
 
Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the

published version when available.

Downloaded 2023-05-19T14:40:33Z

 

Some rights reserved. For more information, please see the item record link above.
 

Title
On the oxidation of alkanes and thermodynamic properties of
nitrogen-containing compounds: experimental, theoretical, and
kinetic modelling studies

Author(s) Bugler, John

Publication
Date 2016-09-21

Item record http://hdl.handle.net/10379/6032

https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/


On the oxidation of alkanes and thermodynamic 

properties of nitrogen-containing compounds: 

Experimental, theoretical, and kinetic modelling studies 

 

John Bugler, B.Sc. 

 

 

 

School of Chemistry 

 

Presented for the degree of Ph.D. 

of the National University of Ireland, Galway 

 

 

Supervisor: Prof. Henry J. Curran 

 

Head of School: Prof. Paul V. Murphy 



ii 
 

  



iii 
 

Abstract 

The primary focus of the work presented in this Thesis involved a major re-evaluation of 

detailed chemical kinetic models describing alkane oxidation under combustion conditions. 

Combined experimental and theoretical approaches have been undertaken in order to, as 

comprehensively as practically possible, elucidate the mechanistic pathways of oxidation, as 

well as to refine numerical values of the fundamental thermochemical kinetic parameters 

which underpin their description. 

This was achieved via a broad experimental campaign investigating the oxidation of 

the pentane isomers (n-, iso-, and neo-pentane), which comprise sufficient structural diversity 

to be representative of the majority of alkanes. Experimental data were obtained for n-

pentane in the high-pressure shock tubes at both NUI Galway and Texas A&M University, 

one of the twin-opposed piston rapid compression machines at NUI Galway, the atmospheric 

pressure jet-stirred reactor (JSR) at the Centre National de la Recherche Scientifique (CNRS) 

Nancy, and the high-pressure JSR at CNRS Orléans. Pressures of approximately 1–20 atm, at 

temperatures in the range 500–1555 K, at equivalence ratios of 0.3–2.0, and for dilutions in 

the range 75–99 %, have been investigated. For the branched isomers, ignition delay times 

have been obtained in the aforementioned shock tube and rapid compression machine 

facilities under similar conditions to the straight-chained counterpart, with pressure, 

temperature, equivalence ratio, and dilution ranges of approximately 1–20 atm, 650–1720 K, 

0.3–2.0, and 75–99 %, respectively, investigated. 

These data, alongside literature measurements, served as validation targets for an 

updated model describing pentane isomer oxidation. Previous models developed in this 

laboratory describing their oxidation were updated in terms of their level of mechanistic 

detail, and in their numerical description of the thermochemical kinetic properties of the 
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species and reactions therein. Thermodynamic properties of species pertinent to pentane 

oxidation were updated based on group additivity values which were recently derived in this 

laboratory. This was followed by a literature review, conducted as part of this work, of kinetic 

rate parameters for reactions which are important for describing alkane oxidation under low-

temperature conditions (~600–900 K). New recommendations for rate coefficients are made 

for each important reaction class within the typical low-temperature alkane oxidation scheme. 

Further refinement of kinetic parameters was undertaken due to experimental and 

modelling evidence of deficiencies in literature values for an important low-temperature 

reaction class: cyclisation of hydroperoxyl-alkyl radical to form a cyclic ether and a hydroxyl 

radical (Q̇OOH ↔ cyclic ether + ȮH). Rate coefficients for 43 examples of this reaction type 

involving species ranging in size from C2H5O2 to C5H11O2 were determined using density 

functional theory (DFT) and ab initio approaches. Geometries and ro-vibrational properties 

were determined using the M06-2X/6-311++G(d,p) level of theory, with single point energies 

computed using coupled cluster [specifically, CCSD(T)] and second-order Møller-Plesset 

perturbation theory (MP2) methods, with relatively large basis sets (cc-pVXZ, where X = 

D,T,Q). Standard statistical thermodynamics and canonical transition state theory were 

employed to derive the kinetic data of interest. The use of these new rate coefficients in the 

pentane oxidation model produces favourable agreement with C5 cyclic ether concentration 

measurements in the JSRs at Nancy and Orléans. These had previously been over-predicted 

by the model utilising literature rate coefficient values. 

The combined experimental, modelling, and quantum chemical approaches have led 

to a comprehensively validated model describing n-pentane oxidation, along with models 

which can accurately describe the ignition properties of iso- and neo-pentane. Furthermore, 

by updating recommendations for mechanism development, and for assignment of model 



v 
 

parameter values, the findings of this work have influenced model development for alkanes 

from C3 upwards. 

Thermodynamic properties [H(T), S(T), and Cp(T)] of nitrogen-containing compounds 

pertaining to NOx formation mechanisms have been calculated using DFT and ab initio 

methods. The CBS-APNO, G3, and G4 composite methods were utilised to compute 

formation enthalpies via the atomisation method. The average values computed by these three 

methods were previously found to yield results rivalling “chemical accuracy” (arbitrarily, 

4.184 kJ mol–1, or 1 kcal mol–1) when tested against a benchmark set of enthalpy of formation 

values. The effect of vibrational anharmonicities on the thermodynamic properties of the 

selected compounds was also investigated. The result is a comprehensive database of 

thermodynamic functions of species relevant to NOx formation, which will underpin 

subsequent kinetic studies of NOx chemistry. 

The studies conducted over the course of this work provide valuable information on 

the combustion chemistry and kinetic modelling of species ubiquitous in gas turbine and 

reciprocating engine environments. 
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Overall Introduction 

Combustion 

Combustion processes occur in an enormity of natural, practical, and laboratory 

environments, and in a wide variety of thermodynamic states. In almost all cases, it is an 

immensely complex phenomenon, often involving multiple phases of matter, with physico-

chemical interactions occurring on time- and length-scales of widely disparate magnitudes. 

Detailed numerical descriptions of such environments present a “grand challenge” due to the 

inherent complexities of the underlying processes and the coupling between them. Indeed, 

investigation of either the physical or chemical aspects in isolation can require considerable 

computational resources, with detailed accounts of both being currently intractable for most 

purposes. 

The discussions within this Thesis are focussed on numerical descriptions of gas-

phase chemical processes in atmospheric and super-atmospheric regimes in terms of both 

pressure and temperature. The thermodynamic regions investigated are representative of 

environments prevalent in common practical combustors, such as reciprocating engines and 

gas turbines, and so are of direct industrial relevance due to the ubiquity of these devices. 

The chemical underpinnings of combustion can be simply described as the conversion 

of reactants (fuel and oxidiser) to products (carbon dioxide and water) via exothermic 

reaction. Far from being a one-step process, this often involves hundreds of chemical species 

undergoing thousands of reactions with one another. Of the many species involved, open-

shell radicals play a crucial role. These are often highly reactive, transient entities, which are 

not as well understood as their closed-shell, “stable” counterparts, and can exhibit intuitively 

unusual behaviour, such as their propensity to react with one another without having to 

overcome an energy barrier. These realities conspire to make experimental measurements and 
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theoretical characterisations of even homogeneous, gas-phase combustion systems very 

difficult. Despite the exceptional quantity of species and reactions involved in combustion, 

the entire chemical process can be adequately described (for most practical situations, at 

least) within a relatively straightforward thermochemical kinetic framework. 

The remaining subsections of this chapter will outline the methodologies used in the 

study of the combustion chemistry of several compounds. 

Experimental measurements 

Shock tubes (STs) and rapid compression machines (RCMs) have been utilised to investigate 

the ignition characteristics of the pentane isomers. Both types of equipment are used in this 

study for the same basic purpose: to rapidly raise the temperature and pressure of a 

homogeneous, gas-phase, combustible mixture from ambient or near-ambient conditions to 

those of practical kinetic interest. While described elsewhere and in a published peer-

reviewed article which forms part of this Thesis, a brief account of the facilities will be 

provided here. 

NUIG high-pressure shock tube 

The high-pressure shock tube at NUIG has been utilised to investigate the low-to-

intermediate temperature ignition behaviour of n- and neo-pentane. Stoichiometric and fuel-

rich (φ = 1.0 and 2.0) fuel/“air” (where “air” is defined as; O2:N2 = 21:79) mixtures of n-

pentane underwent auto-ignition near 20 atm and at temperatures ranging from approximately 

780–980 K. Rich neo-pentane/“air” mixtures were also tested under similar conditions of 

pressure and temperature (approximately 20 atm and 785–1075 K, respectively). Ignition 

delay times (IDTs) at these conditions were too short for reliable measurement in the RCM 

used in this study, and so use of the ST was necessary. 
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Rapid compression machine 

One of the twin-opposed piston RCMs at NUIG was used to obtain ignition delay time data 

for each of the pentane isomers at 10 and 20 atm, and in an approximate temperature range of 

640–1065 K. The piston configuration used in the machine for the experiments is illustrated 

in Fig. 1. 

 

Figure 1. Schematic of the piston configuration (Low Vortex Piston Head or LVPH) used in 

this study. Dimensions are in units of mm. 

Theoretical methods 

Computational quantum chemical methods have been used to determine high-pressure limit 

rate coefficients for a family of reactions: cyclisation reactions of hydroperoxyl-alkyl radicals 

forming cyclic ethers and hydroxyl radicals (often denoted; Q̇OOH ↔ cyclic ether + ȮH). 

These rate coefficients were used in the model developed in this study to improve agreement 

between model simulated concentrations of C5 cyclic ethers and those measured 
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experimentally. The modelling investigations utilising these rate coefficients are described in 

the next subsection of this chapter, and a detailed description of the methodologies employed 

in their derivation is provided in a published peer-reviewed article presented later in this 

work. A brief description of the methods employed is provided here. 

Density functional theory (DFT) and ab initio methods have been employed in this 

study in order to derive rate coefficients of high enough accuracy to warrant their direct use 

in chemical kinetic models describing combustion processes. Forty-three reactions have been 

investigated, involving reactants and transition states (TSs) ranging in molecular size from 

C2H5O2 to C5H11O2. This set contains structurally diverse compounds, and encompasses 

every reaction of this type on the potential energy surfaces (PESs) of C2–C5 alkyl radical (Ṙ) 

reactions with molecular oxygen (O2). 

Geometries and vibrational frequencies for each reactant and transition state were 

determined using the M06-2X functional with a 6-311++G(d,p) basis set. Intrinsic reaction 

coordinate (IRC) calculations were carried out with the same model chemistry on each TS to 

ensure it was connected to the desired reactants and products. Single point energy 

calculations were carried out for each reactant and transition state using the coupled cluster 

method, including single and double excitations, and a perturbative treatment of triple 

excitations [denoted CCSD(T)], along with second order Møller-Plesset perturbation theory 

(MP2), using varyingly sized basis sets. Two complete basis set (CBS) extrapolation 

techniques are compared in this study, and recommendations are made to save on 

computational costs. 

The methods used in deriving the rate coefficients represent the highest level of 

theory employed for a large set of reactions of this type. The values tend to be lower than 

those present in the literature, and provide better modelling results, as detailed in the next 

subsection. 
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DFT and ab initio calculations have been performed in order to determine 

thermodynamic properties of nitrogen-containing compounds which pertain to NOx formation 

and consumption mechanisms. Several composite methods (CBS-APNO, G3, and G4) have 

been used to determine formation enthalpies via the atomisation method. Briefly, composite 

methods use multiple calculations of relatively low computational expense in order to 

approximate a single, high-level (more expensive) calculation. 

Molecular geometry optimisations and ro-vibrational analyses were determined for 

each species using the B3LYP/cc-pVTZ model chemistry, with anharmonicities accounted 

for using the same functional and basis set. Formation enthalpy, entropy, and heat capacity 

values were determined for temperatures in the range 298.15–3000 K. 

All calculations were carried out using the supercomputer, Fionn, run by the Irish 

Centre for High-End Computing (ICHEC). Fionn is a heterogeneous machine made up of 

four components: Thin, Hybrid, Fat, and Service. The Thin component was used for all 

computations in this study, which is an SGI ICE X system of 320 nodes or 7680 cores made 

of 2.4 GHz Intel Ivy Bridge cores. Each node has 2 × 12 core processors and 64 GB of RAM, 

which amounts to 20 TB of RAM across the partition. All calculations were performed using 

the Gaussian 09 software package [1], and the application Chemcraft [2] was used to 

visualise the output structures and frequencies, and also to generate the input geometries. 

Kinetic modelling 

Kinetic modelling of pentane isomers oxidation has been the primary focus of this study. In 

order to adequately model oxidation of these compounds, a sub-model describing the 

combustion of species smaller than C5 was required. Such a model has been developed in the 

Combustion Chemistry Centre over many years. 
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The NUIG C0–C4 model has been developed with the aim that it would provide a 

detailed description of the combustion of small hydrocarbons and oxygenated hydrocarbons, 

and achieve this via a hierarchical development approach. This means firstly characterising 

the simplest oxidation system (H2/O2), which forms the base of the model, and then moving 

on to progressively larger and more complex systems, and validating each consecutive sub-

model. The complete combustion of any hydrocarbon or oxygenated hydrocarbon involves 

conversion of all fuel-bound elements into carbon dioxide and water. This being the case, it 

stands to reason that all such fuels must pass through the same chemical pathways in, at least, 

the final few mechanistic steps towards final products. Therefore, the chemical processes in 

combustion are inherently hierarchical, suggesting that the development of models should 

also progress in this manner. 

In the past several years, the NUIG base model has been re-developed from the 

“ground up”. A comprehensive modelling study of hydrogen oxidation was undertaken by Ó 

Conaire et al. [3] in 2004. This laid the foundation for a series of subsequent studies of larger 

oxidation systems. In 2013, Kéromnès et al. [4] updated the hydrogen model based on new 

experimental information obtained at high pressures, and new literature rate coefficient 

values. This was accompanied in the same study by a comprehensive experimental and 

modelling investigation of syngas (H2/CO) mixtures, providing validation for crucial 

carbonaceous compounds. 

A broad kinetic modelling study of C1–C2 hydrocarbons and oxygenated 

hydrocarbons soon followed the hydrogen and syngas investigations [5]. Oxidation 

mechanisms were proposed for methane, ethane, ethylene, acetylene, formaldehyde, 

methanol, acetaldehyde, and ethanol. Attempting to elucidate the oxidation mechanisms of 

such a large quantity of compounds in a single study was a significant undertaking, but a 

necessary one due to the principles upon which the NUIG model is built. 
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At the base of the model, hydrogen and syngas oxidation exists in a kind of 

mechanistic isolation due to the similarity of their structures (and reaction path proximity) to 

final products; carbon dioxide and water. In other words, these fuels oxidise to products at a 

rate sufficiently high so as to render formation of larger species (with more complex 

oxidation mechanisms) insignificant. The situation is not as straightforward when larger 

species are considered, as there can be significant crossover in reaction pathways with 

similarly sized compounds. Hence, the oxidation mechanisms of the eight fuels considered by 

Metcalfe et al. were developed in tandem [5]. Furthermore, in order to accurately simulate 

methane and ethane oxidation it was necessary to include C3 and C4 chemistry due to radical-

radical recombination, which becomes important under fuel-rich conditions in particular. 

However, the C3–C4 portions were not rigorously validated in their own right in that study. 

The likeness of oxidation mechanisms of similarly sized fuels presents an interesting 

problem from a model development standpoint. If mechanisms are as tightly coupled for 

different larger fuels as they are at the C1–C2 level, an exhaustive amount of modelling efforts 

would be required. Luckily, the oxidation mechanisms of larger fuels tend to exhibit more 

specificity, meaning that it can be reasonable to validate the sub-models of individual 

compounds. However, the individuality of a fuel’s oxidation mechanism can vary under 

different conditions of temperature, pressure, and mixture composition. It can also happen 

that a basic or skeletal sub-mechanism that had been put in place in order to accurately model 

another component (such as the C3/C4 sub-mechanisms necessary to model methane and 

ethane) is updated in detail, and has a “knock on” effect on the modelling of that component. 

It is therefore imperative that a system of re-validation is in place in order to rectify any 

discrepancies between model simulations and validation targets should such situations occur. 

Subsequent studies have been undertaken within the C1–C4 sub-model, with 

comprehensive validation of propene [6,7], dimethyl ether [8], 1- and 2-butene [9], iso-butene 
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[10] models, along with updates to the methanol [11] model. It is upon all of this previous 

work that the C5 alkane sub-model developed in this study was constructed. A C5 alkane 

model from this laboratory had previously been proposed by Healy et al. [12]. The C5 portion 

of this model was coupled with the updated C0–C4 sub-model, and served as the starting point 

for investigations outlined in detail in the enclosed peer-reviewed articles. The methodologies 

employed in the updating of this model will be discussed here. 

Group additivity methods have been used to determine thermodynamic properties of 

chemical species present in the C5 sub-model developed in this study. These data were 

updated in the initial model based on newly derived values for groups which are commonly 

used to estimate the thermodynamic properties of hydrocarbon and oxygenated hydrocarbon 

species [13]. This update resulted in major differences in model simulation results at low 

temperatures (~600–900 K), and brought about the inception of a broad study of kinetic rate 

parameters within the model. The main differences in thermochemical parameters pertained 

to species which exist at crucial kinetic junctures in low-temperature oxidation mechanisms, 

for which there had previously been a dearth of reliable thermodynamic data. Group values 

for species containing peroxyl and hydroperoxyl moieties underwent the most significant 

changes in the update, as there has been a large amount of theoretical research conducted on 

the thermochemical kinetic properties of such species in recent years. 

The previous C5 model had been constructed based on the framework developed by 

Curran and co-workers in their studies of n-heptane [14] and iso-octane [15] oxidation. In 

those studies, the fuel-specific portion of the mechanism was assembled based on a system of 

reaction classes and kinetic rate assignment rules. Twenty five reaction classes were 

proposed, and were separated into high- and low-temperature mechanisms. Some of these 

classes were further divided into discrete sub-classes (for example, H-atom abstractions from 

the fuel molecule by a given radical were defined based on the nature of the abstraction site; 
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primary, secondary, or tertiary C–H bond). Families of reactions which were deemed to be 

kinetically analogous were assigned the same rate coefficient. This methodology has been 

adopted countless times in subsequent studies by many research groups, and is likely to 

continue to be the primary method of detailed chemical kinetic model development. 

The rate rules assigned to each reaction class/sub-class were determined based on the 

best available literature data at the time. Unfortunately, there was a lack of knowledge on the 

fundamental kinetic parameters necessary to describe the low-temperature oxidation 

pathways, and many of the rate rules were based on analogies, correlations, estimates, and 

extrapolations from experimental measurements made at (usually) lower temperatures. This 

work came before the advent of readily available computational resources with which to 

calculate the thermochemical kinetic parameters of interest for species and reactions which 

are experimentally challenging to measure. Even today, direct measurement of species and 

their kinetic behaviour under low-temperature oxidation conditions remains a difficult task. 

In recent years, there have been numerous theoretical studies investigating the kinetics 

of large groups of reactions which are important at low temperatures (~600–900 K) [16–21]. 

Rate coefficients for the unimolecular reactions investigated in these studies were determined 

using vibrational frequencies and single point energies calculated using the CBS-QB3 

composite method [22]. CBS-QB3 is a commonly used version of such methods, partly due 

to its relative speed and reliability [23]. The swathes of theoretically determined rate 

coefficients now available in the literature provide the bulk of the kinetic parameters for 

important low-temperature reactions within the C5 sub-model. 

The issue of compensating errors within detailed chemical kinetic models requires 

consideration. Given the sheer amount of input parameters typically present in a model, there 

are potentially very many numerical combinations which can result in favourable simulation 

results when compared to validation targets. A typical model can contain several hundred 
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species and several thousand reactions. In order to perform just zero-dimensional simulations, 

the following parameters must be defined: enthalpy, entropy, and heat capacity values as a 

function of temperature for each species, and rate coefficient values as a function of 

temperature (and often pressure) for each reaction. It becomes readily apparent that with such 

a quantity of input values, that there is almost certainly some level of error compensation 

within even the most carefully constructed of these types of models. The hierarchical 

approach to their construction can help to avoid such a problem, along with the reaction class 

and rate rule framework, which can be further bolstered with theoretical calculations. 

In investigating the most suitable sets of theoretically-derived rate coefficients for use 

in the C5 sub-model, internal kinetic consistency was emphasised, in that, as many rate 

coefficients as possible were obtained from the same source, and without modification. This 

approach was taken in order to combat the occurrence of compensatory effects within the 

model. A trial and error approach was undertaken with the kinetic parameters within the n-, 

iso-, and neo-pentane sub-mechanisms, while ensuring that groups of rate coefficients within 

each of the pentane isomers sub-mechanisms originated from the same literature source. 

A C5 model was constructed with internal consistency in mind, and was in adequate 

agreement with its selected validation targets. Recommendations were made on which groups 

of rate coefficients were to be used in order to obtain satisfactory agreement with 

experimental measurements. Furthermore, a broader view of these kinetic parameters in the 

literature was presented in the guise of rate rules, similar to those proposed by Curran and co-

workers [14,15], but entirely derived from theoretical determinations and with estimates of 

the uncertainties in their values. A detailed discussion of these investigations is given in the 

first peer-reviewed article presented later in this Thesis. 

Regardless of the methodology used for model development, the accuracy of the 

model is ultimately judged on its level of agreement with validation targets (i.e. experimental 
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measurements). Considering the amount of input parameters and the potential for error 

compensation within the model, it is important that as broad a set of validation targets as 

possible are employed in order to constrain their values. Ideally, a set of validation targets 

would be proposed which would effectively probe different sets of parameters within the 

model. In terms of chemical kinetic models, this would generally involve selecting different 

regions of temperature, pressure, and mixture composition in order to isolate different 

thermochemical kinetic parameters which show varying degrees of sensitivity within the 

varying thermodynamic regimes. However, due to the prospective practical application of 

these models, experimental conditions are typically chosen which are representative of the 

practical environments that such models are used to provide insight into. This approach may 

lead to a lack of characterisation of certain model parameters, but a balance between absolute 

accuracy and practical accuracy is necessary. 

The experimental targets chosen for validation of the model developed in this study 

are of three different types: ignition delay times, laminar burning velocities, and species 

concentration measurements. Ignition delay times (IDTs) are a measure of the time between 

the rapid heating/pressurisation of a gaseous mixture and an autoignition event, which is 

typified by a rapid rise in temperature, pressure, small radical concentration, light emission, 

or all/combinations of the above, and is approximately coincident with the conversion of 

carbon monoxide to carbon dioxide, mostly via the exothermic reaction: CO + ȮH ↔ CO2 + 

Ḣ. While they are a measure of the global kinetic process, they do not offer direct insight into 

the elementary processes and their relative rates. However, by selecting a suitable matrix of 

conditions of temperature, pressure, and mixture composition, the relative ratios of reaction 

pathways need to be less uncertain in their numerical description in order to adequately 

replicate trends in these conditions. Ignition delay times have often been used in isolation as 

validation targets, but due to the nature of the measurement this can lead to compensating 
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erroneous values resulting in fortuitously good agreement between model and experiments. 

Nevertheless, they can be useful in elucidating the major underlying elementary kinetic 

processes if the methodologies employed in the construction of the model are suitable. This is 

shown to be the case in the peer-reviewed JSR and modelling study presented here, where (to 

the author’s knowledge) it is the first model proposed using only IDTs as validation targets 

which readily shows exceptional agreement with a wide variety of species concentration 

measurements, without the need for optimisation/tuning of input parameters. 

Laminar burning velocities were not measured as part of this study, but were available 

in the literature for n-pentane/O2/diluent mixtures [24], and form part of the set of validation 

targets for the model. Like IDTs, these are a global measure of the chemical process. These 

measurements typically probe the high-temperature mechanism of a fuel’s oxidation, as there 

is a rapid and large rise in temperature through the flame front which quickly decomposes the 

fuel to smaller species. Indeed, fuel-specific reactions rarely have a significant bearing on 

simulation results, making comparison with these experimental data a test of mainly the C0–

C2 sub-model. As discussed previously, this portion of the model has been rigorously 

validated, resulting in the C5 model requiring no modifications in order to obtain satisfactory 

agreement with these targets. 

Species concentration measurements were obtained in two JSR facilities for n-

pentane/O2/diluent mixtures as part of this study, and are included in a peer-reviewed article 

presented in this Thesis. These data are arguably the most valuable validation targets for 

determining the accuracy of the model developed in this study, though most of the 

construction and validation of the model occurred in the absence of these measurements. In 

all, 61 different species were measured using gas chromatographic and spectroscopic 

techniques. In each of the facilities, measurements were conducted at a fixed pressure and 

residence time in the reactor, and at temperature increments across the range 500–1100 K. 
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Where IDTs and laminar burning velocities offer insight into the overall oxidation process, 

these species concentration measurements provide information on the distribution of 

reactants, intermediates, and products at a given reaction time. Ideally, each species would be 

measured at a series of reactor residence times at each temperature condition investigated, as 

this would provide the most kinetically relevant data. However, this would require a 

significant amount of extra experimental measurements, which already tend to be quite 

numerous (61 species at a series of temperatures). A snapshot in reaction time across a wide 

temperature range still provides a useful and considerable amount of information for model 

validation. 

