;
open (FILE, " $f i l en a m e " ) ; # de f i n e s name of f i l e piped to s c r i p t

##########################################################
# SCALARS AND VARIABLES DEFINITION #
##########################################################
my @f ind charge mu l t = ( ) ; # FINDS CHARGE AND MULTIPLICITY FOR PRINTING
my @stoich = ( ) ; # FINDS STOICHIOMETRY FOR PRINTING
my @ leve l o f t he o ry = ( ) ; # SPLITS ROUTE CARD TO IDENTIFY THEORETICAL METHOD
my @d i f f e r e n t l e v e l s o f t h e o r y =(); # PUSH DIFFERENT LEVELS OF THEORY TO THIS ARRAY
my $method = 0 ; # DEFINITION OF LEVEL OF THEORY
my $k = −1; # SIMPLE LOOPING VARIABLE USED TO PROCESS ABOVE ARRAY
my @find no atoms = ( ) ; # FINDS NO OF ATOMS IN SPECIES , NEEDED FOR SOME LOOPS/COUNTS
my $no atoms = 0; # DEFINES NO. OF ATOMS. IN MOLECULE
my $no v ib s = 0; # DEFINED FROM ABOVE BY 3N−6 (PROBLEMS WITH LINEAR MOLECULES ! )
my $ sta t i on ar y p o in t = " reac " ; # DEFINES WHETEHER SPECIES IS REACTANTS OR TS IN THERMO.DAT FILE
my $a= 0;
my $ i = 0; # SIMPLE LOOPING VARIABLE
my $l = 0; # SIMPLE LOOPING VARIABLE
my $job number = 0 ; # USED IN FINAL PRINTING IF MORE THAN ONE JOB IN FILE
my $dof= 0;
my $dof i ndex = 0 ; # SIMPLE LOOPING VARIABLE, USED FOR PRINTING IN MULTIWELL FORMAT
my @ f ind ro t at i o na l c o n s ta n t s =(); # PULLS OUT ROTATIONAL CONSTANTS
my @rotat i ona l c on stan t = ( ) ; # ROTATIONAL CONSTANTS ARE PUSHED TO THIS ARRAY
my @conve r t ed rot c on st = ( ) ; # ROTATIONAL CONST. IN CM−1
my $rotat i ona l c on stan tBC = 0 ;
my @f in d f r e qu en c i e s = ( ) ; # PULLS OUT FREQUENCIES
my @f requenc ie s = ( ) ; # FREQUENCIES ARE PUSHED TO THIS ARRAY
my @imaginary = ( ) ; # PULLS OUT IMAGINARY FREQUENCY FOR TSS

my %s c a l e f a c t o r = ( ’ CBS - QB3 ’ , 0 . 99 , # DEFINE SCALE FACTORS HERE,
’ G3 ’ , 0 . 893 , # CAN BE ADDED FOR NON−COMPOUND MODELS
’ CBS - APNO ’ , 0 . 9251 , # IF SCALE FACTOR IS NOT DEFINED, DEFAULT = 1.0
) ; # MUST BE IN CAPITALS !

my $ f r e q s c a l e = 1 ; # SCALE FACTOR VARIABLE FROM ABOVE, SET TO 1 INITIALLY
my $ s ca l ed f r e q = 0; # ACTUAL FREQUENCIES ARE MULTIPLIED BY ABOVE TO PRODUCE THIS

my @thermodynamic functions vib = ( ) ; # PARSES THERMOCHEMICAL FUNCTIONS FROM FREQUENCY CALCULATION
my @thermodynamic functions hr = ( ) ; # PARSES THERMOCHEMICAL FUNCTIONS FROM FREQUENCY CALCULATION
my $the rmal c o r r e c t i on = 0; # CORRECTIONS TO THERMO BASED ON DIFFERENCE IN PREVIOUS ARRAYS
my $ cv cor r e c t i o n = 0; # CORRECTIONS TO THERMO BASED ON DIFFERENCE IN PREVIOUS ARRAYS
my $ s co r r e c t i o n = 0; # CORRECTIONS TO THERMO BASED ON DIFFERENCE IN PREVIOUS ARRAYS
my $ethermal = 0; # NEEDED IF ANY HR CORRECTIONS ARE REQUIRED TO CPD ENERGIES
my $cpd energy = 0 ; # NEEDED IF ANY HR CORRECTIONS ARE REQUIRED TO CPD ENERGIES
my $cpd H = 0; # NEEDED IF ANY HR CORRECTIONS ARE REQUIRED TO CPD ENERGIES
my $cpd G = 0; # NEEDED IF ANY HR CORRECTIONS ARE REQUIRED TO CPD ENERGIES
my $temp = 0; # NEEDED IF ANY HR CORRECTIONS ARE REQUIRED TO CPD ENERGIES
my $e the rmal c or r e c t ed = 0; # CORRECTED THERMODYNAMIC PARAMETERS FOR GAUSSIAN HR TREATMENT
my $cpd ene rgy cor r e c t ed = 0; # CORRECTED THERMODYNAMIC PARAMETERS FOR GAUSSIAN HR TREATMENT
my $cpd H cor r e c t ed = 0; # CORRECTED THERMODYNAMIC PARAMETERS FOR GAUSSIAN HR TREATMENT
my $cpd G cor r e ct ed = 0; # CORRECTED THERMODYNAMIC PARAMETERS FOR GAUSSIAN HR TREATMENT

##########################################################
# START PARSING GAUSSIAN OUTPUT FILES #
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##########################################################
open (TEMP, " > temp . dat " ) ; # AN INTERMEDIATE FILE WHICH

# STORES ALL GAUSSIAN OUTPUT WHICH
# IS THEN READ BY OTHER PARTS OF SCRIPT

wh i l e ( de f i n ed ( $ = <FILE>)){

i f ( $ =˜ /G3\(0 K\)/){
$ =˜ s /G3\(0 K\)/G3 \(0 K\)/ g ; #MAKES SMALL REPLACEMENT IN FORMAT OF G3 OUTPUT PRINTING
}

pr in t TEMP " $_ " ;

i f ( $ =˜ /Wil l use up to / i ){ # NO. OF PROCESSORS , USED TO PROMPT PARSING OF ROUTE CARD
do{
$ = <FILE>;
p r i n t TEMP " $_ " ;

i f ( $ =˜ m/ˆ #\ s /){ # FIND TITLE LINE AND THEN THE LEVEL OF THEORY
@le ve l o f th e or y = sp l i t (/\ s+/, $ ) ; # FINDS THE LEVEL OF THEORY
$ l ev e l o f t h e o r y [ 2 ] =˜ t r /a−z /A−Z/; # CONVERTS TO UPPERCASE
push ( @d i f f e r en t l e v e l s o f t he o r y , $ l e v e l o f t he o r y [ 2 ] ) ; # ADDS METHOD TO A LIST
}

} whi l e ( $ =! /Charge / i ) ; # STOPS PARSING TITLE LINE WHEN IT FINDS ’CHARGE’ IN .OUT FILE
}

i f ( $ =˜ / se arch f o r a sadd l e po in t/ i ){ # TO IDENTIFY OF MIN. OR TS . CALCULATION
$ st at i o nar y po in t = " ctst " ; # IMPORTANT FOR IDENTIFYING D.O.F OF MOLECULE
} # AND THUS ALTERING NUMBER OF FREQ’S TO SEARCH FOR

i f ( $ =˜ /NAtoms=/){ # FINDS NUMBER ATOMS TO CALCULATE NUMBER OF VIBS
@find no atoms = sp l i t (/\ s +/, $ ) ; # FROM 3N−6 WHERE N = NATOMS
$no atoms = $f i nd no atoms [ 2 ] ; # NOT−TESTED FOR LINEAR MOLECULES WHERE 3N−5 APPLIES
$no v ib s = 3∗( $no atoms)−6;
}

}
c l o s e TEMP;

##########################################################
# STARTS READING IN GEOMETRIES, FREQ’S ROT. CONST #
##########################################################
open (SUMMARY, " > TH E RM O_ " . " $ f i le n a me . dat " ) ; # CREATES THERMO.DAT FORMAT FILE FOR PRINTING
open (TEMP, " temp . dat " ) ; # READS IN TEMPORARY GAUSSIAN OUTPUT FILE
wh i l e ( de f i n ed ( $ = <TEMP>)){

i f ( $ =˜ /Wil l use up to / i ){ # CLEARS MANY VARIABLES IF THERE ARE MORE THAN ONE JOBS IN FILE
$job number = $job number+1; # SIMPLE NUMBER LOOPING VARIABLE
$k = $k+1; # SIMPLE NUMBER LOOPING VARIABLE
$dof i ndex = 0 ; # SIMPLE NUMBER LOOPING VARIABLE
@f requenci es =(); # ARRAY FOR FREQUENCIES
@imaginary = ( ) ; # ARRAY FOR IMAGINARY FREQ’S
@rotat i ona l c on stan t = ( ) ; # ARRAY FOR ROT CONSTANTS IN GHZ
@conve r t ed rot c on st = ( ) ; # ARRAY FOR ROT CONSTANTS IN CM−1
$ f r e q s c a l e = $ s c a l e f a c t o r { $ d i f f e r e n t l e v e l s o f t h e o r y [ $k ] } ; # PULLS SCALE FACTOR FROM HASH ARRAYS

i f ( $ f r e q s c a l e eq ’ ’ ){
$ f r e q s c a l e = 1; # DEFAULTS THE SCALE FACTOR TO 1 IF UNDEFINED
}

##########################################################
# STARTS PRINTING THERMO.DAT HEADERS #
##########################################################
pr in t SUMMARY " KCAL  ATM \ n " ; # PRINTS THERMO.DAT TITLE LINES
pr in t SUMMARY " 17\ n " ;
p r i n t SUMMARY " 2 98 .1 5  300  400  500  600  800  1000  1100  1200  1300  140 0  1500  1600  1700  1800  1900  2 00 0\ n " ;
p r i n t SUMMARY " EN TE R  NU MB ER  OF  S P EC I ES  HERE  !!! !!  \ n \ n " # WARNING TO USER
}

##########################################################
# READ IN CHARGE AND MULTIPLICITY , MOLECULAR FORMULA #
##########################################################
i f ( ( $ =˜ /Charge /) && ( $ =˜ / Mul t i p l i c i t y /) ){ # PULLS OUT CHARGE AND MULTIPLICITY
@f ind charge mu l t = s p l i t (/\ s+/, $ ) ; # MULTIPLICITY PRINTED IN THERMO.DAT
}

i f ( $ =˜ / Sto i ch iomet ry/){ # PULLS OUT STOICHIOMETRY
@ = sp l i t (/\ s+/, $ ) ; # PRINTED IN THERMO.DAT
@stoich = sp l i t (/\ (/ , $ [ 2 ] ) ;
}

##########################################################
# READ IN FREQUENCIES #
##########################################################
i f ( $ =˜ /ˆ #N/){ # CLEARS FREQUENCIES BEFORE AND AFTER PARSING A JOB
@f requenci es = ( ) ;
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}

i f ( $ =˜ / Frequencie s −− /){ # PULLS OUT FREQUENCIES
@ f ind f r e q uenc i e s = s p l i t (/\ s+/, $ ) ;
push ( @f r equenc ies , $ f i n d f r e q u en c i e s [ 3 ] ) ;
push ( @f r equenc ies , $ f i n d f r e q u en c i e s [ 4 ] ) ;
push ( @f r equenc ies , $ f i n d f r e q u en c i e s [ 5 ] ) ;
} # END IF LOOP

##########################################################
# READ IN GEOMETRY #
##########################################################
i f ( ( $ =˜ /Standard o r i e n ta t i o n : / ) ) { # PRINTS A GEOMETRY TO AN OUTPUT FILE,

# WHICH IS THEN RE−READ AND PRINTED
# IF IT FINDS THE WORDS
# ”OPTIMIZED PARAMETERS” LATER IN FILE

open (GEOMTEMP, " > g e om _ t em p . dat " ) ; # temporary geometry f i l e

do{
$ = <TEMP>;
p r i n t GEOMTEMP " $_ " ;
} whi l e ( $ =! / Rotat i ona l c on stan t s / ) ; # END DO LOOP
c lo s e GEOMTEMP;

} #END IF LOOP

i f ( ( ( $ =˜ /Optimized Parameters/) && ( @f requenc ie s ) ) | |
( $ =˜ /Normal t e rminat ion o f Gaussian /) && ( @f requencie s ) ){
# ABOVE LINES ARE TO TELL SCRIPT THAT ALL CONDITIONS FOR SUCCESFUL OPTIMISATION ARE SATISFIED

$dof = 3∗( $no atoms)−4;
i f ( $ s t at i o na ry po in t eq " ctst " ){
$dof = 3∗( $no atoms)−5;
}

##########################################################
# MORE MANIPULATION OF FREQUENCIES #
##########################################################

fore ach $ ( @f r equenc ies ){
i f ( $ < 0){ # ISOLATES IMAGINARY FREQUENCY
push (@imaginary , $ ) ;
}
}

##########################################################
# MORE PRINTING OF THERMO.DAT FILE #
##########################################################
pr in t SUMMARY " $ s t a t i o n a r y _ p o i n t  $s t oi c h [0]  0.0\ n " ;
p r i n t SUMMARY " $ st o ic h [0]  ! ST O I C H I O M E TR Y \ n " ;
p r i n t SUMMARY " ! F I L EN A ME :  $ f il e n am e \ n " ;
p r i n t SUMMARY " ! HoF / B A RR I ER  =  \ n " ;
p r i n t SUMMARY " ! FR E Q U E NC I E S  AND  ROT . CO NS TS  FROM :  $ d i f f e r e n t _ l e v e l s _ o f _ t h e o r y [ $k ] ,

FREQ ’ S  SC A LE D  BY :  $f re q_ sc al e ,  I M A GI N A R Y  FREQ  =  @ i m a g i n ar y  CM -1\ n " ;
p r i n t SUMMARY " 1  1  1  !  E X TE R N AL  SYMMETRY ,  O P TI CA L  ISOMERS ,  E L EC T R O NI C  L EV EL  D E G E N E R A CI E S \ n " ;
p r i n t SUMMARY " 0.0  $ f i n d _ c h a r g e _ m u l t [6]  !  STATE ,  MULT \ n " ;
p r i n t SUMMARY " $dof   HAR       CM -1\ n " ;

f o r e ach $ ( @f r equenci es ){ # PRINTS VIBS TO THERMO TEMPLATE
i f ( $ > 0){
$ sc a l e d f r e q = $ ∗ $ f r e q s c a l e ;
$do f i ndex = $dof i ndex+1;
p r i n t f SUMMARY " %+2 s " , " $ d o f _ in d e x " ;
p r i n t f SUMMARY " %+5 s " , " vib " ;
p r i n t f SUMMARY " % 10 .2 f " , " $ s c a le d _ f r e q " ;
p r i n t f SUMMARY " %8.1 f " , " 0.0 " ;
p r i n t f SUMMARY " %3.0 f \ n " , " 1 " ;
}

}

##########################################################
# ROT. CONSTS . ARE READ IN #
##########################################################
open (GEOMTEMP, " g eo m _ te m p . dat " ) ;

f o r ( $ i = 0 ; $ i <= $no atoms+5; $ i++){
$ = <GEOMTEMP>;

i f ( ( $ =˜ / Rotat i ona l c on stan t s /) && ( @f requenc ie s ) ){ #FINDS ROT. CONSTS.
@ f i n d r o ta t i o na l c on st an t s = s p l i t (/\ s+/, $ ) ;
push ( @rotat i ona l c on stan t , $ f i n d r o t a t i o n a l c o n s ta n t s [ 4 ] ) ;
push ( @rotat i ona l c on stan t , $ f i n d r o t a t i o n a l c o n s ta n t s [ 5 ] ) ;
push ( @rotat i ona l c on stan t , $ f i n d r o t a t i o n a l c o n s ta n t s [ 6 ] ) ;
} # END IF LOOP

} #END FOR LOOP
c lo s e GEOMTEMP;
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f o r e ach $ ( @rotat i ona l c on stan t ){
$ = $ ∗3.33564095198152E−02; # CONVERT ROTATIONAL CONSTANT TO CM−1
} # END FOREACH LOOP

push ( @conve r t ed rot c on st , $ ro t at i o na l c o n s t an t [ 0 ] ) ;
$ rotat i ona l c on stan tBC = sqr t ( $ ro t at i o na l c o n s t an t [ 1 ]∗ $r ot a t i o na l c o n st a n t [ 2 ] ) ;
push ( @conve r t ed rot c on st , $ rotat i ona l c on stan tBC ) ;

$a = 0 ;
f or e ach $ ( @conve r t ed rot c on st ){ # PRINTS ROT. CONSTS. TO THERMO. TEMPLATE

$a = $a+1;
$do f i ndex = $dof i ndex+1;
p r i n t f SUMMARY " %+2 s " , " $d o f _ in d e x " ;
p r i n t f SUMMARY " %+5 s " , " qro " ;
p r i n t f SUMMARY " % 12 .7 f " , " $_ " ;
p r i n t f SUMMARY " %6.1 f " , " 1.0 " ;
p r i n t f SUMMARY " %3.0 f " , " $a " ;
p r i n t SUMMARY "  ! R O T A TI O N A L  C O NS T A NT S : " ;
p r i n t SUMMARY "  A = " ;
p r i n t f SUMMARY " % 10 .7 f " , " $ r o t a t i o n a l _ c o n s t a n t [0] " ;
p r i n t SUMMARY "  B = " ;
p r i n t f SUMMARY " % 10 .7 f " , " $ r o t a t i o n a l _ c o n s t a n t [1] " ;
p r i n t SUMMARY "  C = " ;
p r i n t f SUMMARY " % 10 .7 f " , " $ r o t a t i o n a l _ c o n s t a n t [2] " ;
p r i n t SUMMARY "  CM -1\ n " ;