Though the n-pentane model showed excellent agreement with the majority of its 

validation targets, some minor discrepancies remained between simulation results and 

experimentally measured concentration profiles obtained in the JSRs. The major discrepancy 

of interest pertained to C5 cyclic ether profiles, where model-simulated concentrations were 

higher than those observed experimentally. These species are formed from unimolecular 

cyclisation reactions of hydroperoxyl-alkyl radicals. Hydroperoxyl-alkyl radicals play a 

crucial role in determining reactivity at low temperatures, so accurate modelling of the 

products of their decomposition is essential. A study of n-hexane oxidation was carried out 

by Zhang et al. [25], building upon the C5 ignition delay and modelling studies presented 

herein. It was found that the n-hexane model (which was produced in the same manner as the 

n-pentane model) over-predicted C6 cyclic ether concentrations measured in a JSR. This 

discrepancy was alleviated by modifying the rate coefficients pertinent to their formation, 

resulting in favourable agreement between model and experiment. The rate coefficients 

dictating the rate of formation of the cyclic ethers were revised downwards in order to 

decrease their simulated concentrations. The original rate coefficients were calculated by 

Villano et al. [19] utilising the CBS-QB3 method, which has been indicated previously to 
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have a bias towards under-estimation of reaction barrier [26] (i.e. over-estimation of rate 

coefficient). With the same discrepancies observed in modelling n-pentane experiments, it 

was decided that a theoretical study of this reaction type was warranted. Coupled cluster 

methods (described in the previous subsection of this chapter) were employed for the 

calculations, and resulted in lower rate coefficients for these reactions than the CBS-QB3 

derived counterparts. Better agreement was observed between model and experiments when 

these rate coefficients were adopted into the C5 model. 

An experimental, theoretical, and kinetic modelling approach has been undertaken to 

describe the oxidation of the pentane isomers under combustion conditions. This work has 

been disseminated to the scientific community via the publication of four peer-reviewed 

articles, which are reproduced in full in the remainder of this Thesis. 
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ABSTRACT 

This paper describes our developing understanding of low-temperature oxidation kinetics. 

We have investigated the ignition of the three pentane isomers in a rapid compression 

machine over a wide range of temperatures and pressures, including conditions of negative 

temperature coefficient behaviour. The pentane isomers are small alkanes, yet have structures 

that are complex enough to allow for the application of their kinetic and thermochemical 

rules to larger molecules. Updates to the thermochemistry of the species important in the low-

temperature oxidation of hydrocarbons have been made based on a thorough literature 

review. An evaluation of recent quantum-chemically derived rate coefficients from the 

literature pertinent to important low-temperature oxidation reaction classes has been 

performed, and new rate rules are recommended for these classes. Several reaction classes 

have also been included to determine their importance with regard to simulation results, and 

we have found that they should be included when developing future chemical kinetic 

mechanisms. A comparison of the model simulations with pressure-time histories from 

experiments in a rapid compression machine shows very good agreement for both ignition 

delay time and pressure rise for both the first- and second-stage ignition events. We show that 

revisions to both the thermochemistry and the kinetics are required in order to replicate 

experiments well. A broader validation of the models with ignition delay times from shock 

tubes and a rapid compression machine is presented in an accompanying paper. The results of 
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this study enhance our understanding of the combustion of straight- and branched-chained 

alkanes. 

1. INTRODUCTION 

Alkanes are the simplest type of hydrocarbon, so knowledge of the combustion of these 

compounds is essential to the fundamental understanding of the combustion of all 

hydrocarbons and oxygenated fuels (e.g. alcohols, large methyl esters, etc.). The low-

temperature oxidation of alkanes is of practical importance to the advancement of 

technologies such as homogeneous-charge compression-ignition (HCCI), premixed-charge 

compression-ignition (PCCI), and reactivity-controlled compression-ignition (RCCI) engines. 

Construction of detailed mechanisms describing low-temperature oxidation can be difficult 

due to the large number of chemical species and reactions involved. Group additivity1 and 

rate rule2,3 methods are convenient solutions to this problem. In this study we discuss the 

implementation of both methods, and improved values used therein, for current and future 

development of detailed chemical kinetic models. 

The first low-temperature reaction channels for the oxidation of alkanes were proposed in 

the late 1960s by Knox4 and Fish.5 An improved understanding was developed by Pollard6, 

Cox and Cole7, and Walker and Morley.8 Curran et al. applied rate coefficients based on rate 

estimation rules for different reaction classes and had success in modelling the oxidation of n-

heptane and iso-octane at low temperatures.2,3 However, some reaction classes were excluded 

from the low-temperature reaction pathways of these mechanisms due to limitations in 

knowledge at the time. These involve hydroperoxyl-alkyl-peroxyl (Ȯ2QOOH) radicals 

undergoing reactions similar to those included for alkyl-peroxyl (RȮ2) species, such as the 

direct elimination of HȮ2 radicals from the alkyl-peroxyl radicals (also forming olefins), and 

isomerisation reactions like those of RȮ2 radicals to produce hydroperoxyl-alkyl (Q̇OOH) 

radicals, but resulting in the formation of di-hydroperoxyl-alkyl radicals. These can undergo 
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reactions similar to those of Q̇OOH radicals, such as cyclic ether formation, and β-scission 

reactions, Fig. 1 (R, Q and P represent alkyl radicals or structures CnH2n+1, CnH2n and CnH2n–

1, respectively). Inclusion of these “alternative” reaction classes are of particular importance 

for the mechanisms of branched alkanes, as previously,3 the chain of reactions proceeding 

from tertiary alkyl radical addition to molecular oxygen came to a “dead end” upon formation 

of an Ȯ2QOOH radical, as these radicals cannot proceed to formation of a carbonyl-

hydroperoxide + ȮH. An example of this for iso-pentane is shown in Fig. 2. This means that 

any Ȯ2QOOH species formed from successive pathways stemming from a tertiary alkyl 

radical had no mechanism to decompose other than dissociation back to Q̇OOH + O2. This 

represents quite a mechanistic oversight in the modelling of branched alkanes. 
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Figure 1. Lumped kinetic scheme of the primary oxidation reactions of alkanes. Species and 

arrows highlighted in red represent pathways not previously considered for the pentane 

isomers. 

 

Figure 2. Example of a “dead end” in low-temperature pathways of iso-pentane. The 

example Ȯ2QOOH shown cannot form a carbonyl-hydroperoxide + ȮH. 

Silke9 and Glaude et al.10 have performed studies of some of these alternative reaction 

classes for the low-temperature oxidation of n-heptane. A simplified scheme for the primary 

oxidation reactions of alkanes, including these “alternative” reaction classes is shown in Fig. 

1. Silke9 added the following reaction classes to the n-heptane mechanism published by 

Curran et al.2: 
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• Ȯ2QOOH ⇌ Ṗ(OOH)2 

• Ṗ(OOH)2 ↔ cyclic ether + ȮH 

• RȮ2 + ȮH ↔ RȮ + HȮ2 

• RȮ2 + HȮ2 ↔ ROOH + O2 

• Q̇OOH intramolecular isomerisation 

• RȮ2 ↔ olefin + HȮ2 

Silke found that, of the classes added, those that had the largest effect on simulated ignition 

delay times (IDTs) were Ȯ2QOOH ⇌ Ṗ(OOH)2 and Ṗ(OOH)2 ↔ cyclic ether + ȮH. 

Examples of these types of reactions for n-pentane are shown in Fig. 3. 
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Figure 3. Examples of reaction classes applied to n-pentane in this work, which were 

previously added to Silke9 n-heptane mechanism (a) “Alternative” isomerisation of 

Ȯ2QOOH. (b) Hydroperoxyl cyclic ether formation from Ṗ(OOH)2. 

Silke9 assigned rate coefficients to the new reaction classes by making analogies to 

similar reactions, i.e., rate coefficients for Ȯ2QOOH ⇌ Ṗ(OOH)2 isomerisation reactions 

were based on those for RȮ2 ⇌ Q̇OOH. For the reactions Ṗ(OOH)2 ↔ cyclic ether + ȮH the 

rate coefficients used for Q̇OOH ↔ cyclic ether + ȮH were adopted. The rate coefficients 

used were those recommended by Curran et al.2,3 Inclusion of these classes led to large 

changes in simulated IDTs, to the extent that the model no longer predicted the experimental 

measurements, Fig. 4. The attempted improvement of the n-heptane mechanism did not result 

in better agreement with experiments. Thus, the rate rules used were not compatible with the 
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consideration of these alternative reactions. However, it is essential that these pathways are 

included to ensure a detailed understanding of a fuel’s oxidation. The fact that the rate rules 

of Curran et al.2,3 were not suitable for application to the alternative pathways, yet the 

predictions of the n-heptane2 and iso-octane3 models reproduced data very well, points to a 

lack of fundamental understanding of the thermochemical parameters, rate coefficients, 

and/or both in the previous studies. 

 

Figure 4. Effect of (a) “alternative” isomerisations of Ȯ2QOOH and (b) hydroperoxyl cyclic 

ether formation from Ṗ(OOH)2 for n-heptane, Ф = 1.0 in ‘air’, ~13.5 atm.9 ■ Ciezki et al.11; 

— Curran et al.2; — Model including “alternative” isomerisations; — Model including 

“alternative” isomerisations and hydroperoxyl cyclic ether formation. All simulations shown 

are at constant volume conditions. 

In their work on iso-octane, Curran et al.3 reduced the rate coefficients for the 

isomerisation reactions of RȮ2 and Ȯ2QOOH radicals by a factor of three relative to those 

employed for n-heptane in order to match experimental data at low temperatures (600–770 

K). It was postulated that there must be a reason that these reactions were slower for iso-

octane than for n-heptane, or that there must have been pathways missing in the mechanism. 

With such discrepancies existing for the primary reference fuels (PRFs), it was clear that a re-
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examination of the thermochemistry and rate coefficients pertaining to the low-temperature 

oxidation pathways of alkanes was needed in order to reconcile these differences. It is for this 

reason that the pentane isomers were selected in this study. They are small enough to allow 

for an in-depth study of their low-temperature oxidation pathways, yet large enough to be 

representative of larger alkanes. The proximity of the outermost secondary carbons in n-

pentane makes it an ideal analogue for longer n-alkanes, due to isomerisation reactions of 

RȮ2 and of Ȯ2QOOH radicals between these carbons being dominant controlling pathways at 

low temperatures. The different levels of structural branching of iso- and neo-pentane make 

them suitable analogues for longer branched-chained alkanes, such as iso-octane, with both 

isomers being representative of the varyingly branched ends of the iso-octane molecule. 

There have been a number of recent systematic studies which have used various 

computational quantum chemical methods for rate coefficient calculations for reactions 

relevant to the low-temperature oxidation of alkanes.12–17 These studies have calculated high-

pressure limit rate coefficients for sets of training reactions so that they can be used directly 

in chemical kinetic mechanisms for combustion relevant applications. To our knowledge, 

these rate coefficients have not been applied to all of the important reaction classes in the 

low-temperature regime in a hydrocarbon oxidation mechanism. In this work, the rate 

coefficients from these studies are compared and have been applied to the mechanisms of the 

pentane isomers. The model simulations are compared to sample ignition delay times in 

addition to pressure-time histories obtained in a rapid compression machine (RCM). A 

detailed description of the RCM design can be found in ref. 18.  Based on these theoretical 

studies, new recommended rate rules are proposed, and are also tested in mechanisms to 

evaluate their performance against ignition delay times. 

A more thorough validation of the mechanisms across a broader range of temperatures, 

pressures, and with data from other experimental facilities, along with a description of the 
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facility used to obtain data presented herein, will be discussed in an accompanying paper.19 

This study provides a systematic evaluation of the rate rules in the literature and their 

suitability for application to mechanisms for the low-temperature oxidation of straight-

chained, branched-chained and highly-branched alkanes, and will propose new rate rule 

recommendations for application to larger alkanes. This will be particularly important for the 

construction of gasoline surrogate mechanisms. 

2. MODEL DEVELOPMENT 

Healy et al.20 previously developed a mechanism to describe n-pentane oxidation based on 

rate rules recommended by Curran et al.2,3 This mechanism did not include any of the 

alternative reaction classes but has served as a starting point for the current investigation. 

2.1. Thermochemistry 

Previously2,3,9,20,21, the thermochemical data for species were estimated using group additivity 

rules derived by Benson1 and implemented in THERM.22 Due to improved computational 

methods for calculation of thermochemical properties and a growing amount of literature 

data, a thorough literature review of thermochemical properties was undertaken for C1–C4 

alkanes, alkenes, alcohols, hydroperoxides, alcoholic hydroperoxides, and their associated 

radicals.23 A variety of sources, including high level ab initio studies, experimental studies, 

online databases, and review studies has led to updated THERM group values which have 

been used to update the thermochemistry of the following classes of C5 species: fuel (RH), 

fuel radicals (Ṙ), olefins, alkyl hydroperoxides (RO2H), alkyl-peroxyl radicals (RȮ2), 

hydroperoxyl alkyl radicals (Q̇OOH), cyclic ethers, hydroperoxyl-alkyl-peroxyl radicals 

(Ȯ2QOOH) and carbonyl-hydroperoxides, as well as any species produced through pathways 

which have been added to the mechanisms, which will be discussed in detail later. 
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Table 1. Comparison of original and updated THERM group values at 298 K for selected 

groups. 

 Original Updated 

 Enthalpy, Ho 

(kcal mol–1) 

Entropy, So 

(cal mol–1 K–1) 

Enthalpy, Ho 

(kcal mol–1) 

Entropy, So 

(cal mol–1 K–1) 

C/C/H2/OO   –7.89     9.65   –8.02     6.62 

C/C2/H/OO   –6.08 –11.96   –7.03 –15.46 

OO/C/H –23.50   36.84 –20.60   38.64 

ALPEROX   86.30     0.22   85.27   –0.48 

The most significant changes are to the values of the groups listed in Table 1. C/C/H2/OO 

refers the carbon at the terminus of an alkyl chain, and α- to a hydroperoxyl group (R–

CH2OOH). C/C2/H/OO represents an internal carbon in an alkyl chain, bonded to two other 

carbons and a hydroperoxyl group (R–CH(OOH)–R’). OO/C/H represents a hydroperoxyl 

group bonded to a carbon atom (R–C(OOH)(R’)–R”), and ALPEROX refers to a peroxyl 

radical (R–OȮ). 

The C/C/H2/OO and C/C2/H/OO groups were optimised based the newly recommended 

values for ethyl, n-propyl, iso-propyl, n-butyl and s-butyl hydroperoxides, and their 

associated peroxyl radicals. The enthalpies increased from those previously used, and the 

entropies decreased for all of these species, resulting in the Gibbs energies increasing by 

approximately 2.1–3.4 kcal mol–1 at 298 K when the new group values are applied. The 

OO/C/H group was optimised also based on the aforementioned alkyl hydroperoxide and 

alkyl-peroxyl radical species, but also based on hydroperoxyl-ethanol and hydroperoxyl-n-

propanol, and their associated peroxyl radicals. Both the enthalpies and entropies for the 

hydroperoxyl alcohols and their associated peroxyl radicals decreased from those which had 
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previously been used. This resulted in the Gibbs energies of these species varying by 

approximately –0.6–+0.5 kcal mol–1 at 298 K. The optimisation of the ALPEROX group was 

based on the updated values of the aforementioned alkyl-peroxyl radicals, the enthalpy and 

entropy values of which (as mentioned previously) increased and decreased, respectively, 

resulting in an increase in Gibbs energy values of approximately 2.1–2.5 kcal mol–1 at 298 K. 

Figure 5 illustrates the changes in values of thermochemical properties for species 

important in the low-temperature combustion regime for n-pentane, as well as the shifts in 

equilibria for the main reaction pathways they participate in, brought about by the changes in 

the thermochemical values. 

 

Figure 5. Representation of average changes in Gibbs energies at 298 K for important classes 

of species due to updated THERM group values for n-pentane, and subsequent shifts in 

equilibria for important reaction classes. 
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The inclusion of the updated thermochemistry led to a significant decrease in reactivity 

(Fig. 6) due to a change in the equilibria of the reactions involving the updated species, Fig. 

5. The main shifts in equilibria are for the reactions of RȮ2, Q̇OOH and Ȯ2QOOH radicals, 

with dissociation of RȮ2 and Ȯ2QOOH radicals back to their respective alkyl and 

hydroperoxyl-alkyl radicals and molecular oxygen becoming more dominant, as well as the 

chain propagating reactions of RȮ2 and Q̇OOH radicals (which curtail progression towards 

chain branching reactions) also becoming more dominant. With the updated 

thermochemistry, there is more flux from Ȯ2QOOH radicals to produce carbonyl-

hydroperoxides + ȮH, and subsequently the decomposition of carbonyl-hydroperoxides to 

yield a second hydroxyl radical and a carbonyl-alkoxyl radical. These steps constitute chain 

branching as three radicals are formed from the initial Ȯ2QOOH species, but the effect of the 

shifts in equilibria on reactivity is minimal due to the large changes in flux earlier in the chain 

of reactions, involving Ṙ, RȮ2 and Q̇OOH radicals, leading to their formation. These results 

show that, with the adjusted thermochemistry of species relevant to the low-temperature 

combustion of n-pentane, updates to the rate coefficients important to low-temperature 

oxidation were necessary. This began with an update to the C0–C4 sub-mechanism,24–27 with 

the results showing a relatively minor influence when compared to that of the updated 

thermochemistry, Fig. 6. It is clear that major changes were needed in the rate coefficients 

used for the C5 reactions. These updates will form the basis of our later discussion. 
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Figure 6. Effect of updated thermochemistry and sub-mechanism. n-pentane, Ф = 1.0 in 'air', 

10 atm. Symbols represent IDTs from an RCM. — Model predictions using original 

thermochemistry; — Model predictions using updated thermochemistry; — Model 

predictions using updated thermochemistry and C0–C4 sub-mechanism.24–27 All simulations 

shown are at constant volume conditions. 

2.2. Chemical kinetic mechanism  

Villano et al.12,13 systematically calculated high-pressure limit rate coefficients for the low-

temperature oxidation reactions of alkanes, including the pentane isomers, using the CBS-

QB3 quantum chemical method combined with canonical transition state theory calculations. 

Karwat et al.28 studied the oxidation of n-heptane in a rapid compression facility and 

demonstrated success in applying the Villano et al. rate rules. However, Villano et al.12,13 did 

not calculate rate coefficients for the alternative reaction classes that were investigated in this 

work, and so rate coefficients for these reactions are based by analogy with similar reactions. 

Rate coefficients for each reaction in the following reaction classes have been applied 

directly from the papers of Villano et al.12,13: 

• Concerted elimination of HȮ2 from alkyl-peroxyl radical (RȮ2 ↔ olefin + HȮ2) 
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• β-scission of hydroperoxyl-alkyl radical to produce an olefin + HȮ2 (Q̇OOH ↔ olefin 

+ HȮ2) 

• Cyclic ether formation from hydroperoxyl-alkyl radical (Q̇OOH ↔ cyclic ether + 

ȮH) 

• β-scission of hydroperoxyl-alkyl radical to produce other products (Q̇OOH ↔ β-

scission products) 

2.2.1. Ṙ + O2 and Q̇OOH + O2 addition reactions 

Miyoshi used variational transition state theory (VTST) and Rice-Ramsperger-Kassel-Marcus 

theory (RRKM)/master equation calculations based on the CASPT2(7,5)/aug-cc-

pVDZ//B3LYP/6-311G(d,p) potential energy curves and B3LYP/6-311G(d,p) geometries and 

vibrational frequencies, for archetypal alkyl radical (Ċ2H5, i-Ċ3H7, n-Ċ4H9, s-Ċ4H9 and t-

Ċ4H9) + O2 reactions, and obtained class-specific high-pressure limit rate coefficients for 

these systems.14 Rate coefficients for the addition of Ṙ to O2, and Q̇OOH to O2 have been 

calculated by Goldsmith et al. for the propyl + O2 system, using variable reaction coordinate 

transition state theory (VRC-TST) calculations.15 The rate coefficients calculated by 

Goldsmith et al. for additions to primary and secondary alkyl radical sites are approximately 

factors of two and five times faster, respectively, than those calculated by Miyoshi. We find 

that using the rate coefficients calculated by Goldsmith et al.15 for both first and second 

additions results in ignition delay time simulations that are faster than experimental 

measurements for the pentane isomers. Instead, the rate coefficients for addition of Ṙ to O2 

are adopted from Miyoshi, and those used for addition of Q̇OOH to O2 are based on these 

first addition rate coefficients, with the A-factor scaled based on the results of Goldsmith et 

al.15 Their work reported that the Q̇OOH + O2 reaction is typically slower than the analogous 

Ṙ + O2 reaction by approximately a factor of two, with the exception of the addition of 

HOOCH2CH2ĊH2, which is faster than the analogous first addition to O2. For each of the 
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pentanes, we find that a reduction of the second addition to O2 by approximately a factor of 

two results in experimental data being well reproduced by model simulation results. 

Zador et al.29 performed the first experimental measurements of rate coefficients for the 

Q̇OOH + O2 addition reaction. They determined the rate coefficient for the association 

reaction of 2-hydroperoxyl-2-methylprop-1-yl with O2 to be (5.4 ± 1.8) × 1011 cm3 mol–1 s–1. 

This is supported by VRC-TST calculations performed as part of the same study, and this 

value is in excellent agreement (within 50% between 600 and 1000 K) with the estimated rate 

coefficients for addition of O2 to a primary radical site on Q̇OOH radicals within the sub-

mechanisms of the pentane isomers. 

2.2.2. RȮ2 and Ȯ2QOOH isomerisation reactions 

Villano et al.,12 Miyoshi16 and Sharma et al.17 all calculated rate coefficients for RȮ2 ⇌ 

Q̇OOH isomerisation reactions for sets of sample reactions using the CBS-QB3 quantum 

chemical method. Figure 7 shows comparisons of the averaged rate coefficients for this 

reaction class from these three studies.12,16,17. All rate coefficients are compared on a per H-

atom basis. There is good agreement between the literature values, most being within a factor 

of 2–3 of one another, with a maximum discrepancy of approximately a factor of 5 for 

reactions proceeding through an 8-membered transition state (TS) ring at 1000 K. As will be 

shown in an accompanying paper,19 when applied to the mechanisms of the pentane isomers 

the rate coefficients for the H-shift reactions of RȮ2 ⇌ Q̇OOH through 6-membered TS rings 

are the most important, with a relatively high flux proceeding through these pathways. 
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Figure 7. Averaged rate coefficients for reactions of RȮ2 ⇌ Q̇OOH progressing through (a) 

5-, (b) 6-, (c) 7-, and (d) 8-membered TS rings. Solid lines correspond to Villano et al.,12 

dashed lines correspond to Miyoshi,16 and dotted lines correspond to Sharma et al.17 

Figure 8 shows the effect of using the rate coefficients for the first isomerisation reactions 

calculated from each of the three studies on the simulated ignition delay times of each of the 

pentane isomers, as well as treating the second isomerisation reactions as recommended by 

Curran et al.2,3. That is, using analogous reactions of RȮ2 ⇌ Q̇OOH to estimate the second 

isomerisation reaction, by using the same pre-exponential factors as the reaction being used 

in the analogy (while at the same time accounting for degeneracy) and reducing the activation 

energy by 3 kcal mol–1. 

It is shown that using the rate coefficients from any of the three aforementioned 

studies12,16,17 and treating the second isomerisation reactions as recommended by Curran et 



37 
 

al.2,3 results in similar simulated ignition delay times for each of the three isomers. This 

reflects the general similarity between each of the calculated rate coefficients for the first 

isomerisation reactions, since the second isomerisation reactions are treated by analogy to 

these. While good agreement is observed between simulations and experiments for n-pentane, 

it is not the case for iso- or neo-pentane, for which the simulated ignition delay times are 

faster compared to the experiments, Fig. 8. 

1.0 1.2 1.4 1.6
1

10

100 (a)

103 / T (K-1)

Ign
iti

on
 D

ela
y T

im
e (

m
s)

1.0 1.2 1.4 1.6
1

10

100 (b)
Ign

iti
on

 D
ela

y T
im

e (
m

s)

103 / T (K-1)

1.0 1.2 1.4 1.6
1

10

100
(c)

Ign
iti

on
 D

ela
y T

im
e (

m
s)

103 / T (K-1)  

Figure 8. Effect of using calculated rate coefficients for RȮ2 ⇌ Q̇OOH of; — Sharma et 

al.,17 — Miyoshi,16 and — Villano et al.12 on IDT simulations as well as treating the second 

isomerisation reactions as recommended by Curran et al.2,3 for (a) n-pentane, (b) iso-pentane 

and (c) neo-pentane. Open symbols represent ignition delay times for (a) n-, (b) iso-, and (c) 

neo-pentane: all at Ф = 1.0 in 'air', 10 atm. Dashed lines correspond to simulations using the 

rate coefficients of Sharma et al.,17 and accounting for facility effects in the RCM. 
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The last important reaction pathway for which calculated rate coefficients have not been 

added is the isomerisation reaction Ȯ2QOOH ⇌ carbonyl-hydroperoxide + ȮH. Miyoshi16 

and Sharma et al.17 have both calculated this class of reactions for sets of training reactions 

using the CBS-QB3 quantum chemical method. However, Sharma et al. propose an 

alternative hindered-rotor treatment for Ȯ2QOOH radicals, due to these molecules having 

multiple internal rotors with potentials that are not independent of each other. They find that 

interactions between the oxygen and hydrogen atoms within the molecule results in a lowest 

energy conformer that has a ring shape, with the peroxyl group forming a hydrogen bond 

with the OOH group. Comparisons of the rate coefficients show general trends, Fig. 9, where 

“primary” refers to abstraction by the peroxyl moiety of a hydrogen bonded to the terminal 

carbon on an alkyl chain, which is in turn adjacent to a hydroperoxyl moiety (e.g. 

Ȯ2CH2CH2CH2OOH ⇌ HO2CH2CH2CHO + ȮH). “Secondary” refers to the same type of 

reaction but with the abstracted hydrogen instead bonded to an internal carbon (e.g. 

Ȯ2CH2CH(OOH)CH3 ⇌ HO2CH2C=OCH3 + ȮH). Rate coefficients calculated by Sharma et 

al. for reactions which proceed through 5-membered TS rings are, in general, faster than 

those calculated by Miyoshi (although those proceeding through the “primary” pathways are 

roughly equal), whereas reactions proceeding through 6-, 7- and 8-membered rings are 

generally slower. 
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Figure 9. Averaged rate coefficients for reactions of Ȯ2QOOH ⇌ carbonyl-hydroperoxide + 

ȮH progressing through (a) 5-, (b) 6-, (c) 7-, and (d) 8-membered TS rings. Solid lines 

correspond to Miyoshi,16 and dashed lines correspond to Sharma et al.17 

Figure 10 shows the effects of using the rate coefficients calculated by Miyoshi, and by 

Sharma et al. for the isomerisation reactions of Ȯ2QOOH (specifically, the ones which 

involve abstraction of a hydrogen atom from the carbon attached to the OOH group, 

producing a carbonyl-hydroperoxide + ȮH) on simulated ignition delay times. Comparing 

Figs. 8 and 10, we see that each of the pentane isomers, using Miyoshi’s rate coefficients for 

both the first and second isomerisation reactions, yields similar results to using Miyoshi’s 

first isomerisation rate coefficients and treating the second isomerisation reactions by analogy 

to these (i.e. by using the same pre-exponential factors as the reaction being used in the 

analogy (while at the same time accounting for degeneracy) and reducing the activation 
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energy by 3 kcal mol–1). While similar results are seen when applying the rate coefficients of 

Miyoshi16 and Sharma et al.17 to the first and second isomerisation reactions of n- and neo-

pentane (Fig. 10(a) and (c), respectively), simulated ignition delay times are significantly 

longer when applying the directly calculated rate coefficients of Sharma et al. to the first and 

second isomerisation reactions of iso-pentane, Fig. 10(b). When facility effects are included 

(i.e. ignition delay times are simulated using non-reactive pressure-time profiles from the 

RCM) it is shown that the model is in very good agreement with the experimental data, as 

depicted by the dashed lines in Fig. 10(a), (b) and (d). 
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Figure 10. Effect of using calculated rate coefficients for RȮ2 ⇌ Q̇OOH and for Ȯ2QOOH 

⇌ carbonyl-hydroperoxide + ȮH from; — Sharma et al.,17 and — Miyoshi16 on IDT 

simulations for (a) n-pentane, (b) iso-pentane, (c) neo-pentane, and (d) neo-pentane using a 
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modified second isomerisation rate coefficient (described in main text). Dashed lines 

correspond to model simulated IDTs using the rate coefficients of Sharma et al.17 and 

including facility effects. Open symbols represent IDTs for (a) n-, (b) iso-, and, (c) and (d) 

neo-pentane: all at Ф = 1.0 in 'air', 10 atm. 

With a consistent set of rate coefficients for both n-pentane and iso-pentane for all of the 

reaction classes important in the low-temperature regime, it is shown that there is good 

agreement between the models and their respective experimental targets. Figure 10(c) 

illustrates the effects of using rate coefficients from Miyoshi16, and from Sharma et al.17 for 

the second isomerisation reaction of neo-pentane on simulation results, and it is shown that 

the model over-predicts reactivity. The low-temperature oxidation mechanism of neo-pentane 

contains a relatively small number of reactions due to its high symmetry. Due to the 

sensitivity of simulated IDTs to these reactions, the rate coefficients could not be modified 

within reasonable uncertainty in order to rectify the discrepancy between the model 

simulations and the experimental measurements. This led us to investigate an anomaly in the 

stated rate coefficients in the study by Sharma et al.17 The most similar reaction to that of the 

second isomerisation reaction of the neo-pentane Ȯ2QOOH species calculated in their study 

(aside from the one calculated for that specific reaction) is the reaction of 

Ȯ2CH2CH2CH2OOH to produce HO2CH2CH2CHO + ȮH. Both reactions proceed through a 

6-membered TS ring and break a C–H bond of approximately equal strength. The activation 

energies differ by less than 2 kcal mol–1 in the temperature range of importance for these 

reactions, Fig. 11(b), which is less than a factor of three in rate coefficient at 750 K, yet the 

rate coefficients reported by Sharma et al.17 for these reactions differ by approximately a 

factor of 40 at 750 K, Fig. 11(b) and, in fact, the activation energy is higher for the reaction 

of Ȯ2CH2C(CH3)2CH2OOH. 
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Figure 11. Comparison of (a) activation energies, (b) rate coefficients, (c) pre-exponential 

factors, and (d) Gibbs energies for the reactions Ȯ2CH2CH2CH2OOH ⇌ HO2CH2CH2CHO + 

ȮH (solid lines), and Ȯ2CH2C(CH3)2CH2OOH ⇌ HO2CH2C(CH3)2CHO + ȮH (dashed lines) 

from Sharma et al.17 Ea is calculated from Ea = E + nRT, and A is calculated from A = k/exp(–

(E + nRT)/RT), with n and E corresponding to parameters in a typical modified Arrhenius 

equation; k = A Tn exp(–E/RT). ΔG is calculated from the thermodynamic parameters used in 

the study by Sharma et al.,17 excluding ȮH, as the values used in the study are not stated. 

Thus, the difference lies in the pre-exponential factors of the rate coefficients which differ 

by approximately two orders of magnitude at 750 K, Fig. 11(c). The reason for this is not 

clear upon investigation of the difference in the Gibbs energies of the Ȯ2QOOH and the 

carbonyl-hydroperoxide species for the two reactions, Fig. 11(d). It seems unusual for there 
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to be such a discrepancy between pre-exponential factors for reactions of such similarity. We 

find that use of the rate coefficient calculated for Ȯ2CH2CH2CH2OOH ⇌ HO2CH2CH2CHO 

+ ȮH produces favourable results for model simulations when compared to experimental 

measurements for neo-pentane, Fig. 10(d). Whereas using the rate coefficient calculated for 

the reaction specific to the neo-pentane system results in an over-prediction in reactivity 

which cannot be overcome by reasonable modification of the rate coefficients in the neo-

pentane sub-mechanism, Fig. 10(c). 

It is shown that using either directly calculated rate coefficients for the second 

isomerisation reactions or using rate coefficients by analogy to the first isomerisation reaction 

class will produce favourable results for n-pentane. This is shown not to be the case for iso- 

or neo-pentane. The simulated ignition delay time results are far too fast when applying rate 

coefficients to the second set of isomerisation reactions by using analogy to the first set of 

isomerisation reactions. These findings may provide an explanation to those of Curran et al. 

in their study of iso-octane.3 In their previous work on n-heptane, a set of rate rules were 

developed which worked well in predicting experimental results.2 However, they found that 

when these rules were applied to the iso-octane system that reactivity was over-predicted, and 

in order to match experimental data the rate coefficients for the isomerisation reactions of 

RȮ2 and of Ȯ2QOOH had to be decreased by a factor of three relative to their n-heptane 

work. Similar to the findings of this work, it appears that treating the isomerisation reactions 

of Ȯ2QOOH by using analogous isomerisation reactions of RȮ2 radicals yields good model 

predictions for the straight-chained species, n-pentane, but results in over-prediction of 

reactivity for the branched species, iso- and neo-pentane. It seems necessary to treat the 

second isomerisation reactions independently of the first, and we find that use of the rate 

coefficients calculated by Sharma et al.17 (who propose an alternative treatment when 
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calculating rate coefficients for this complex class of reactions) results in model predictions 

that match experimental data for both straight- and branched-chained alkanes. 

Also investigated were the effects of treating the isomerisations of Ȯ2QOOH radicals to 

produce a carbonyl-hydroperoxide and a hydroxyl radical, as a one- or two-step process, Fig. 

12. Sharma et al. performed calculations of Ȯ2CH2CH2OOH to give HO2CH2CHO + ȮH at 

the B3LYP/6-31G(d) level of theory.17 They found no minima on the potential energy surface 

for HO2CH2ĊHOOH. However, when they optimised this intermediate structure at the 

MP2/CBSB7 level of theory, a minimum was obtained. For n-pentane, the formation of a 

stable α-dihydroperoxyl alkyl radical was allowed, and its decomposition was assigned a low 

activation energy (1.5 kcal mol–1) due to the instability of the radical. It was found that the 

effects of adding this intermediate step on simulated IDTs were negligible. We conclude that 

treating the second isomerisation reactions as a single-step process is adequate when 

constructing chemical kinetic mechanisms. This mirrors the recommendation of Sharma et 

al.17 

 

Figure 12. Example reaction of Ȯ2QOOH producing carbonyl-hydroperoxide + ȮH treated 

as (a) a one-step process, and (b) a two-step process. 
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2.2.3. Alternative Ȯ2QOOH isomerisation reactions 

In previous mechanisms2,3,20,21 it was assumed that Ȯ2QOOH radicals only undergo internal 

H-atom rearrangements involving the H-atom attached to the carbon which is directly bonded 

to the OOH group. This is, more often than not, the dominant isomerisation reaction for these 

species because the C–H bond is weaker than that of an equivalent C–H bond located on a 

regular alkyl chain. However, this is not always the case, and in some instances reactions 

which compete with these ones can be dominant. Therefore, it is necessary to include these 

reaction pathways in detailed mechanisms. An example in the n-pentane mechanism is the 

competition between the isomerisation reactions of Ȯ2(CH3)CHCH2CH2CH2OOH, Fig. 13. 

The H-shift reaction which progresses through a 6-membered TS ring, breaking a secondary 

C–H bond, resulting in the formation of a Ṗ(OOH)2 species, Fig. 13(b), has a rate coefficient 

of 1.1 × 106 s–1 at 750 K. This is considerably faster than that of the H-shift reaction which 

proceeds through a 7-membered TS ring, resulting in the formation of a carbonyl-

hydroperoxide and a hydroxyl radical, Fig. 13(a), which has a rate coefficient of 2.3 × 104 s–1 

at the same temperature. 
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Figure 13. Example reaction of Ȯ2QOOH proceeding through (a) a 7-membered TS ring, 

forming a carbonyl-hydroperoxide + ȮH, and (b) a 6-membered TS ring, forming a Ṗ(OOH)2 

species. 

The main subsequent reaction pathways of the Ṗ(OOH)2 radicals result in chain 

branching. Chain branching reactions usually result in an increase in reactivity due to the 

production of highly reactive radicals. This is found to be the case for some of the reactions 

of Ṗ(OOH)2, but not for all of them. The reasons for this will be discussed in the subsequent 

descriptions of the reaction classes relevant to Ṗ(OOH)2 radicals. 
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Figure 14. Effect of “alternative” isomerisations of Ȯ2QOOH. — Model before addition of 

“alternative” isomerisations. — Model including “alternative” isomerisation reactions. Open 

symbols represent ignition delay times for n-pentane, Ф = 1.0 in ‘air’, 10 atm, acquired over 

the course of this study. (a) c5_49 model.20 (b) This work. 

2.2.4. Ṗ(OOH)2 ⇌ olefin + HȮ2 

These reactions are similar to the β-scission reactions of Q̇OOH radicals which also produce 

an olefin and a hydroperoxyl radical, the rate coefficients of which are used for individual 

analogous reactions. However, these reactions result in the formation of an olefinic 

hydroperoxide. Silke9 found that inclusion of this reaction class in an n-heptane mechanism 

resulted in an increase in reactivity at temperatures above ~830 K, and a decrease in 

reactivity at temperatures below this, Fig. 4(a). Inclusion of this reaction class to the 

mechanism developed by Healy et al.20 (c5_49) results in a similar effect for n-pentane, 

although it is less pronounced, but still significant, Fig. 14(a). However, when this reaction 

class is added to the n-pentane mechanism developed in this study, the effect of these 

alternative isomerisation reactions is minimal, Fig. 14(b). A reduction in reactivity at lower 

temperatures (below ~770 K) and an increase at higher (~770–900 K) is seen, but the changes 

in equilibria brought about by the thermochemistry updates have caused these pathways to be 

virtually insignificant in their contribution to overall reactivity. 
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The subsequent decomposition of the olefin occurs via fission of the O–O bond in the 

hydroperoxide group, resulting in the production of a hydroxyl radical. The reaction sequence 

constitutes chain branching because a hydroxyl and a hydroperoxyl radical are produced from 

the original Ṗ(OOH)2 species, along with an olefinic alkoxy radical species. However, before 

inclusion of this reaction class, two hydroxyl radicals and a carbonyl alkoxy radical species 

would have been produced. Previously, the only pathway considered for Ȯ2QOOH radicals 

were isomerisation reactions to form a carbonyl-hydroperoxide and a hydroxyl radical, 

followed by decomposition of the carbonyl-hydroperoxide, resulting in the production of a 

second hydroxyl radical. The production of a hydroperoxyl radical rather than a second 

hydroxyl radical leads to the reduction in reactivity at the lower temperature portion of the 

negative temperature coefficient (NTC) region, and conversely, the increase in reactivity at 

higher temperatures. This is because H-atom abstraction from the parent fuel molecule by 

hydroxyl radicals is orders of magnitude faster than that by hydroperoxyl radicals, and is also 

far more exothermic, with ΔΔHrxn = –31.8 kcal mol–1 at 750 K, where ΔΔHrxn is calculated 

from ΔΔHrxn = ΔHrxn(H-atom abstraction by ȮH) – ΔHrxn(H-atom abstraction by HȮ2). This 

explains the decrease in reactivity at lower temperatures, as the relative concentrations of 

hydroperoxyl to hydroxyl radicals are increased with the inclusion of this reaction class. 

However, this shift in the relative concentrations becomes favourable from a reactivity 

standpoint at higher temperatures, due to the H2O2 produced from H-atom abstraction by 

hydroperoxyl radical being able to overcome the relatively high barrier (~48.7 kcal mol–1)30 

for unimolecular decomposition, to form two highly reactive hydroxyl radicals. 
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2.2.5. Ṗ(OOH)2 ⇌ cyclic ether + ȮH 

These reactions are analogous to those of Q̇OOH radicals which form cyclic ethers and ȮH 

radicals. The decomposition of the hydroperoxyl cyclic ether formed in these reactions results 

in the production of a second hydroxyl radical. This chain branching is similar to that of the 

“traditional” 2nd isomerisation reactions which proceed through a carbonyl-hydroperoxide 

species. This explains the increase in reactivity observed upon inclusion of this reaction class 

across the majority of the temperature range investigated by Silke9 in the study of n-heptane, 

Fig. 4(b). 
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Figure 15. Effect of hydroperoxyl cyclic ether formation from Ṗ(OOH)2. — Model including 

“alternative” isomerisation reactions. — Model including “alternative” isomerisation 

reactions and hydroperoxyl cyclic ether formation. Open symbols represent ignition delay 

times for n-pentane, Ф = 1.0 in ‘air’, 10 atm, acquired over the course of this study. (a) c5_49 

model.20 (b) This work. 

Figure 15 illustrates the effect of inclusion of the Ṗ(OOH)2 ⇌ cyclic ether + ȮH 

pathways to c5_4920 and to the mechanism presented in this study. The reactivity promoting 

effect observed by Silke upon inclusion of this reaction class to the mechanism of n-heptane9 

is also observed for n-pentane for both mechanisms investigated, although the effect is 

confined to lower temperatures (below ~1000 K). As is observed with the alternative 
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isomerisation reactions, Fig. 14, the addition of the hydroperoxyl cyclic ether pathways has a 

more pronounced effect on the mechanism of Healy et al.20 than on the mechanism presented 

herein, Fig 15. Again, this is due to the lower relative flux to these pathways brought about 

by equilibrium changes induced by the updated thermochemical values. 

2.2.6. Additional pathways 

In addition to the aforementioned pathways, concerted elimination reactions of Ȯ2QOOH 

directly producing olefinic hydroperoxides and HȮ2 (analogous to the concerted elimination 

reactions of RȮ2) were included in the mechanisms of n- and iso-pentane. As is the case with 

the concerted elimination reactions of RȮ2, this additional pathway is not possible in the neo-

pentane reaction scheme, as there are no C–H bonds beta- to the peroxyl moiety in either the 

neo-pentyl peroxyl, or hydroperoxyl neo-pentyl peroxyl radicals. The inclusion of this class 

of reactions to the n- and iso-pentane mechanisms had little effect on IDT simulation results. 

Ranzi et al.31 and Pelucchi et al.32 have recently investigated the importance of new 

reaction classes in modelling the low-temperature oxidation of n-alkanes. These 

investigations were undertaken in light of recent experimental data detailing several 

intermediate species produced from the low-temperature oxidation of propane, n-butane, and 

n-heptane, using advanced analytical techniques.33–38 These oxygenated intermediates include 

ketones, diones, and organic acids, and are formed primarily at quite low temperatures (<650 

K). The reaction classes investigated were (1) H-atom abstractions from alkyl and carbonyl-

hydroperoxides, (2) unimolecular reactions of carbonyl-hydroperoxides forming organic 

acids via the Korcek mechanism,39 and (3) recombination/disproportionation reactions of 

peroxyl radicals. It was found that inclusion of these reaction classes had minimal effect on 

model predictions of overall reactivity, but was advantageous in simulating the concentration-

temperature profiles of the aforementioned oxygenated intermediates. While these pathways 

have not been included in the mechanisms of the pentane isomers, the findings of Ranzi et al. 
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and Pelucchi et al. suggest that inclusion of these pathways will not have a significant effect 

on current model predictions of reactivity.31,32 Indeed, Pelucchi et al. show that, at 650 K, 

94% of C7 carbonyl-hydroperoxides decompose via simple fission of the O–O bond in the 

hydroperoxyl group.32 In light of this, we find it adequate to describe the decomposition of C5 

carbonyl-hydroperoxides via unimolecular decomposition alone, given the temperature range 

of experiments (>640 K) over which the mechanisms have been validated.19 However, should 

speciation data become available for the pentane isomers in the low-temperature regime, 

inclusion of these pathways should not be too strenuous a task. 

2.2.7. Pressure dependence 

Unimolecular decomposition reactions of the parent fuel molecule are important at high 

temperatures (>1200 K), where deviation by rate coefficients from the high-pressure limit is 

expected to be non-negligible. These reactions have been treated as being pressure dependent 

in this study for the pentane isomers, even though the effect of this treatment was not found 

to be significant in simulating ignition delay times at the temperatures investigated in this 

study. High-pressure limit rate coefficients were calculated through microscopic reversibility 

using estimates for radical-radical recombination reactions, and utilising the CHEMRev 

software package.40 Pressure dependent rate coefficients were calculated using Quantum-

Rice-Ramsperger-Kassel/Modified Strong Collision (QRRK/MSC) theory. Lennard-Jones 

parameters of σ = 4.23 Å and ε = 192 cm–1 were used in these calculations for n-pentane in 

N2 bath gas, and are obtained from the work of Jasper and Miller.41 Lennard-Jones 

parameters for both iso- and neo-pentane were not calculated in the aforementioned study, 

and so were assumed to be the same as those for n-pentane. Pelucchi et al. demonstrate the 

applicability of the QRRK/MSC method for reactions of this kind through comparison with 

the more rigorous Rice-Ramsperger-Kassel-Marcus/Master Equation (RRKM/ME) approach, 
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and show that there is good agreement between both sets of computations for the 

unimolecular decomposition reactions of alkanes.42 

Several shock tube studies43–45 were performed at the National Institute of Standards and 

Technology (NIST) and the University of Illinois at Chicago (UIC) investigating the 

decomposition of pentyl radicals over a wide range of temperatures (833–1130 K) and 

pressures (0.8–50 bar). High-pressure rate expressions for H-transfer reactions and β-

scissions were derived, and RRKM/ME analyses were performed and used to extrapolate the 

data in the temperature range 700–1900 K, at pressures of 0.1–1000 bar. The effect of using 

pressure-dependent rate coefficients, as opposed to the high-pressure limit rate coefficients, 

was investigated for n-pentane in this study. It was found that the effect was negligible on 

ignition delay time simulation results at the pressures, and over the temperature range 

investigated here. Although the pressure dependence of pentyl radical decomposition was 

found to have a negligible effect on ignition delay simulations, the pressure-dependent rate 

coefficients have been retained in the current mechanism to allow future development for 

validation against speciation (more specifically, pyrolysis) data, as the various studies at 

NIST and UIC found that major product ratios can vary significantly with pressure. 

Villano et al.12,13 investigated the effect of pressure for representative small (n-Ċ4H9), 

medium (n-Ċ8H17), and larger (n-Ċ12H25) alkyl radical plus O2 reactions over a wide range of 

temperatures and pressures using the QRRK/MSC method. Comparisons of product 

concentration-time profiles using two mechanisms (one that used pressure-dependent rate 

coefficients and one that used the corresponding high-pressure limit values) were made to 

observe the effect of pressure. For most of the conditions investigated, it was found that the 

predictions with both mechanisms were similar in terms of the predicted final product 

distributions, even though in some instances there were differences in the early time profiles. 

Small differences in the steady-state product distributions occurred at high temperatures 
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(1000 K) and low pressures (0.1 atm). The largest differences occurred for the reaction of n-

butyl radical with O2. The predictions of the two mechanisms for all of the radicals 

investigated were in good agreement at 10 atm, suggesting that under typical 

combustion/ignition conditions high-pressure limit rate coefficients can be used directly to 

describe low-temperature oxidation chemistry without any further consideration of pressure 

effects. Recent studies by Burke et al.46 and Goldsmith et al.47 on the n-propyl low-

temperature oxidation system also suggest that pressure-dependent effects may become 

greatly diminished at pressures above 1 atm. With the low-temperature reactions of n-propyl 

and n-butyl radicals not exhibiting significant pressure-dependent effects under the conditions 

investigated by Villano et al.,12,13 Burke et al.,46 and Goldsmith et al.,47 we expect the 

reactions of the larger alkanes to show even less dependence to pressure. Due to these 

findings, we have described the low-temperature oxidation reactions of the pentane isomers 

using high-pressure limit rate coefficients. 

3. RECOMMENDED RATE RULES 

Recommended rate rules for reaction classes have been developed based on a review of rate 

coefficients in the literature. This will offer the broadest possible scope of existing rate 

coefficients for reactions relative to the low-temperature oxidation of alkanes that are in the 

literature and the level of uncertainty in them, and will provide chemical kinetic modellers 

with a useful tool in the development of mechanisms for large hydrocarbons. It should be 

noted that, where possible, rate coefficients from the literature that were calculated for the 

reactions specific to the pentane isomers have been used in the mechanisms presented in this 

work. The rate rules discussed herein are not those used in the mechanisms of the pentanes, 

but are instead here for use in the mechanisms of larger alkanes for which calculations do not 

exist for their specific reactions. Rate rules made for this purpose have been developed by 

calculation of high-pressure limit rate coefficients for many reactions relevant to the low-
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temperature oxidation of alkanes (straight- and branched-chained) in several recent studies.12–

14,16,17 However, in this work we aim to develop new rate rules, taking into account the rate 

coefficients calculated in all of these studies, as well as from others, which have used various 

levels of quantum theory to obtain their respective results. 
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Figure 16. Example of rate rule determination for 1,5s subclass of RȮ2 ⇌ Q̇OOH reaction 

class. Solid lines correspond to Villano et al.,12 dashed lines correspond to Miyoshi,16 and 

dotted lines correspond to Sharma et al.17 

The rate coefficients considered for development of the rate rules were compared over a 

temperature range of 500–1250 K (in 50 K increments). This covers the range over which all 

of the rate coefficients have been calculated in their respective studies. In all, 344 rate 

coefficients were considered in the development of the 23 rate rules shown in Table 2. In 

order to remove outliers (which would otherwise skew rate rule estimations and lead to 

higher uncertainties) upper and lower limits were defined. The upper limit was defined as the 

third quartile plus 1.5 times the interquartile range of the rate coefficients considered for each 

reaction class/subclass. The interquartile range was defined inclusive of the median, where 

applicable. The lower limit was defined as the median divided by the factor difference 

between the upper limit and the median. Any rate coefficients outside of the defined limits 
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were excluded when developing the rate rule for each reaction class/subclass. An example of 

this is illustrated in Fig. 16. 

The resulting median was fitted to the following modified Arrhenius expression: 

k = A Tn exp(–E/RT) 

where A is the A-factor, n is the temperature exponent, and E is related to the activation 

energy (by Ea = E + nRT). AH in Table 2 is the A-factor expressed on a per H-atom basis. The 

stated uncertainties for each of the rate coefficients in Table 2 represents the largest factor 

difference between the rate rule and each individual rate coefficient considered in the rate 

rule estimation for that specific reaction class/subclass once outliers are removed. It should be 

noted that the rate coefficients utilised in the rate rule estimations each have their own 

inherent uncertainties arising from errors within the various ab initio methods used to 

calculate them. 

As an aid to kinetic modellers both upper and lower uncertainties are given, as opposed to 

a single uncertainty factor which assumes an even level of upper and lower bounds. These 

upper and lower uncertainties are defined according to: 

upper uncertainty = kmax/krule, lower uncertainty = krule/kmin 

where krule refers to the derived rate rule, kmax the maximum rate coefficient used in the rate 

rule estimation, and kmin the minimum rate coefficient used in the rate rule estimation. Here it 

is assumed that a rate coefficient is uniformly distributed within its uncertainty bound (i.e. its 

uncertainty is assumed to be temperature-independent). The use of other distributions is 

possible but is beyond the scope of this study. However, statement of upper and lower 

uncertainties will allow modellers to have a more refined scope for reasonable modification 

of rate coefficients for optimisation towards experimental targets. As stated in the recent 

study by Cai and Pitsch,48 when optimising a mechanism it is not reasonable to modify 
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individual rate coefficients within a reaction class just because it shows a higher sensitivity 

than other reactions in the same class, as this leads to inconsistency within a mechanism, and 

results in kinetically similar reactions being treated differently. This is especially true when 

constructing large mechanisms, for which the recommended rate rules presented in this work 

are designed for use. It is recommended that the rate rules developed here be modified rather 

than individual reaction rate coefficients, unless information is otherwise available for a 

particular reaction from experimental measurements or ab initio calculations. 

Table 2. Recommended rate rules. 