}

pr in t SUMMARY " \ n " ;
p r i n t SUMMARY " # # # # # # # # # # # # # #  NEXT  M E TH OD  # # # ## # # # # # # # # # \ n " ;

@f r e quenci es = ( ) ; # EMPTIES FREQUENCIES ARRAY

} # END IF LOOP

} # END WHILE LOOP
c lo s e TEMP;
un l i nk ( " ge o m _t e m p . dat " ) ;
un l i nk ( " temp . dat " ) ;

} # END PROGRAM AND RE−LOOP FOR SECOND INPUT FILE
##########################################################
# END OF CODE #
##########################################################
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B.3 SCAN EXTRACT.pl

#! c :\ Strawberry \Pe r l\bin\ pe r l −w
use s t r i c t ;
use F i l e : : Copy ;

# Author : Kieran P. Somers , Combustion Chemistry Centre , NUI Galway ,
# Contact : kieransomers87@gmail . com

########################################################################################################
# VERSION HISTORY AND INSTRUCTIONS #
########################################################################################################

# v1 CAN ADEQUATELY READ A SINGLE SCAN FILE AND CREATE LAMM.DAT WITH MINIMAL USER INPUT
# v2 BUG IN V1: READ WRONG SCF ENERGY FROM GAUSSIAN.OUT. ENERGIES ARE NOW READ FROM SUMMARY OF
# OPTIMIZED POTENTIAL SURFACE SCAN SECTION OF GAUSSIAN LOG
# SHOULD BE ABLE TO READ G03 AND G09 SCAN FILES , AND ADDED ABILITY TO CONVERT ATOMIC NUMBER
# TO MASS NUMBER
# AUTOMATICALLY RUNS LAMM.EXE (SHOULD BE IN SAME FOLDER) AND RENAMES LAMM.DAT AND LAMM.LOG
# WITH NAME OF GAUSSIAN OUTPUT FILE
# v3 BUG IN V2; READ WRONG GEOMETRY FROM OUTPUT FILE−ACCIDENTLY READ GEOMETRY FROM DIRECTLY
# AFTER SUCCESFUL OPTIMIZATION
# v4 CHANGED HASH OF ARRAYS DEFINING THE CORRESPONDING MASS NUMBER TO EACH ATOMIC NUMBER SO
# THAT MASS NUMBER IS NOT BASED ON ISOTOPIC DISTRIBUTIONS,
# ONLY ON PURE ”ISOTOPE” WHICH GAUSSIAN OBVIOUSLY WORKS WITH

##########################################################
# INSTRUCTIONS #
##########################################################

# 1 . OPEN A DOS WINDOW IN DIRECTORY CONTAINING GAUSSIAN OUTPUT FILES
# 2 . TYPE ‘ ‘ pe r l SCAN EXTRACT v4. p l f i l e name 1 . ext f i l e name 2 . ext f i l e name n . ext ’ ’
# 3 . CAN POST−PROCESS MULTIPLE FILENAMES AT ONCE.
# 4 . FILENAME EXTENSIONS ( e . g . .LOG/ .OUT) ARE NECESSARY AT STEP 2.

##########################################################
# READS IN FILE NAMES THAT ARE PIPED INTO PERL ABOVE #
##########################################################
fore ach $ (@ARGV){ # runs each f i l e name n through s c r i p t
my $f i l e name = $ ;
p r i n t " P r oc e s in g  $ fi l e na m e \ n " ;
open (FILE, " $f i l en a m e " ) ; # de f i n e s name of f i l e piped to s c r i p t

##########################################################
# SCALARS AND VARIABLES DEFINITION #
##########################################################
my $i ; # A SIMPLE LOOPING VARIABLE
my $j = 0; # A SIMPLE LOOPING VARIABLE
my $k = 0; # A SIMPLE LOOPING VARIABLE
my @ leve l o f t he o ry ; # USED TO DETERMINE LEVEL OF THEORY JOB WAS RUN AT
my @find no atoms ; # FINDS NO. OF ATOMS−IMPORTANT PARAMETER TO CONTROL LOOP TO GET GEOMETRIES
my $no atoms ; # FINDS NO. OF ATOMS−IMPORTANT PARAMETER TO CONTROL LOOP TO GET GEOMETRIES
my @f ind no st ep s ; # FINDS NO. OF STEPS IN SCANS, NECESSARY FOR LAMM.DAT
my $no st ep s ; # FINDS NO. OF STEPS IN SCANS, NECESSARY FOR LAMM.DAT
my $no sc ans = 0; # FINDS NO. OF SCANS IN FILE, IF MORE THAN ONE SCAN, JOB FAILS
my @f ind ene rgy ; # FINDS ENERGIES OF EACH STATIONARY POINT
my @energy ; # ARRAY CONTAINING ENERGIES OF STATIONARY POINTS (PUSHED FROM ABOVE)
my @energy min ; # SORTED VERSION OF ABOVE ARRAY, USED TO DETERMINE MINIMUM ENERGY
my @geometries ; # ARRAY WHICH CONTAINS ALL GEOMETRIES

my %atomic number = (1 , 1 , # ATOMIC NO. , MASS NUMBER, ADD ELEMENTS AS NEEDED
6 , 12 , # ATOMIC NO. , MASS NUMBER, ADD ELEMENTS AS NEEDED
8 , 16 , # ATOMIC NO. , MASS NUMBER, ADD ELEMENTS AS NEEDED
) ;

##########################################################
# START PARSING GAUSSIAN OUTPUT FILES #
##########################################################
open (TEMP, " > temp . dat " ) ; # AN INTERMEDIATE FILE WHICH STORES ALL GAUSSIAN OUTPUT
whi l e ( de f i n ed ( $ = <FILE>)){ # WHICH IS THEN READ BY THE

pr in t TEMP " $_ " ; # GEOMETRY AND ENERGY PARTS OF THE SCRIPT

i f ( $ =˜ /#/){ # FINDS LEVEL OF THEORY
@lev e l o f the o r y = s p l i t (/\ s+/, $ ) ;
}

i f ( $ =˜ /NAtoms=/){ # FINDS NO. OF ATOMS
@find no atoms = sp l i t (/\ s +/, $ ) ;
$no atoms = $f i nd no atoms [ 2 ] ;
}

i f ( $ =˜ /Number o f op t im i z at i on s i n scan=/){ # FINDS NO. OF SCANS STEPS
$no sc ans = $no sc ans+1;
@f i nd no st ep s = s p l i t (/\ s +/, $ ) ;
$no s t ep s = $f i nd no s t ep s [ 6 ] ;
}

}

371



APPENDIX B. PERL CODES

c l o s e TEMP;

my $ang l e i n c r ement = 360/( $no st ep s −1); # ANGLE INCREMENT FOR PRINTING TO LADD.DAT
my $ang l e = 0 . 0 ; # INITIAL DIHEDRAL ANGLE

##########################################################
# START PULLING OUT GEOMETRIES #
##########################################################
open (GEOM, " > geom . dat " ) ; # FOR PRINTING TEMP GEOMETRIES
open (ATOM, " > atom . dat " ) ;
open (TEMP, " temp . dat " ) ;
wh i l e ( de f i n ed ( $ = <TEMP>)){

i f ( ( $ =˜ / Input o r i e n t a t i o n /) | | (/Z−Matrix or i e n ta t i o n /) ){
open (GEOMTEMP, " > g e om _ t em p . dat " ) ;

do{ # PULLS OUT GEOMETRY AND PRINTS TO FILE
$ = <TEMP>;
p r i n t GEOMTEMP " $_ " ;

} whi l e ( $ =! /Distance matrix / ) ; # end do loop

c l o s e GEOMTEMP;
} #end i f loop

i f ( $ =˜ /Optimized Parameters /){ # IF STATIONARY POINT FOUND
my @atomic numbers = qw// ; # READS LAST GEOMETRY FROM THE LOOP ABOVE
$k = $k+1; # AND PRINTS TO FILE
open (GEOMTEMP, " g eo m _ te m p . dat " ) ;

f o r ( $ i = 0 ; $ i <= 3 ; $ i++){
$ = <GEOMTEMP>; # REMOVES UNWANTED HEADERS FROM GEOMETRY
} # END FOR LOOP

f or ( $ i = 1 ; $ i <= $no atoms ; $ i++){ # READS IN OPT. GEOMETRY
$ = <GEOMTEMP>;
@geometries = s p l i t (/\ s+/, $ ) ; # SPLITS A SINGLE GEOMETRY LINE
push ( @atomic numbers , $ge ome t r ie s [ 2 ] ) ; # PUSHES ATOMIC NUMBER ARRAY

# LINE BELOW PRINTS THE X Y AND Z CO−ORDINATES TO FILE
pr in t GEOM " $ ge o m e t r ie s [4]  $ ge o m e t ri e s [5]  $ ge o m e t ri e s [6]  ! Ge o m et r y  In de x  =  $k \ n " ;
} # end f or loop

pr in t ATOM " @ a t o m i c_ n u m b e r s \ n " ;
c l o s e ATOM;
pr in t GEOM " \ n " ;
c l o s e GEOMTEMP;

} # end i f loop

} # end wh i l e loop
c l o s e TEMP;
c l o s e GEOM;

##########################################################
# START PULLING OUT ENERGY AS A FUNCTION OF ANGLE #
##########################################################
open (TEMP, " temp . dat " ) ;
wh i l e ( de f i n ed ( $ = <TEMP>)){

i f ( $ =˜ /Summary o f Optimized Pot en t i a l Su r f ac e Scan /){ # FIND SUMMARISED PRINT OF ENERGIES

do{
$ = <TEMP>;

i f ( ( $ =˜ /EIGENVALUES/) | | (/ Ei genva lues /) ){
my @f ind ene rgy = s p l i t (/−/ , $ ) ;
#@f ind ene rgy =˜ s / ’− ’/ ’ ’ / ;
$ f i nd ene rgy [ 3 ] = $f i nd ene rgy [3]∗ −1;
$ f i nd ene rgy [ 4 ] = $f i nd ene rgy [4]∗ −1;
$ f i nd ene rgy [ 5 ] = $f i nd ene rgy [5]∗ −1;
$ f i nd ene rgy [ 6 ] = $f i nd ene rgy [6]∗ −1;
$ f i nd ene rgy [ 7 ] = $f i nd ene rgy [7]∗ −1;
push (@energy , $ f i nd ene rgy [ 3 ] ) ;
push (@energy , $ f i nd ene rgy [ 4 ] ) ;
push (@energy , $ f i nd ene rgy [ 5 ] ) ;
push (@energy , $ f i nd ene rgy [ 6 ] ) ;
push (@energy , $ f i nd ene rgy [ 7 ] ) ;
}

} whi l e ( $ =! / −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−/);

my $no elements = @energy ;
my $no e l ement s to r emove = $no elements−$no st ep s ;
f o r ( $ i = 1 ; $ i <= $no e l ements to r emove ; $ i++){
pop (@energy ) ;
}

}

}
c l o s e TEMP;
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##########################################################
# PRINT AND RUN LAMM.DAT TO GENERATE LAMM. OUT #
##########################################################
open (LAMM, " > lamm . dat " ) ;
p r i n t LAMM " $ f i le n a m e \ n " ;
p r i n t LAMM " C A L C UL A T E D  AT  @ l e v e l _ o f _ t h e o r y \ n \ n " ;
p r i n t LAMM " $ n o _a t o m s                ! NU MB E R  OF  A TO MS \ n \ n " ;
p r i n t LAMM " 0.0 ,  $no_steps ,  $ a n g l e _ i n c r em e n t  ! M I NI MU M  ANGLE ,  NO .  OF  SCAN  POINTS ,  ST E PS I Z E  IN  DE G RE E S \ n \ n " ;

open (ATOM, " atom . dat " ) ;
my $atomic numbers = <ATOM>; #READS IN LIST OF ATOMIC NUMBERS
c l o s e ATOM;
my @atoms = s p l i t (/\ s+/, $atomic numbers ) ; # SPLITS LIST OF ATOMS INTO ARRAY

fore ach $ (@atoms){
pr in t LAMM " $ at o m i c _ n u m b e r { $_ }                   !  ATOM  TYPE  IN  A . M . U \ n " ;
}

pr in t LAMM " \ n " ;

open (GEOM, " geom . dat " ) ;
my @geoms = <GEOM>;
c l o s e GEOM;
pr in t LAMM @geoms ;

p r i n t LAMM " ’ WA RN I NG :  The  zero  of  the  r e la t iv e  e n er gy  is  a r b it r a ry  mi n im u m ’\ n \ n " ;

@energy min = so r t ( @energy ) ; # SORTS ENERGIES
my $energy min = pop (@energy min ) ;

f o r e ach $ (@energy ){
my $energy cm = ( $ −$energy min )∗219474 . 63 ; # 1 HARTREE = 219474 .63 CM−1
pr i n t f LAMM " % -5 s " , " $ an g le " ;
p r i n t f LAMM " %.4 f \ n " , " $ e n er g y _ cm " ;
$ang l e = $ang l e+$ang l e i n c r ement ;
}

c l o s e LAMM;

system ( " lamm . exe " ) ; # RUNS LAMM.EXE

copy ( " lamm . dat " , " $ f i le n a me " . " _ lam m . dat " ) ; # COPIES OUTPUT FILES TO APT. FILENAMES
copy ( " lamm . out " , " $ f i le n a me " . " _ lam m . out " ) ; # COPIES OUTPUT FILES TO APT. FILENAMES
# copy (” Lamm Fitting Template . opj ” , ” $ f i l e name” . ” lamm . opj ” ) ; # CAN BE UNCOMMENTED AND USED TO

# COPY A TEMPLATE ORIGIN FILE
c l o s e FILE; # FOR FOURIER FITTING

un l i nk ( " temp . dat " ) ; # DELETE REDUNDANT FILES
un l i nk ( " atom . dat " ) ; # DELETE REDUNDANT FILES
un l i nk ( " geom . dat " ) ; # DELETE REDUNDANT FILES
un l i nk ( " ge o m _t e m p . dat " ) ; # DELETE REDUNDANT FILES
un l i nk ( " lamm . dat " ) ; # DELETE REDUNDANT FILES
un l i nk ( " lamm . out " ) ; # DELETE REDUNDANT FILES

} # END LOOP AND REPEAT FOR NEXT FILENAME

##########################################################
# END OF CODE #
##########################################################
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B.4 THERMO FIT.pl

#!/ usr / bin/ pe r l −w
use s t r i c t ;
use 5 . 0 1 ;
use F i l e : : Copy ;

# Author : Kieran P. Somers , Combustion Chemistry Centre , NUI Galway ,
# Contact : kieransomers87@gmail . com

########################################################################################################
# VERSION HISTORY AND INSTRUCTIONS #
########################################################################################################

# v2 : WORKING VERSION 2 , FOR USE WITH MULTIWELL 2012 . 1 TO MULTIWELL 2013 B.
# CANNOT BE USED WITH PRE MULTIWELL 2012 . 1 THERMO.EXE FILES .