Ṙ + O2 ↔ RȮ2 

Addition site A 

(cm3 mol–1 s–1) 

n E 

(cal mol–1) 

Uncertainty 

(upper, lower) 

Referencesa 

Primary 1.301 × 1011 0.230 –1580 1.7, 2.2 12,14,15,49–54 

Secondary 1.507 × 1015 –0.920 –130 2.1, 1.7 12,14,15,49,53 

Tertiary 2.464 × 1011 0.400 –800 1.4, 1.7 12,14 

RȮ2 ↔ olefin + HȮ2 

 AH 

(s–1) 

n E 

(cal mol–1) 

Uncertainty 

(upper, lower) 

References 

 2.885 × 1009 0.930 29800 2.8, 2.2 12,16 

RȮ2 ⇌ Q̇OOHb 

Subclass AH 

(s–1) 

n E 

(cal mol–1) 

Uncertainty 

(upper, lower) 

References 

1,4p 2.563 × 1012 –0.130 34360 2.4, 2.3 12,16,17 

1,4s 2.327 × 1007 1.400 28660 4.2, 3.1 12,16,17 

1,4t 5.629 × 1010 0.330 26700 1.9, 2.0 12,16,17 
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1,5p 5.869 × 1008 0.780 21850 2.5, 2.7 12,16,17 

1,5s 8.204 × 1010 0.130 19470 2.2, 2.3 12,16,17 

1,5t 1.819 × 1007 1.190 15000 2.1, 2.0 12,16,17 

1,6p 2.063 × 1007 1.000 21070 1.8, 1.7 12,16,17 

1,6s 7.054 × 1008 0.510 17600 1.6, 2.3 12,16,17 

1,6t 1.287 × 1007 0.960 14290 1.5, 1.6 12,16,17 

1,7p 2.968 × 1007 0.800 21400 1.2, 1.2 12,16,17 

1,7s 1.143 × 1010 0.040 19780 1.4, 3.6 12,16,17 

1,7t 2.956 × 1009 0.040 16350 1.2, 1.3 12,16,17 

Q̇OOH ↔ olefin + HȮ2 

 A 

(s–1) 

n E 

(cal mol–1) 

Uncertainty 

(upper, lower) 

References 

β-Q̇OOH 1.829 × 1010 0.790 15100 2.4, 3.3 13,16 

Q̇OOH ↔ cyclic ether + ȮH 

Subclass A 

(s–1) 

n E 

(cal mol–1) 

Uncertainty 

(upper, lower) 

References 

β-Q̇OOH 2.282 × 1008 1.290 9890 3.4, 3.3 13,16 

γ-Q̇OOH 4.579 × 1015 –1.080 18440 35.8, 11.1 13,16 

δ-Q̇OOH 3.502 × 1010 0.100 9330 7.4, 6.2 13,16 

ε-Q̇OOH 3.553 × 1007 0.690 10970 4.3, 4.0 13,16 

Q̇OOH ↔ β-scission productsc 

Subclass A 

(s–1) 

n E 

(cal mol–1) 

Uncertainty 

(upper, lower) 

References 

γ-Q̇OOH 5.819 × 1005 2.400 22790 8.5, 6.0 13,16 
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δ-Q̇OOH 2.740 × 1013 0.240 29830 2.7, 1.8 13,16 

 

arate coefficients from the references listed were considered in deriving the recommended 

rate rules. 

bsubclass nomenclature represents the number of non-hydrogen atoms in the transition state 

ring structure, followed by the type of H-atom being abstracted: p, s, and t = primary, 

secondary and tertiary, respectively (e.g. 1,4p refers to an isomerisation proceeding through a 

5-membered TS ring (4 non-hydrogen atoms), and breaking a primary C–H bond). 

cin this reaction class γ-Q̇OOH refers to the reactions of those species which undergo 

concerted C–C/O–O bond fission. δ-Q̇OOH refers to the reactions of those species which 

undergo C–C bond fission to produce an olefin and a β-Q̇OOH. 

To our knowledge, the studies by Goldsmith et al.15 on the propyl + O2 system, and Zador 

et al.29 on 2-hydroperoxyl-2-methylprop-1-yl + O2, are the only studies which present rate 

coefficients for Q̇OOH addition to O2 based on experimental or theoretical results. For this 

reason, rate rules have not been developed here for this reaction class. It should be noted that 

(as mentioned previously) these rate coefficients have not been used in the mechanisms of the 

pentane isomers in this work. 

Rate coefficients for the isomerisation reactions of Ȯ2QOOH producing carbonyl-

hydroperoxide + ȮH have been calculated by both Miyoshi16 and Sharma et al.17 Rate rules 

have not been derived for this reaction class for two main reasons: 1) there are a low number 

of calculated rate coefficients available for this reaction type, and 2) the groups of rate 

coefficients which have been calculated in both studies are systematically different from one 

another, Fig. 9. In modelling the pentane isomers, we find that the rate coefficients calculated 

by Sharma et al.17 best reproduce the experimental data for all of the isomers. Consequently, 
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we recommend the rate coefficients calculated by Sharma et al. for reactions of this type, 

which were developed for archetypal reactions and can be used as rate rules for mechanisms 

of large hydrocarbons.17 
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Figure 17. Rate rule comparison for 1,5s subclass of RȮ2 ⇌ Q̇OOH reaction class. Dashed 

line corresponds to original rate rule.3 Solid line corresponds to new rate rule. 

Figure 17 shows a comparison between the original rate rule3 for the 1,5s subclass of the 

RȮ2 ⇌ Q̇OOH reaction class, and the one recommended in this work. There is a difference of 

approximately a factor of 40 at 750 K. This magnitude of difference (and sometimes more) is 

observed for several of the reaction classes listed in Table 2. This illustrates the significance 

of the change brought about by the improvement in, and implementation of, computational 

methods employed to the low-temperature oxidation kinetics of alkanes. Yet, there is still a 

high level of uncertainty in many rate coefficients, even when calculated at a similar level of 

theory by several research groups. There is need for a more thorough investigation of an 

individual system (such as n-pentane) at higher levels of theory in order to refine our 

understanding of low-temperature oxidation systems. 
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4. RESULTS AND DISCUSSION 

RCM experiments were simulated using the closed homogeneous batch reactor module in 

CHEMKIN-PRO.55 For the simulation of RCM experiments, the calculations use volume 

profiles generated from non-reactive pressure traces. The volume history is used to simulate 

reaction during the compression stroke, and the heat losses that occur during the experiments. 
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Figure 18. Comparison of mechanisms using rate coefficients for specific pentane reactions 

versus mechanisms using the rate rules recommended in this work. Black symbols and lines 

represent n-pentane, red represents iso-pentane, and blue represents neo-pentane. Dashed 

lines correspond to “rate rule mechanisms”. Solid lines correspond to the mechanisms 

proposed in this work. All simulations shown have included facility effects. Ф = 1.0 in ‘air’. 

pC = 10 atm. 

Figure 18 shows comparisons of the pentanes model with RCM data for each of the 

isomers, alongside mechanisms using the recommended rate rules from Table 2. The rate 

rules have been employed to all of the reaction classes listed in Table 2, as well as the 

alternative pathways, as the rate coefficients used for these pathways come from analogy to 

those listed in Table 2. The rate coefficients for the second additions to O2 in the “rate rules 
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mechanisms” have been reduced by a factor of two relative to their analogous first addition to 

O2, in accordance with what has been done in the validated mechanisms. Firstly, it is seen 

that there is excellent agreement between the mechanisms which use pentane specific rate 

coefficients, and the experimental data. And secondly, it is shown that there is agreement 

between these mechanisms and the “rate rules mechanisms” within a factor of two across the 

temperature range shown. This bodes well for future application of the rate rules to 

mechanisms of larger alkanes as they perform well for the straight-chained and branched-

chained fuels. For the cases shown in Fig. 18, optimisation of the mechanisms would require 

minimal effort, due to the models’ proximity to the experimental data, and the fact that there 

are 23 modifiable rate rules to work with. 

However, this further illustrates the level of uncertainty that still exists in the rate 

coefficients for the important low-temperature reactions. For a given set of thermochemical 

values there are still many ways to achieve good agreement between model simulations and 

experimental targets, by modifying either rate coefficients for elementary reaction steps, or 

rate rules for reaction classes, within their respective uncertainty bands. Further updates to 

thermochemical group values pertinent to species important in the low-temperature regime 

would likely require re-optimisation of kinetic parameters. A semi-automated system, such as 

that demonstrated by Cai and Pitsch,48 provides an efficient and sensible approach to 

mechanism optimisation, by using rate rules as optimisable parameters within stated 

uncertainty bounds. Updating of rate rules and their uncertainties based on emerging 

literature values and utilising the statistical approach employed in this study, respectively, 

coupled with a system such as that used by Cai and Pitsch, may provide a dynamic approach 

for future model optimisation. 
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Figure 19. Comparison of experimental and simulated pressure-time histories. Ф = 1.0 in 

‘air’. Diluent = 100% N2. TC range: 734–753 K. (a), (c) and (e): pC ≈ 10 atm. (b), (d) and (f): 

pC ≈ 20 atm. Solid lines represent experiments. Dashed lines represent simulations (using 
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volume history from RCM). 15% error bars are included on both first- and second-stage 

ignition delay times. 

Figure 19 shows comparisons of model simulations with experimental pressure-time 

histories for each of the isomers at 10 and 20 atm, over a similar range of temperatures. The 

temperatures of the experiments shown in Fig. 19 were chosen to allow comparison of the 

model with data that exhibit two clear ignition events, as low-temperature oxidation 

chemistry plays a key role in this two-stage ignition phenomenon. There is very good 

agreement between the model and experimental data for these cases, with first and second 

stage IDTs well predicted. The pressure rise due to first-stage ignition is slightly over-

predicted by the model, as is to be expected when using a zero-dimensional modelling 

approach for a multi-stage ignition situation.56,57 Various methods58,59 beyond the scope of 

this study could be utilised in order to improve agreement with first-stage ignition pressure 

rise, and second-stage ignition delay times, but the benefits, in terms of the aims of this study, 

would be minimal considering the relatively minute discrepancies between the model and  the 

experimental data. 

Further validation and analysis of the mechanisms will be presented in an accompanying 

paper.19 

5. CONCLUSIONS 

There have been significant changes to the thermochemical properties values and rate 

coefficients for the species and reactions important to low-temperature oxidation, 

respectively. By using the most up-to-date thermochemistry group values and rate 

coefficients from several recent publications, the current model shows very good agreement 

with experimental data. We show that revisions to both the thermochemistry and the kinetics 

are required in order to replicate experiments well. 
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Past models that used the rate rule estimates of Curran et al.2,3 for reaction classes, 

replicated experimental data very well. However, it would seem that this is due to a series of 

compensating errors in terms of both thermochemistry and rate coefficient assignments, 

which may have been overcome in certain instances by not allowing thermochemical 

equilibrium to hold (i.e. by definition of rate coefficients in both the forward and reverse 

directions). Previous thermochemistry generated utilising group additivity rules used by 

Curran et al. most likely hindered a more accurate estimation of rate rules for the reaction 

classes. This work represents a major change in the understanding of the low-temperature 

oxidation of alkanes, and shows that careful consideration of both thermochemistry and rate 

coefficients is essential in order to accurately replicate experimental data. 

Additional reaction classes have been considered but have not had a large influence on 

model predictions, which is in contrast to that observed by Silke.9 It is important that these 

reaction pathways are included in alkane (and other fuel types) reaction mechanisms, as 

detailed chemistry gives a precise picture of all the reactions controlling the various stages of 

combustion, and is imperative for a detailed understanding of various fuel behaviour and 

model predictions in a multitude of combustion systems. The reason for the less significant 

effect of the additional classes on model predictions is likely a result of the use of more 

accurate thermochemistry values and rate coefficients compared to those used previously. 

The updated thermochemistry values have changed equilibria within the low-temperature 

reaction pathways, such that, dissociation of RȮ2 and of Ȯ2QOOH back to their respective 

radicals and O2 have become more favourable. This is coupled with a shift in equilibrium 

between RȮ2 and Q̇OOH radicals favouring RȮ2, and also between these species and the 

products of their respective chain propagating pathways, favouring the products. These 

changes, in combination, have led to a decrease in the flux through the “alternative” reaction 

pathways, thus reducing their effect on prediction of overall reactivity. With such a complex 
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interplay between the major low-temperature reaction pathways and the sensitivity of model 

predictions to their relative contributions, it is crucial that the thermochemistry is accurate 

and consistent throughout, and that thermochemical equilibrium is not restricted by definition 

of forward and reverse rate coefficients. Definition of rate coefficients in this manner 

completely circumvents the consideration of accurate thermochemistry. This defeats the 

purpose of thermochemistry by not allowing microscopic reversibility to hold, and allows the 

use of wildly inaccurate rate coefficients which can still result in a model that can replicate 

overall reactivity. 

An explanation to the discrepancies between rate coefficient assignments for n-heptane 

and iso-octane for the isomerisation reactions of RȮ2 and of Ȯ2QOOH has been proposed. 

We find that it is not suitable to treat the isomerisation reactions of Ȯ2QOOH to produce a 

carbonyl-hydroperoxide and a hydroxyl radical by analogy to the isomerisation reactions of 

RȮ2 to produce a hydroperoxyl-alkyl radical. We find that rate coefficients from the literature 

are suitable for application to straight- and branched-chained alkanes.17 

With major updates to thermochemical properties values and recommended rate rules, 

along with solutions to the long-standing discrepancies in the mechanisms of the PRFs, future 

work would entail applying the updated thermochemistry values, rate rules, and pathways 

used in this work to larger straight- and branched-chained alkanes. The oxidation of biofuels 

should also be reconsidered in light of our results. 
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Abstract 

Ignition delay times of n-pentane, iso-pentane, and neo-pentane mixtures were measured in 

two shock tubes and in a rapid compression machine. The experimental data were used as 

validation targets for the model described in detail in an accompanying study [J. Bugler, K. P. 

Somers, E. J. Silke, H. J. Curran, Revisiting the Kinetics and Thermodynamics of the Low-

Temperature Oxidation Pathways of Alkanes: A Case Study of the Three Pentane Isomers, J. 

Phys. Chem. A 119 (28) (2015) 7510–7527]. The present study presents ignition delay time 

data for the pentane isomers at equivalence ratios of 0.5, 1.0, and 2.0 in ‘air’ (additionally, 

0.3 in ‘air’ for n-, and iso-pentane) at pressures of 1, 10, and 20 atm in the shock tube, and 10 

and 20 atm in the rapid compression machine, as well as data at an equivalence ratio of 1.0 in 

99% argon, at pressures near 1 and 10 atm in a shock tube. An infrared laser absorption 

technique at 3.39 µm was used to verify the composition of the richest mixtures in the shock-

tube tests by measuring directly the pentane isomer concentration in the driven section. By 

using shock tubes and a rapid compression machine, it was possible to investigate 

temperatures ranging from 643–1718 K. A detailed chemical kinetic model was used to 

simulate the experimental ignition delay times, and these are well-predicted for all of the 



76 
 

isomers over all ranges of temperature, pressure, and mixture composition. In-depth analyses, 

including reaction path and sensitivity analyses, of the oxidation mechanisms of each of the 

isomers are presented. To the authors’ knowledge, this study covers conditions not yet 

presented in the literature and will, in conjunction with the aforementioned accompanying 

study, expand fundamental knowledge of the combustion kinetics of the pentane isomers and 

alkanes in general. 

1. Introduction 

The combustion and chemical kinetics of n-pentane are of interest because it is a component 

of gas-turbine and gasoline engine fuel blends and is an intermediate species in the oxidation 

of higher-order hydrocarbons. For this reason, several studies have investigated its 

combustion characteristics and mechanism of oxidation. Literature data are scarcer 

concerning iso- and neo-pentane. While models for straight-chained alkanes have matured for 

species relevant to transportation fuels, much less work has been performed on branched 

alkanes, which are a large component in petrol and diesel fuels. Ignition delay time (IDT) 

data are particularly useful in the validation of kinetic mechanisms, and this study aims to 

increase the fidelity of the pentane isomer models utilizing these data. Several studies have 

been performed that examined the combustion of the pentane isomers, which include rapid 

compression machines (RCM) [1–4], shock tubes (ST) [5–7], a well-stirred reactor [8], and 

an annular flow reactor study [9].  

Dahm and Verhoek [5] explored the gas-phase oxidation of n-pentane in the low-temperature 

region, 595–732 K. A study by Burcat and co-workers [6] compared the IDTs of C1–C5 

alkanes at stoichiometric conditions utilizing a shock tube at pressures between 8.27 and 9.46 

atm over a temperature range of 1165–1400 K. Gonzalez and Sandler used an annular flow 

reactor to study the oxidation of an n-pentane/air mixture in the high-temperature, pre-

ignition region in the temperature range of 773–893 K [9]. Westbrook et al. studied the 
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oxidation of n-pentane at 1 atm and at temperatures ranging from 1068–1253 K using a well-

stirred reactor [8]. Three RCM studies were published by Minetti et al. [3,4] and Westbrook 

et al. [1]. Minetti and co-workers studied the autoignition of alkanes in the intermediate 

temperature range from 630–920 K at equivalence ratios between 0.8 and 1.2, and at 

pressures between 3 and 16 bar, and concluded that the data were in relatively good 

agreement with the mechanism predictions. Minetti et al. also compared the pre-ignition 

chemistry of n-pentane and 1-pentene under stoichiometric conditions at pressures between 

6.8 and 9.2 bar and at temperatures from 600–900 K. Autoignition, kinetic reaction 

mechanisms, and model agreement were studied by Westbrook et al. for equivalence ratios 

between 0.5 and 2.0, at pressures from 8–20 bar, and temperatures from 675–980 K. 

Excellent agreement between computed and measured results was found [1]. An RCM study 

conducted by Ribaucour et al. compared the three isomers of pentane at stoichiometric 

conditions at initial pressures of 300 and 400 Torr and at temperatures ranging from 640–900 

K [2]. A high-pressure shock tube study was performed by Zhukov et al. in which lean n-

pentane IDTs were measured to aid development of a kinetic model [7]. Tests were 

performed at an equivalence ratio of 0.5 and over pressure and temperature ranges of 11–530 

atm and 867–1534 K, respectively. It was concluded that the kinetic model was in good 

agreement with experimental data obtained therein. Oehlschlaeger et al. used a shock tube to 

measure IDTs of iso-pentane at equivalence ratios from 0.25–2.0 at pressures ranging from 

1.10–12.58 atm and temperatures ranging from 1177–2009 K [10]. A flow reactor study of 

neo-pentane was carried out at a pressure of 8 atm, at an equivalence ratio of 0.3 and at 

temperatures ranging from 620–810 K by Wang et al [11]. 

This study adds to the literature by extending the range of conditions for each of the fuels, 

most notably for iso- and neo-pentane for which there have been few experimental studies 

compared to n-pentane. However, this study represents more than simply extending a matrix 
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of experimental conditions. The three isomers, although relatively small, exhibit significant 

structural diversity, and are the smallest isomeric set of alkanes containing linear, singly-

branched, and doubly-branched species. Knowing the effects that these structural differences 

have on the reactivity of the fuels is of importance, especially for typical transportation fuels 

which contain a large amount of alkanes with various amounts of structural branching. Also, 

between the isomers there should be adequate structural variation to be representative of all 

larger alkanes. An example is observed in the similarity between iso- and neo-pentane and 

the varyingly branched portions of iso-octane. n-Pentane may also be an ideal analogue for 

larger normal alkanes due to the proximity of its outermost secondary carbons.  The relatively 

fast isomerization reactions of alkyl-peroxyl and hydroperoxyl-alkyl-peroxyl radicals via 6-

membered transition state rings can occur between these two secondary carbons. This is the 

smallest normal alkane for which this fast isomerization can occur, and it is the dominant 

kind of pathway for larger alkanes at low temperatures (600–900 K). This makes it a better 

archetype for low-temperature alkane oxidation chemistry than propane or n-butane, for 

example, neither of which have a long enough alkyl chain to be truly representative of longer 

normal alkanes. 

As well as being representative of larger highly branched alkyl structures, neo-pentane itself 

shows interesting characteristics. It is the smallest alkane that contains only primary and 

quaternary carbons, with the next smallest alkane of this type being neo-octane (2,2,3,3-

tetramethylbutane). As discussed in Section 3.3, this uncommon structure results in the lack 

of a major uni-molecular pathway of the alkyl-peroxyl radical, which is present for all but the 

neo-alkanes. This causes neo-pentane to show abnormal trends in reactivity as a function of 

temperature. Its highly symmetric nature also means that the amount of different types of 

species and reactions involved in its oxidation pathways is greatly reduced compared to its 

isomers. In terms of kinetic modeling, this introduces an extra layer of constraint on model 
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parameters, due to there being far less possible combinations of input values. This helps 

ensure that a situation does not occur in which a series of compensating errors in 

thermochemical and reaction rate assignments can approximate accurate predictions for a 

given set of validation targets. 

In this study, data were collected experimentally using shock tubes and an RCM at elevated 

pressures and temperatures, as presented below. The proposed model is presented in 

comparison to the data for validation. Provided first are details of the experiments, followed 

by a presentation of the extensive results and corresponding discussion. Comparisons with 

the chemical kinetic model are provided in the same plots with the experimental data. 

2. Experimental 

Fuel/‘air’ mixtures were studied for n- and iso-pentane at equivalence ratios of 0.3, 0.5, 1.0, 

and 2.0, and at equivalence ratios of 0.5, 1.0, and 2.0 for neo-pentane. ‘Air’ in the case of the 

experiments presented in this study refers to nitrogen (or argon/carbon dioxide) and oxygen 

in a 79-to-21 ratio, respectively. New data are also presented for each of the isomers at 

stoichiometric, highly dilute (99% argon) conditions at pressures near 1 and 10 atm. 

Experiments were performed at pressures near 1, 10, and 20 atm, and at temperatures ranging 

from 778 to 1718 K in the shock tubes, and at 10 and 20 atm in the RCM at temperatures 

between 643 and 1065 K. The ST experiments were carried out in the high pressure ST at 

Texas A&M University (TAMU) and the high pressure ST at NUI Galway’s (NUIG) 

Combustion Chemistry Centre. All RCM experiments were carried out in one of the twin-

opposed piston RCMs at NUIG. Experimental data were used to make improvements to the 

chemical kinetic mechanisms previously developed by Healy et al., Curran et al. and Wang et 

al [11–13], as detailed in the partner study to this one [14]. Mixtures were composed of 

spectrophotometer grade (≥ 99%) n-pentane, iso-pentane, and neo-pentane; and high purity 

(≥ 99.5%) oxygen and nitrogen. Experimental conditions investigated in this study are 
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outlined in Table 1. Ignition delay times reported in this study along with associated pressure 

and temperature conditions are available in Supplementary material, as well as plots of model 

performance against other literature targets. 

Table 1. Experimental conditions studied here in shock tubes and an RCM. 

Fuel T (K) p (atm) φ dilution 

n-C5H12 643–1555 1–20 0.3–2.0 ~75–99% 

iso-C5H12 663–1675 1–20 0.3–2.0 ~75–99% 

neo-C5H12 651–1718 1–20 0.5–2.0 ~75–99% 

 

2.1. TAMU Shock Tube Hardware 

The shock tube is constructed of 304 stainless steel. The driven section is 4.72 m in length, 

and the driver section is 2.46 m long. The shock-tube diameter is 15.24 cm, and the inner 

surface is polished to 1 micron RMS to reduce boundary layer formation. Five PCB 113 

pressure transducers along the driven section of the tube are used to measure the incident-

shock velocity. The pressure transducer signal is fed to four Fluke PM 6666 timer counter 

boxes to measure the time it takes the shock to pass from one transducer to the next. The time 

intervals are then extrapolated to find the incident-shock velocity at the endwall. As a result, 

the experimental reflected-shock temperature is known to within 15 K. Helium was used as 

the driving gas throughout. For the 1 and 10 atm experiments, polycarbonate diaphragms 

were used to separate the driving gas from the test mixture, and scored aluminum diaphragms 

were used for the 20 atm experiments. All experiments were performed behind the reflected 

shock wave. Small viewing ports adjacent to the endwall allow for the capture of light 

emission during combustion. More details on the shock tube are available in Aul et al. [15]. 
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A mixing tank was evacuated to less than 5×10–5 Torr and filled to the proper species 

concentration using the partial pressures method. Gases were passed through a perforated 

stinger traversing the centre of the mixing tank to allow for rapid, turbulent mixing. At least 

24 hours was allowed to pass between the creation of the mixture and experimental runs, to 

allow for complete homogeneous mixing of the gases.  

During the preparation of large fuel-rich mixtures, some fuel condensation was observed. To 

minimize this condensation, mixtures were prepared in smaller batches, and the validity of 

the mixture preparation method at these conditions was cross-checked by direct measurement 

of the fuel concentration in the shock tube using a laser absorption technique. Mid-IR lasers 

have been used to measure hydrocarbons due to their strong absorption bands near 3.4 µm 

caused by C-H bonds. These strong absorption bands are coincident with a helium-neon laser 

(He-Ne) that operates at 3.39 µm. 

 

The gas concentration can be computed by relating the optical, geometrical, and 

spectroscopic parameters using the Beer-Lambert relation. The Beer-Lambert relation 

describes the laser intensity attenuation as a beam of light from a monochromatic source is 

transmitted through a gas sample of length L per the following well-known relation: 
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Where It and I0 represent the transmitted and incident laser intensity, respectively; σv is the 

absorption cross section [m2/mole] at frequency ν; L is the sample path length [m]; and CFuel 

[mole/m3] is the concentration of the targeted hydrocarbon fuel. The fuel concentration can 



82 
 

be calculated by rearranging Eq. (1) and comparing it to the ideal gas relation as shown 

below.  
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From the above relation, XFuel is the fuel mole fraction, PTotal is the total pressure of the 

mixture, R is the universal gas constant, and T is the temperature of the mixture. Equation (2) 

can be used to validate the fuel concentration measured via laser diagnostics. The absorption 

cross section is species-specific and can also be temperature and pressure dependent. 

Extensive studies have been made to investigate the effects of temperature and pressure on 

the absorption cross section for various hydrocarbons. Mével et al. [16] presented a 

compilation of several studies of absorption cross section data for alkanes, aromatics, and 

substituted hydrocarbons at 3.39 µm. 
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Figure 1. Experimental setup for the measurement of n-pentane and iso-pentane 

concentration in the shock tube.  

Figure 1 illustrates the laser diagnostic setup using the infrared He-Ne laser. The laser beam 

passes through a series of gold-coated mirrors followed by a calcium fluoride beam splitter. It 

is then split into two beams. The reflected beam, which is represented by the incident 

intensity I0 after the beam splitter, goes through an IR polarizer to attenuate the beam and 

prevent detector saturation. The beam then passes through a plano-convex calcium fluoride 

lens to focus the beam onto the 1 mm-diameter indium antimonide (InSb) reference detector. 

This InSb reference detector is sealed in a dewar that is cryogenically-cooled using liquid 

nitrogen. A narrow bandpass filter (0.0195 µm full-width, half maximum) was placed before 

the detector to block out any unwanted IR radiation. The transmitted beam, It, goes through 

the sapphire window ports of the shock tube and onto the InSb signal detector through a 

series of optics similar to the reference side. This particular common mode rejection setup 
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allows for correction to minimize any laser power drift as high as 30% from the He-Ne laser 

due to its sensitivity to ambient conditions, as noted by Klingbeil et al. [17].  

  

As mentioned above, the fuel-rich mixtures were found to be problematic because of 

potential fuel condensation during the mixture preparation. This likelihood of condensation 

was even more the case for n-pentane, for which the saturated vapor pressure is lower than 

for iso- or neo-pentane. The mixture of interest for the direct measurement of the fuel 

concentration using the laser absorption diagnostic was therefore the n-pentane mixture at φ = 

2.0: 4.99% n-C5H12 / 19.97% O2 / 75.05% N2. The mixture was prepared in a mixing tank 

following the procedure described earlier. Prior to taking data, the shock tube was evacuated, 

and the signals from the detectors were balanced to obtain the zero reference condition. The 

driven section of the shock tube was then filled with the mixture, in the same manner as done 

for a reflected-shock experiment. The total mixture pressure for the experiments ranged from 

0.02 atm to less than 1 atm. The pressure limit was set to approximately 500 Torr (0.66 atm) 

due to full attenuation of the laser signal at the corresponding concentration of n-pentane. All 

fill tests were performed at room temperature, which varied from 27–30 °C.  

 

Mével et al. [16] concluded that the absorption cross section of large n-alkanes is independent 

of temperature in the studied temperature range of 303 to 413 K. The absorption cross section 

for n-pentane in this temperature range varies from 31.75 to 33.5 m2/mol, and the relative 

uncertainty of the absorption cross section was found to be less than 5%. 
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Figure 2. Measured n-C5H12 absorption at 3.39 µm (Xn-C5H12 = 4.99%) from the shock 

tube in comparison to the level calculated from the mixture concentration from the 

mixing tank. 

 

Figure 2 illustrates the measured absorption percentage of n-pentane at room temperature as a 

function of mixture pressure. The absorption data taken from the laser diagnostic is compared 

to the absorption level calculated using the ideal gas law, per the mole fraction of the fuel in 

the mixture directly in the mixing tank. The uncertainty of the mixture calculations is 

dominated by the absorption cross section uncertainty. Figure 2 shows full attenuation of 

light at approximately 300 Torr. Figure 3 illustrates the comparison of the calculated n-

pentane concentration between the absorption diagnostics and the ideal gas law. The fuel 

concentration uncertainty at 260 Torr is approximately 4%. This larger relative uncertainty 

may be due to a combination of laser drift after the common mode rejection and an 

absorption of approximately 98%. The attenuation of light close to 100% reduces the signal-

to-noise ratio and causes a higher uncertainty. One can therefore conclude from these direct 

measurements of the fuel concentration in the shock tube that the careful procedure for the 

mixture preparation allowed for an accurate mixture composition. That is, Fig. 3 
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demonstrates that the mole fraction of the fuel in the mixing tank is the same as the fraction 

of the fuel that makes it to the shock-tube driven section. 

 

Figure 3. Fuel concentration measurement directly in the shock tube using the 3.39 µm 

laser diagnostic and the value from the ideal gas relation based on the amount of n-

pentane in the mixing tank. 

Ignition delay time for mixtures in ‘air’ was defined in this study as the time between the 

arrival of the shock wave at the endwall and the time at which the endwall pressure signal 

exhibits a sharp increase due to the mixture reactivity, as reported in [15, 18]. Note that this 

time also corresponds to the intersection of the steepest recorded slope with the baseline of 

the OH* emission signal. A representative example of ignition delay time determination from 

experimental profiles is provided in Fig. 4. As can be seen for this relatively long ignition 

delay time, at the high-pressure condition, there is no noticeable increase in the pressure 

before the ignition event. One can also see that the pressure profile calculated with the 

chemical kinetic model using the constant-volume, constant internal energy (U–V) constraint 

reproduces this pressure profile very well. This agreement between the model and data 

indicates that there is no significant pressure increase introduced by any facility gas-dynamics 

related effect. 
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Figure 4. Determination of ignition delay time for mixtures in ‘air’ utilizing endwall 

pressure and OH* emission profiles. 

For the mixtures diluted in 99% Ar, the ignition delay time corresponds to the time between 

the passage of the reflected shock wave, indicated by a pressure jump in the signal recorded 

by the sidewall pressure transducer, and the intersection of lines drawn along the steepest 

rate-of-change of OH* de-excitation and a horizontal line which defines the zero-

concentration level, as can be seen in Fig. 5. 
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Figure 5. Method of determination of the ignition delay time for the highly diluted 

mixtures. 

2.2. NUIG Shock Tube 

The high-pressure shock tube at NUI Galway was used to measure ignition delay times for n- 

and neo-pentane at low to intermediate temperatures (~750–1100 K) at 20 atm, for mixtures 

where IDTs were too short to be reliably obtainable in the RCM. A brief description of the 

facility will be given here, as detailed information is presented elsewhere [19]. 

The 63.5 mm internal diameter tube is separated into three sections: (1) a 5.73 m long driven 

section where the fuel/‘air’ mixtures to be studied are introduced, (2) a 3 m long driver 

section where the He or He/N2 driver gas is loaded, and (3) a 3 cm double-diaphragm section 

which is located between the driver and driven sections. Two pre-scored aluminium 

diaphragms are placed in the double-diaphragm section prior to each experiment, and are 

employed to reach the high pressure reflected shock conditions. 

The shock velocity is interpolated at five locations along the driven section by measuring the 

incident shock arrival times at six axially staggered, sidewall mounted PCB 113B24 pressure 

transducers. The endwall shock velocity is calculated by linearly extrapolating the five 
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velocities to the endwall. Pressure-time histories at the shock tube endwall are monitored 

using a Kistler 603B pressure transducer mounted flush with the endwall. Ignition delay 

times are measured using this endwall pressure transducer, and are taken to be the time 

between the arrival of the shock wave at the endwall and the ignition event. Well-defined 

ignition events have been observed for all of the conditions investigated here. 

2.3. Rapid Compression Machine 

A clone of the original NUIG RCM was used in this study, which is characteristically 

different to most other RCMs in that it has a twin-opposed piston configuration, as described 

previously [20], resulting in a fast compression time of approximately 16 ms. In order to 

improve the post-compression temperature distribution in the combustion chamber, creviced 

pistons were used [21]. The design for these creviced pistons was originally devised at MIT 

by Lee and Hochgreb [22,23]. In that study, it was found that the temperature field obtained 

using creviced pistons is almost homogeneous compared to that obtained using non-creviced 

pistons. The use of non-creviced pistons is predicted to lead to far greater gas in-

homogeneities in the post-compressed combustion chamber. A computational fluid dynamics 

(CFD) study carried out by Würmel and Simmie [24] supports this view. Subsequent, in-

house CFD calculations were carried out for the piston geometry used for experiments in this 

study. These piston heads achieve an approximate compression ratio of 12.5:1. 

Different compressed gas temperatures are reached by (i) varying the diluent gas used, 

(typically N2, Ar, and CO2 are used) and (ii) using different initial temperatures. Using CO2 

in the diluent mixture allows measurement of IDTs at lower temperatures, while the use of Ar 

allows higher temperatures to be studied due to its lower heat capacity. The current 

configuration allowed the majority of RCM experiments in this study to be carried out using 

100% N2 as the bath gas. 
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Pressure-time profiles are measured using a Kistler 6045A pressure transducer and 

transferred via a Kistler 5018 amplifier to a Picoscope 4424 oscilloscope, and ultimately 

recorded digitally on computer using the Picolog PC software. The ignition delay time is 

measured using two vertical cursors on the oscilloscope, and is defined as the time from the 

first local maximum in the pressure-time history to the maximum rate of pressure rise due to 

ignition. The compressed gas pressure was measured using two horizontal cursors. 

The initial temperature, Ti, pressure, pi, reactant composition, and the experimentally 

measured compressed gas pressure, pC, were used to calculate the compressed gas 

temperature, TC. The adiabatic compression/expansion routine in Gaseq [25] was used for this 

calculation, which uses the temperature dependence of the ratio of specific heats, γ, according 

to the equation:  

ln �
𝑝𝑐
𝑝𝑖
� = �

𝛾
𝛾 − 1

𝑇𝐶
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A frozen chemistry assumption is made for the compression period. The measured ignition 

delay times are plotted versus the inverse of the compressed gas temperature to obtain overall 

reactivity profiles of n-, iso-, and neo-pentane. 

Heat loss to the chamber walls is assumed to be low during the compression phase, as the 

time for compression is fast (~16 ms), with most of the rapid rise in pressure and temperature 

taking place in the last 2–3 ms of compression. More details of the facility can be found in 

Ref. 26. 

To ensure that condensation of the fuels was not occurring, a 3.39 µm He-Ne laser diagnostic 

setup was utilized. This particular setup has been detailed elsewhere [26], and is quite similar 

to the one described in Section 2.1, so the description here will be brief. As was tested in the 

TAMU shock tube, the fuel with the lowest vapor pressure (n-pentane) was examined at the 
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most fuel-rich conditions under which experiments were conducted (φ = 2.0 in ‘air’). No 

evidence of condensation was observed at these conditions. 

The gases experience heat loss for a period following compression due to the high 

temperature of the gas within the chamber relative to the chamber walls. The core gas 

continues to lose heat during the constant volume period, and therefore simulation of the 

experiments cannot be performed under adiabatic, constant volume conditions, even though 

the geometric volume is not varying with time. In order to model the experiments, a non-

reactive experiment is performed for every reactive condition. The non-reactive mixture 

composition is the same as that of the reactive mixture except that O2 is replaced by an 

equivalent amount of N2, as molecular nitrogen is unreactive and has similar thermodynamic 

properties to molecular oxygen, thus adequately replicating the heat loss characteristics of the 

reactive mixture. The non-reactive experiment is performed under the same conditions as the 

corresponding reactive case, and the resulting pressure trace is converted to an “effective 

volume” history. The volume-time profile is then used as input for the CHEMKIN-PRO [27] 

closed homogeneous batch reactor module, which is used to model the experiments. 

3. Results and discussion 

Figures 6–14 show comparisons between model simulations and experimental data for all 

mixtures. Uncertainties in the ignition delay times obtained in this study are estimated as 

±15%, and are represented in the figures with error bars. In these figures, solid symbols 

represent experimental data obtained in the TAMU shock tube, half-filled symbols represent 

experiments taken in the NUIG shock tube, and open symbols represent RCM experiments. 

Solid lines on the graphs correspond to IDTs calculated via constant-volume, adiabatic 

simulations. Dashed lines represent IDTs calculated using effective volume histories from the 

RCM to account for facility effects.  For the shock-tube experiments, a pressure rise of 
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approximately 4% per millisecond was observed for the undiluted fuel-air experiments, while 

a dP/dt of 2% per ms or less was observed in the mixtures highly diluted in argon. However, 

for the IDTs investigated here inclusion of this pressure rise (i.e., 4% per ms) in simulations 

of the experiments scarcely affects numerical results. The magnitude of these effects on 

simulated IDTs under similar conditions to those investigated here is well illustrated in Fig. 

16 of Ref. [28]. 

There is good agreement observed between model-simulated and experimentally obtained 

IDTs throughout the study. The updated and extended chemical kinetic model captures the 

general trends in reactivity of these fuel mixtures as functions of temperature (T), pressure 

(p), and equivalence ratio (φ). In the next sections, the effects of T, p, and φ on ignition delay 

times are discussed. This discussion will be followed by a detailed analysis of the model, the 

development of which is described in detail elsewhere [14]. The model presented herein 

differs from the one presented in Ref. [14], in that, contemporaneous to this study, there have 

been updates to C0, C2 and C4 portions of the sub-mechanism. Specifically, within the H2-O2 

sub-mechanism, rate coefficients from the study of Hong et al. [29] have been adopted for the 

reactions ȮH + HȮ2 ⇄ H2O + O2 and HȮ2 + HȮ2 ⇄ H2O2 + O2, along with the rate coefficient 

for Ö + H2O ⇄ ȮH + ȮH as determined theoretically by Nguyen et al. [30]. Several rate 

coefficients for reactions on the vinyl radical + O2 potential energy surface have been adopted 

from the recent high-level theoretical study by Goldsmith et al. [31]. Extensive updates to the 

2-methylpropene sub-mechanism have been carried out at NUI Galway recently, and also 

form part of the current sub-mechanism [32]. These updates have had minimal effects on 

simulated IDTs, as illustrated in Figures S9 and S10 in the Supplementary material. Also 

included as Supplementary material are experimental data, along with CHEMKIN [27] 

format kinetics, thermodynamics, and transport files. CHEMKIN input files, which include 
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effective volume-time histories for simulation of RCM experiments, are available on the 

internet at http://c3.nuigalway.ie. 

 

Figure 6. Effect of varying pressure on n-pentane reactivity. ■ – 1 atm, ● – 10 atm, ▲ – 

20 atm for fuel/‘air’ (a–d) and diluted (e) mixtures. Solid symbols: TAMU ST, Half-

http://c3.nuigalway.ie/
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filled symbols: NUIG ST, Open symbols: RCM. Simulation: – – – RCM simulations 

including facility effects, ― Adiabatic, constant-volume simulations. 

3.1. Influence of pressure on ignition delay time 

The effect of pressure on ignition delay times was studied at four different fuel/‘air’ 

equivalence ratios (0.3, 0.5, 1.0, and 2.0) for two of the isomers, n-pentane, Fig. 6, and iso-

pentane, Fig. 7, and three different fuel/‘air’ equivalence ratios (0.5, 1.0, and 2.0) for neo-

pentane, Fig. 8. Comparisons are also shown for each of the isomers at an equivalence ratio 

of 1.0 under highly dilute conditions (99% Ar). Under all conditions studied, shorter ignition 

delay times were measured at higher pressures. This indicates a consistent trend of increasing 

reactivity for all of the isomers with increasing pressure throughout this study, which is 

expected as reaction rate increases with concentration. 

For n-pentane, it is shown that there is excellent agreement between the model simulated and 

the experimentally measured ST ignition delay times, across all temperatures, pressures, 

equivalence ratios, and dilutions, Fig. 6. The only noteworthy discrepancies between the 

model and the ST data are for the NUIG ST ignition delay times in the temperature range 

778–796 K, at φ = 2.0 in ‘air’, where the model simulated IDTs are shorter than those 

measured experimentally by ~30%. 

For the RCM data below 750 K, reactivity is over-predicted by the model at fuel-lean 

conditions (φ = 0.3 and 0.5 in ‘air’), with simulated IDTs shorter than those measured 

experimentally by ~30%. However, for stoichiometric and fuel-rich conditions (φ = 1.0 and 

2.0 in ‘air’), far better agreement is observed, with an average difference of <10% in this 

temperature range, at pC = 10 and 20 atm.  

In the negative temperature coefficient (NTC) region (~750–900 K), there is very good 

agreement for all investigated conditions, with average agreement between model simulations 



95 
 

and experiments being under 10%. Reactivity is consistently under-predicted above 900 K for 

the RCM data.  

For iso-pentane, Fig. 7, there is excellent agreement between the model simulations and the 

experimental ST data at 10 and 20 atm, where model simulated IDTs are on average 

approximately 10% shorter than those measured experimentally in this pressure range. 

However, agreement is less favourable for the 1-atm data, where model predictions are longer 

than experiments by approximately 30%. This disagreement is especially prevalent above 

1350 K for the φ = 0.3 fuel/‘air’ mixtures. However, the 1-atm dilute data show favourable 

agreement up to ~1580 K. 

There is very good agreement between the model and the RCM experiments below 750 K for 

all of the conditions investigated, with average agreement being under 15%. Agreement 

between the model simulations and experiments in the NTC region is very favorable, within 

10% for both 10 and 20 atm. As is the case with n-pentane, reactivity is under-predicted for 

RCM experiments at temperatures over 900 K. 

Agreement between the ST data and model simulated IDTs for neo-pentane, Fig. 8, is 

favorable overall, but discrepancies do exist. There is good agreement between experiments 

and model simulations for all of the fuel/‘air’ data. However, IDTs are over-predicted by the 

model at the highly dilute conditions. Moreover, there is excellent agreement between 

experiments and model simulations for the RCM data, with average agreement being under 

15% across all temperatures and pressures investigated for neo-pentane. 
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Figure 7. Effect of varying pressure on iso-pentane reactivity. ■ – 1 atm, ● – 10 atm, ▲ 

– 20 atm for fuel/‘air’ (a–d) and diluted (e) mixtures. Solid symbols: TAMU ST, Open 

symbols: RCM. Simulation: – – – RCM simulations including facility effects, ― 

Adiabatic, constant-volume simulations. 
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Figure 8. Effect of varying pressure on neo-pentane reactivity. ■ – 1 atm, ● – 10 atm, ▲ 

– 20 atm for fuel/‘air’ mixtures. Solid symbols: TAMU ST, Half-filled symbols: NUIG 

ST, Open symbols: RCM. Simulation: – – – RCM simulations including facility effects, 

― Adiabatic, constant-volume simulations. 

3.2. Influence of equivalence ratio on ignition delay time 

The effect of equivalence ratio on ignition delay times was determined for four fuel/‘air’ 

mixture compositions at 1, 10, and 20 atm, Figs. 9–10, for n- and iso-pentane, and for three 

fuel/‘air’ mixture compositions at the same pressures for neo-pentane, Fig. 11. At low to 

intermediate temperatures (~650–1200 K, depending on pressure) fuel-rich mixtures ignite 

faster than fuel-lean ones. This behavior at low temperatures is due to an increased 

concentration of reactants, but more importantly an increase in fuel concentration, as the 
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chemistry of the fuel radicals dominates and has the largest effect on ignition delay times. At 

intermediate temperatures, this behavior is also attributed to the fuel chemistry but is also due 

to the chain branching sequence RH + HȮ2 ⇄ Ṙ + H2O2 followed by H2O2 (+M) ⇄ ȮH + ȮH 

(+M), where RH is the fuel component. Increasing the fuel concentration enhances the rate of 

this branching sequence that produces two reactive ȮH radicals. The experimental behaviour 

at low temperatures is well captured for each of the isomers by the model. 

 

Figure 9. Effect of varying equivalence ratio (φ) on n-pentane (in ‘air’) reactivity. ■ – φ 

= 0.3, ● – φ = 0.5, ▲ – φ = 1.0, ▼ – φ = 2.0. Solid symbols: TAMU ST, Half-filled 

symbols: NUIG ST, Open symbols: RCM. Simulation; – – – RCM simulations including 

facility effects, ― Adiabatic, constant-volume simulations. 
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Figure 10. Effect of varying equivalence ratio (φ) on iso-pentane (in ‘air’) reactivity. ■ – 

φ = 0.3, ● – φ = 0.5, ▲ – φ = 1.0, ▼ – φ = 2.0. Solid symbols: TAMU ST, Open symbols: 

RCM. Simulation; – – – RCM simulations including facility effects, ― Adiabatic, 

constant-volume simulations. 

The difference in IDTs between the mixtures is much smaller at high temperatures (1050–

1400 K) relative to that at low and intermediate temperatures. However, based on the relative 

slopes of the data, all datasets would appear to converge at the lowest temperatures studied 

for 1 atm experiments, Fig. 9(a), 10(a), and 11(a). Convergence of the ignition delay times for 

the 10 atm cases occurs at approximately 1250 K for each of the isomers. Judging by the 

relative slopes of each dataset at 20 atm, it appears that the data will converge at a higher 

temperature than is achievable in this study due to the short ignition delay times observed in 
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the experiments. The convergence is due to the increasing importance of the chain branching 

reaction Ḣ + O2 ⇄ Ö + ȮH at higher temperatures. Reaction of the fuel with H-atoms (RH + 

Ḣ ⇄ Ṙ + H2) competes with the branching reaction for Ḣ atoms at higher temperatures. The 

fuel concentration [RH] increases with increasing equivalence ratio (φ), so the reaction RH + 

Ḣ competes more effectively for Ḣ atoms at higher φ, and leads to longer ignition delay 

times. This effect of equivalence ratio is the opposite of that seen at low and intermediate 

temperatures. 

 

Figure 11. Effect of varying equivalence ratio (φ) on neo-pentane (in ‘air’) reactivity. ● 

– φ = 0.5, ▲ – φ = 1.0, ▼ – φ = 2.0. Solid symbols: TAMU ST, Half-filled symbols: 

NUIG ST, Open symbols: RCM. Simulation; – – – RCM simulations including facility 

effects, ― Adiabatic, constant-volume simulations. 
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3.3. Influence of fuel structure on ignition delay time 

The effect of fuel structure on ignition delay times was studied at pressures of 1, 10, and 20 

atm, and at equivalence ratios of 0.3, 0.5, 1.0, and 2.0 in ‘air’. Figures 12–14 show ignition 

delay times at the different equivalence ratios at a given pressure. 

It is shown that n-pentane is more reactive than iso-pentane up to 950 K at all pressures and 

equivalence ratios, and exhibits similar reactivity at higher temperatures. Figures 12–14 show 

that neo-pentane is more reactive than iso-pentane, and less reactive than n-pentane at 

temperatures below 900 K. At these lower temperatures, neo-pentane shows a much less 

pronounced NTC region than both of the other isomers. This less-pronounced NTC behavior 

is due to the lack of a concerted elimination pathway for the alkyl-peroxyl radical. It is the 

lack of this pathway that also causes neo-pentane to be less reactive than the other isomers at 

temperatures above 900 K, due to fewer hydroperoxyl radicals being formed. These effects 

are discussed in more detail in the following sections. 
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Figure 12. Effect of fuel structure on reactivity at 1 atm. ■ – neo-pentane , ● – iso-

pentane, ▲ – n-pentane. Solid symbols: TAMU ST. Simulation; ― Adiabatic, constant-

volume simulations. 
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Figure 13. Effect of fuel structure on reactivity at 10 atm. ■ – neo-pentane , ● – iso-

pentane, ▲ – n-pentane. Solid symbols: TAMU ST, Open symbols: RCM. Simulation; – 

– – RCM simulations including facility effects, ― Adiabatic, constant-volume 

simulations. 
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Figure 14. Effect of fuel structure on reactivity at 20 atm. ■ – neo-pentane , ● – iso-

pentane, ▲ – n-pentane. Solid symbols: TAMU ST, Half-filled symbols: NUIG ST, 

Open symbols: RCM. Simulation; – – – RCM simulations including facility effects, ― 

Adiabatic, constant volume simulations. 

3.4. Flux analyses 

Flux analyses were carried out at φ = 1.0 in ‘air’ and 10 atm for a series of temperatures (750 

K, 950 K, 1150 K, and 1350 K) and at 20% fuel consumed, these being most representative 

for the experimental conditions studied. 
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These flux analyses cover the most common reactions occurring at various temperature 

regimes, Figs. 15–17. For brevity, any reaction paths representing <5% flux have been 

excluded from Figs. 15–17. 
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Figure 15. Flux analysis carried out for n-pentane oxidation at φ = 1.0 in ‘air’, 10 atm 

and 20% fuel consumption. Numbers represent the percentage of fuel flux that goes 

through a particular species. Black numbers represent flux at 750 K, red numbers 

represent flux at 950 K, blue numbers represent flux at 1150 K, and magenta numbers 

represent flux at 1350 K. Ṙ is the sum of ȮH, HȮ2 and ĊH3 radicals and Ḣ and Ö 

atoms. 
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Figure 16. Flux analysis carried out for iso-pentane oxidation at φ = 1.0 in ‘air’, 10 atm 

and 20% fuel consumption. Numbers represent the percentage of fuel flux that goes 

through a particular species. Black numbers represent flux at 750 K, red numbers 



108 
 

represent flux at 950 K, blue numbers represent flux at 1150 K, and magenta numbers 

represent flux at 1350 K. Ṙ is the sum of ȮH, HȮ2 and ĊH3 radicals and Ḣ and Ö 

atoms. 

 

Figure 17. Flux analysis carried out for neo-pentane oxidation at φ = 1.0 in ‘air’, 10 atm 

and 20% fuel consumption. Numbers represent the percent of fuel flux that goes 

through a particular species. Black numbers represent flux at 750 K, red numbers 

represent flux at 950 K, blue numbers represent flux at 1150 K, and magenta numbers 

represent flux at 1350 K. Ṙ is the sum of ȮH, HȮ2 and ĊH3 radicals and Ḣ and Ö 

atoms. 



109 
 

For each of the isomers at 750 K (numbers in black font, Fig. 15–17), the fuel is completely 

consumed via H-atom abstraction by ȮH, HȮ2, and ĊH3 radicals and Ḣ and Ö atoms. Of 

these radicals, ȮH accounts for >90% of the consumption of each of the fuels at this 

temperature. The main reaction pathway (>80%) for the resulting fuel radicals is addition to 

O2. At this point, the majority of the fuel molecules for each of the isomers have progressed 

through pathways resulting in the formation of alkyl-peroxyl radicals (RȮ2), with little 

variation amongst the fuels. However, there are significant differences amongst the isomers 

regarding the competition between the main consumption pathways of the RȮ2 radicals. 