##########################################################
# INSTRUCTIONS #
##########################################################

# 1 . REQUIRES INSTALLATION OF GNUPLOT FOR FITTING OF RATE CONSTANTS
# 2 . PUT CODE, THERMO.DAT AND THERMO.EXE INTO THE SAME DIRECTORY
# 3 . DOUBLE CLICKING PERL SCRIPT RUNS THERMO.EXE, ASKS YOU IF YOU WANT RATE CONSTANT OR
# THERMOCHEMICAL PARAMETER FITTING (OR BOTH) AND RENAMES INPUT AND OUTPUT FILES AS YOU WANT
# 4 . SCRIPT ONLY FITS THERMOCHEMISTRY FOR FIRST SPECIES IN OUTPUT FILE
# 5 . POLYNOMIAL FITTING REQUIRES THAT THE CHEMKIN FITDAT UTILITY IS INSTALLED ON YOUR MACHINE
# AND THAT THE PATH TO IT IS APPROPRIATELY DEFINED SO IT CAN FIND THE FITDAT EXECUTABLE

pr in t " FOR  USE  WITH  MU L T IW E L L  V ER S IO N  2 01 2. 1  TO  M UL T I W EL L  2 01 3. B \ n " ;

##########################################################
# LIST OF SCALARS AND ARRAYS #
##########################################################
my $the rm un i t s = 1; # VARIABLE FOR CONVERTING KCAL TO KJ , SET TO 1 IN FIRST INSTANCE
my $k conve r t = 1 ; # FOR CONVERTING MOLECULES/CC TO MOLES/CC
my $avogadro = 6. 023E+23; # AVOGADRO’S NUMBER FOR CONVERTING MCC TO MOLES/CC
my $po lynomi a l f i t = 0 ; # USED IF USER REQUESTS POLYNOMIAL FITTING
my $ f i t k = 0; # USED IF USER REQUESTS RATE CONSTANT FITTING
my @functions ; # USED TO READ OUT HEADERS FOR H, S , CP ETC. FROM PRINTED THERMO.OUT FILE
my @temp ; # READS TEMPERATURES FROM THERMO.OUT
my @S; # READS IN ENTROPIES
my @Cp; # READS IN HEAT CAPACITIES
my @H; # READS IN H[T] − H[ 0 ]
my @k; # READS IN RATE CONSTANTS
my $lnk = 0; # TAKES LN OF ABOVE
my $lnT = 0; # TAKES LN OF TEMPERATURE
my $H298 = 0; # READS 298 K ENTHALPY TO CORRECT H[T] − H[ 0 ] TO H[T] − H[2 9 8 ]
my $HoF = 0; # STANDARD STATE ENTHALPY, REQUESTED FROM USER DURING FITTING
my $i = 1; # LOOPING VARIABLE
my @name molecular formula ; # READS NAME OF SPECIES AND MOLECULAR FORMULA FROM THERMO.OUT
my $name = " null " ; # ACTUAL NAME OF SPECIES POPPED FROM ABOVE
my @molecular formula ; # MOLECULAR FORMULA POPPED FROM ABOVE
my @atom type ; # SPLITS MOLECULAR FORMULA INTO CONSTITUENT ATOMS
my @number of atoms ; # FINDS NO. OF EACH TYPE OF ATOM
un l i nk ( " fit . log " ) ; # DELETES FIT.LOG FROM GNUPLOT IF IT ALREADY EXISTS
my @ f i t l o g = ’ ’ ; # READS FIT .LOG OUTPUT FROM GNUPLOT AND FINDS A, N AND EA
my $lnA = 0; # USED IN RATE CONSTANT FITTING
my $lnA e r ror = 0 ; # USED IN RATE CONSTANT FITTING
my $A = 0; # USED IN RATE CONSTANT FITTING
my $A e r ror = 0; # USED IN RATE CONSTANT FITTING
my $n = 0; # USED IN RATE CONSTANT FITTING
my $n er ror = 0; # USED IN RATE CONSTANT FITTING
my $EaR = 0; # USED IN RATE CONSTANT FITTING
my $EaR error = 0 ; # USED IN RATE CONSTANT FITTING
my $k f i t = 0 ; # USED IN RATE CONSTANT FITTING
my $d i f f e r en c e = 0 ; # USED IN RATE CONSTANT FITTING

##########################################################
# START READING THERMO.OUT #
##########################################################
system ( " t he r mo . exe " ) ; # RUNS THERMO.EXE

open (THERMO, " t he rm o . out " ) ; # OPENS OUTPUT FILE
wh i l e ( de f i n ed ( $ = <THERMO>)){

i f ( $ =˜ /DelS un i t s : J /){ # FINDS UNITS USED IN CALCULATION
$the rm un i t s = " 4 .18 4 " ; # CONVERTS UNITS TO CALORIE BASED FOR FITDAT
pr in t " EN E RG Y  UN ITS  ARE  J O UL ES \ n " ;
}

i f ( $ =˜ /Std . S tat e \= molecule \/cc / i ){
$k conve r t = $avogadro ; # CONVERTS RATE CONSTANTS FROM MOLECULES/CMˆ3 TO MOLES/CMˆ3
pr in t " RATE  C O N ST A NT  UNI TS  ARE  MCC \ n " ;
}
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i f ( $ =˜ /Entropy Cp/){ # MATCHES HEADERS AT END OF THERMO.OUT
# SO PROCESSING OF SUBSEQUENT PARAMETERS CAN COMMENCE

whi l e ( ( de f i n ed ( $ ) ) && ( $ =˜ /\d/) ){ # LOOPS THROUGH THERMO.OUT TO FIND INFO AS A F(T)

$ = <THERMO>;

i f ( ( d e f i n ed ( $ ) ) && ( $ =˜ /\d/) ){
@functions = s p l i t (/\ s+/, $ ) ; # SPLITS EACH LINE WITH THERMO INTO ARRAY
push (@temp , $ f unc t i on s [ 1 ] ) ; # READS TEMPERATURES
push (@k , $ f unc t i on s [ 2 ] ) ; # READS RATE CONSTANT
push (@S, $ f unc t i on s [ 1 0 ] ) ; # READS ENTROPY
push (@Cp, $ f unc t i on s [ 1 1 ] ) ; # READS HEAT CAPACITY
push (@H, $ f unc t i on s [ 1 2 ] ) ; # READS H[T]−H[ 0 ]
} # END IF LOOP

}
} # END IF LOOP

i f ( ( de f i n ed ( $ ) ) && ($name =˜ / nu l l / ) ){# FINDS MOLECULAR FORMULA

i f ( $ =˜ / Empi r ica l/){
@name molecular formula = s p l i t (/\ s+/, $ ) ;
$name = $name molecular formula [ 1 ] ;
@molecular formula = s p l i c e ( @name molecular formula , 9 , ) ;
}

}

} # END READING THERMO
c lo s e THERMO;

##########################################################
# RATE CONSTANT FITTING #
##########################################################
pr in t " \ n \ n *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *\ n " ;
p r i n t " Do  you  want  rate  fitting ,  YES  or  NO ?\ n " ;
p r i n t " = > " ;

chomp ( $ f i t k = <STDIN>);
$ f i t k =˜ s /ˆ\ s +//; # REMOVES WHITE SPACE FROM BEGINNING OF STRING

i f ( $ f i t k =˜ m/ˆY/ i ){
open (RATE, " > r at e _f i t . plt " ) ;
open (RATE FIT, " > r at e _f i t . dat " ) ;

f o r ( $ i = 0 ; $ i < @temp ; $ i++){ # PRINTS TEMPERATURE AND LN(K) TO GNUPLOT INPUT
pr i n t f RATE FIT " %7.2 f " , " $te mp [ $i ] " ;
$k [ $ i ] = $k [ $ i ]∗ $k conve r t ;
$lnk = log ( $k [ $ i ] ) ;
p r i n t f RATE FIT " % 15 .4 E \ n " , " $lnk " ;
}
## PRINTS HEADERS AND INSTRUCTIONS FOR GNUPLOT TO FIT LNK VS. 1/T
pr in t RATE " set  t e r mi n al  jpeg                                                   \ n " ;
p r i n t RATE " set  o ut pu t  \" r at e _f i t . jpg \"                                         \ n " ;
p r i n t RATE " set  t itl e  \" RATE  C ON S TA N T  FIT \"                                     \ n " ;
p r i n t RATE " set  key  left  top                                                    \ n " ;
p r i n t RATE " set  x la be l  ’ T  K ’                                                    \ n " ;
p r i n t RATE " set  y la be l  ’ ln ( k )  /  u ni ts ’                                         \ n " ;
p r i n t RATE " A  =  1 e +06                                                           \ n " ; # GUESS AT A
pr in t RATE " n  =  0.5                                                             \ n " ; # GUESS AT N
pr in t RATE " EaR  =  30 000                                                         \ n " ; # GUESS AT EA
pr in t RATE " f ( x )  =  A  +  n * log ( x )  +  ( - EaR / x )                                      \ n " ;
p r i n t RATE " fit  f ( x )  \" r a te _ f it . dat \"  us in g  1:2  via  A , n , EaR                     \ n " ;
p r i n t RATE " F I T _L I M I T  =  1e -12                                                   \ n " ;
p r i n t RATE " FI T _ M A XI T E R  =  20 000                                                 \ n " ;
p r i n t RATE " plot  \" r a te _ fi t . dat \"  us in g  1:2  with  p oi nt s  ti tle  \" k ( T )\"    \ n " ;
p r i n t RATE " r ep lo t  f ( x )  \ n " ;
c l o s e RATE;
c l o s e RATE FIT;

system ( " g n up l ot . exe  -e  \" load  \ ’ r at e _f i t . plt \ ’ " ) ; # RUNS GNUPLOT

open FITLOG , ( " fit . log " ) ; # OPENS GNUPLOT OUTPUT FILE
@ f i t l o g = <FITLOG>;
c l o s e FITLOG;

f or e ach ( @ f i t l og ){ # FINDS A, N AND EA
i f ( ( $ =˜ /A =/) && ( $ =˜ /%/)) {
@ = sp l i t (/\ s +/,$ ) ;

$lnA = $ [ 2 ] ;
$A = exp ( $lnA ) ;
$ l nA e r ror = $ [ 4 ] ;
$A e r ror = exp ( $ lnA e r ror ) ;
}

i f ( ( $ =˜ /n =/) && ( $ =˜ /%/)){
@ = sp l i t (/\ s +/,$ ) ;
$n = $ [ 2 ] ;
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$n e r ro r = $ [ 4 ] ;
}

i f ( ( $ =˜ /EaR =/) && ( $ =˜ /%/)){
@ = sp l i t (/\ s +/,$ ) ;
$EaR = $ [ 2 ] ;
$EaR error = $ [ 4 ] ;

}
}

open (THERMO, " >> th er m o . out " ) ;
p r i n t THERMO " \ n * * * * * * * * * * * * * * * * * *   RATE  F I TT IN G  S U MM A RY  * * * * * * * * * * * * * * * * * * \ n " ;
p r i n t THERMO "  - - - - - - - - - - - - - - - - - - - - - - - - - - -\ n " ;
p r i n t THERMO "          FIT  P AR A M E TE R S \ n         k  =  A  *  T ^( n )  *  e xp ( - Ea / RT )\ n \ n " ;
p r i n t THERMO "  - - - - - - - - - - - - - - - - - - - - - - - - - - -\ n " ;
p r i n t THERMO "         A         n      Ea / R \ n " ;
p r i n t THERMO "  - - - - - - - - - - - - - - - - - - - - - - - - - - -\ n " ;
p r i n t f THERMO " %1 3. 2 E " , " $A " ;
p r i n t f THERMO " %7.2 f " , " $n " ;
p r i n t f THERMO " %8.0 f \ n " , " $EaR " ;
p r i n t THERMO " + - " ;
p r i n t f THERMO " %8.2 f " , " $ A _e r r or " ;
p r i n t f THERMO " %1 0. 2 f " , " $n _ er r or " ;
p r i n t f THERMO " %8.2 f \ n \ n " , " $ E a R _e r r o r " ;

p r i n t THERMO "    T / K     k ( Th e rm o )      k ( Fit )    Fit  E rr or (%)\ n " ;

f o r ( $ i = 0 ; $ i < @temp ; $ i++){
$ k f i t = $A∗($temp [ $ i ] )∗∗ $n∗exp(−$EaR/($temp [ $ i ] ) ) ;
$ d i f f e r en c e = ( $ k f i t −$k [ $ i ] )∗100/( $k [ $ i ] ) ;
p r i n t f THERMO " %7.2 f " , " $t em p [ $i ] " ;
p r i n t f THERMO " %1 2. 2 E " , " $k [ $i ] " ;
p r i n t f THERMO " %1 2. 2 E " , " $ k_ f it " ;
p r i n t f THERMO " %8.2 f \ n " , " $ d if f e r e n ce " ;
}

c l o s e THERMO;

}

##########################################################
# POLYNOMIAL FITTING #
##########################################################
pr in t " \ n \ n *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *   *\ n " ;
p r i n t " Do  you  want  p o l y no m i a l  fitting ,  YES  or  NO ?\ n

       This  will  be  done  for  the  fir st  s p ec i es  in  t he  file  only .\ n

       This  s p ec ie s  will  be  g iv en  name  as s ig n ed  to  f ir st  r e ac t a nt  in  file .\ n " ;
p r i n t " = > " ;

chomp ( $po l ynomi a l f i t = <STDIN>);
$ po l yn om ia l f i t =˜ s /ˆ\ s+//; # REMOVES WHITE SPACE FROM BEGINNING OF STRING

i f ( $ po l yn om ia l f i t =˜ m/ˆY/ i ){
open (POLY, " > poly . dat " ) ; # CREATES FITDAT INPUT FILE
pr in t POLY " SPEC  $ na me \ n " ; # PRINTS NAME OF SPECIES

# REQUESTS USER TO ENTER HOF IN PRE−HISTORIC UNITS :P
pr in t " \ n  \ nE n te r  Heat  of  F o rm a t io n  in  kcal / mol :  \ n = > " ;
chomp($HoF = <STDIN>);

$H298 = $H [ 0 ] ; # CORRECTS HT−H0 TO HT−H298
f or e ach $ (@H){ # CORRECTS HT−H0 TO HT−H298
$ = $ −$H298 ; # CORRECTS HT−H0 TO HT−H298
} # CORRECTS HT−H0 TO HT−H298

f o r ( $ i = 0 ; $ i < @molecular formula ; $ i++){
my $j = $i +1;
p r i n t POLY " ELEM  $ m o l e c u l a r _ f o r m u l a [ $i ]   $ m o l e c u l a r _ f o r m u l a [ $j ]\ n " ; # PRINT ATOM TYPE AND QUANTITY
$i = $ i +1;
}

# BELOW ARE KEYWORDS FOR FITDAT UTILITY
pr in t POLY " H298  $HoF  !  MUST  BE  IN  KCAL / MOL \ n " ;
p r i n t POLY " TMIN  29 8. 15  \ n " ;
p r i n t POLY " TMAX  2000  \ n " ;
p r i n t POLY " TEMP  1000  \ n " ;
p r i n t POLY " DIAG  2  \ n " ;
p r i n t POLY " DATA   !    T / K     C_P      S     H ( T )  - H ( 29 8) \ n " ;

f o r ( $ i = 0 ; $ i < @temp ; $ i++){
$Cp [ $ i ] = $Cp [ $ i ] / $the rm un i t s ; # CONVERTS KJ TO KCAL IF REQUIRED
$S [ $ i ] = $S [ $ i ] / $the rm un i t s ; # CONVERTS KJ TO KCAL IF REQUIRED
$H[ $ i ] = $H[ $ i ] / $the rm un i t s ; # CONVERTS KJ TO KCAL IF REQUIRED

pr i n t f POLY " % 14 .2 f " , " $t emp [ $i ] " ; # PRINT THERMO FUNCTIONS TO FITDAT INPUT
pr i n t f POLY " %7.2 f " , " $Cp [ $i ] " ; # PRINT THERMO FUNCTIONS TO FITDAT INPUT
pr i n t f POLY " %7.2 f " , " $S [ $i ] " ; # PRINT THERMO FUNCTIONS TO FITDAT INPUT
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pr i n t f POLY " %7.2 f \ n " , " $H [ $i ]\ n " ; # PRINT THERMO FUNCTIONS TO FITDAT INPUT
}
pr in t POLY " END \ n " ; # END OF FITDAT FILE

c l o s e POLY;

system ( " f it d at \  dr iv er . cpp  7   < poly . dat >  poly . out " ) ; v

open (POLY, " poly . out " ) ; # OPENS FITDAT OUTPUT TO EXTRACT POLYNOMIAL
open (THERMO, " >> th er mo . out " ) ;

# BELOW PRINTS RESULTS TO THERMO.OUT
pr in t THERMO " \ n * * * ** * * * * * * * * * *  P OL Y N O MI A L  F I TT I NG  * * * * * * * * * * * * * * *\ n " ;
wh i l e ( de f i n ed ( $ = <POLY>)){

i f ( $ =˜ / F i t : / ){
f o r ( $ i = 1 ; $ i <=4; $ i++){
$ = <POLY>;
p r i n t THERMO " $_ " ;
}
pr in t THERMO " \ n " ;

} # END IF LOOP FOR PRINTING POLYNOMIAL

i f ( $ =˜ /The maximum/){
pr in t THERMO " In  ca l or i e  bas ed  u ni ts :  $_ " ; # PRINTS ERRORS IN FITTING
}

} # END WHILE LOOP
c lo s e THERMO;
c l o s e POLY;

} # END OF POLYNOMIAL FITTING LOOP

##########################################################
# REQUESTS USER TO SUPPLY FILENAME #
##########################################################

pr in t " \ n \ nP l ea s e  give  fi le s  UN IQ UE  AND  LO G IC A L  name .  \ n

       E . G .  RE A C T A N T _ N A ME  to  de fi ne  t h e rm o y n a m i c  c a l c u la t i o n  or  \ n

       R E A C T A N T _ N A M E _ P R O D U C T _ N A M E  to  de fi n e  ki n et i c  c a l cu l a t i o n \ n = > " ;

chomp(my $new f i lename = <STDIN>);

copy ( " th e rm o . out " , " $ n e w _f i l e n a m e . out " ) ; # cop i e s f i l e s to r e que s t ed name
copy ( " th e rm o . dat " , " $ n e w _f i l e n a m e . dat " ) ; # cop i e s f i l e s to r e que s t ed name
pr in t " \ n t he rm o . dat  c op i ed  to  $ n e w _ f i l en a m e . dat \ n " ;
p r i n t " th e rm o . out  co pi e d  to  $ n e w_ f i l e n a m e . out \ n " ;
p r i n t " \ n  \ nHIT  E NTE R  TO  C ON T IN U E \ n = > " ;
chomp(my $end = <STDIN>);

un l i nk ( " ra t e_ f i t . dat " ) ; # d e l e t e redundant f i l e s
un l i nk ( " ra t e_ f i t . jpg " ) ; # d e l e t e redundant f i l e s
un l i nk ( " ra t e_ f i t . plt " ) ; # d e l e t e redundant f i l e s
un l i nk ( " fit . log " ) ; # d e l e t e redundant f i l e s
un l i nk ( " poly . dat " ) ; # d e l e t e redundant f i l e s
un l i nk ( " $ na me . csv " ) ; # d e l e t e redundant f i l e s
un l i nk ( " poly . out " ) ; # d e l e t e redundant f i l e s
un l i nk ( " t he r mo . out " ) ; # d e l e t e redundant f i l e s