For n- and iso-pentane, the main pathways for RȮ2 radical reactions are: (i) isomerization to 

form hydroperoxyl-alkyl radicals (Q̇OOH), and (ii) concerted elimination reactions forming 

an olefin and a hydroperoxyl radical. This competition plays an important role in the low-

temperature oxidation of these fuels. The production of a Q̇OOH radical may lead to chain 

branching reactions, which increases reactivity by forming hydroxyl radicals. Concerted 

elimination reactions curtail the progression towards chain branching pathways and result in 

the production of less reactive hydroperoxyl radicals.  

Figure 15 shows that H-atom abstraction from two of the three equivalent sites on n-pentane 

results in the major pathway leading to the formation of a Q̇OOH radical, with abstraction 

from the third site leading mostly to the formation of an olefin and a hydroperoxyl radical. 

Similarly, in Fig. 16 it is shown that H-atom abstraction from the two primary sites on iso-

pentane mainly leads to a Q̇OOH radical, with abstraction from the other two sites (secondary 

and tertiary) leading to an olefin and a hydroperoxyl radical. A simple investigation of the 

flux analyses, such as this, provides an explanation for the difference observed in reactivity 

between the two fuels, Figs. 13 and 14. 
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Similarly, a flux analysis of neo-pentane at 750 K shows that the main pathway for RȮ2 

radical consumption results in the formation of Q̇OOH radicals. There is only one equivalent 

abstraction site on neo-pentane, and the concerted elimination pathway is not possible from 

the RȮ2 radical which is eventually formed, because there is no C–H bond beta to the peroxyl 

moiety. Due to the lack of a concerted elimination pathway, it is expected that fuel reactivity 

would be enhanced. This result is true when compared to iso-pentane, Fig. 13 and 14. The 

NTC region is also much less pronounced for neo-pentane compared to the other two 

isomers, due to the higher ratio of chain branching to chain propagating pathways, brought 

about by the lack of a concerted elimination pathway. The reason for neo-pentane not being 

more reactive compared to n-pentane at 750 K is that it has less facile options to progression 

towards chain branching reactions due to the absence of secondary C–H bonds, which are 

weaker than primary C–H bonds, which n-pentane contains. The relative abundance of 

secondary C–H bonds on n-pentane allows for faster isomerization reactions of alkyl-peroxyl 

radicals, and subsequently permits faster Q̇OOH radical additions to molecular oxygen, 

which lead to chain branching. 

At 950 K, there is a shift towards chain propagating pathways for all of the fuels. A higher 

proportion of the fuel radicals undergo β-scission reactions to form an olefin and a small 

alkyl radical, rather than adding to molecular oxygen. For n- and iso-pentane, in the 

competition between the main consumption pathways of RȮ2 radicals the concerted 

elimination reactions are favored. Cyclic ether formation and β-scission reactions of Q̇OOH 

radicals are dominant over addition to molecular oxygen for each of the isomers at this 

temperature. 

We see that the majority of the fuel molecules decompose to smaller species at 1150 K for all 

of the isomers, mainly via H-atom abstraction, followed by β-scission of the fuel radical. For 
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neo-pentane, it is shown that uni-molecular decomposition of the fuel to produce a tert-butyl 

and a methyl radical plays a significant role at this temperature. 

For each of the isomers, the fuel decomposes almost entirely via two classes of reaction 

pathways at 1350 K. The main consumption pathways involve H-atom abstraction, followed 

by β-scission of the fuel radical, as observed at 1150 K. The remaining fuel molecules mostly 

decompose via uni-molecular decomposition of the parent fuel molecule, producing two 

small alkyl radicals. Again, at this temperature, there is little variation between the 

decomposition pathways of the isomers. 

3.5. Sensitivity analyses 

Using CHEMKIN-PRO [27], brute force sensitivity analyses of different reaction rate 

coefficients were computed at 750 K, 950 K, 1150 K, and 1350 K at 10 atm and φ = 1.0 in 

‘air’, for each of the isomers. The analyses were performed by increasing and decreasing the 

rate coefficients by a factor of two, with sensitivities expressed using the formula: 

σ = 
log10(τ+ τ–⁄ )
log10(k+ k–⁄ ) =  

log10(τ+ τ–⁄ )
log10(2 0.5⁄ ) 

where σ is the sensitivity coefficient, τ+ is the simulated IDT when a given rate coefficient is 

multiplied by a factor of two, τ– is the simulated IDT when a given rate coefficient is divided 

by a factor of two, and k+ and k– are the factors by which the rate coefficients have been 

multiplied. A positive sensitivity coefficient indicates a reaction that will increase simulated 

ignition delay times if the rate coefficient for that reaction is increased. Conversely, a 

negative sensitivity coefficient relates to a reaction that will decrease simulated ignition delay 

times if the rate coefficient for that reaction is increased. This analysis was carried out for all 

of the reactions in the mechanisms. 
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Figure 18. Sensitivity analyses for n-pentane, φ = 1.0 in ‘air’, p = 10 atm, at T = ■ 750 K, 

■ 950 K, ■ 1150 K, and ■ 1350 K. 

Figure 18 shows that the reaction classes of major importance to n-pentane oxidation at 750 

K are H-atom abstractions by ȮH radicals, concerted eliminations of HȮ2 from RȮ2 radicals, 

and Q̇OOH radical addition to O2. H-atom abstractions from the fuel producing 1- and 2-

pentyl radicals promote reactivity, and in Fig. 15 it is shown that some of the main 

consumption pathways of these radicals result in chain branching, with the production of two 

hydroxyl radicals. The hydroxyl radicals are highly reactive, and lead to fuel consumption. 

Q̇OOH radical addition to O2 forms part of this chain of reactions, hence the high sensitivity 

coefficient for the reaction of this type in Fig. 14. H-atom abstractions from the central 

carbon on n-pentane, producing 3-pentyl radicals, greatly inhibit reactivity at this 

temperature. Figure 15 shows that the major consumption pathway of 3-pentyl radicals 

results in chain propagation, with hydroperoxyl radicals produced via concerted elimination 

from the alkyl-peroxyl radicals which are formed upon addition of 3-pentyl radicals to 

molecular oxygen. It is shown in Fig. 18 that these concerted elimination reactions are highly 

inhibiting at this temperature. One of the reasons for this is that the ȮH radical producing 

pathways (most importantly, the chain branching pathways proceeding via carbonyl-

hydroperoxide species) are cut off. Another reason is that the HȮ2 radicals that are produced 
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are far less reactive than the ȮH radicals that would have otherwise been formed, and H-atom 

abstraction reactions by hydroperoxyl radicals are far more endothermic than those of 

hydroxyl radicals. 

At 950 K, there is a shift in the order of importance of reactions classes to those involving 

H2O2 chemistry. At this temperature, H2O2 can overcome the relatively high barrier for uni-

molecular decomposition to form two highly reactive hydroxyl radicals, H2O2 (+M) ⇄ ȮH + 

ȮH (+M). This step highly promotes reactivity because the main consumption pathways of 

the fuel are H-atom abstractions by ȮH radicals. The main production pathways of H2O2 at 

this temperature are HȮ2 + HȮ2 ⇄ H2O2 + O2, and H-atom abstraction from n-pentane by 

HȮ2 radicals. The all-important hydroperoxyl radicals are mainly produced via concerted 

elimination reactions from alkyl-peroxyl radicals. Figure 18 shows that reaction of two 

hydroperoxyl radicals with one another to form hydrogen peroxide and molecular oxygen 

inhibits reactivity. This behavior is somewhat counterintuitive because the hydrogen peroxide 

produced from this reaction mostly decomposes to produce two hydroxyl radicals, which 

highly promotes reactivity. However, this reaction competes with the other major 

consumption pathway of HȮ2 radicals, which is H-atom abstraction from the fuel. If both 

hydroperoxyl radicals were to instead abstract from the fuel, two hydrogen peroxide 

molecules would be formed, which can decompose to form four hydroxyl radicals. 

At 1150 K, reactions of H2O2 and HȮ2 radicals are still of relative importance. Alongside 

these reactions, the fate of methyl radicals plays an important role. Figure 18 shows that ĊH3 

+ HȮ2 ⇄ CH4 + O2 inhibits reactivity at this temperature. This reaction competes with ĊH3 + 

ĊH3 (+M) ⇄ C2H6 (+M) and ĊH3 + HȮ2 ⇄ CH3Ȯ + ȮH. The reaction of methyl and 

hydroperoxyl radicals to form methane and molecular oxygen, and the methyl-methyl 

recombination reaction, both inhibit reactivity, as two radicals react to produce two stable 
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products in both cases. However, the reaction of methyl and hydroperoxyl radicals to form 

methoxy and hydroxyl radicals is highly promoting. The main consumption pathways of the 

fuel molecules are H-atom abstractions by ȮH. This is one of the reasons why the reaction 

ĊH3 + HȮ2 ⇄ CH3Ȯ + ȮH promotes reactivity. The other is that the methoxy radical which is 

produced mainly decomposes via β-scission to form formaldehyde and a H-atom. The H-

atoms which are produced can react via Ḣ + O2 ⇄ Ö + ȮH. This reaction also promotes 

reactivity at this temperature, Fig. 14, and is highly branching, and dominates reactivity at 

1350 K.  

Hydrogen atoms are mostly produced via β-scission of ethyl radicals. The majority of ethyl 

radicals come from two main pathways: (i) uni-molecular decomposition of n-pentane to 

produce n-propyl and ethyl radicals, and (ii) β-scission of 2-pentyl radical to produce n-

propyl and ethyl radicals. The reaction of Ḣ atoms with O2 promotes reactivity so much 

because it is a chain branching reaction, with one radical in the reactants, and two in the 

products. But also, the main reaction pathway for both oxygen atoms and hydroxyl radicals is 

H-atom abstraction from the fuel. These reactions are highly exothermic, and the ȮH radicals 

produced from the reaction of Ӧ atoms with n-pentane will go on to abstract from another 

fuel molecule. Overall, due to reaction of hydrogen atoms with molecular oxygen, three 

highly reactive radicals are effectively created, with each one undergoing a subsequent, 

highly exothermic reaction. 

The most sensitive reactions for both iso- and neo-pentane oxidation are very similar to those 

for n-pentane. Therefore, descriptions of their sensitivity analyses will be succinct, as the 

important reaction pathways have been discussed in detail for n-pentane. 

The most sensitive reactions for iso-pentane at 750 K include H-atom abstractions by ȮH 

radicals, and concerted eliminations of HȮ2 from RȮ2 radicals, Fig. 19. H-atom abstractions 
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from the primary carbon sites highly promote reactivity, whereas abstractions from the 

secondary and tertiary sites greatly inhibit reactivity. 

 

Figure 19. Sensitivity analyses for iso-pentane, φ = 1.0 in ‘air’, p = 10 atm, at T = ■ 750 

K, ■ 950 K, ■ 1150 K, and ■ 1350 K. 

2-methyl-but-1-yl (AĊ5H11), 2-methyl-but-2-yl (BĊ5H11), 3-methyl-but-2-yl (CĊ5H11) and 3-

methyl-but-1-yl (DĊ5H11) radicals are the four distinct radicals which can be formed from 

iso-pentane. It is shown in Fig. 16 that the primary fuel radicals have a higher percentage flux 

through pathways leading to chain branching reactions. This result is in contrast to the other 

two fuel radicals, which mainly react through concerted elimination pathways. 

At 950 K, HȮ2/H2O2 chemistry plays an important role in controlling reactivity. The two 

major H2O2 production pathways (HȮ2 + HȮ2 ⇄ H2O2 + O2, and H-atom abstractions from 

the fuel by HȮ2 radicals) show large coefficients in the sensitivity analysis for iso-pentane at 

this temperature, Fig. 19. 

Chemistry pertaining to small radical species becomes more prominent at 1150 and 1350 K. 

The branching ratios of the consumption pathways of hydroperoxyl and methyl radicals are 
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all-important, alongside the branching reaction of Ḣ atoms and molecular oxygen, with the 

latter dominating reactivity at 1350 K. 

As is the case with the other two isomers, H-atom abstraction reactions from neo-pentane by 

ȮH radicals, and hydroperoxyl neo-pentyl (Q̇OOH) radical addition to O2 show high 

sensitivity at 750 K, Fig. 20. This is because both of these reactions aid progression towards 

chain branching reactions which proceed via formation and decomposition of carbonyl-

hydroperoxide species. At higher temperatures, similar trends are observed for neo-pentane 

as were discussed earlier for n- and iso-pentane. The chemistry of hydroperoxyl and methyl 

radicals and that of Ḣ atoms via the reaction Ḣ + O2 ⇄ Ö + ȮH becomes increasingly 

important. 

Thus far, the reaction pathways of each of the isomers have been analysed in detail. Focusing 

on low temperatures (~600–900 K), where NTC behavior is observed, it is seen that the 

pathways controlling reactivity involve RȮ2 and Q̇OOH radicals, and the competition 

between chain branching and chain propagating reactions. While our understanding of what 

causes NTC behavior (i.e. chain branching versus chain propagating) is further corroborated 

by this study, an interesting point arises. While it is often postulated that dissociation of RȮ2 

radicals producing fuel radicals and O2 contributes to NTC behavior, we find no evidence 

here to support this claim. 
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Figure 20. Sensitivity analyses for neo-pentane, φ = 1.0 in ‘air’, p = 10 atm, at T = ■ 750 

K, ■ 950 K, ■ 1150 K, and ■ 1350 K. 

A simple test of making addition reactions of fuel radicals to O2 irreversible (i.e. not allowing 

back-dissociation of RȮ2) shows that not only does NTC behaviour persist, but simulated 

IDTs decrease by a negligible amount in the case of n- and iso-pentane, and while the effect 

is more pronounced for neo-pentane, it still exhibits NTC behavior. Therefore, the Ṙ + O2 ⇄ 

RȮ2 equilibrium is not controlling NTC behavior. The reason for the more pronounced effect 

on neo-pentane is due to its unusual structure and symmetry, which results in the back-

dissociation pathway being one of only two important reactions that the neo-pentylperoxyl 

radical participates in; the other being isomerization to hydroperoxyl neo-pentyl radical. This 

is in contrast to the over 20 important reactions which n-pentylperoxyl and iso-pentylperoxyl 

radicals undergo. Illustrations of these effects are shown in Figures S11 and S12 in the 

Supplementary material. While it may be intuitive that the back-dissociation pathway would 

play a major role, the reality is that the depth of the potential energy well (~35–38 kcal mol–1) 

upon addition of fuel radicals to O2 relative to the barrier heights of the subsequent reactions 

of RȮ2 radicals, ensures that the dissociation pathway is only of minor importance. The 

important equilibrium is that of RȮ2 ⇌ Q̇OOH radicals, with the important competition being 

mainly between the concerted elimination reactions of RȮ2 radicals, and the addition of 
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Q̇OOH radicals to O2. The former pathway is a chain propagation reaction and cuts off the 

chain of reactions which could otherwise lead to chain branching, while the Q̇OOH radical 

addition to O2 mostly leads to chain branching. 

4. Conclusions 

This study presented a comprehensive experimental and modelling study of the shock tube 

and rapid compression machine ignition of the pentane isomers over a temperature range of 

643–1718 K, equivalence ratios of 0.3, 0.5, 1.0 and 2.0 in ‘air’, and reflected 

shock/compressed pressures of 1, 10 and 20 atm, and highly dilute (99% argon) mixtures at 

stoichiometric conditions and reflected shock pressures near 1 and 10 atm. 

The influence of pressure on IDTs is as expected, with an increase in reflected 

shock/compressed pressure resulting in shorter ignition delay times at a given temperature. 

This trend is observed for all equivalence ratios investigated. The effect of equivalence ratio 

is also as expected, with fuel rich mixtures having shorter IDTs than fuel lean mixtures 

throughout the lower and intermediate temperature ranges. However, at higher temperatures 

the IDTs converge, and cross over at the lower pressures investigated herein. 

Ignition delay times calculated using the model developed as part of this study show good 

agreement with the experimentally measured IDTs, thus validating the model for 

homogeneous ignition. The experimental data also provide important insights into trends in 

reactivity in terms of temperature, pressure, equivalence ratio, dilution, and fuel structure. 

This study, in conjunction with its partner study [27], provides a significant contribution to 

the understanding of the oxidation of the simplest type of hydrocarbons; alkanes. Extensive 

changes to thermochemistry and kinetics of species and reaction pathways important at low 

temperatures have provided a solid base from which to construct larger mechanisms, be they 
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alkane oxidation mechanisms or otherwise. It remains to be seen if such an overhaul of model 

parameter values will be necessary for previously proposed biofuel/oxygenated fuel models, 

such as the butanol isomers, given that many thermochemical and rate parameters therein are 

derived by analogy with alkanes. 

While there have been significant strides in recent years in furthering the understanding of 

low-temperature oxidation, a more concerted effort is required if such strides are to be made 

in the future. 
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Abstract 

Cyclisation reactions of hydroperoxyl-alkyl radicals forming cyclic ethers and hydroxyl 

radicals play an important role in low temperature oxidation chemistry. These reactions 

contribute to the competition between radical chain propagation and chain branching reaction 

pathways which dominate the reactivity of alkanes at temperatures where negative 

temperature coefficient (NTC) behaviour is often observed. This work is motivated by 

previous experimental and modelling evidences that current literature rate coefficients for 

these reactions are in need of refinement and/or re-determination. In light of this, the current 

study presents quantum-chemically-derived high-pressure limit rate coefficients for all 

cyclisation reactions leading to cyclic ether formation in alkanes ranging in size from C2 to 

C5. Ro-vibrational properties of each stationary point were determined at the M06-2X/6-

311++G(d,p) level of theory. Coupled cluster (CCSD(T)) and Møller-Plesset perturbation 

theory (MP2) methods were employed with various basis sets and complete basis set 

extrapolation techniques to compute the energies of the resulting geometries. These methods, 

combined with canonical transition state theory, have been used to determine 43 rate 

coefficients, with enough structural diversity within the reactions to allow for their 

application to larger species for which the use of the levels of theory employed herein would 

be computationally prohibitive. The validity of an alternative, and computationally less 
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expensive, technique to approximate the complete basis set limit energies is also discussed, 

together with implications of this work for combustion modelling. 

1. Introduction 

In recent years, there has been a proliferation of systematic theoretical studies concerning 

reaction pathways of importance in the low-temperature oxidation of alkanes [1–15]. The 

rapid increase in the number of studies of this kind is due, in part, to more readily available 

computational resources. This, coupled with the computationally inexpensive yet relatively 

accurate compound methods [16–22], as implemented in the Gaussian software packages 

[23], has aided the investigation of large arrays of reactions for which little or no 

experimental data are currently available. Several studies have determined high-pressure limit 

rate coefficients for large numbers of reactions within the important low-temperature reaction 

classes. Significant success has been achieved in chemical kinetic modelling of alkane 

oxidation systems by utilising these values [24–26]. Despite these successes, it has been 

highlighted that refinement of some important kinetic parameters is still necessary for further 

progress [24]. Particular disparity is seen amongst literature values for the title reactions. As 

is the case with many of the important unimolecular reactions within the low-temperature 

oxidation pathways, most theoretical rate coefficients for the reactions of interest in this study 

have previously been derived using the CBS-QB3 compound method [16]. This is a popular 

method, particularly when studying large quantities of species and/or reactions, due to its 

relative speed and reliability [27]. Although relatively cost-effective, it has previously been 

highlighted as being potentially biased towards the under-prediction of reaction barrier in 

some instances [28]. For the reaction class of interest in this work, there may also be evidence 

of this based on investigations by Villano et al. [1], where an average difference of 

approximately 2.4 kcal mol–1 in 0 K barriers is observed between their values and those of 

DeSain et al. [29]. The barriers calculated by Villano et al. using the CBS-QB3 method are 
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consistently lower than those calculated for the same reactions by DeSain et al., who used a 

combination of quadratic configuration interaction (QCISD(T)) and Møller-Plesset 

perturbation theory (MP2) methods with varyingly sized basis sets (see [29] for more details) 

to determine single point energies of stationary points characterised at the B3LYP/6-31G* 

level of theory. In the instance of the cyclisation reaction of 4-hydroperoxyl-but-2-yl radical 

forming 2-methyloxetane and a hydroxyl radical, the 0 K barrier determined in both studies 

differs by 13.1 kcal mol–1! Further evidence of the under-prediction of reaction barriers for 

these reactions by the CBS-QB3 method is observed in the recent study of Zhang et al. on the 

oxidation of n-hexane [26]. It was found that without significant modifications to the rate 

rules proposed by Villano et al. [1] for this reaction class, model-predicted cyclic ether 

concentrations were too high when compared to those measured in a jet-stirred reactor. 

Although the determination of accurate thermochemistry is not the focus of this study, it is 

noteworthy that the CBS-QB3 method has recently been shown to lack both accuracy and 

precision when deriving enthalpies of formation via the atomisation method for a range of 

hydrocarbon and oxygenated species [27,30,31]. 

This study aims to provide high-fidelity rate coefficients for the reactions of interest through 

utilisation of high-level quantum chemical methods. A comprehensive set of reactions is 

chosen in order to allow application of the values derived in this work to similar reactions 

occurring in larger molecules, for which the use of computational methods such as those 

employed here is currently impractical. 

2. Computational methods 

2.1. Rate coefficient determination 

All calculations have been performed using Gaussian 09 [23]. Geometries of minima and 

transition state (TS) structures have been optimised using the M06-2X functional [32] with 
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the 6-311++G(d,p) basis set. Harmonic frequency analyses were employed at the same level 

of theory to verify the nature of the stationary points, with a single imaginary frequency 

indicative of a first-order saddle point on the potential energy surface (PES), corresponding to 

a TS structure. All frequencies were scaled by 0.98, with zero point vibrational energies 

(ZPVEs) scaled by 0.97, as recommended for the M06-2X functional by Zhao and Truhlar 

[32]. Intrinsic reaction coordinate (IRC) calculations [33] were carried out with M06-2X/6-

311++G(d,p) on each TS to ensure it was connected to the desired reactants and products. 

Single point energy (SPE) calculations have been carried out for all C2H5O2 and C3H7O2 

reactants and TSs using the coupled cluster (CCSD(T)) method and employing relatively 

large basis sets (cc-pVTZ and cc-pVQZ [34]). The resulting energies were extrapolated to the 

complete basis set (CBS) limit using the following formula [35,36]: 

ECCSD(T)/CBS = ECCSD(T)/QZ + (ECCSD(T)/QZ – ECCSD(T)/TZ) 44 / 54 – 44  (1) 

where TZ and QZ are abbreviations for cc-pVTZ and cc-pVQZ, respectively. For the C4H9O2 

and C5H11O2 species, the CCSD(T)/cc-pVQZ calculations were computationally prohibitive. 

For these species, the CBS energies were estimated based on extrapolations of CCSD(T)/cc-

pVDZ and CCSD(T)/cc-pVTZ energies. The MP2 method was then used to correct for the 

difference in cc-pVDTZ and cc-pVTQZ extrapolation energies. Here, cc-pVDTZ and cc-

pVTQZ represent CBS extrapolations based on cc-pVDZ and cc-pVTZ, and cc-pVTZ and cc-

pVQZ energies, respectively. The final energies were calculated using the following formula: 

ECCSD(T)/CBS = ECCSD(T)/TZ + (ECCSD(T)/TZ – ECCSD(T)/DZ) 34 / 44 – 34 + EMP2/QZ + (EMP2/QZ – 

EMP2/TZ) 44 / 54 – 44 – EMP2/TZ – (EMP2/TZ – EMP2/DZ) 34 / 44 – 34  (2) 

Similar approaches have previously been used to approximate “higher-level” SPEs [6,37,38]. 

The validity of the approximation is investigated in this study by comparing the CCSD(T)/cc-
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pVTQZ energies of the C2H5O2 and C3H7O2 species with those determined using Eq. (2). 

This is further discussed in Section 3.1. 

The T1 diagnostic [39] for all reactant species is ≤0.013, indicating that the use of single-

reference methods to describe the wave function is appropriate. T1 values for the TSs range 

from 0.031 to 0.040. While T1 values greater than 0.03 (for radicals) may be cause for 

concern [40], none of the TSs have an unusually high value, with only six of the forty three 

complexes having a value greater than 0.035. Nevertheless, if lower uncertainties are required 

for the TS energies, multi-reference calculations are recommended. 

Relaxed PES scans were carried out for internal rotations corresponding to low frequency 

torsional modes in 10 degree increments as a function of dihedral angle with M06-2X/6-

311++G(d,p). Rotational constants were computed as a function of dihedral angle using the 

Lamm module of the MultiWell program suite [41]. The resulting values were fitted to 

truncated Fourier series, and used as input for 1-D hindered internal rotation approximations. 

The Thermo application of MultiWell was used to compute high-pressure limit rate 

coefficients as a function of temperature (298.15–2000 K) from canonical transition state 

theory [42]. Quantum mechanical tunnelling has been accounted for via inclusion of 1-D 

tunnelling through an unsymmetrical Eckart energy barrier [43]. Although the Eckart formula 

depends on the heat of reaction, we have not computed this at the level at which the SPEs of 

the reactant and TS structures have been determined. In the present cases, where tunnelling 

contributions are quite small, any reasonable value of the heat of reaction input into the 

Eckart formula gives approximately the same value for the rate coefficient. Tests show that a 

10 kcal mol–1 variation in the heat of reaction results in a difference of ~1% in rate coefficient 

at 800 K. The resulting rate coefficients were fitted to the following modified Arrhenius 

expression: 
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k = A (T/Tref)n exp(–E/RT)  (3) 

where A is the A-factor, T is the temperature in units of Kelvin, Tref = 1 K, n is the 

temperature exponent, and E is related to the activation energy (by Ea = E + nRT). This 

modified Arrhenius form was adequate to represent the numerical data, with a maximum 

deviation of 14% between computed and fitted rate coefficients. These expressions of the rate 

coefficients are listed in Table 1, Section 3.2. 