##########################################################
# END OF CODE #
##########################################################
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B.5 CREATE MULTIWELL TEMPLATE.pl

#! c :\ Strawberry \Pe r l\bin\ pe r l −w
use s t r i c t ;
use F i l e : : Copy ;

# Author : Kieran P. Somers , Combustion Chemistry Centre , NUI Galway ,
# Contact : kieransomers87@gmail . com

########################################################################################################
# VERSION HISTORY AND INSTRUCTIONS #
########################################################################################################
# v1 CREATES A MULTIWELL TEMPLATE BASED ON USER DEFINED INFORMATION BELOW

##########################################################
# INSTRUCTIONS #
##########################################################
# THIS SCIPT ALLOWS ONE TO AUTOMATICALLY GENERATE A TEMPLATE MULTIWELL.DAT FILE BASED ON PROVISION OF:
# 1 . THE NUMBER OF WELLS, TRANSITION STATES AND PRODUCTS ON YOUR PES
# 2 . THE LENNARD JONES PARAMETERS AND MASS OF YOUR WELLS/ISOMERS
# 3 . THE LENNARD JONES PARAMETERS AND MASS OF COLLIDER
# 4 . PROVISION OF COLLISIONAL MODEL PARAMETERS
# IT IS ASSUMED (AS IS TYPICAL IN THE LITERATURE) THAT ALL WELLS HAVE THE SAME LJ PARAMETERS AND ARE
# GOVERNED BY THE SAME COLLISIONAL MODEL.
# VARIABLES ARE PRESCRIPED BELOW
# ALTER AS NECESSARY AND DOUBLE CLICK . p l FILE TO GENERATE MULTIWELLBATCH TEMPLATE. dat
# MULTIWELL BATCH TEMPLATE. dat IS INTENDED TO BE COMPATIBLE WITH MULTIWELLBATCH. p l

##########################################################
# USER INPUT PARAMETERS #
##########################################################
############ PES INFORMATION ############
my $no we l l s = 4 ; # NUMBER OF WELLS
my $no t s = 10 ; # NUMBER OF FORWARD UNIMOLECULAR REACTION PATHWAYS I .E. NUMBER OF TS
my $no products = 5; # NUMBER OF PRODUCTS (IRREVERSIBLE )

############ WELL INFORMATION ############
my $sigma = 5.36 ; # SIGMA FOR REACTANT (ANGSTROM)
my $eps i l on = 396 ; # EPSILON FOR REACTANT (KELVIN)
my $mass = 82 . 1 ; # MASS OF REACTANT (AMU)

########## COLLIDER INFORMATION ##########
my $ s i gma co l l i d e r = 3. 47 ; # SIGMA FOR COLLIDER (ANGSTROM)
my $ e p s i l o n c o l l i d e r = 114 ; # EPSILON FOR COLLIDER (KELVIN)
my $ma s s c o l l i d e r = 39 . 95 ; # MASS OF COLLIDER (AMU)

############ COLLISION MODEL ############
# COPY AND PASTE COLLISION MODEL AND 8 COEFFICIENTS BETWEEN QUOTATION MARKS
my $ co l l i s i o n mode l = " 1    1000    0.0   0.0   0.0   0.0   0.0   0.0   0.0  " ;

##########################################################
# GENERATE MULTIWELL BATCH TEMPLATE.DAT #
##########################################################
my $i = 0; # JUST A LOOPING/COUNTING VARIABLE

open (TEMPLATE, " > M U L T I W E L L _ B A T C H _ T E M P L A T E . dat " ) ;

p r i n t TEMPLATE " T IT LE \ n " ;
p r i n t TEMPLATE " I N S E R T _ E N E R G Y _ P A R A M E T E R S \ n " ;
p r i n t TEMPLATE " ’ ATM ’   ’ KJOU ’  ’ CM -1 ’\ n " ;

p r i n t TEMPLATE " I N S E R T _ T E M P E R A T U R E S   ! < -  T r a n s l a ti o n a l  and  in i ti a l  v i b ra t i o n a l  t e m p e r at u r e s .\ n " ;
p r i n t TEMPLATE " I N S E R T _ PR E S S U R E S           !    <-  No .  of  p r es s u re s  \ n " ;
p r i n t TEMPLATE " I N S E R T _ L I S T _ O F _ P R E S S U R E S   !    <-  P r e ss u r es  in  Pu ni ts  a bo ve  \ n " ;
p r i n t TEMPLATE " $n o _ we l l s     $ n o _ pr o d u c t s    ! ’ NAME ’          ’H (0 K ) ’  ’2D - EXT ’ ’ SYM ’ ’ ELE ’  ’ OPT ’\ n " ;

f o r ( $ i = 1 ; $ i <= $no we l l s ; $ i++){
pr in t TEMPLATE " $i         ’ W E L L _ _ __ _ $ i ’      H (0 K )    2D - EXT    SYM    ELE    OPT  ! < -  PES  MI NI MA \ n " ;

}

f o r ( $ i = $no we l l s +1; $ i <= $no we l l s+$no products ; $ i++){
pr in t TEMPLATE " $i         ’ P RO D U C T __ $ i ’      H (0 K )  ! < -  I R R EV E R S I B L E  P RO D UC T  SET \ n " ;

}

pr in t TEMPLATE " $ s i gm a _ c o l l i d e r  $ e p s i l o n _ c o l l i d e r  $ m as s _ c o l l i d e r  $ mas s  ! < - CO L L ID E R  P R O PE R T I E S \ n " ;

f o r ( $ i = 1 ; $ i <= $no we l l s ; $ i++){
pr in t TEMPLATE " $i   $s ig ma    $ e ps i lo n    $ c o l l i s i o n _ m o d e l \ n " ;
p r i n t TEMPLATE " LJ \ n " ;

}

pr in t TEMPLATE " $ no _t s         ! NAME         ’2D - EXT ’  ’ SYM ’ ’ ELE ’  ’ O PT ’ ’ AA ’  ’ Hdag ’   ’ KEY1 ’   ’ KEY2 ’

        ’ KEY3 ’  ’ KEY4 ’  ’ KEY5 ’\ n " ;

f o r ( $ i = 1 ; $ i <= $no t s ; $ i++){
pr in t TEMPLATE " Mol  ito   ’ T S _ _ __ _ _ _ $ i ’  2D - EXT    SYM    ELE    OPT    AA    Hdag    ’ KEY1 ’   ’ KEY2 ’
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                ’ KEY3 ’  ’ KEY4 ’  ’ KEY5 ’\ n " ;
}

pr in t TEMPLATE " I N SE R T _ T R I A L S   ’ TIME ’ IN S E R T _ T RE A D       ’ T H ER M AL ’        1        1        0.\ n \ n " ;

c l o s e (TEMPLATE) ;
##########################################################
# END OF CODE #
##########################################################
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B.6 CREATE VIBS INPUT.pl

#! c :\ Strawberry \Pe r l\bin\ pe r l −w
use s t r i c t ;
use F i l e : : Copy ;

# Author : Kieran P. Somers , Combustion Chemistry Centre , NUI Galway ,
# Contact : kieransomers87@gmail . com

my @dof ; # VARIABLES FOR DEFINING THE NUMBER OF ROVIBRATIONAL D.O.F FOR MOLECULES
my $dof ; # VARIABLES FOR DEFINING THE NUMBER OF ROVIBRATIONAL D.O.F FOR MOLECULES

##########################################################
# READS IN CREATE VIBS INPUT.LST #
##########################################################
open (NAMES, " C R E A T E _ V I B S _ I N P U T . LST " ) ;
my @ f i l e s = <NAMES>;

f o r e ach $ ( @ f i l e s ) {
chomp( $ ) ;

i f ( $ =˜ /DOF/){
@dof = s p l i t (/\ s++/, $ ) ;
$dof = $dof [ 2 ] ;
p r i n t " $dof \ n " ;

} # end i f loop

e l s e {
open (VIBS , " > $_ . VIBS " ) ;
p r i n t VIBS " $_ \ n " ;
p r i n t VIBS " $_  \! < - O UT PU T  FILE  NAME \ n " ;
p r i n t VIBS " $dof  0  HAR  CM -1\ n " ;
p r i n t VIBS " I N S E R T _ E N E R G Y _ P A R A M E T E R S \ n " ;
p r i n t VIBS " !! COPY  VIB / HRB / HRD / QRO  FROM  TH ER MO . DAT \ n " ;
p r i n t VIBS " !! NOTE : C O MM EN T  OUT  2 - D  J - RO TO R .  D EF IN E D  IN  M UL T I WE L L . DAT \ n " ;
c l o s e (VIBS ) ;
} # end e l s e loop

} # end f ore ach loop

c l o s e (VIBS ) ;
##########################################################
# END OF CODE #
##########################################################
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B.7 MULTIWELL BATCH.pl

#! c :\ Strawberry \Pe r l\bin\ pe r l −w
use s t r i c t ;
use F i l e : : Copy ;

# Author : Kieran P. Somers , Combustion Chemistry Centre , NUI Galway ,
# Contact : kieransomers87@gmail . com

########################################################################################################
# VERSION HISTORY AND INSTRUCTIONS #
########################################################################################################
# v1 FIRST WORKING VERSION OF CODE. CAN CREATE MULTIPLE MULTIWELL.DAT FILES BASED ON
# USER SPECIFIED INPUT FOR TEMP, PRESS , TRIALS, NO. OF COLLISIONS ETC.

##########################################################
# INSTRUCTIONS #
##########################################################
# 1 . OPEN A DOS WINDOW IN DIRECTORY CONTAINING GAUSSIAN OUTPUT FILES
# 2 . TYPE ‘ ‘ pe r l MULTIWELL BATCH V3. p l MULTIWELL BATCH. l s t ’ ’
# 3 . CODE WILL CREATE MULTIPLE FOLDERS BASED ON THE CONDITIONS SPECIFIED IN MULTIWELLBATCH. l s t
# AND THE TEMPLATE MULTIWELL.DAT FILE (MULTIWELLBATCH TEMPLATE. dat ) PROVIDED BY THE USER
# SOMER PARAMETERS MUST BE DEFINED BELOW

##########################################################
# SCALARS AND VARIABLES DEFINITION #
##########################################################
my $TEMP; # VARIABLE FOR DEFINITION OF TEMPERATURE (TRANSLATIONAL)
my $TVIB ; # VARIABLE FOR DEFINITION OF TEMPERATURE (VIBRATIONAL)
my $TRIALS ; # VARIABLE FOR DEFINITION OF NUMBER OF TRIALS
my $COLL TIME ; # VARIABLE FOR DEFINITION OF NUMBER OF COLLISIONS/SIMULATION TIME
my $NP ; # VARIABLE FOR DEFINITION OF NUMBER OF PRESSURES AT WHICH TO SIMULATE
my $i ; # LOOPING VARIABLE, IMPORTANT FOR DEFINING NUMBER OF PRESSURES

##########################################################
# MUST INPUT SOME VARIABLES HERE FOR MASTER EQUATION #
##########################################################
my $Egrain = 10 ; # ENERGY GRAINING PARAMETERS, PLEASE DEFINE HERE
my $imax1 = 500 ; # ENERGY GRAINING PARAMETERS, PLEASE DEFINE HERE
my $ I s i z e = 1500 ; # ENERGY GRAINING PARAMETERS, PLEASE DEFINE HERE
my $Emax2 = 85000 ; # ENERGY GRAINING PARAMETERS, PLEASE DEFINE HERE
un l i nk <∗.dens >;

##########################################################
# RUN DENSUM AND GENERATE .DENS FILES FOR RRKM/ME COMPS.#
##########################################################
my @f i l e s = <∗. vibs >; # FINDS ANY . VIBS FILES IN DIRECTORY
fore ach $ ( @ f i l e s ) {

my $f i l e name = $ ;

p r i n t " G E N ER A T I N G  AND  R UN N IN G  D EN SU M  IN PU T  F IL ES . .. . . .. \ n " ;

open (DENSUM, " $ f i le n a me " ) ;
my @densum = <DENSUM>;
open (DENSUMTEMP, " > temp . dat " ) ;

f o r e ach (@densum ){
i f ( $ =˜ /INSERT ENERGY PARAMETERS/){

pr in t DENSUM TEMP " $ Eg r ai n  $ im ax 1  $ Is iz e  $E m ax 2  ! < - -  E NE RG Y  GR AIN  SI Z I NG  AND  D O UB LE  A RRA Y  F O RM A T IO N .\ n " ;
}

e l s e {
pr in t DENSUM TEMP " $_ " ;
}

} # END FOREACH LOOP

c lo s e (DENSUM TEMP) ;

copy ( " temp . dat " , " de n su m . dat " ) ;
system ( " de ns um . exe " ) ;
copy ( " de ns um . out " , " $f i l en a m e " . " _d e ns u m . out " ) ;
un l i nk ( " temp . dat " ) ;
un l i nk ( " de ns um . dat " ) ;
un l i nk ( " de ns um . out " ) ;

} # end f ore ach loop

######################################################################################
# MAIN CODE, READS .LST FILE, MAKES FOLDERS AND MULTIWELL.DAT FOR EACH SIMULATION #
######################################################################################
whi l e (my $ l i n e=<>){

my @input l i n e = s p l i t /\ t +/, $ l i n e ; # SPLITS LINE CONTAINING CONDITIONS INTO ARRAY
next i f ( $ i n put l i n e [ 0 ] =˜ /ˆ\#/) ; # SKIPS LINE IF IT STARTS WITH A COMMENT, DEFINED BY A #
chomp( @input l i n e ) ;

($TEMP, $TVIB , $TRIALS , $COLL TIME , $NP) = @input l i n e ; # ASSIGNS PARAMETERS TO VARIABLES
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my @pressures = qw( ) ;
f o r ( $ i = 5 ; $ i < $NP+5; $ i++){ # PULLS OUT PRESSURES AND PUSHES THEM TO ARRAY

push ( @pressures , $ i npu t l i n e [ $ i ] ) ;
}
my $pr in t p re s s u r e s = j o in ( " _ " , @pressures ) ;

##################################################################
# MAKE SUB−DIRECTORIES FOR EACH CONDITION DEFINED IN .LST FILE #
##################################################################

mkdir ( " T _ $T E MP " . " _ P _ $ p r i n t _ p r e s s u r e s " . " _ T R L _$ T R I A L S " . " _ C O L L T I M E _ $ C O L L _ T I M E " ) ;
mkdir ( " T _ $T E MP " . " _ P _ $ p r i n t _ p r e s s u r e s " . " _ T R L _$ T R I A L S " . " _ C O L L T I M E _ $ C O L L _ T I M E " . " / D e ns D at a " ) ;

my @densum1 = glob ( " *. dens " ) ;
f o r e ach (@densum1) {
copy ( " $_ " , " T _$ T EM P " . " _ P _ $ p r i n t _ p r e s s u r e s " . " _ T RL _ $ T R I A LS " . " _ C O L L T I M E _ $ C O L L _ T I M E " . " / D en s Da t a " ) ;
}

my @densum3 = glob ( " * _d e ns u m . out " ) ;
f o r e ach (@densum3) {
copy ( " $_ " , " T _$ T EM P " . " _ P _ $ p r i n t _ p r e s s u r e s " . " _ T RL _ $ T R I A LS " . " _ C O L L T I M E _ $ C O L L _ T I M E " . " / D en s Da t a " ) ;
}

######################################################################
# CREATES MULTIWELL.DAT FOR EACH CASE AS VARIABLES ARE NOW DEFINED #
######################################################################
open (TEMPLATE, " M U L T I W E L L _ B A T C H _ T E M P L A T E . dat " ) ;
open (TEMP, " > TEMP . dat " ) ;

my @template = <TEMPLATE>;

f o r e ach (@template ){
my $KEYWORD1;

i f ( $ =˜ /INSERT ENERGY PARAMETERS/){ # PRINTED ENERGY GRAIN SIZES ETC
pr in t TEMP " $ E gr a in  $ i ma x1  $ Is iz e  $ Em ax 2  1 1 12 9 37 3  ! < - -  EN ER GY  GR AI NS / D O UB LE  A RRA Y \ n " ;
}
e l s i f ( $ =˜ /INSERT TEMPERATURES/){ # PRINT TEMPERATURES
pr in t TEMP " $ TEM P  $T VIB  ! < - -  T R A N S L A TI O N A L  AND  IN I TI AL  V I B RA T I O N AL  T E M P E RA T U R E S .\ n " ;
}
e l s i f ( $ =˜ /INSERT PRESSURES /){ # PRINT PRESSURES
pr in t TEMP " $NP  ! < - -  NU MB ER  OF  PR E S SU R E S  \ n " ;
}
e l s i f ( $ =˜ /INSERT LIST OF PRESSURES /){ # PRINT PRESSURES
pr in t TEMP " @p r e s su r e s  ! < - -  LIST  OF  P RE S S UR E S  \ n " ;
}
e l s i f ( $ =˜ /INSERT TRIALS/){ # PRINT NUMBER OF TRIALS FOR SIM

my @ f i n a l l i n e = s p l i t /\ s+/, $ ;

i f ( $ =˜ /COLL/ i ){
$KEYWORD1 = " COLL " ; # DEFINE SIM TIME IN TERMS OF COLLISIONS OR SECONDS

}
e l s e {

$KEYWORD1 = " TIME " ; # DEFINE SIM TIME IN TERMS OF COLLISIONS OR SECONDS
}

s p l i c e @ f i na l l i n e , 0 , 3 ;
p r i n t TEMP " $T RI A LS  ’ $ K EY W O RD 1 ’  $ C OL L _ T IM E  @ f in a l _ l i ne \ n " ;
}

e l s e {
pr in t TEMP " $_ " ;
}

}# END FOREACH LOOP

##########################################################
# COPY FILES FOR EACH SIMULATION TO EACH SUB−FOLDER #
##########################################################
c lo s e (TEMPLATE) ;
c l o s e (TEMP) ;
copy ( " TEMP . dat " , " m u lt i w el l . dat " ) ;
copy ( " m ul t i we l l . exe " , " T _$ TE M P " . " _ P _ $ p r i n t _ p r e s s u r e s " . " _ TR L _ $ T R I AL S " . " _ C O L L T I M E _ $ C O L L _ T I M E " ) ;
copy ( " m ul t i we l l . dat " , " T _$ TE M P " . " _ P _ $ p r i n t _ p r e s s u r e s " . " _ TR L _ $ T R I AL S " . " _ C O L L T I M E _ $ C O L L _ T I M E " ) ;
copy ( " P O S T _ P R O C E S S _ M U L T I W E L L _ V 2 . pl " , " T _$ TE M P " . " _ P _ $ p r i n t _ p r e s s u r e s " . " _ TR L _ $ T R I AL S " . " _ C O L L T I M E _ $ C O L L _ T I M E " ) ;
} # END WHILE LOOP

system ( " del  * _d e ns u m . out  *. dens  TEMP . DAT  m u l ti w e ll . dat " ) ; # DELETE REDUNDANT FILES
##########################################################
# END OF CODE #
##########################################################
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B.8 POST PROCESS MULTIWELL.pl

#! c :\ Strawberry \Pe r l\bin\ pe r l −w
use s t r i c t ;
use F i l e : : Copy ;

# Author : Kieran P. Somers , Combustion Chemistry Centre , NUI Galway ,
# Contact : kieransomers87@gmail . com

########################################################################################################
# VERSION HISTORY AND INSTRUCTIONS #
########################################################################################################
# v1 CORRECTLY POST−PROCESSES MultiWell−2013 (JAN 2013) OUTPUT FILES
# NOTE: CANNOT EXTRACT ‘ ‘RATES ’ ’ FROM MULTIWELL.RATE WITH LATEST VERSIONS OF MULTIWELL AS
# THE PHRASE ‘ ‘ Average Flux Co e f f i c i e n t s ’ ’ IS NO LONGER PRINTED IN MULTIWELL.RATE TO DEFINE
# THE NUMBER OF FORWARD AND REVERSE RATE CONSTANTS PRINTED TO MULTIWELL.RATE
# THIS COULD BE OVERCOME BY DEFINING THE NUMBER OF RATES ( $n o o f r at e s = xx ) BELOW IN THE LIST OF
# VARIABLES, AND COMMENTING OUT LINES ‘ ‘ $ no o f r a t e s = $ l i n e [ 1 ] ; ’ ’ LATER IN THE CODE
# THIS APPROACH HAS NOT BEEN TESTED FULLY

##########################################################
# INSTRUCTIONS #
##########################################################
# 1 . PUT IN SAME DIRECTORY AS MULTIWELL.OUT AND MULTIWELL.RATE
# 2 . −> DOUBLE CLICK
# 3 . −> COPY OUTPUT FROM .DAT FILES TO EXCEL OR OTHER GRAPHING SOFTWARE

##########################################################
# SOME SCALARS AND VARIABLES DEFINITION #
##########################################################
my @header ;
my @line ;

my $ i ;
my $j ;
my $no o f ra t e s ;

##########################################################
# READS MULTIWELL.RATE FILE #
##########################################################
open (RATE, " mu l t iw e l l . rate " ) ;
open (RATES, " > P P M_ R A T ES . DAT " ) ;

p r i n t RATES " \\ i ( Time )  /  s \ t \ t \\ i ( k )  /  s \\+( -1) " ;

wh i l e (<RATE>){

i f ( $ =˜ /Ttrans =/){
my @temp = s p l i t /\ s++/, $ ;
p r i n t RATES " \ t T e m p er a t u r e ( K )\ t \=\ t $t em p [3] " ;
}

i f ( $ =˜ /Pre s s =/){
my @press = s p l i t /\ s++/, $ ;
p r i n t RATES " \ t P re s s ur e ( $ p re ss [4 ]) \ t \=\ t$ pr e ss [3]\ n \ n " ;
}

my $a ;
next un l e s s /Average Flux Co e f f i c i e n t s / ;
@line = s p l i t /\ s++/, $ ;
$ n o o f r at e s = $ l i n e [ 1 ] ;

wh i l e ( de f i n ed ( $a = <RATE>)) {

i f ( $a =˜ / Pre s s =/){
my @press = s p l i t /\ s++/, $a ;
p r i n t RATES " \ n \ nP r e s su r e ( $ pr es s [4] )\ t \=\ t $p r es s [3]\ n " ;
}

i f ( $a =˜ /Time/){

@header = s p l i t /\ s++/, $a ;

f o r ( $ i = 1 ; $ i <= $no o f r a t e s +2; $ i++){
pr in t RATES " $ he a de r [ $i ]\ t " ;

}

f o r ( $ i = 1 ; $ i <= 101 ; $ i++){
pr in t RATES " \ n " ;
my $rate s1 = <RATE>;
my @rates2 = s p l i t /\ s++/, $rat e s1 ;

f o r ( $ j = 1 ; $ j <= $n o o f r at e s +2; $ j++){
pr in t RATES " $ ra t es 2 [ $j ]\ t " ;
}

} # END FOR LOOP
} # END IF LOOP
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} # END WHILE LOOP
} # END WHILE LOOP

c lo s e (RATE) ;
c l o s e (RATES) ;

##########################################################
# READS MULTIWELL.OUT FILE #
##########################################################
open (CONC, " mu l t iw e l l . out " ) ;
open (CONCS, " > PP M_ x . DAT " ) ;
open (CONCS2, " > P P M_ l nx . DAT " ) ;
open (VIBS , " > P PM _ vi b s . DAT " ) ;

p r i n t CONCS " \\ i ( Time )  /  s \ t \ t Fr a c ti o n " ;

p r i n t CONCS2 " \\ i ( Time )  /  s \ t \ tln ( F r ac t io n ) " ;

p r i n t VIBS " \\ i ( Time )  /  s \ t \ t \\ i ( E )\\ -( VIB )  /  cm \\+( -1) " ;

wh i l e (<CONC>){

i f ( $ =˜ /Ttrans =/){
my @temp = s p l i t /\ s++/, $ ;
p r i n t CONCS " \ t T e m p er a t u r e ( K )\ t \=\ t $t em p [3] " ;
p r i n t CONCS2 " \ t T e m p e r at u r e ( K )\ t \=\ t $ te mp [3] " ;
p r i n t VIBS " \ t T e mp e r a t u r e ( K )\ t \=\ t$ t em p [3] " ;
}

i f ( $ =˜ /Pre s s =/){
my @press = s p l i t /\ s++/, $ ;
p r i n t CONCS " \ t P re s s ur e ( $ p re ss [4 ]) \ t \=\ t$ pr e ss [3]\ n \ n " ;
p r i n t CONCS2 " \ t P r es s u re ( $p re ss [ 4] )\ t \=\ t$ p re s s [3]\ n \ n " ;
p r i n t VIBS " \ t Pr e s su r e ( $ pr es s [4 ])\ t \=\ t $ pr es s [3]\ n \ n " ;
}

next un l e s s / Name : / ;
@line = s p l i t /\ s++/, $ ;
s h i f t ( @line ) ;
s h i f t ( @line ) ;

my $numbe r o f spe c i e s = 0 ;

f o r e ach ( @line ){
$numbe r o f spe c i e s = $numbe r o f spe c i e s+1;
}

my $a ;
wh i l e ( de f i n ed ( $a = <CONC>)) {

i f ( $a =˜ / Pre s s =/){
my @press = s p l i t /\ s++/, $a ;
p r i n t CONCS " \ n \ n Pr e s s ur e ( $ pr e ss [4 ]) \ t \=\ t $ pr e ss [3]\ n " ;
p r i n t CONCS2 " \ n \ n P re s s u re ( $p re ss [ 4]) \ t \=\ t$ p re s s [3]\ n " ;
p r i n t VIBS " \ n \ nP r e ss u r e ( $ pr es s [4] )\ t \=\ t $p r es s [3]\ n " ;
}

i f ( $a =˜ /Fract /){

pr in t CONCS " Time ( secs )\ t C o l li s i o n s \ t " ;
p r in t CONCS2 " Time ( secs )\ tC o l l i si o n s \ t " ;
p r in t VIBS " Time ( secs )\ t C o ll i s i o ns \ t " ;
f o r e ach ( @line ){
pr in t CONCS " $_ \ t " ;
p r in t CONCS2 " $_ \ t " ;
p r in t VIBS " $_ \ t " ;
}

f o r ( $ i = 1 ; $ i <= 101 ; $ i++){
pr in t CONCS " \ n " ;
p r i n t CONCS2 " \ n " ;
p r i n t VIBS " \ n " ;

my $concs1 = <CONC>;
my @concs2 = s p l i t /\ s++/, $concs1 ;
s h i f t (@concs2 ) ;
my $time = sh i f t (@concs2 ) ;
my $ c o l l s = s h i f t (@concs2 ) ;

p r i n t CONCS " $ tim e \ t $c o ll s \ t " ;
p r i n t CONCS2 " $ ti me \ t $ co ll s \ t " ;
p r i n t VIBS " $t im e \ t$ c ol l s \ t " ;

my $ i = 0;
my $lnx = 0 ;
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fo r ( $ j = 0 ; $ j < $numbe r o f spe c i e s ; $ j++){
my $k = $i +2;

i f ( $concs2 [ $ i ] > 0){
$lnx = log ( $concs2 [ $ i ] ) ;
p r i n t f CONCS2 " %+ 10 . 3 E " , " $lnx " ;
p r i n t CONCS2 " \ t " ;
}
e l s e {
$lnx = " NaN " ;
p r i n t f CONCS2 " %3 s " , " $lnx " ;
p r i n t CONCS2 " \ t " ;

}
pr in t CONCS " $ c on c s2 [ $i ]\ t " ;
p r i n t VIBS " $ co n cs 2 [ $k ]\ t " ;
$ i = $ i +3;

}
} # END FOR LOOP

} # END IF LOOP
} # END WHILE LOOP

}# END WHILE LOOP

c lo s e (CONC) ;
c l o s e (CONCS) ;
c l o s e (CONCS2 ) ;
##########################################################
# END OF CODE #
##########################################################
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B.9 CHEMDIS EXTRACT.pl

#!/ usr / bin/ pe r l −w
use s t r i c t ;
use 5 . 0 1 ;
use F i l e : : Copy ;

# Author : Kieran P. Somers , Combustion Chemistry Centre , NUI Galway ,
# Contact : kieransomers87@gmail . com

########################################################################################################
# VERSION HISTORY AND INSTRUCTIONS #
########################################################################################################
# v2 : RUNS AND POST−PROCESSES CHEMDIS CALCULATIONS

##########################################################
# INSTRUCTIONS #
##########################################################
# 1 . DOUBLE CLICK .PL FILE.
# 2 . ENTER CHEMDIS INPUT FILENAME (NO EXTENSION NECESSARY, SHOULD BE NAMED . INP THOUGH
# DO NOT INCLUDE WORD PRODUCT ANYWHERE EXCEPT WHERE PRODUCT KEYWORD IS DEFINED IN CHEMDIS INPUT FILE.
# WHEN DEFINING PRODUCTS IN INPUT FILE, THE TWO PRODUCTS MUST BE WRITTEN AS FOLLOWS ”P1+P2” ,
# THERE MUST BE NO SPACES BETWEEN P1 AND +, OR P2 AND +
# FILENAME .EDOWN CONTAINS DEDOWN AS A FUNCTION OF TEMPERATURE,
# ABOVE SHOULD BE VERIFIED AGAINST DESIRED DEDOWN.
# FILENAME .CHEMKIN CONTAINS CHEMKIN FORMAT RATE CONSTANTS

##########################################################
# SCALARS AND VARIABLES DEFINITION #
##########################################################
my $f i l e name = 0;
my $dEdown = 0 ;
my $dEall = 0 ;
my $no we l l s = 0 ;
my $we l l no = 0;
my $we l l c ount = 0 ;
my $no products = 0;
my $chemact = 0;

my $temp = 0;
my $no temps = 0;
my $no pre s su re s = 0;
my $ t o t a l n o ra t e s = 0 ;

my $ i = 0;

##########################################################
# RUNS CHEMDIS #
##########################################################
pr in t " En ter  Ch em d is  I np ut  F i le n a me  ( No  E xt e n s i on s ):\ n " ;
p r i n t " = > " ;

chomp( $ f i l e name = <STDIN>);
copy ( " $ f il e n am e . inp " , " fort .10 " ) ;

system ( " C HM D IS " ) ;

copy ( " fort .55 " , " $ f il e n am e . kin " ) ;
copy ( " fort .30 " , " $ f il e n am e . col " ) ;

open (FORT20, " fort .20 " ) ;
open (FORT25, " fort .25 " ) ;
open (TMP, " > $f i l en a m e . out " ) ;

wh i l e ( de f i n ed ( $ = <FORT20>)){
pr in t TMP " $_ " ;
}

whi l e ( de f i n ed ( $ = <FORT25>)){
pr in t TMP " $_ " ;
}

c l o s e FORT20;
c l o s e FORT25;
c l o s e TMP;

un l i nk < f o r t .∗> ; # d e l e t e s redundant chemdis f i l e s

p r i n t " \ n \ n \ n \ n \ n - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - " ;
p r i n t " - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - SUMMARY - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - " ;
p r i n t " - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - " ;

##########################################################
# READ CHEMDIS INPUT FILE FOR SOME INFO #
##########################################################
open (INP , " $ f i le n a m e . inp " ) ;
wh i l e ( de f i n ed ( $ = <INP>)){
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i f ( $ =˜ /temp/ i ){
$ = <INP>;
@ = sp l i t (/\ s +/, $ ) ;
$no temps = $ [ 0 ] ;

p r i n t " N um be r  Of  T e m pe r a t u r e s  =  $ no _ t em p s \ n " ;
}

i f ( $ =˜ / pre s/ i ){
$ = <INP>;
@ = sp l i t (/\ s +/, $ ) ;
$no pre s su re s = $ [ 0 ] ;
p r i n t " N um be r  Of  P re s s ur e s     =  $ n o _ p re s s u r e s \ n " ;
}

i f ( $ =˜ / we l l / i ){
$no we l l s = $no we l l s+1;
}

i f ( $ =˜ /PRODUCT/ i ){
$no products = $no products +1;
}

i f ( $ =˜ /INPUT/ i ){
$chemact = 1;
}

} # end wh i l e loop

# THIS PART OF SCRIPT PRINTS SOME SUMMARY DATA, IT MAY NOT BE ACCURATE, COMMENT OUT IF NOT
# IT DOES NOT INFLUENCE THE FINAL RESULTS!
p r i n t " Nu m be r  Of  W el ls         =  $n o _ w el l s \ n " ;
p r i n t " Nu m be r  Of  Pr o d uc t s      =  $ n o_ p r o d u c ts \ n " ;
p r i n t " C h e mi c a l ly  A c ti v a te d ?   =  $c h em a c t  (0  =  NO ,  1  =  YES )\ n " ;
$ to t a l n o r a te s = ( $no we l l s−1+$no products+$chemact )∗ $no pre s su re s ∗ $no we l l s +
( $no we l l s+$no products+$chemact )∗ $no pre s su re s ∗$chemact ;
p r i n t " To tal  N u mb er  of  Ra te s   =  $ t o t a l _ n o_ r a t e s  \ n " ;
p r i n t " To tal  N u mb er  of  Ra te s   =\ n " ;
p r i n t " ( N_Wells -1  +  N_ P r o du c t s )*( N _ P re s s u r e s )]*( N o_ W el l s )  +  \ n " ;
p r i n t " ( N _ We ll s  +  N _ Pr o d u c ts )*( N_ P r e s su r e s )*( N _ C h e m _ A c t _ C h a n n e l s )\ n " ;
p r i n t " - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - " ;
c l o s e ( INP ) ;

##########################################################
# POST−PROCESS .COL FILE TO EVALUATE DELTA−E−DOWN #
##########################################################
open (COL, " $ f i le n a m e . col " ) ;
open (EDOWN, " > $ f il e n a me " . " . e do wn " ) ;
p r i n t EDOWN " T he se  p a r a me t e r s  s ho ul d  be  co m p ar e d  with  d e si r ed  v a lu es  of  d < Edown >  as  f ( T )\ n " ;

wh i l e ( de f i n ed ( $ = <COL>)){

i f ( $ =˜ /Well #/){
@ = sp l i t (/\ s +/, $ ) ;
$we l l no = $ [ 8 ] ;

i f ( $we l l no eq 1){
$we l l c ount = $we l l c ount +1;
}

i f ( $we l l c ount l t 2){
pr i n t f EDOWN " WELL  $ w e ll _ no \ nTE MP \ t d Ed o wn  ( cm -1)\ n " ;

f o r ( $ i = 0 ; $ i < ( $no temps∗2)+1; $ i++){
$ = <COL>;

i f ( $ =˜ /beta /){
@ = s p l i t (/\ s+/, $ ) ;
$temp = $ [ 1 ] ;
}

i f ( $ =˜ / alpha /){
@ = s p l i t (/\ s+/, $ ) ;
$dEdown = $ [ 4 ] ∗3 4 9 . 7 5 ;
p r i n t f EDOWN " %4.1 f \ t " , " $t emp " ;
p r i n t f EDOWN " %5.1 f \ n " , " $ dE do w n " ;
}