2.2. Uncertainty 

Zádor et al. [44] highlight an example of uncertainties in reaction barrier determinations for a 

benchmark set of twenty H-atom abstraction reactions compiled by Lynch et al. [45]. 

Senosiain et al. [46] tested a variety of methods against seventeen of these reactions in an 

attempt to quantify uncertainty in reaction barrier determination for each method. Geometries 

were optimised using either B3LYP [47] or MP2 [48] methods with the 6-311++G(d,p) basis 

set. SPE calculations were carried out using B3LYP, MP2, QCISD(T), and CCSD(T) 

methods with augmented and non-augmented cc-pVTZ and cc-pVQZ basis sets extrapolated 

to the CBS limit. Absolute error values are lowest for the QCISD(T) and CCSD(T) methods, 

with >50% of the calculated barriers within 1 kcal mol–1 of the benchmark values. The 

absolute errors for these cases appear to be largely independent of the method used for 

geometry optimisation. The methods used here are quite similar to those used by Senosiain et 

al., so their results may be useful for estimation of uncertainties in the barrier heights 

presented here, although they are different from those compiled by Lynch et al. [45]. If it is 

assumed that the uncertainties in barrier heights calculated in this study are normally 

distributed, with 50% of the probability density function within 1 kcal mol–1 of the calculated 

value, we arrive at a 2σ uncertainty of 3.0 kcal mol–1. 
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Estimating uncertainties in frequency factors is more difficult. The assumption that individual 

contributions of hindered rotors are separable is likely to be adequate for the reactions of 

interest in this study due to the lack of long-range interactions within the molecules. 

Interactions such as hydrogen bonding tend to be more prevalent in molecules or complexes 

with multiple oxygenated moieties, and leads to coupling of the internal rotors. This coupling, 

and the adequate treatment of rotors when it occurs, has been discussed previously by Sharma 

et al. [10], and suitable methods were applied to reactions of hydroperoxyl-alkyl-peroxyl 

radicals. Although the coupling of rotors is not likely to be significant in this study, neither is 

it likely that there is complete separability of rotors. On this basis, we estimate uncertainties 

in frequency factors to be approximately a factor of 2 per rotor “tied up” in the TS. A further 

factor of 2 may be assumed due to uncertainties in harmonic vibrational frequencies and the 

anharmonicities of these modes. 

3. Results and Discussion 

3.1. Validity of CBS limit extrapolation approach 

Barrier heights (E0 K + ZPVE) calculated using both Eq. (1) and Eq. (2) for the reactions of 

C2H5O2 and C3H7O2 species are compared, and are tabulated in the Supplemental Material, 

Table S1. It is found that the barriers determined using coupled cluster and MP2 methods 

(denoted CC/MP2 hereafter) are consistently higher than those calculated using the coupled 

cluster (CC) method alone. The difference in values is quite consistent, with Eq. 2 giving 

barriers which are higher by an average of 0.46 kcal mol–1, with a 2σ dispersion of 0.09 kcal 

mol–1. The comparison set is small, but with such a consistent offset it seems reasonable to 

lower the barriers calculated using Eq. (2) for all of the reactions of C4H9O2 and C5H11O2 

species by 0.46 kcal mol–1 from their CC/MP2 values. 
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3.2. Comparisons with the literature 

Computed rate coefficients are presented in Table 1. Due to spatial constraints we provide 

comparisons of these rate coefficients with literature values, as well as a detailed glossary of 

all species listed in Table 1, as Supplemental Material. However, an account of the results is 

also given here. As discussed in Section 1, Villano et al. [1] note that the barrier heights for 

these reactions calculated by DeSain et al. [29] are an average of 2.4 kcal mol–1 higher than 

their own. The values calculated in this study fall between those calculated in the two studies, 

with barrier heights an average of 1.2 kcal mol–1 higher than those determined by Villano et 

al. [1]. This may provide yet more evidence that CBS-QB3 tends to under-predict barrier 

heights. 

Table 1. Rate coefficients calculated in this study. 

Reaction A (s–1) n E (cal mol–1) k800 K (s–1) 

Ċ2H4OOH1–2 ↔ C2H4O1–2 + ȮH 1.68 × 1007 1.40 10880. 2.07 × 1008 

Ċ3H6OOH1–2 ↔ C3H6O1–2 + ȮH 1.45 × 1007 1.46 11850. 1.45 × 1008 

Ċ3H6OOH1–3 ↔ C3H6O1–3 + ȮH 7.56 × 1005 1.56 18070. 2.96 × 1005 

Ċ3H6OOH2–1 ↔ C3H6O1–2 + ȮH 1.19 × 1008 1.26 11630. 3.61 × 1008 

Ċ4H8OOH1–2 ↔ C4H8O1–2 + ȮH 3.06 × 1007 1.41 11310. 3.09 × 1008 

Ċ4H8OOH1–3 ↔ C4H8O1–3 + ȮH 6.57 × 1004 1.79 16150. 4.00 × 1005 

Ċ4H8OOH1–4 ↔ C4H8O1–4 + ȮH 1.38 × 1005 1.44 9920. 4.07 × 1006 

Ċ4H8OOH2–1 ↔ C4H8O1–2 + ȮH 5.06 × 1008 1.11 11030. 8.19 × 1008 

Ċ4H8OOH2–3 ↔ C4H8O2–3anti + ȮH 8.98 × 1007 1.22 10260. 4.92 × 1008 

Ċ4H8OOH2–3 ↔ C4H8O2–3syn + ȮH 3.16 × 1008 1.04 9930. 6.40 × 1008 

Ċ4H8OOH2–4 ↔ C4H8O1–3 + ȮH 3.57 × 1006 1.36 16760. 8.36 × 1005 

Ċ4H8OOHI–I ↔ C4H8OI–I + ȮH 9.30 × 1005 1.57 16670. 9.38 × 1005 

Ċ4H8OOHI–T ↔ C4H8OI–T + ȮH 2.64 × 1007 1.35 10270. 3.43 × 1008 

Ċ4H8OOHT–I ↔ C4H8OI–T + ȮH 4.53 × 1008 1.04 9930. 9.17 × 1008 

Ċ5H10OOH1–2 ↔ C5H10O1–2 + ȮH 4.67 × 1012 0.25 12840. 7.71 × 1009 
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Ċ5H10OOH1–3 ↔ C5H10O1–3 + ȮH 1.28 × 1005 1.83 14460. 2.94 × 1006 

Ċ5H10OOH1–4 ↔ C5H10O1–4 + ȮH 4.73 × 1005 1.24 8130. 1.13 × 1007 

Ċ5H10OOH1–5 ↔ C5H10O1–5 + ȮH 2.31 × 1004 1.31 8550. 6.79 × 1005 

Ċ5H10OOH2–1 ↔ C5H10O1–2 + ȮH 2.57 × 1009 1.04 11340. 2.14 × 1009 

Ċ5H10OOH2–3 ↔ C5H10O2–3anti + ȮH 4.66 × 1008 1.09 9850. 1.39 × 1009 

Ċ5H10OOH2–3 ↔ C5H10O2–3syn + ȮH 7.46 × 1008 0.70 9270. 2.36 × 1008 

Ċ5H10OOH2–4 ↔ C5H10O2–4anti + ȮH 3.84 × 1006 1.26 14970. 1.42 × 1006 

Ċ5H10OOH2–4 ↔ C5H10O2–4syn + ȮH 1.39 × 1006 1.49 15210. 2.06 × 1006 

Ċ5H10OOH2–5 ↔ C5H10O1–4 + ȮH 3.79 × 1005 1.28 10220. 3.18 × 1006 

Ċ5H10OOH3–1 ↔ C5H10O1–3 + ȮH 2.40 × 1006 1.52 17240. 1.21 × 1006 

Ċ5H10OOH3–2 ↔ C5H10O2–3anti + ȮH 2.81 × 1009 0.35 9860. 5.91 × 1007 

Ċ5H10OOH3–2 ↔ C5H10O2–3syn + ȮH 4.20 × 1009 0.71 10050. 8.68 × 1008 

Ċ5H10OOHA–A ↔ C5H10OA–A + ȮH 2.37 × 1005 1.77 16610. 9.45 × 1005 

Ċ5H10OOHA–B ↔ C5H10OA–B + ȮH 2.44 × 1008 1.22 10420. 1.21 × 1009 

Ċ5H10OOHA–C ↔ C5H10OA–Canti + ȮH 1.16 × 1004 1.96 16160. 2.18 × 1005 

Ċ5H10OOHA–C ↔ C5H10OA–Csyn + ȮH 4.25 × 1004 1.78 14740. 5.88 × 1005 

Ċ5H10OOHA–D ↔ C5H10OA–D + ȮH 5.36 × 1005 1.27 9350. 7.28 × 1006 

Ċ5H10OOHB–A ↔ C5H10OA–B + ȮH 1.59 × 1009 0.85 9590. 1.12 × 1009 

Ċ5H10OOHB–C ↔ C5H10OB–C + ȮH 8.64 × 1008 0.85 8780. 1.01 × 1009 

Ċ5H10OOHB–D ↔ C5H10OB–D + ȮH 1.21 × 1007 1.22 16390. 1.40 × 1006 

Ċ5H10OOHC–A ↔ C5H10OA–Canti + ȮH 3.79 × 1003 2.69 14900. 2.08 × 1007 

Ċ5H10OOHC–A ↔ C5H10OA–Csyn + ȮH 2.21 × 1005 1.67 16240. 5.69 × 1005 

Ċ5H10OOHC–B ↔ C5H10OB–C + ȮH 1.19 × 1010 0.77 9420. 5.47 × 1009 

Ċ5H10OOHC–D ↔ C5H10OC–D + ȮH 1.23 × 1009 1.01 10180. 1.74 × 1009 

Ċ5H10OOHD-A ↔ C5H10OA–D + ȮH 4.60 × 1005 1.30 9360. 7.59 × 1006 

Ċ5H10OOHD-B ↔ C5H10OB–D + ȮH 1.14 × 1005 1.65 13370. 1.57 × 1006 

Ċ5H10OOHD-C ↔ C5H10OC–D + ȮH 1.73 × 1007 1.41 11350. 1.70 × 1008 

neoĊ5H10OOH ↔ neoC5H10O + ȮH 5.88 × 1006 1.55 15990. 7.96 × 1006 
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Figure 1. Comparison of literature values with this work for the cyclisation reaction of 

3-hydroperoxyl-prop-2-yl radical forming methyloxirane and a hydroxyl radical. Solid 

black: This work, Dashed black: Villano et al. [1], Dotted black: Miyoshi [2], Dash-dot 

black: Wijaya et al. [3], Solid grey: Cord et al. [4], Dashed grey: Chan et al. [5], Dotted 

grey: Goldsmith et al. [6]. 

An example comparison of literature rate coefficients is shown in Fig. 1 for the cyclisation 

reaction of 3-hydroperoxyl-prop-2-yl radical forming methyloxirane and a hydroxyl radical. 

This comparison reflects the general trend seen when comparing literature rate coefficients 

with those calculated in this study, in that those computed here tend towards the lower end of 

values which currently exist. 

These lower rate coefficients may have been expected due to the findings of Zhang et al. 

[26], where some of the rate rules suggested by Villano et al. [1] had to be lowered by 

approximately a factor of 4 in the temperature region where these reactions are most 

important (~700–900 K) in order to improve model agreement with cyclic ether concentration 

profiles measured using a jet-stirred reactor. This was achieved by lowering the A-factor of 

the Arrhenius expressions by a factor of 2, and increasing the activation energy by 1 kcal 

mol–1. 
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3.3. Implications for combustion modelling 

Figure 2 shows the effects of including the rate coefficients presented here for the reactions 

of C5H11O2 to a recently published model describing oxidation of the pentane isomers [25]. 

Constant volume and perfectly-stirred reactor simulations were run under some representative 

conditions in which chemical kinetic models describing combustion processes are often 

validated. n-Pentane is chosen as the representative fuel, and CHEMKIN-PRO [49] was used 

for the simulations. The closed homogeneous batch reactor, and perfectly-stirred reactor 

modules within CHEMKIN-PRO were used to simulate the ignition delay times and species 

concentration profiles, respectively. Ignition delay simulations were run under stoichiometric 

fuel/‘air’ conditions (2.56% n-pentane, 20.46% O2, 76.98% N2) at 10 and 20 atm, and from 

650–1400 K. The perfectly-stirred reactor simulations were also run under stoichiometric 

conditions (1% n-pentane, 8% O2, 91% N2) at 1 atm, and from 500–1100 K, at a residence 

time of 2 s. Also plotted are data presented in [25], Fig. 2 (a), as well as jet-stirred reactor 

data yet to be published [50], Fig. 2 (b) and (c). 

 

Figure 2. Model-simulated effects of rate coefficients presented in this study on n-

pentane (a) ignition delay times at 10 (black) and 20 atm (red), and perfectly-stirred 

reactor profiles of (b) n-pentane, (c) 2-methyltetrahydrofuran (black), and 2,4-

dimethyloxetane (red). Symbols represent experimental data, dashed lines represent 

Model A, and solid lines Model B (see Section 3.3 for details). The thicker lines in (a) 

represent simulations accounting for facility effects. 



138 
 

The simulation results of two models (Model A and Model B) are shown. Model A is that 

presented in [25], with the rate coefficients for C5 cyclic ether formation reactions taken from 

Villano et al. [1]. Model B is the same, but with the rate coefficients for the same reaction 

class replaced with those pertaining to n-pentane from Table 1 in this study. It is shown that 

there is an increase in reactivity in the NTC region in both sets of simulations, where the title 

reactions are known to be important, Fig. 2 (a) and (b). This reaction class is an important 

radical chain propagating one, and so this effect is as expected given that the newly computed 

rate coefficients are lower than those from Villano et al. [1]. The effects seen are not big in 

terms of overall reactivity, but in Fig. 2 (c) the perfectly-stirred reactor simulated 

concentration profiles of the two major cyclic ethers formed from n-pentane oxidation (2-

methyltetrahydrofuran and 2,4-dimethyloxetane) are shown, and a significant effect is seen. 

Two peaks are observed in both concentration profiles at approximately 650 and 850 K, and 

factors of ~2–4 differences are seen in the simulated profiles at these temperatures. While 

model-predicted mole fractions of 2-methyltetrahydrofuran have gone from slightly over-

predicting the experimental data to under-predicting it, those of 2,4-dimethyloxetane have 

improved considerably in terms of agreement with experiment. While the graphs in Fig. 2 are 

mainly for illustrative purposes, it is seen that the inclusion of the newly calculated rate 

coefficients into an existing model can bring about significant changes and overall 

improvement in predicting cyclic ether concentrations. Model B would require modifications 

in order to restore the accurate prediction of overall reactivity, but this test provides insights 

into the modelling implications of using the rate coefficients presented in Table 1. 

4. Conclusions 

This paper presents a systematic and comprehensive study of the high-pressure limit kinetics 

of cyclic ether formation reactions from hydroperoxyl-alkyl radicals. The rate coefficients are 

presented and compared with those from the literature, and we find that those presented here 
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are generally lower than the existing values. Two different approaches are compared for the 

determination of reaction barrier heights, and we validate a method which can approximate a 

“higher-level” answer at a lower computational cost. The implications that these new rate 

coefficients may have for combustion modelling are discussed, with results that are 

reasonably significant in terms of mechanism predictions. 

While this study presents values which are determined at a higher level of theory than other 

studies for this reaction class, the modelling successes achieved by using values from these 

previous studies cannot be understated. Several recent studies emanating from this research 

group and collaborators have proven just how useful systematic studies of important reaction 

classes can be, even if the accuracy of those values are not state-of-the-art. It is likely that 

these successes were possible due to most of the rate coefficients for important reaction 

classes within low-temperature oxidation schemes being calculated at the same level of 

theory (CBS-QB3). While the absolute accuracies of the values are probably less than 

desirable, it may be the case that the relative values are more preferable, resulting in 

favourable model predictions. 

A more accurate determination of uncertainties in rate coefficients derived using different 

theoretical methods would be extremely useful for chemical kinetic modellers. A 

benchmarking study of different model chemistries, for instance, would go a long way in this 

regard. However, obtaining suitable experimental data is likely difficult or currently 

impossible, so any such studies would have to rely on comparisons with state-of-the-art 

theoretical calculations. Computationally less accurate (and cheaper) methods with more 

accurate uncertainties may prove to be the most useful. 
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Abstract 

Two jet-stirred reactors (JSRs) coupled to gas chromatographic and spectroscopic techniques 

have been utilised to detect chemical species evolved during n-pentane oxidation at 1 and 10 

atm, in the temperature range 500–1100 K, and at equivalence ratios of 0.3–2.0. To the 

authors’ knowledge, this is the first study of a fuel’s oxidation in two JSRs. In addition, the 

choice of experimental conditions results in there being the same concentration of n-pentane 

in all investigated mixtures; 1% at 1 atm, and 0.1% at 10 atm. This permits the additional 

assessment of the importance of pressure-dependent kinetics in predicting species 

concentration profiles. A recently published literature model [J. Bugler, B. Marks, O. 

Mathieu, R. Archuleta, A. Camou, C. Grégoire, K. A. Heufer, E. L. Petersen, H. J. Curran, 

Combust. Flame 163 (2016) 138–156] served as the starting point in simulating these 

experiments, with only minor additions and modifications necessary to achieve good overall 

agreement. The main adjustments were made to account for multi-oxygenated species (C5 

aldehydes, ketones, diones, etc.) detected mainly at low temperatures (<800 K) in both JSRs. 
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In this paper we present new experiments, the most important of which are very well 

predicted using the aforementioned literature model. The effect of adding chemical pathways, 

which have been postulated to contribute to the generation of multi-oxygenated species, has 

been investigated. Finally, a brief account on the importance of pressure-dependent kinetics 

in the modelling of these experiments is provided. 

1. Introduction 

In recent years there has been a renewed interest in understanding the oxidation of alkanes, 

with a plethora of experimental, theoretical, and modelling studies being undertaken by many 

research groups [1–22]. It is a welcome development that not only are these studies focussing 

on specific aspects which bolster our overall understanding, but many of these studies take a 

multi-faceted approach, incorporating these different elements to “tie together” individual 

efforts and provide greater insights into the complex underlying processes. 

This renewed interest may come as no surprise given the ubiquity of alkanes in practical 

combustion applications. A significant portion of petrol [23], diesel [24], and jet fuels [25] 

are comprised of alkanes, and their ignition properties, heat release rates, burning velocities, 

and chemical decomposition pathways need to be well characterised in order to improve the 

design of the combustors in which they are used. Not only this, but with the advent of 

kinetically-controlled, low-temperature combustor technologies such as Reactivity Controlled 

Compression Ignition (RCCI), the chemical characterisation of fuels is now more important 

than ever [26]. 

This study represents the latest in a series of collaborative efforts to further our understanding 

of alkane oxidation [16–18], as well as to refine the fundamental kinetic and thermodynamic 

parameters which dictate the predictive capabilities of resulting chemical kinetic models. This 

has been largely aided by the proliferation of theoretical studies in the literature with a focus 
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on accurate determination of these necessary model parameters. The current study builds 

upon these previous works by incorporating new reaction classes into an n-pentane 

mechanism with the aim of predicting multi-oxygenated species which have only recently 

become identifiable in experiments. The currently fashionable topic of pressure-dependent 

kinetics is also explored by taking new, theoretically-derived high-pressure limit rate 

coefficients and performing an analysis to assess their fall-off from the high-pressure limit. 

The resulting fall-off rate coefficients are then incorporated into the model to examine their 

effect. 

2. Experimental 

2.1. Atmospheric pressure Jet-stirred reactor 

The JSR experimental setup in Nancy has been used for numerous gas phase kinetic studies 

of hydrocarbon and oxygenated hydrocarbon fuel oxidation [27]. Experiments were 

performed at steady state conditions, at a pressure of 1.05 atm, at a residence time of 2 s, at 

temperatures ranging from 500 to 1100 K, and at three equivalent ratios of 0.5, 1 and 2 with 

initial fuel mole fractions of 1%. The reactor consists of a fused silica sphere (volume = 81.2 

cm3) into which diluted reactant enters through an injection cross located at its centre. It is 

operated at constant temperature and pressure and it is preceded by an annular pre-heating 

zone in which the temperature of the gases is increased up to the reactor temperature before 

entering it. Both preheater and reactor were heated to the reaction temperature through the 

use of Thermocoax resistors with the temperature controlled using type K thermocouples 

(temperature gradients <5 K). The liquid fuel flow rate was controlled using a Coriolis flow 

controller, mixed with the carrier gas (helium) and evaporated in a heat exchanger. The fuel 

was provided by Sigma-Aldrich (purity >99%). A GC analysis of the fuel reveals a 

composition of 99.3% n-pentane, 0.6% 2-methylbutane, and 0.04% cyclopentane. Helium 

and oxygen were provided by Messer (purities of 99.99% and 99.999%, respectively). 
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Products have been analyzed online using two complementary methods, namely gas 

chromatography (GC) and cavity ring-down spectroscopy (CRDS). 

Directly connected to the outlet of the reactor, chromatographs were equipped with three 

columns (carbosphere packed column, PlotQ capillary column, and a HP-5 capillary column), 

a TCD (thermal conductivity detector) and an FID (flame ionization detector). A GC-MS 

operating with electron ionization (70 eV) was used for products identification. Cw-CRDS, a 

near infrared (6620 ≤ λ ≤ 6644 cm–1) absorption spectroscopic technique was used to analyze 

water and formaldehyde. A tubular-glass cw-CRDS cell (length: 86 cm, diameter: 0.8 cm) 

working at low pressure (1.33 kPa) was coupled to the reactor through a sonic probe. Mole 

fractions were calculated using two different absorption lines for each species [28]. 

2.2. High pressure Jet-stirred reactor 

The JSR experimental setup at Orléans has been described previously [29]. The experiments 

were performed at a steady state, at a constant pressure of 10 atm, and a constant mean 

residence time τ = 0.7 s.  The volume of the fused silica spherical reactor was 39 cm3. The 

reactants flowed constantly into the JSR and the temperature of the gases inside the reactor 

was increased stepwise. Uncertainties in reactor temperature, residence time, and reactor 

pressure are estimated as +/– 3 K, +/– 0.05 s, and +/– 0.1 atm, respectively. Prior to the 

injectors, they were diluted with nitrogen and mixed. A high degree of dilution (0.1% mol. of 

fuel) was used to minimize heat release. The reactants were high-purity oxygen (99.995% 

pure) and high-purity n-pentane (>99% pure from Aldrich). They were pre-heated before 

injection to minimize temperature gradients inside the reactor. A Shimadzu LC10 AD VP 

pump with an on-line degasser was used to deliver the fuel to an atomizer-vaporizer assembly 

maintained at 200 °C. Temperature gradients of <1 K/cm were observed by thermocouple 

measurements (0.1 mm Pt-Pt/Rh-10%, located inside a thin-wall silica tube). The reacting 
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mixtures were sampled by a movable fused silica low-pressure sonic probe and then sent to 

the analyzers via a Teflon heated line (200 °C). The samples were analyzed online by FTIR 

(10 m path-length, 200 mbar, resolution of 0.5 cm–1) and off-line after collection and storage 

in 1 L Pyrex bulbs. Off-line analyses involved gas chromatographs (GC) equipped with 

capillary columns (DB-5ms, CPSil-5CB, DB-624, CP-Al2O3-KCl, and Carboplot-P7), a 

TCD (thermal conductivity detector), and an FID (flame ionization detector). A GC-MS 

operating with electron ionization (70 eV) was used for products identification. For measured 

species, an uncertainty of <10% was determined for concentrations higher than 10 ppm. 

3. Kinetic Modelling 

3.1. Chemical Kinetic Model 

A recent literature model served as the starting point for modelling of the new JSR 

experimental data [17]. Several reaction classes have been added based on the findings of 

Pelucchi et al. [14] and Ranzi et al. [15]: (i) recombination/disproportionation reactions of 

alkyl-peroxyl and hydroperoxyl-alkyl-peroxyl radicals, (ii) H-atom abstractions from alkyl 

hydroperoxides and carbonyl-hydroperoxides, and (iii) decomposition of carbonyl-

hydroperoxides via the Korcek mechanism [10]. These reactions and their effects on model 

predictions will be discussed in Section 4.2. 

All simulations presented herein have utilised the perfectly-stirred reactor module in 

CHEMKIN-PRO [30]. The performance of the model against the new experimental species 

concentration profiles will be discussed in Section 4.1. 

Rate coefficients for the reactions of n-C5 hydroperoxyl-alkyl radicals undergoing cyclisation 

to cyclic ethers and hydroxyl radicals have been updated based on a recent theoretical study 

by Bugler et al. [22]. The pressure dependence of the rate coefficients for these reactions has 
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been calculated via Quantum-Rice-Ramsperger-Kassel/Modified Strong Collision 

(QRRK/MSC) analyses [31–33]. 

3.2. QRRK/MSC Analyses 

The average energy transferred in a deactivating collision, 〈ΔEd〉, is estimated with a 

temperature dependent function, 〈ΔEd〉 = 300(T/300)0.85 cm–1, for each of the thirteen n-C5 

cyclic ether formation reactions. Lennard-Jones parameters for the reactants are estimated to 

be the same as those for n-heptane, both containing seven “heavy” (non-hydrogen) atoms. 