} # END FOR LOOP
}# END IF LOOP

}# END IF LOOP
} # END WHILE LOOP
pr in t " \" $f i l en a m e " . " . ed own \"  c re a te d  c o n t ai n i n g  c o l l i si o n a l  st a b i l i s a t io n  p a r am e t e rs  for  we lls .\ n " ;
p r i n t " This  data  sh ou ld  be  c o mp a r ed  with  d es i re d  p a r am e t e r s .\ n " ;
p r i n t " - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -\ n " ;
c l o s e COL;
c l o s e EDOWN;

##########################################################

387



APPENDIX B. PERL CODES

# CHEMDIS TO CHEMKIN−PRO FORMAT PLOGS CONVERSION #
##########################################################
##########################################################
# SCALARS AND VARIABLES DEFINITION #
##########################################################

my $reac s = ’ c le ar ’ ;
my $prods = ’ c le ar ’ ;
my $new reacs = ’ e mp ty ’ ;
my $new prods = ’ e mp ty ’ ;
my $Pres ;
my $a ;
my $n ;
my $ea ;
my $temp range ;
my $e r ro r ;
my @line ;

##########################################################
# START POST−PROCESSING #
##########################################################
open (KIN, " $ f i le n a m e . kin " ) ;
open (CKIN, " > $ fi l e n am e . c h em k in " ) ;

wh i l e ( de f i n ed ( $ = <KIN>)){

i f ( $ =˜ /atm/ i ){
@line = s p l i t (/\ s+/, $ ) ;

$new reacs = $ l i n e [ 1 ] ;
$new prods = $ l i n e [ 3 ] ;
$a = $ l i n e [ 4 ] ;
$n = $ l i n e [ 5 ] ;
$ea = $ l i n e [ 6 ] ;
$Pres = $ l i n e [ 8 ] ;
$temp range = $ l i n e [ 1 1 ] ;
$e r r or = $ l i n e [ 1 3 ] ;

i f ( $a =˜ m/[ a−zA−Z]/ g ){
$a = $a ;
}
e l s e {
$a =˜ s /\+/E\+/g ; # THIS REPLACES EACH INDIVIDUAL ”+” WITH ”E+”
pr in t " $a  c on t ai n s  E +  now .\ n " ;
}

i f ( ( $new reacs ne $re ac s ) | | ( $new prods ne $prods ) ){
pr in t CKIN " \ n $ ne w _ r e ac s  <= >  $ n e w_ p r o ds  1.0  1.0  1.0\ n " ;

} # end i f loop

$re ac s = $new reacs ;
$prods = $new prods ;

i f ( ( $new reacs eq $re ac s ) && ( $new prods eq $prods ) ){
pr i n t f CKIN ( " % -4 s  %2 s  %2.3 E  %6.3 E  %  6.2 f  %  7 s  %1 s  %1 s  %1 s  %1 s  %1 s  %1 s \ n " ,

" PLOG " , " / " , " $Pr es " , " $a " , " $n " , " $ea " , " / " , " ! FIT  t : " , " $ t e m p_ r a n g e " , " K " , " E RRO R : " , " $e rr o r " ) ;
} # END IF LOOP

} # END IF LOOP
} # END WHILE
pr in t " \" $f i l en a m e . c he m ki n \"  cr e at e d  c o n ta i n i ng  Ch e mk i n  f o rm a t  PLOG  rate  co n s ta n t s .\ n " ;
p r i n t " - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -\ n " ;

c l o s e KIN;
c l o s e CKIN;

p r i n t " \ n  \ nHIT  E NTE R  TO  C ON T IN U E \ n = > " ;
chomp(my $end = <STDIN>);
##########################################################
# END OF CODE #
##########################################################
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Group Additivity Rules

C.1 Optimised Group Values: HCO File

15 Hf S Cp:300 400 500 600 800 1000 1500

CF/H/O, 5.59 12.85 1.36 2.20 2.89 3.42 4.17 4.72 5.34

CF/C/O, 5.32 5.83 3.64 4.71 5.65 6.43 7.56 8.34 9.38

CF/CD/O, 24.08 -0.98 3.39 4.16 4.73 5.17 5.76 6.11 6.39

CF/CO/O, -1.28 6.91 4.47 5.33 6.04 6.63 7.41 7.91 10.00

CF/O/O, 11.30 5.63 2.62 2.97 3.22 3.39 3.61 3.76 3.80

CF/O, 16.08 4.37 3.89 4.45 4.82 5.08 5.42 5.57 5.81

CF/CO, -0.86 6.30 5.81 6.69 7.47 8.13 9.05 9.56 11.84

C/CF/H2/O, -6.24 -6.68 2.86 3.88 4.69 5.17 5.50 5.81 5.26

CO/CF/H, -21.79 17.04 3.61 4.49 5.27 5.94 7.01 7.76 6.96

CO/CF/C, -23.96 -1.49 3.21 3.58 3.80 3.91 4.11 4.17 2.47

CO/CF/O, -25.05 -2.34 3.47 3.95 4.44 4.91 5.35 5.54 12.41

O/CF2, -32.01 15.12 7.74 9.68 11.27 12.52 14.25 15.42 17.46

O/CF/H, -46.55 14.59 3.95 4.42 4.76 5.04 5.47 5.80 6.34

O/CF/C, -32.00 -4.59 2.57 3.00 3.28 3.43 3.55 3.53 3.27

C.2 Optimised Group Values: BD File

BOND_DISSOCIATION

142 del H rxn S Cp:300 400 500 600 800 1000 1500

FJ, 119.97 1.30 -0.46 -1.14 -1.74 -2.24 -3.01 -3.59 -4.53

F2CH2J, 85.10 -3.46 0.10 0.26 -0.03 -0.49 -1.44 -2.22 -3.43

F3CH2J, 89.21 -3.25 0.47 0.53 0.14 -0.38 -1.38 -2.19 -3.42

F2CHJCH3 83.90 -1.81 -0.81 -1.06 -1.29 -1.62 -2.30 -2.79 -3.68

F2OJ, 67.16 -1.32 -1.88 -1.96 -2.12 -2.30 -2.63 -2.93 -3.58

F3OJ, 80.17 -0.40 -1.98 -2.18 -2.32 -2.45 -2.71 -2.96 -3.57

F2CJO, 90.99 0.93 -0.62 -1.27 -1.92 -2.50 -3.45 -4.14 -5.04

F2CH2OJ, 106.49 -1.00 -0.84 -0.78 -0.98 -1.26 -1.83 -2.31 -3.22
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C.3 THERM Software Package Input Examples for Furans
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Table C.1: Group contributions, symmetry numbers, number of rotors and unpaired electrons for molecules used to develop group additivity
rules. Bond dissociation (BD) groups are emboldened.

Species Molecular Formula Group Quantity Symmetry Rotors Unpaired Electrons

Furan C4H4O
O/CF2 1 2 0 0

CF/H/O 2
CF/H 2

Furan-2-yl C4H3O

O/CF2 1 1 0 1
CF/H/O 2
CF/H 2
FJ 1

Furan-3-yl C4H3O

O/CF2 1 1 0 1
CF/H/O 2
CF/H 2
FJ 1

2-methylfuran C5H6O

O/CF2 1 3 1 0
CF/H/O 1
CF/H 2

CF/C/O 1
C/CF/H3 1

2-furanylmethyl C5H5O

O/CF2 1 1 0 1
CF/H/O 1
CF/H 2

CF/C/O 1
C/CF/H3 1
F2CH2J 1

2-methylfuran-3-yl C5H5O

O/CF2 1 3 0 1
CF/H/O 1
CF/H 2

CF/C/O 1
C/CF/H3 1

FJ 1

3
9
1



A
P

P
E
N

D
IX

C
.

G
R

O
U

P
A

D
D

IT
IV

IT
Y

R
U

L
E
S

Table C.1: Group contributions, symmetry numbers, number of rotors and unpaired electrons for molecules used to develop group additivity
rules. Bond dissociation (BD) groups are emboldened.

Species Formula Group No. Symm. Rotors Unpaired e−

2-methylfuran-4-yl C5H5O

O/CF2 1 3 0 1
CF/H/O 1
CF/H 2

CF/C/O 1
C/CF/H3 1

FJ 1

2-methylfuran-5-yl C5H5O

O/CF2 1 3 0 1
CF/H/O 1
CF/H 2

CF/C/O 1
C/CF/H3 1

FJ 1

3-methylfuran C5H6O

O/CF2 1 3 1 0
CF/H/O 2
CF/C 1

C/CF/H3 1
CF/H 1

3-methylfuran-2-yl C5H5O

O/CF2 1 3 0 1
CF/H/O 2
CF/C 1

C/CF/H3 1
CF/H 1
FJ 1

3-furanylmethyl C5H5O

O/CF2 1 1 0 1
CF/H/O 2
CF/C 1

C/CF/H3 1
CF/H 1
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Table C.1: Group contributions, symmetry numbers, number of rotors and unpaired electrons for molecules used to develop group additivity
rules. Bond dissociation (BD) groups are emboldened.

Species Formula Group No. Symm. Rotors Unpaired e−

F3CH2J 1

3-methylfuran-4-yl C5H5O

O/CF2 1 3 0 1
CF/H/O 2
CF/C 1

C/CF/H3 1
CF/H 1
FJ 1

3-methylfuran-5-yl C5H5O

O/CF2 1 3 0 1
CF/H/O 2
CF/C 1

C/CF/H3 1
CF/H 1
FJ 1

2,5-dimethylfuran C6H8O

O/CF2 1 18 2 0
CF/C/O 2
C/CF/H3 2

CF/H 2

2-methyl-5-furanylmethylfuran C6H7O

O/CF2 1 3 1 1
CF/C/O 2
C/CF/H3 2

CF/H 2
F2CH2J 1

2,5-dimethylfuran-3-yl C6H7O

O/CF2 1 9 1 1
CF/C/O 2
C/CF/H3 2

CF/H 2
FJ 1
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Table C.1: Group contributions, symmetry numbers, number of rotors and unpaired electrons for molecules used to develop group additivity
rules. Bond dissociation (BD) groups are emboldened.

Species Formula Group No. Symm. Rotors Unpaired e−

2,3-dimethylfuran C6H8O

O/CF2 1 9 2 0
CF/C/O 1
CF/C 1
CF/H 2

CF/H/O 1
C/CF/H3 2

3-methyl-2-furanylmethylfuran C6H7O

O/CF2 1 3 1 1
CF/C/O 1
CF/C 1
CF/H 2

CF/H/O 1
C/CF/H3 2
F2CH2J 1

2-methyl-3-furanylmethylfuran C6H7O

O/CF2 1 3 1 1
CF/C/O 1
CF/C 1
CF/H 2

CF/H/O 1
C/CF/H3 2
F3CH2J 1

2,3-dimethylfuran-4-yl C6H7O

O/CF2 1 9 2 1
CF/C/O 1
CF/C 1
CF/H 2

CF/H/O 1
C/CF/H3 2

FJ 1

2,3-dimethylfuran-5-yl C6H7O

O/CF2 1 9 2 1
CF/C/O 1
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Table C.1: Group contributions, symmetry numbers, number of rotors and unpaired electrons for molecules used to develop group additivity
rules. Bond dissociation (BD) groups are emboldened.

Species Formula Group No. Symm. Rotors Unpaired e−

CF/C 1
CF/H 2

CF/H/O 1
C/CF/H3 2

FJ 1

2,4-dimethylfuran C6H8O

O/CF2 1 9 2 0
CF/C/O 1
CF/H 1
CF/C 1

CF/H/O 1
C/CF/H3 2

4-methyl-2-furanylmethylfuran C6H7O

O/CF2 1 3 1 1
CF/C/O 1
CF/H 1
CF/C 1

CF/H/O 1
C/CF/H3 2
F2CH2J 1

2,4-dimethylfuran-3-yl C6H7O

O/CF2 1 9 1 1
CF/C/O 1
CF/H 1
CF/C 1

CF/H/O 1
C/CF/H3 2

FJ 1

2-methyl-4-furanylmethylfuran C6H7O

O/CF2 1 3 1 1
CF/C/O 1
CF/H 1
CF/C 1
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Table C.1: Group contributions, symmetry numbers, number of rotors and unpaired electrons for molecules used to develop group additivity
rules. Bond dissociation (BD) groups are emboldened.

Species Formula Group No. Symm. Rotors Unpaired e−

CF/H/O 1
C/CF/H3 2
F3CH2J 1

2,4-dimethylfuran-5-yl C6H7O

O/CF2 1 9 1 1
CF/C/O 1
CF/H 1
CF/C 1

CF/H/O 1
C/CF/H3 2

FJ 1

3,4-dimethylfuran C6H8O

O/CF2 1 18 2 0
CF/H/O 2
CF/C 2

C/CF/H3 2

3,4-dimethylfuran-2-yl C6H7O

O/CF2 1 9 2 1
CF/H/O 2
CF/C 2

C/CF/H3 2
FJ

3-methyl-4-furanylmethylfuran C6H7O

O/CF2 1 3 1 1
CF/H/O 2
CF/C 2

C/CF/H3 2
F3CH2J

2-ethylfuran C6H8O

O/CF2 1 3 2 0
CF/C/O 1

C/CF/C/H2 1
C/C/H3 1
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Table C.1: Group contributions, symmetry numbers, number of rotors and unpaired electrons for molecules used to develop group additivity
rules. Bond dissociation (BD) groups are emboldened.

Species Formula Group No. Symm. Rotors Unpaired e−

CF/H 2
CF/H/O 1

2-ethylfuran-2-yl (allylic) C6H7O

O/CF2 1 3 1 1
CF/C/O 1

C/CF/C/H2 1
C/C/H3 1
CF/H 2

CF/H/O 1
F2CHJCH3 1

2-methyl-5-ethylfuran C7H10O

O/CF2 1 9 3 0
CF/C/O 2
C/CF/H3 1

CF/H 2
C/CF/C/H2 1

C/C/H3 1

2-methyl-5-ethylfuran-5-yl (secondary allylic) C7H9O

O/CF2 1 9 2 1
CF/C/O 2
C/CF/H3 1

CF/H 2
C/CF/C/H2 1

C/C/H3 1
F2CHJCH3 1

2-vinylfuran C6H6O

O/CF2 1 1 1 0
CF/H/O 1
CF/H 2

CF/CD/O 1
CD/CF/H 1

CD/H2 1
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Table C.1: Group contributions, symmetry numbers, number of rotors and unpaired electrons for molecules used to develop group additivity
rules. Bond dissociation (BD) groups are emboldened.

Species Formula Group No. Symm. Rotors Unpaired e−

2-methyl-5-vinylfuran C7H8O

O/CF2 1 3 2 0
CF/C/O 1
C/CF/H3 1

CF/H 2
CF/CD/O 1
CD/CF/H 1

CD/H2 1

2-furanol C4H4O2

O/CF2 1 1 1 0
CF/H/O 1
CF/H 2

CF/O/O 1
O/CF/H 1

2-furanyloxy C4H3O2

O/CF2 1 1 1 1
CF/H/O 1
CF/H 2

CF/O/O 1
O/CF/H 1
F2OJ 1

3-furanol C4H4O2

O/CF2 1 1 1 0
CF/H/O 2
CF/H 1
CF/O 1

O/CF/H 1

3-furanyloxy C4H3O2

O/CF2 1 1 1 1
CF/H/O 2
CF/H 1
CF/O 1

O/CF/H 1
F3OJ 1

3
9
8



C
.3

.
T

H
E
R

M
S
O

F
T

W
A

R
E

P
A

C
K

A
G

E
IN

P
U

T
E
X

A
M

P
L
E
S

F
O

R
F
U

R
A

N
S

Table C.1: Group contributions, symmetry numbers, number of rotors and unpaired electrons for molecules used to develop group additivity
rules. Bond dissociation (BD) groups are emboldened.

Species Formula Group No. Symm. Rotors Unpaired e−

5-methyl-2-furanol C5H6O2

O/CF2 1 3 2 0
CF/O/O 1
O/CF/H 1
CF/H 2

CF/C/O 1
C/CF/H3 1

5-methyl-3-furanol C5H6O2

O/CF2 1 3 2 0
CF/H/O 1
CF/O 1

O/CF/H 1
CF/H 1

CF/C/O 1
C/CF/H3 1

2-formylfuran C5H4O2

O/CF2 1 1 1 0
CF/CO/O 1
CO/CF/H 1

CF/H 2
CF/H/O 1

2-formylfuran-2-yl C5H4O2

O/CF2 1 1 1 1
CF/CO/O 1
CO/CF/H 1

CF/H 2
CF/H/O 1
F2CJO 1

3-formylfuran C5H4O2

O/CF2 1 1 1 0
CF/H/O 2
CF/CO 1
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Table C.1: Group contributions, symmetry numbers, number of rotors and unpaired electrons for molecules used to develop group additivity
rules. Bond dissociation (BD) groups are emboldened.

Species Formula Group No. Symm. Rotors Unpaired e−

CO/CF/H 1
CF/H 1

5-methyl-2-formylfuran C6H6O2

O/CF2 1 3 2 0
CF/CO/O 1
CO/CF/H 1

CF/H 2
CF/C/O 1
C/CF/H3 1

5-methyl-3-formylfuran C6H6O2

O/CF2 1 3 2 0
CF/H/O 1
CF/CO 1

CO/CF/H 1
CF/H 1

CF/C/O 1
C/CF/H3 1

4,5-dimethyl-2-formylfuran C7H8O2

O/CF2 1 9 3 0
CF/CO/O 1
CO/CF/H 1

CF/H 1
CF/C 1

C/CF/H3 1
CF/C/O 1
C/CF/H3 1

2,5-diformylfuran C6H4O2

O/CF2 1 18 2 0
CF/CO/O 2
CO/CF/H 2

CF/H 2

2-acetylfuran C6H6O2

O/CF2 1 3 2 0

4
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Table C.1: Group contributions, symmetry numbers, number of rotors and unpaired electrons for molecules used to develop group additivity
rules. Bond dissociation (BD) groups are emboldened.

Species Formula Group No. Symm. Rotors Unpaired e−

CF/CO/O 1
CO/CF/C 1
C/CO/H3 1

CF/H 2
CF/H/O 1

3-acetylfuran C6H6O2

O/CF2 1 3 2 0
CF/H/O 2
CF/CO 1

CO/CF/C 1
C/CO/H3 1
CF/H/O 1

5-methyl-2-acetylfuran C7H8O2

O/CF2 1 9 3 0
CF/CO/O 1
CO/CF/C 1
C/CO/H3 1

CF/H 2
CF/C/O 1
C/CF/H3 1

5-methyl-3-acetylfuran C7H8O2

O/CF2 1 9 3 0
CF/H/O 1
CF/CO 1

CO/CF/C 1
C/CO/H3 1

CF/H 1
CF/C/O 1
C/CF/H3 1

2,5-dimethyl-3-acetylfuran C8H10O2

O/CF2 1 27 4 0
CF/C/O 2
C/CF/H3 2

4
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Table C.1: Group contributions, symmetry numbers, number of rotors and unpaired electrons for molecules used to develop group additivity
rules. Bond dissociation (BD) groups are emboldened.

Species Formula Group No. Symm. Rotors Unpaired e−

CF/H 1
CF/CO 1

CO/CF/C 1
C/CO/H3 1

2-hydroxymethylfuran C5H6O2

O/CF2 1 1 2 0
CF/C/O 1

C/CF/H2/O 1
O/C/H 1
CF/H 2

CF/H/O 1

2-furylmethanoxy C5H6O2

O/CF2 1 1 1 1
CF/C/O 1

C/CF/H2/O 1
O/C/H 1
CF/H 2

CF/H/O 1
F2CH2OJ 1

5-methyl-2-hydroxymethylfuran C6H8O2

O/CF2 1 3 3 0
CF/C/O 1

C/CF/H2/O 1
O/C/H 1
CF/H 2

CF/C/O 1
C/CF/H3 1

5-methyl-3-hydroxymethylfuran C6H8O2

O/CF2 1 3 3 0
CF/H/O 1
CF/C 1

C/CF/H2/O 1
O/C/H 1
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Table C.1: Group contributions, symmetry numbers, number of rotors and unpaired electrons for molecules used to develop group additivity
rules. Bond dissociation (BD) groups are emboldened.

Species Formula Group No. Symm. Rotors Unpaired e−

CF/H 1
CF/C/O 1
C/CF/H3 1

5-hydroxymethyl-2-formylfuran C6H6O3

O/CF2 1 1 3 0
CF/CO/O 1
CO/CF/H 1

CF/H 2
CF/C/O 1

C/CF/H2/O 1
O/C/H 1

2-methoxyfuran C5H6O2

O/CF2 1 3 2 0
CF/O/O 1
O/CF/C 1
C/H3/O 1
CF/H 2

CF/H/O 1

3-methoxyfuran C5H6O2

O/CF2 1 3 2 0
CF/H/O 2
CF/O 1

O/CF/C 1
C/H3/O 1
CF/H/O 1

2-furoic acid C5H4O3

O/CF2 1 1 2 0
CF/CO/O 1
CO/CF/O 1
O/CO/H 1

CF/H 2
CF/H/O 1

4
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Table C.1: Group contributions, symmetry numbers, number of rotors and unpaired electrons for molecules used to develop group additivity
rules. Bond dissociation (BD) groups are emboldened.

Species Formula Group No. Symm. Rotors Unpaired e−

3-furoic acid C5H4O3

O/CF2 1 1 2 0
CF/H/O 2
CF/CO 1

CO/CF/O 1
O/CO/H 1
CF/H/O 1

5-methyl-2-furoic acid C6H6O3

O/CF2 1 3 3 0
CF/CO/O 1
CO/CF/O 1
O/CO/H 1

CF/H 2
CF/C/O 1
C/CF/H3 1

5-methyl-3-furoic acid C6H6O3

O/CF2 1 3 3 0
CF/H/O 1
CF/CO 1

CO/CF/O 1
O/CO/H 1

CF/H 1
CF/C/O 1
C/CF/H3 1

2,5-dimethyl-3-furoic acid C7H8O3

O/CF2 1 9 4 0
CF/C/O 2
C/CF/H3 2
CF/CO 1

CO/CF/O 1
O/CO/H 1

CF/H 1

2,5-difuroic acid C6H4O5

O/CF2 1 18 4 0

4
0
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Table C.1: Group contributions, symmetry numbers, number of rotors and unpaired electrons for molecules used to develop group additivity
rules. Bond dissociation (BD) groups are emboldened.

Species Formula Group No. Symm. Rotors Unpaired e−

CF/CO/O 2
CO/CF/O 2
O/CO/H 2

CF/H 2

4
0
5



APPENDIX C. GROUP ADDITIVITY RULES

406



Appendix D

Chemkin-Pro Format
Pressure-Dependent Rate Constants

Table D.1: Chemkin-PRO PLOG format pressure- (atm) and temperature-dependent rate
constants for the unimolecular decomposition of 2-methylfuran and related intermediates.

k(s−1) = AT n exp(−Ea/RT ).

Reaction p (atm) A n Ea (cal/mol)

M1 → M3 0.01 5.12E+66 -15.39 97801

0.1 1.25E+57 -12.47 93815
1 4.11E+38 -7.10 82916

2.5 9.13E+31 -5.19 78799
10 4.49E+23 -2.80 73549

100 3.41E+15 -0.48 68305

M3 → P3 + P4 0.01 3.51E+48 -10.26 45743
0.1 4.87E+54 -11.66 53545

1 4.56E+48 -9.71 52461
2.5 9.25E+43 -8.31 50120
10 1.15E+36 -6.01 45637

100 3.68E+25 -2.98 39180

M1 → M6 0.01 2.17E+72 -17.14 105418
0.1 2.77E+63 -14.37 102515

1 3.81E+43 -8.58 91138
2.5 1.10E+36 -6.41 86543

10 1.98E+26 -3.60 80450
100 1.95E+16 -0.74 74027

M1 → M9 0.01 4.07E+70 -16.58 102965
0.1 2.59E+61 -13.75 99646

1 9.73E+41 -8.09 88398
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APPENDIX D. CHEMKIN-PRO FORMAT PRESSURE-DEPENDENT RATE

CONSTANTS

Table D.1: Chemkin-PRO PLOG format pressure- (atm) and temperature-dependent rate
constants for the unimolecular decomposition of 2-methylfuran and related intermediates.

k(s−1) = AT n exp(−Ea/RT ).

Reaction p (atm) A n Ea (cal/mol)

2.5 5.63E+34 -6.01 83964

10 3.26E+25 -3.35 78165
100 1.55E+16 -0.68 72168

M1 → M10 + P17 0.01 2.89E+92 -22.81 127594

0.1 1.06E+87 -20.85 128912
1 1.42E+65 -14.34 117910

2.5 2.15E+55 -11.48 112302
10 1.63E+41 -7.39 103833

100 1.97E+24 -2.53 93217

M6 → P5 + P6 0.01 7.52E+57 -13.07 70107

0.1 2.45E+45 -9.31 64145
1 2.26E+34 -6.06 58261

2.5 1.52E+30 -4.84 55869
10 9.55E+24 -3.32 52837

100 3.45E+18 -1.46 48961

M6 → P6 + P7 0.01 1.82E+82 -19.88 99104
0.1 1.35E+66 -14.92 92199

1 5.20E+48 -9.73 83042
2.5 3.19E+42 -7.90 79592
10 4.14E+35 -5.86 75903

100 3.60E+27 -3.48 71654

M9 → P3 + P4 0.01 4.63E+98 -24.44 115044
0.1 5.48E+87 -20.97 111832

1 2.57E+73 -16.59 105899
2.5 1.72E+67 -14.74 102980

10 7.68E+57 -11.97 98229
100 2.61E+43 -7.73 90132

M9 → P13 + P14 0.01 9.56E+85 -21.57 106694
0.1 2.05E+76 -18.47 104322

1 2.69E+62 -14.22 98759
2.5 1.40E+56 -12.33 95815

10 2.65E+46 -9.44 90900
100 1.02E+31 -4.93 82324

408



Table D.2: Chemkin-PRO PLOG format pressure- (atm) and temperature-dependent rate con-

stants for the unimolecular decomposition of 2-furanylmethyl radical and related intermediates.
k(s−1) = AT n exp(−Ea/RT ).

Reaction p (atm) A n Ea (cal/mol)

M10 → M11 0.01 4.49E+61 -14.18 64492
0.1 5.05E+59 -13.42 65593

1 4.62E+50 -10.65 61945
2.5 4.98E+45 -9.17 59475

10 1.88E+37 -6.70 54959
100 7.14E+23 -2.79 47253

M11 → P17 + P18 0.01 3.18E+29 -7.07 46866
0.1 4.47E+47 -11.61 58081

1 7.77E+62 -15.19 71711
2.5 1.31E+66 -15.81 76149

10 3.54E+65 -15.23 79663
100 5.91E+47 -9.66 73572

M11 → M12 0.01 1.92E+23 -3.09 12414

0.1 1.36E+24 -3.27 13699
1 9.86E+22 -2.88 13663

2.5 1.01E+22 -2.58 13262

10 1.11E+20 -2.00 12301
100 3.10E+16 -0.96 10330

M12 → M13 0.01 2.29E+35 -7.31 30103

0.1 7.37E+40 -8.62 35996
1 1.60E+41 -8.48 38761

2.5 2.25E+39 -7.87 38506
10 2.28E+34 -6.34 36515

100 1.01E+23 -2.98 30549

M13 → M14 0.01 5.27E+27 -4.36 17157

0.1 4.79E+24 -3.47 15507
1 2.97E+20 -2.25 13109

2.5 3.12E+18 -1.68 11914
10 3.55E+15 -0.83 10112

100 3.02E+11 0.33 7517

M14 → P6 + P19 0.01 2.72E+50 -10.60 38351
0.1 2.76E+56 -12.06 45564

1 6.26E+55 -11.63 48704
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APPENDIX D. CHEMKIN-PRO FORMAT PRESSURE-DEPENDENT RATE

CONSTANTS

Table D.2: Chemkin-PRO PLOG format pressure- (atm) and temperature-dependent rate con-
stants for the unimolecular decomposition of 2-furanylmethyl radical and related intermediates.

k(s−1) = AT n exp(−Ea/RT ).

Reaction p (atm) A n Ea (cal/mol)

2.5 1.11E+46 -8.82 42672

10 2.95E+42 -7.69 42310
100 1.33E+27 -3.25 33671

M13 → M15 0.01 8.53E+34 -6.33 24268

0.1 9.35E+30 -5.17 22282
1 1.15E+25 -3.45 19007

2.5 1.33E+22 -2.60 17242
10 6.13E+17 -1.35 14614

100 3.37E+11 0.44 10639

M15 → M16 0.01 1.30E+34 -6.30 24079

0.1 1.62E+30 -5.15 22128
1 2.36E+24 -3.45 18897

2.5 2.95E+21 -2.61 17154
10 1.55E+17 -1.38 14559

100 1.10E+11 0.38 10649

M16 → P17 + P20 0.01 2.21E+77 -18.51 85730
0.1 6.80E+81 -19.49 92440

1 3.18E+73 -16.76 91956
2.5 7.85E+58 -12.53 83194
10 4.40E+50 -9.98 80861

100 3.51E+23 -2.13 65606
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Table D.3: Chemkin-PRO PLOG format pressure- (atm) and temperature-dependent rate con-
stants for the chemically activated recombination of hydrogen atom with 2-methylfuran at car-

bon 2. k(cm3mol−1s−1) = AT n exp(−Ea/RT ).

Reaction p (atm) A n Ea (cal/mol)

M1 + P17 → P10 + P22 0.01 5.93E+17 -1.13 10160

0.1 6.31E+15 -0.49 10818
1 6.25E+15 -0.44 12156

2.5 6.28E+15 -0.43 12614
10 7.55E+15 -0.43 13614

100 2.47E+21 -1.92 19575

M1 + P17 → P6 + P23 0.01 3.28E+24 -3.07 13756
0.1 1.22E+31 -4.83 20365

1 3.52E+33 -5.39 25717
2.5 6.30E+31 -4.83 26504
10 1.69E+27 -3.43 27006

100 1.27E+17 -0.43 26869

M1 + P17 → P9 + P24 0.01 4.08E+34 -6.02 26367
0.1 2.42E+34 -5.81 29573

1 9.29E+52 -10.88 46873
2.5 4.08E+52 -10.63 50324

10 1.52E+52 -10.34 55297
100 3.16E+21 -1.47 43388

M1 + P17 → M17 0.01 9.42E+64 -16.86 22009
0.1 4.08E+65 -16.74 23378

1 1.91E+39 -8.86 8696
2.5 1.53E+38 -8.43 8247

10 6.02E+43 -9.88 11916
100 2.32E+61 -14.59 24263

M1 + P17 → M18 0.01 2.70E+78 -20.34 33228

0.1 6.04E+77 -19.70 36451
1 1.25E+55 -12.72 27383

2.5 3.26E+53 -12.08 28627
10 6.16E+44 -9.38 25899
100 3.31E+30 -5.02 21526

M1 + P17 → M19 0.01 1.39E+75 -19.25 30503

0.1 6.80E+76 -19.31 34924
1 6.02E+54 -12.51 26305

2.5 9.25E+49 -10.96 25364
10 9.05E+41 -8.47 22964
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APPENDIX D. CHEMKIN-PRO FORMAT PRESSURE-DEPENDENT RATE

CONSTANTS

Table D.3: Chemkin-PRO PLOG format pressure- (atm) and temperature-dependent rate con-
stants for the chemically activated recombination of hydrogen atom with 2-methylfuran at car-

bon 2. k(cm3mol−1s−1) = AT n exp(−Ea/RT ).

Reaction p (atm) A n Ea (cal/mol)

100 1.32E+29 -4.53 19323

M1 + P17 → M21 0.01 2.78E+68 -17.43 23706

0.1 2.14E+73 -18.47 28937
1 6.73E+58 -13.83 24722

2.5 2.87E+55 -12.69 24563
10 1.01E+51 -11.17 24850

100 1.98E+39 -7.45 23483

M1 + P17 → M22 0.01 4.29E+67 -17.15 23482
0.1 1.30E+72 -18.06 28630
1 2.15E+58 -13.63 24825

2.5 2.21E+55 -12.60 24917
10 9.14E+50 -11.10 25255

100 9.96E+38 -7.30 23686

M1 + P17 → M23 0.01 7.53E+72 -18.62 26476
0.1 1.17E+77 -19.39 32694

1 7.07E+58 -13.68 26972
2.5 4.14E+51 -11.46 24431

10 1.98E+45 -9.45 23414
100 3.59E+38 -7.20 24843

M1 + P17 → M24 0.01 3.01E+70 -18.18 32181
0.1 1.20E+91 -23.67 48986

1 1.58E+77 -19.09 48486
2.5 4.57E+69 -16.73 46964

10 4.01E+51 -11.33 39795
100 4.54E+48 -10.01 48245

M1 + P17 → M25 0.01 9.09E+78 -20.71 37095

0.1 6.30E+92 -24.28 49388
1 1.90E+73 -18.04 45934

2.5 1.94E+69 -16.70 46393

10 7.29E+58 -13.45 44651
100 5.86E+13 -0.26 23754
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Table D.4: Chemkin-PRO PLOG format pressure- (atm) and temperature-dependent rate con-
stants for the chemically activated recombination of hydrogen atom with 2-methylfuran at car-

bon 5. k(cm3mol−1s−1) = AT n exp(−Ea/RT ).

Reaction p (atm) A n Ea (cal/mol)

M1 + P17 → P10 + P34 0.01 1.07E+39 -6.67 30846

0.1 1.50E+47 -8.88 38568
1 5.03E+47 -8.89 42758

2.5 8.28E+44 -8.04 42837
10 6.18E+36 -5.65 40637

100 1.44E+32 -4.18 44351

M1 + P17 → P6 + P36 0.01 1.07E+47 -9.58 29917
0.1 1.48E+51 -10.63 36022

1 5.31E+47 -9.49 38643
2.5 1.28E+43 -8.11 37934
10 4.80E+41 -7.57 41809

100 7.91E+39 -6.79 51714

M1 + P17 → M41 0.01 4.76E+68 -17.25 26292
0.1 9.15E+51 -12.17 18071

1 9.18E+32 -6.58 6260
2.5 5.44E+32 -6.47 5802

10 2.88E+39 -8.30 9788
100 1.09E+60 -13.93 23557

M1 + P17 → M42 0.01 2.33E+68 -16.69 25474
0.1 9.96E+60 -14.22 24242

1 2.28E+51 -11.16 21670
2.5 6.26E+48 -10.32 21476

10 6.08E+44 -8.99 21593
100 5.60E+37 -6.72 22140

M1 + P17 → M43 0.01 1.17E+72 -17.75 29767

0.1 3.88E+62 -14.68 27048
1 1.83E+53 -11.69 24764

2.5 5.42E+51 -11.14 25267
10 9.73E+47 -9.89 25627
100 1.39E+41 -7.65 26453

M1 + P17 → M44 0.01 5.30E+58 -14.38 24546

0.1 2.52E+58 -13.88 27696
1 1.07E+56 -12.76 31267

2.5 3.18E+57 -13.02 34452
10 1.27E+55 -12.07 37352
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APPENDIX D. CHEMKIN-PRO FORMAT PRESSURE-DEPENDENT RATE

CONSTANTS

Table D.4: Chemkin-PRO PLOG format pressure- (atm) and temperature-dependent rate con-
stants for the chemically activated recombination of hydrogen atom with 2-methylfuran at car-

bon 5. k(cm3mol−1s−1) = AT n exp(−Ea/RT ).

Reaction p (atm) A n Ea (cal/mol)

100 1.53E+40 -7.38 37071

M1 + P17 → M45 0.01 2.97E+55 -13.40 21399

0.1 9.84E+56 -13.41 25744
1 1.13E+55 -12.43 29560

2.5 5.76E+55 -12.48 32226
10 5.12E+54 -11.91 36035

100 4.91E+40 -7.48 36344
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Appendix E

Tabulated Quantum Chemical
Results for Studies on 2-Methylfuran

Table E.1: Electronic energies of potential energy surface minima (hartrees) at 0 and 298.15 K, at the
CBS-QB3, G3 and CBS-APNO levels of theory.

0 K 298 K

Species CBS-QB3 CBS-APNO G3 CBS-QB3 CBS-APNO G3

M1 −268.878010 −269.239467 −269.140183 −268.871675 −269.233241 −269.133826
M2 −268.780525 −269.141719 −269.043882 −268.774038 −269.135313 −269.037350
M3 −268.790419 −269.151663 −269.053756 −268.783748 −269.145113 −269.047076
M4 −269.140879 −269.043143 −269.134552 −269.036692
M5 −268.828555 −269.189009 −269.092552 −268.820712 −269.181216 −269.084637
M6 −268.833058 −269.193615 −269.097062 −268.825259 −269.185891 −269.089199
M7 −268.787268 −269.148816 −269.050872 −268.780430 −269.142226 −269.044166
M8 −268.837026 −269.197901 −269.101105 −268.829150 −269.190105 −269.093191
M9 −268.840399 −269.201196 −269.104571 −268.832544 −269.193440 −269.096683
M10 −268.242558 −268.603230 −268.502648 −268.236633 −268.597206 −268.496472
M11 −268.196518 −268.556205 −268.457185 −268.189076 −268.548544 −268.449384
M12 −268.198158 −268.557780 −268.458999 −268.190710 −268.550103 −268.451174
M13 −268.219529 −268.580434 −268.482047 −268.212108 −268.572919 −268.474365
M14 −268.208236 −268.200944
M15 −268.218942 −268.580115 −268.481620 −268.211640 −268.572689 −268.474032
M16 −268.252517 −268.613698 −268.513834 −268.246553 −268.607680 −268.507688
INT1 −267.571448 −267.932155 −267.834361 −267.565545 −267.926013 −267.828070
M17 −269.426024 −269.788171 −269.689663 −269.419313 −269.781369 −269.682704
M18 −269.419453 −269.780791 −269.683088 −269.411631 −269.772651 −269.674835
M19 −269.422043 −269.783263 −269.685168 −269.414092 −269.775271 −269.677043
M20 −269.413783 −269.776428 −269.405853 −269.768529
M21 −269.427416 −269.788712 −269.691038 −269.419638 −269.780759 −269.682943
M22 −269.426484 −269.787669 −269.689808 −269.418482 −269.779554 −269.681562
M23 −269.428124 −269.790975 −269.691527 −269.420239 −269.782884 −269.683333
M24 −269.415684 −269.777058 −269.680532 −269.407798 −269.769087 −269.672401
M25 −269.415089 −269.776869 −269.680052 −269.407249 −269.768921 −269.671971
M26 −269.413862 −269.775588 −269.676084 −269.406485 −269.767901 −269.668250
M27 −269.425835 −269.787791 −269.689875 −269.419137 −269.780990 −269.682923
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APPENDIX E. TABULATED QUANTUM CHEMICAL RESULTS FOR

STUDIES ON 2-METHYLFURAN

Table E.1: Electronic energies of potential energy surface minima (hartrees) at 0 and 298.15 K, at the
CBS-QB3, G3 and CBS-APNO levels of theory.

0 K 298 K

Species CBS-QB3 CBS-APNO G3 CBS-QB3 CBS-APNO G3

M28 −269.408650 −269.770785 −269.671905 −269.401728 −269.763978 −269.664959
M29 −269.381422 −269.742612 −269.646344 −269.372996 −269.734233 −269.637806
M30 −269.383034 −269.744449 −269.648290 −269.374692 −269.736172 −269.639862
M31 −269.382326 −269.743711 −269.647581 −269.373964 −269.735414 −269.639119
M32 −269.407525 −269.769347 −269.671789 −269.399593 −269.761489 −269.663765
M33 −269.407433 −269.769275 −269.399482 −269.761382
M34 −269.428082 −269.790832 −269.692642 −269.421092 −269.783930 −269.685582
M35 −269.407639 −269.770444 −269.672986 −269.399634 −269.762501 −269.664909
M36 −269.410042 −269.772122 −269.673673 −269.403112 −269.765325 −269.666743
M37 −269.379642 −269.740604 −269.644070 −269.371172 −269.732068 −269.635386
M38 −269.380945 −269.742131 −269.645575 −269.372547 −269.733722 −269.637029
M39 −269.382060 −269.743034 −269.646592 −269.373606 −269.734593 −269.638004
M40 −269.412609 −269.775079 −269.677128 −269.404353 −269.766854 −269.668761
M41 −269.428563 −269.790408 −269.691568 −269.421611 −269.783345 −269.684359
M42 −269.431395 −269.792770 −269.695758 −269.423471 −269.784789 −269.687634
M43 −269.428054 −269.789416 −269.692063 −269.420328 −269.781622 −269.684128
M44 −269.410349 −269.771902 −269.672273 −269.402454 −269.763992 −269.664221
M45 −269.412705 −269.774042 −269.674618 −269.404677 −269.765995 −269.666431
M46 −269.371297 −269.733934 −269.635435 −269.363147 −269.725758 −269.627143
M47 −269.409124 −269.772176 −269.400918 −269.763967
M48 −269.410381 −269.772863 −269.402134 −269.764632

Table E.2: Electronic energies of transition states (hartrees) at 0 and 298.15 K, at the CBS-QB3, G3 and
CBS-APNO levels of theory.

0 K 298 K

Species CBS-QB3 CBS-APNO G3 CBS-QB3 CBS-APNO G3

TS1 −268.746128 −269.107874 −269.008275 −268.740121 −269.101944 −269.002235
TS2 −268.773442 −269.136209 −269.036282 −268.767167 −269.130023 −269.029972
TS3 −268.736922 −269.097899 −268.999123 −268.729195 −269.090488 −268.991566
TS4 −268.742039 −269.103398 −269.004371 −268.734061 −269.095741 −268.996592
TS5 −268.765437 −269.127648 −269.028449 −268.759340 −269.121616 −269.022294
TS6 −269.141949 −269.044112 −269.135611 −269.037656
TS7 −268.820518 −269.180773 −269.084361 −268.813204 −269.173574 −269.077045
TS8 −268.763132 −269.124961 −268.755571 −269.117871
TS9 −268.733495 −268.999152 −268.725922 −268.990439
TS10 −268.767849 −269.130172 −269.030746 −268.761602 −269.124020 −269.024476
TS11 −268.785869 −269.148513 −269.050644 −268.779309 −269.142682 −269.043801
TS12 −268.830516 −269.190787 −269.094588 −268.823329 −269.183716 −269.087389
TS13 −268.730957 −269.095001 −268.995346 −268.723270 −269.087148 −268.987478
TS14 −268.178692 −268.172433
TS15 −268.112920 −268.473401 −268.104830 −268.465089
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Table E.2: Electronic energies of transition states (hartrees) at 0 and 298.15 K, at the CBS-QB3, G3 and
CBS-APNO levels of theory.

0 K 298 K

Species CBS-QB3 CBS-APNO G3 CBS-QB3 CBS-APNO G3

TS16 −268.182698 −268.542470 −268.445277 −268.175565 −268.535099 −268.437750
TS17 −268.159951 −268.521173 −268.420075 −268.153223 −268.514191 −268.412942
TS18 −268.206930 −268.199944
TS19 −268.170360 −268.161919
TS20 −268.202003 −268.563008 −268.466357 −268.194987 −268.555959 −268.459123
TS21 −268.200554 −268.559642 −268.194340 −268.553295
TS22 −268.164829 −268.522351 −268.424624 −268.157818 −268.515558 −268.417652
TS23a −267.546464 −267.907822 −267.807266 −267.540672 −267.902207 −267.801553
TS23b −267.562621 −267.925368 −267.826986 −267.556788 −267.919413 −267.820903
TS24 −269.373163 −269.734491 −269.637586 −269.366305 −269.727653 −269.630582
TS25 −269.376918 −269.742674 −269.639333 −269.369585 −269.735143 −269.631822
TS26 −269.387892 −269.653768 −269.381358 −269.647004
TS27 −269.410890 −269.403242
TS28 −269.374059 −269.738351 −269.366838 −269.730931
TS29 −269.374986 −269.365906
TS30 −269.391722 −269.656570 −269.384961 −269.649555
TS31 −269.413417 −269.774823 −269.678314 −269.405852 −269.767189 −269.670551
TS32 −269.375835 −269.738354 −269.368472 −269.730935
TS33 −269.407053 −269.399739
TS34 −269.363161 −269.626267 −269.355898 −269.618977
TS35 −269.412277 −269.773763 −269.676817 −269.405105 −269.766518 −269.669444
TS36 −269.364913 −269.356503
TS37 −269.387089 −269.380657
TS38 −269.354847 −269.716069 −269.347955 −269.708892
TS39 −269.367642 −269.732494 −269.634278 −269.360573 −269.725327 −269.626942
TS40 −269.371151 −269.732199 −269.634047 −269.364094 −269.725194 −269.626882
TS41 −269.354972 −269.717347 −269.617813 −269.347845 −269.710280 −269.610590
TS42 −269.380722 −269.741929 −269.645722 −269.373264 −269.734504 −269.638155
TS43 −269.377260 −269.739114 −269.643047 −269.369064 −269.730871 −269.634623
TS44 −269.343865 −269.705182 −269.607780 −269.334910 −269.696102 −269.598493
TS45 −269.367034 −269.730287 −269.631275 −269.360109 −269.723315 −269.624150
TS46 −269.404123 −269.765792 −269.396928 −269.758647
TS47 −269.353030 −269.717239 −269.343925 −269.707691
TS48 −269.378690 −269.741084 −269.642710 −269.371989 −269.734258 −269.635746
TS49 −269.373026 −269.73388 −269.63722 −269.36597 −269.727 −269.6302
TS50 −269.37811 −269.73877 −269.64237 −269.37108 −269.73188 −269.63536
TS51 −269.385097 −269.74764 −269.64883 −269.37827 −269.74076 −269.64181
TS52 −269.384934 −269.747059 −269.649809 −269.376235 −269.738711 −269.641320
TS53 −269.370262 −269.73152 −269.63352 −269.36327 −269.72456 −269.6264
TS54 −269.354953 −269.71717 −269.61723 −269.34776 −269.70998 −269.60989
TS55 −269.379522 −269.74044 −269.64393 −269.37186 −269.73275 −269.6361
TS56 −269.345266 −269.70628 −269.60805 −269.33647 −269.69728 −269.59888
TS57 −269.378011 −269.7389 −269.64236 −269.37019 −269.73111 −269.63445
TS58 −269.365541 −269.72791 −269.62847 −269.35782 −269.72024 −269.62065
TS59 −269.400480 −269.762863 −269.664487 −269.392072 −269.754421 −269.655913
TS60 −269.37516 −269.73576 −269.63883 −269.36789 −269.72868 −269.63158
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APPENDIX E. TABULATED QUANTUM CHEMICAL RESULTS FOR

STUDIES ON 2-METHYLFURAN

Table E.2: Electronic energies of transition states (hartrees) at 0 and 298.15 K, at the CBS-QB3, G3 and
CBS-APNO levels of theory.

0 K 298 K

Species CBS-QB3 CBS-APNO G3 CBS-QB3 CBS-APNO G3

TS61 −269.393982 −269.38721
TS62 −269.35303 −269.71724 −269.34393 −269.70769
TS63 −269.421257 −269.78309 −269.68674 −269.41391 −269.77571 −269.67921
TS64 −269.380615 −269.3735
TS65 −269.407735 −269.40046
TS66 −269.338546 −269.70256 −269.60613 −269.32958 −269.694 −269.59737
TS67 −269.369328 −269.73206 −269.63502 −269.36156 −269.72418 −269.62701
TS68 −269.366156 −269.72932 −269.63061 −269.3586 −269.72164 −269.62278
TS69 −269.408708 −269.4012
TS70 −269.399381 −269.76199 −269.66354 −269.39098 −269.75359 −269.65499

Table E.3: Electronic energies of fragmentation products (hartrees) at 0 and 298.15 K, at the CBS-QB3,
G3 and CBS-APNO levels of theory.

0 K 298 K

Species CBS-QB3 CBS-APNO G3 CBS-QB3 CBS-APNO G3

P1 −191.599268 −191.845578 −191.775326 −191.593607 −191.839978 −191.769643
P2 −77.187419 −77.301546 −77.275962 −77.183653 −77.297904 −77.272274
P3 −152.375854 −152.563747 −152.506868 −152.371390 −152.559357 −152.502428
P4 −116.421682 −116.595023 −116.555356 −116.416763 −116.590234 −116.550501
P5 −155.646207 −155.877658 −155.825190 −155.640225 −155.871804 −155.819230
P6 −113.182008 −113.311629 −113.267369 −113.178703 −113.308324 −113.264064
P7 −155.648350 −155.879729 −155.827386 −155.642329 −155.873765 −155.821333
P8 −155.008157 −155.239852 −155.185648 −155.001788 −155.233378 −155.179038
P9 −113.704761 −113.835367 −113.791540 −113.700959 −113.831568 −113.787739
P10 −39.744800 −39.803679 −39.793293 −39.740785 −39.799517 −39.789047
P11 −228.963076 −229.265558 −229.179231 −228.956860 −229.259312 −229.172852
P12 −228.965879 −229.268213 −229.182184 −228.959574 −229.261867 −229.175706
P13 −152.942049 −153.131169 −153.073738 −152.937133 −153.126240 −153.068768
P14 −115.778670 −115.951756 −115.911633 −115.773628 −115.946653 −115.906398
P15 −228.958465 −229.260954 −228.951912 −229.254681
P16 −228.960097 −229.262597 −228.953791 −229.256365
P17 −0.499818 −0.499946 −0.501003 −0.497457 −0.497585 −0.498642
P18 −267.618427 −267.978869 −267.880816 −267.611059 −267.971636 −267.873455
P19 −154.991766 −155.223308 −155.168855 −154.986126 −155.217479 −155.163060
P20 −267.663797 −268.024160 −267.925018 −267.658107 −268.018546 −267.919292
P21 −151.708757 −151.897602 −151.840730 −151.704285 −151.892633 −151.835687
P22 −229.643105 −229.946256 −229.859940 −229.638424 −229.941643 −229.855244
P23 −156.196597 −156.428403 −156.377094 −156.190323 −156.422134 −156.370723
P24 −155.662340 −155.893410 −155.841379 −155.656670 −155.887776 −155.835664
P25 −75.649720 −75.723054 −75.694904 −75.646415 −75.719750 −75.691600
P26 −193.712772 −194.002045 −193.933769 −193.707641 −193.996961 −193.928586
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Table E.3: Electronic energies of fragmentation products (hartrees) at 0 and 298.15 K, at the CBS-QB3,
G3 and CBS-APNO levels of theory.

0 K 298 K

Species CBS-QB3 CBS-APNO G3 CBS-QB3 CBS-APNO G3

P27 −192.168433 −192.414918 −192.344792 −192.162382 −192.408912 −192.338706
P28 −117.009514 −117.183147 −117.144897 −117.004726 −117.178269 −117.139937
P29 −268.876456 −269.238313 −269.139753 −268.870251 −269.232171 −269.133501
P30 −268.882498 −269.244390 −269.145813 −268.876332 −269.238235 −269.139558
P31 −156.211316 −156.443511 −156.204705 −156.436817
P32 −152.932833 −153.120583 −153.063707 −152.928348 −153.116108 −153.059187
P33 −156.239817 −156.471904 −156.419916 −156.233541 −156.465498 −156.413404
P34 −229.618062 −229.921239 −229.837341 −229.611692 −229.914963 −229.830972
P35 −116.971430 −117.144744 −117.106687 −116.966319 −117.139622 −117.101499
P36 −156.238812 −156.471114 −156.418959 −156.232480 −156.464603 −156.412360
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