Values for these parameters have been adopted from the work of Jasper and Miller [34], σ = 

4.42 Å, ε/kB = 306.39 K. All calculations have been performed with N2 as the bath gas, with 

Lennard-Jones parameters for N2 the same as those used by Jasper and Miller, σ = 3.68 Å, 

ε/kB = 67.89 K. The resulting rate coefficients were fitted to a modified Arrhenius form, A Tn 

exp(–Ea/RT), in the temperature range 500–1100 K, in 100 K increments. This shortened 

temperature range was selected as it comfortably covers conditions where these reactions 

play an important role in model predictions, and also it reduces errors in fitting, resulting in a 

maximum deviation of 10% from the numerical data. It is expected that the QRRK/MSC 

approach should provide a reasonable account of the pressure dependence of these reactions 

based on benchmarking of the method by Pelucchi et al. [35] against the more rigorous Rice-

Ramsperger-Kassel-Marcus/Master-Equation (RRKM/ME) approach. All rate coefficients 

computed via the aforementioned QRRK/MSC analyses are provided as Supplemental 

Material in CHEMKIN format [30]. 

4. Results and Discussion 

4.1. Comparisons of model simulations with experimental data 

Figure 1 shows comparisons of model simulation results with the new experimental data for a 

selection of the species observed in the experiments. Both 1 and 10 atm experimental and 
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model-simulated species profiles are shown as a function of temperature. Figures for all 

species profiles as well as a detailed glossary are provided as Supplemental Material. 

 

Figure 1. Model-simulated species profiles versus experimental data. The first and third 

columns contain 1 atm results, with the second and fourth columns showing 10 atm 

results. ▼ – φ = 0.3, ■ – φ = 0.5, ● – φ = 1.0, ▲ – φ = 2.0. Solid symbols represent species 

detected via GC methods, while open symbols refer to those detected via cw-CRDS. 

There is excellent agreement between experimentally-observed formaldehyde concentrations 

at 1 atm detected using both GC and cw-CRDS techniques. These are the only profiles for 
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which there exists a direct comparison of the analytical methods. For the species shown, there 

is generally excellent agreement between simulations and experiments. There is also 

approximately equal agreement between model simulations and experiments from both 

reactors, suggesting a consistency in the measured data. However, discrepancies exist when 

comparing model-simulated profiles versus experiments, most notably for the n-pentane, 

water, and 2-pentene profiles. Agreement between model simulations and experiments is 

generally excellent for the fuel profiles at 1 atm, with the exception of φ = 2.0 at 600 K, 

where an over-prediction of n-pentane is observed. A peculiarity arises with the fuel profiles 

at 10 atm, in which slightly more n-pentane is measured at some temperatures compared to 

that detected at the lowest temperatures (530 K). The larger uncertainty in the reactant 

concentration measurements makes simulation of the high-pressure fuel profiles difficult, and 

may contribute to the poorer agreement observed when compared to the atmospheric data. 

With regard to the water profiles, the model is found to under-predict concentrations at 1 atm 

across the whole temperature range, with the largest differences seen under fuel-lean and 

stoichiometric conditions. While the same is true of the 10 atm water profiles at temperatures 

up to ~750 K, the model then over-predicts concentrations at temperatures above this. Note 

that in CRDS, the uncertainties in water mole fractions are larger than 15% at high 

temperatures due to the huge concentration of this species in the cell which eventually leads 

to line saturation above 850 K. 

The final major discrepancy is in the 2-pentene profiles. Model simulations slightly over-

predict 2-pentene concentrations at 10 atm, but the over-prediction is far more extreme at 

atmospheric pressure. However, the relative experimentally-observed concentrations of 1- 

and 2-pentene are somewhat anomalous when compared at the different pressures. At 10 atm, 

the peak concentrations of both olefins are approximately equal across all mixture 

compositions. This is in stark contrast to the 1 atm data, where is it seen that 1-pentene is 
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detected in peak concentrations sometimes over ten times those of 2-pentene. In the 

atmospheric pressure study, there is a large uncertainty on the 2-pentene measurement since 

in GC its peak is significantly co-eluted with the large one due to the reactant.  

Despite these few oddities, the predictions of the model are mostly in close agreement with 

experimental observations. This bodes well for future application of the model, and may also 

indicate that both the overall and relative reaction rates and their equilibria, as determined by 

the thermochemical parameters within the model, are of adequate accuracy to predict the 

global and molecular characteristics of the fuel. 

4.2. Newly added reaction classes 

Of the newly added reaction classes (Section 3.1), the recombination/disproportionation 

reactions of alkyl-peroxyl radicals had the most significant effect on predictions of pentanal, 

and 2- and 3-pentanones. These reactions involve the recombination of two peroxyl radicals 

to produce O2 and a di-alkylperoxide, which rapidly decomposes forming a species with an 

alcohol group, and another containing a carbonyl moiety. For example, 

C5H11OȮ + C5H11OȮ ↔ O2 + C5H11OOC5H11 

C5H11OOC5H11 ↔ C5H11OH + C4H9CHO 

The peroxide intermediate is not explicitly accounted for in the model due to its relative 

instability. Instead, these reactions of two peroxyl radicals are treated as going directly to 

molecular oxygen and the alcohol and carbonyl compounds. The rate coefficients used for 

these reactions are those proposed by Curran et al. [36] for the reactions of two alkyl-peroxyl 

radicals forming O2, and two alkoxyl radicals. Figure 2 (a) shows model performance versus 

experimental data for pentanal, where it is seen that its concentrations are well reproduced by 

the model at lower temperatures (~550–650 K), but are under-predicted from approximately 
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700–900 K. The isomerisation reaction of 1-pentyl-peroxyl radical through a 4-membered 

transition state ring structure to produce pentanal and a hydroxyl radical was included to 

improve model predictions of the aldehyde towards higher temperatures, but this had little 

effect. This isomerisation has a relatively high barrier (~40 kcal mol–1), and so is effectively 

non-existent in the NTC temperature regime, but it is also a high frequency factor (~1 × 1013 

s–1) process due to its entropic favourability. However, the latter characteristic of the reaction 

is not enough to overcome the former, and so does not contribute much to pentanal 

formation, even at higher temperatures. 

 

Figure 2. Model-simulated (a) pentanal, (b) acetylacetone, and (c) acetic acid profiles 

versus 1 atm experimental data, and (d) acetic acid profiles at 10 atm. ▼ – φ = 0.3, ■ – φ 

= 0.5, ● – φ = 1.0, ▲ – φ = 2.0. Dotted lines represent model-simulated acetic acid 

profiles upon modification to Korcek mechanism (see Section 4.2 for details). 

H-atom abstractions from alkyl hydroperoxides and carbonyl-hydroperoxides at the sites α- to 

the hydroperoxyl group were included to the mechanism, and were estimated to have a rate 
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coefficient of 1 × 1012 cm3 mol–1 s–1 per H-atom abstracted, in close agreement with values 

used by Pelucchi et al. [14] and Ranzi et al. [15]. The inclusion of this reaction class had a 

negligible influence on the prediction of pentanal, and 2- and 3-pentanone concentrations. 

However, the abstractions from carbonyl-hydroperoxides results in an adequate prediction of 

C5 diones, though some discrepancies do exist. Although the model predicts a downward 

trend in acetylacetone concentrations with increasing equivalence ratio, Fig. 2 (b), such a 

trend does not present itself in the experimental data. While there is a decrease when 

comparing φ = 0.5 to φ = 2.0, unusually high concentrations of the dione are observed at 

stoichiometric conditions. Experimental and model-simulated peak concentrations of 

acetylacetone are in good agreement at fuel-lean conditions (φ = 0.5), but it is under-

predicted at stoichiometric and fuel-rich conditions. 

The final class of reactions added to the mechanism is that of carbonyl-hydroperoxides 

undergoing unimolecular decomposition via the Korcek mechanism, resulting in the 

formation of organic acids. This class involves the isomerisation of γ-carbonyl-

hydroperoxides to cyclic peroxides, which subsequently decompose via concerted reactions 

to carbonyl and carboxylic acid products. The rate coefficients for these reactions are adopted 

from the ab initio investigations by Jalan et al. [10]. The major acid produced from the low-

temperature oxidation of n-pentane is acetic acid, with experimental and simulated profiles 

plotted in Fig. 2 (c) and (d). While the model predicts some detectible concentrations of 

acetic acid at 600 K at both pressures, it is nowhere near those detected in both sets of 

experiments. The dotted lines in Fig. 2 (c) and (d) represent model-simulated acetic acid 

concentrations when the rate coefficients for isomerisation of γ-carbonyl-hydroperoxides to 

cyclic peroxides are increased by a factor of 10. This change in rate coefficients has a 

negligible effect on the prediction of any concentration profiles other than those of organic 

acids (as was also observed by Pelucchi et al. [14] and Ranzi et al. [15]), but even this 
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increase does not provide entirely satisfactory agreement with the acetic acid profiles. It may 

be the case that there is (at least) another pathway as yet not considered in the mechanism 

which may contribute to the production of acetic acid, but this pathway would have to 

produce multiples of the amounts found herein to be produced via the Korcek mechanism. It 

may also be the case that the preceding γ-carbonyl-hydroperoxides are not produced in high 

enough concentrations in the model. In either case, rectification of this discrepancy will 

require further investigation. 

4.3. Effect of QRRK/MSC treatment 

Figure 3 illustrates the effects of the QRRK/MSC treatment (detailed in Section 3.2) on the 

rate coefficient of an example cyclisation reaction of an n-C5 hydroperoxyl-alkyl radical, and 

the effects that this has on model-simulated concentrations of the resulting cyclic ether. 

There is significant improvement observed in model agreement with experimental data for 

the example shown in Fig. 3. This example represents a maximum effect of the treatment of 

pressure dependence for this reaction class, as the reactions forming 3-membered cyclic ether 

rings have the largest rate coefficients within this class, and exhibit the most fall-off from the 

high-pressure limit.  

 

Figure 3. Effect of QRRK/MSC treatment on (a) the rate coefficient for reaction of 2-

hydroperoxyl-pent-3-yl radical forming the antiperiplanar conformer of 2,3-



161 
 

methyl,ethyl-oxirane and hydroxyl radical, and (b) experimentally measured (symbols) 

and model simulated (lines) 2,3-methyl,ethyl-oxirane concentrations at 1 atm, and 

stoichiometric conditions. Dashed lines correspond to (a) the high-pressure limit rate 

coefficient, and (b) model predictions using that value. Similarly, solid lines represent 

(a) the 1 atm rate coefficient, and (b) the effects of its inclusion in the model. 

Figure 3 (a) shows that the difference between the high-pressure limit rate coefficient and that 

for 1 atm determined via the QRRK/MSC analysis is approximately a factor of 3 and 8 at 650 

and 850 K, respectively. The largest degree of fall-off for any of the reactions besides those 

forming 3-membered rings equate to factors of approximately 1.3 and 1.6 at the same 

temperatures and pressures as the example shown in Fig. 3 (a). A relatively minute amount of 

fuel molecules progress through pathways resulting in the formation of 3-membered cyclic 

ether rings, which may be counterintuitive given the high rate coefficients which typify the 

reactions of the hydroperoxyl-alkyl radicals which form them. This is due to the nature of the 

isomerisation reactions of the alkyl-peroxyl radicals which immediately precede these 

particular hydroperoxyl-alkyl radicals, in that they must progress through a 5-membered 

transition state ring, which is quite slow in comparison to alternative routes and typically 

represents a relatively small portion of the reaction flux [17,19]. This finding corroborates 

literature evidences [5,8,16,17,19–21] that the use of high-pressure limit rate coefficients for 

the important low-temperature reaction classes of alkanes is adequate under practical 

combustion operating conditions. For the most part this is also true in modelling atmospheric 

pressure environments, as shown in this study, with the treatment of pressure-dependence of 

uni-molecular kinetics resulting only in refinement of predictions for marginally important 

species. 

Neither the inclusion of new reaction classes nor the treatment of pressure-dependence has 

had any noticeable effects on model predictions of overall reactivity, as may have been 
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expected given the envelope of conditions over which the model had previously been 

validated with ignition delay time experiments, further confirming their usefulness as 

validation targets with which to elucidate the major reaction classes within a mechanism. 

5. Conclusions 

This study presents new jet-stirred reactor data from the oxidation of n-pentane at 1 and 10 

atm, in the temperature range 500–1100 K, and at equivalence ratios of 0.3–2.0. Minor 

modifications have been made to an existing literature model, resulting in exceptional 

agreement with the major species detected in both reactors. 

A series of recent studies have now been conducted between several research groups on the 

oxidation of n-pentane. The model presented here can now adequately predict shock tube and 

rapid compression machine ignition delay times, jet-stirred reactor species concentration 

profiles, and laminar burning velocities. 

The majority of rate coefficients for the most important reactions (especially those which 

control low-temperature reactivity) have been adopted from several recent quantum chemical 

studies, and are mostly unmodified from the values quoted in their respective manuscripts. It 

seems that convergence towards a consistent set of kinetic and thermodynamic values 

describing the oxidation of alkanes is beginning to become a reality. This, perhaps, comes as 

little surprise given the sheer amount of scientific effort and resources dedicated to the 

characterisation of their chemical mechanisms. 

Studies are now appearing quite rapidly showing application of this combined knowledge, 

and the relative ease with which alkane models can now predict wide ranges of experimental 

targets. The current fidelity of alkane models now provides an ideal base from which to probe 

the chemical characteristics of more exotic fuel types. Our understanding of the oxidation 
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pathways of alkanes now allows us to more facilely elucidate the controlling factors of the 

oxidation of other fuels through direct comparisons. 

Acknowledgements 

The work at NUIG was supported by the Irish Research Council under grant number 

EPSPG/2012/380. The collaboration between LRGP and NUIG was supported by COST 

Action 1404. The work at CNRS Orléans was supported by the ERC Advanced Researcher 

Grant n° 291049 − 2G-CSafe. 

References 

[1] S. Sharma, S. Raman, W. H. Green, J. Phys. Chem. A 114 (2010) 5689–5701. 

[2] F. Zhang, T. S. Dibble, J. Phys. Chem. A 115 (2011) 655–663. 

[3] A. Miyoshi, J. Phys. Chem. A 115 (2011) 3301–3325. 

[4] J. Zádor, S. J. Klippenstein, J. A. Miller, J. Phys. Chem. A 115 (2011) 10218–10225. 

[5] S. M. Villano, L. K. Huynh, H. -H. Carstensen, A. M. Dean, J. Phys. Chem. A 115 (2011) 

13425–13442. 

[6] A. Miyoshi, Int. J. Chem. Kinet. 44 (2012) 59–74. 

[7] C. F. Goldsmith, W. H. Green, S. J. Klippenstein, J. Phys. Chem. A 116 (2012) 3325–

3346. 

[8] S. M. Villano, L. K. Huynh, H. -H. Carstensen, A. M. Dean, J. Phys. Chem. A 116 (2012) 

5068–5089. 

[9] D. M. A. Karwat, S. W. Wagnon, M. S. Wooldridge, C. K. Westbrook, Combust. Flame 

160 (2013) 2693−2706. 



164 
 

[10] A. Jalan, I. M. Alecu, R. Meana-Pañeda, J. Aguilera-Iparraguirre, K. R. Yang, S. S. 

Merchant, D. G. Truhlar, W. H. Green, J. Am. Chem. Soc. 135 (2013) 11100−11114. 

[11] S. M. Villano, H. -H. Carstensen, A. M. Dean, J. Phys. Chem. A 117 (2013) 6458–6473. 

[12] J. Zádor, H. Huang, O. Welz, J. Zetterberg, D. L. Osborn, C. A. Taatjes, Phys. Chem. 

Chem. Phys. 15 (2013) 10753−10760. 

[13] L. Cai, H. Pitsch, Combust. Flame 161 (2014) 405−415. 

[14] M. Pelucchi, M. Bissoli, C. Cavallotti, A. Cuoci, T. Faravelli, A. Frassoldati, E. Ranzi, 

A. Stagni, Energy Fuels 28 (2014) 7178−7193. 

[15] E. Ranzi, C. Cavallotti, A. Cuoci, A. Frassoldati, M. Pelucchi, T. Faravelli, Combust. 

Flame 162 (2015) 1679–1691. 

[16] K. Zhang, C. Banyon, C. Togbé, P. Dagaut, J. Bugler, H. J. Curran, Combust. Flame 162 

(2015) 4194–4207. 

[17] J. Bugler, B. Marks, O. Mathieu, R. Archuleta, A. Camou, C. Grégoire, K. A. Heufer, E. 

L. Petersen, H. J. Curran, Combust. Flame 163 (2016) 138–156. 

[18] L. Cai, H. Pitsch, S. M. Sarathy, V. Raman, J. Bugler, H. J. Curran, Combust. Flame 

(2016) in press. 

[19] J. Bugler, K. P. Somers, E. J. Silke, H. J. Curran, J. Phys. Chem. A 119 (2015) 7510–

7527. 

[20] M. P. Burke, C. F. Goldsmith, Y. Georgievskii, S. J. Klippenstein, Proc. Combust. Inst. 

35 (2015) 205−213. 



165 
 

[21] C. F. Goldsmith, M. P. Burke, Y. Georgievskii, S. J. Klippenstein, Proc. Combust. Inst. 

35 (2015) 283−290. 

[22] J. Bugler, J. Power, H. J. Curran, Proc. Combust. Inst. 36 (2016) in review. 

[23] C. Harper, J. J. Liccione, Toxicological Profile for Gasoline, U. S. Agency for Toxic 

Substances and Disease Registry, 1995. 

[24] J. F. Risher, S. W. Rhodes, Toxicological Profile for Fuel Oils, U. S. Agency for Toxic 

Substances and Disease Registry, 1995. 

[25] J. F. Risher, P. M. Bittner, S. W. Rhodes, Toxicological Profile for JP-5 and JP-8, U. S. 

Agency for Toxic Substances and Disease Registry, 1998. 

[26] R. D. Reitz, G. Duraisamy, Prog. Energy Combust. Sci. 46 (2015) 12–71. 

[27] O. Herbinet, F. Battin-Leclerc, Int. J. Chem. Kinet. 46 (2014) 619–639. 

[28] A. Rodriguez, O. Frottier, O. Herbinet, R. Fournet, R. Bounaceur, C. Fittschen, F. 

Battin-Leclerc, J. Phys. Chem. A 119 (2015) 7905–7923. 

[29] P. Dagaut, M. Cathonnet, J. P. Rouan, R. Foulatier, A. Quilgars, J. C. Boettner, F. 

Gaillard, H. James, J. Physics E : Instrum. 19 (1986) 207-209. 

[30] CHEMKIN-PRO 15101, Reaction Design, San Diego, 2010. 

[31] A. M. Dean, J. Phys. Chem. 89 (1985) 4600–4608. 

[32] A. Y. Chang, J. W. Bozzelli, A. M. Dean, Z. Phys. Chem. 214 (2000) 1533–1568. 

[33] L. S. Kassel, J. Phys. Chem. 32 (1928) 225–242. 

[34] A. W. Jasper, J. A. Miller, Combust. Flame 161 (2014) 101–110. 



166 
 

[35] M. Pelucchi, K. P. Somers, K. Yasunaga, U. Burke, A. Frassoldati, E. Ranzi, H. J. 

Curran, T. Faravelli, Combust. Flame 162 (2015) 265–286. 

[36] H. J. Curran, P. Gaffuri, W. J. Pitz, C. K. Westbrook, Combust. Flame 129 (2002) 253–

280. 

  



167 
 

On Modelling Nitrogen Species as Pollutants: Thermochemical 

Influences 

 

Author contributions 

John Bugler: Performed most of the calculations and wrote most of the manuscript. 

Kieran P. Somers: Performed calculations for anharmonicities in vibrational modes, and 

wrote the part of the computational methods section pertaining to these. 

John M. Simmie: Provided input on electronic structure calculations and results from 

previous work. 

Felix Güthe: Provided information on practically relevant conditions for assessment of 

simulation results. 

Henry J. Curran: Managed the project throughout, and reviewed manuscript prior to and post 

the review process. 

  



168 
 

  



169 
 

On Modelling Nitrogen Species as Pollutants: Thermochemical 
Influences 

John Buglera, Kieran P. Somersa, John M. Simmiea, Felix Gütheb, Henry J. Currana,* 

aCombustion Chemistry Centre, National University of Ireland, Galway H91 TK33, Ireland 

bGE Power – GSTRB, Brown Boveri Strasse 7, 5401 Baden, Switzerland 

Published in: J. Phys. Chem. A 120 (2016) 7192–7197 

ABSTRACT 

In order to simulate emissions of nitrogen-containing compounds in practical combustion 

environments, it is necessary to have accurate values for their thermochemical parameters, as 

well as accurate kinetic values to describe the rates of their formation and decomposition. 

Significant disparity is observed in the literature for the former, and we therefore present 

herein high-accuracy ab initio gas-phase thermochemistry for 60 nitrogenous compounds, 

many of which are important in the formation and consumption chemistry of NOx species. 

Several quantum-chemical composite methods (CBS-APNO, G3, and G4) were utilised in 

order to derive enthalpies of formation via the atomisation method. Entropies and heat 

capacities were calculated from traditional statistical thermodynamics, with oscillators treated 

as anharmonic based on ro-vibrational property analyses carried out at the B3LYP/cc-pVTZ 

level of theory. The use of quantum chemical methods, along with the treatments of 

anharmonicities and hindered rotors, ensures accurate enthalpy of formation, entropy, and 

heat capacity values across a temperature range of 298.15–3000 K. The implications of these 

results for atmospheric and combustion modelling are discussed. 
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1. INTRODUCTION 

With ever more stringent emissions regulations and growing environmental concerns, 

controlling emissions of nitrogen oxides (NOx) from combustion and high-temperature 

industrial processes continues to be an active area of research. Combustor design and fuel 

flexibility can both aid in the quest to reduce these harmful emissions. However, making 

improvements in these areas needs to be carried out in an efficient and cost-effective way if 

timely progress is to be made. To this end, the use of chemical kinetic models has been 

invaluable, and in recent years there have been quite a few proposed mechanisms concerned 

with NOx chemistry, and with interactions of nitrogen oxides with hydrocarbons.1–18 

However, as will be discussed, there can be significant disparity between published models in 

terms of the thermochemical properties of nitrogen-containing species therein. This is often 

coupled with further disparity in terms of kinetic rate parameters within the models. The two 

are likely linked and, as has been highlighted previously19, erroneous kinetic and 

thermodynamic values within a chemical kinetic model can lead to a series of compensating 

errors, resulting in favourable agreement with a limited set of experimental validation targets. 

It seems, much like models describing hydrocarbon oxidation, the “many-model” problem20–

22 appears to also apply to descriptions of NOx chemistry. If there is to be convergence 

towards a comprehensive description of NOx chemistry, an accurate and, importantly, a 

consistent set of thermochemical data for important nitrogenous species is necessary. This 

study addresses this problem by providing a comprehensive database of theoretically-derived-

experimentally-calibrated enthalpies, along with heat capacities, entropies, and Gibbs 

energies for the full panoply of nitrogen-containing species found in literature models for 

NOx formation. 

Methods used to derive thermochemical values, comparison with literature values, and 

their implications for atmospheric and combustion modelling will be discussed. 
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2. COMPUTATIONAL METHODS 

Molecular geometry optimisations and ro-vibrational analyses have been determined for each 

species using the B3LYP functional23 coupled with the cc-pVTZ basis set.24 This functional 

used in conjunction with triple-ζ basis sets has been found to provide agreement with 

experimentally measured vibrational frequencies that requires little modification (i.e. scale 

factors close to unity).25 Furthermore, the high-accuracy ab initio transition state theory 

master equation (AITSTME) approach of Klippenstein and co-workers utilises B3LYP/cc-

pVTZ to calculate anharmonic zero-point energy corrections.26 All density functional theory 

and composite method (vide infra) calculations have been performed using the Gaussian 09 

software package.27 

The influence of low-frequency torsional modes on the thermodynamic properties of 

interest has been considered via a 1-D hindered rotor approximation, and an explicit 

consideration of true vibrational anharmonicity is considered for all other degrees of freedom. 

For the treatment of torsional modes, relaxed potential energy surface (PES) scans were 

carried out also using the B3LYP functional with the cc-pVTZ basis set, with the molecular 

geometry and single-point energy of each structure determined during dihedral scans at 10 

degree intervals. Rotational constants about the torsional centre-of-mass were computed as a 

function of dihedral angle using the Lamm module of the MultiWell program suite.28 Both 

the potential energy and rotational constants were fitted to truncated Fourier series, and used 

as input to compute energy levels and hence the partition function of the mode. 

For true vibrational modes, anharmonicity has been accounted for via the method of 

Barone29, which allows the determination of the full matrix of anharmonicity constants (χij) 

for each vibrational degree of freedom in a molecule. Together with the harmonic 

frequencies, the diagonal elements (χii) of this matrix have been used to compute 0→1 

fundamental frequencies. These fundamental frequencies are then used un-scaled, together 
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with the anharmonicity constants (χii), as input for the Thermo module of MultiWell. 

Comparing the resulting values with the more commonplace approach of using empirically 

optimised frequency scale factors to correct partition functions for quantum chemical 

uncertainties in vibrational analysis shows relatively small differences. For example, 

nitromethane (CH3NO2) shows differences of approximately 0.1 kJ mol–1 in enthalpy of 

formation, and 0.3 and 0.8 J K–1 mol–1 in entropy and heat capacity, respectively, at 298.15 

K, rising to 2.9 kJ mol–1, and 3.2 and 2.0 J K–1 mol–1 at 2000 K. Though the differences are 

small, the latter approach cannot adequately account for the temperature-dependence of these 

properties when compared with a more explicit treatment of anharmonicity. Other corrections 

may influence the calculated thermodynamic properties of the investigated species (spin-orbit 

corrections, higher order correlation, etc.30), but here we choose to investigate the effect of 

anharmonicities. Further investigations are warranted to assess the influence of other factors, 

though these are likely to be minor. 

In some instances, a failure is observed when computing 0→1 fundamental frequencies, 

manifested as the occurrence of negative values. Negative anharmonic frequencies are 

calculated for aminoxyl (H2NO), cyanato (NCO), and nitrate (NO3) radicals. In light of this, 

properties for these three species are presented based on the assumption that the vibrations 

behave as harmonic oscillators. However, due to the low number of atoms in these species, 

corrections for anharmonicities are expected to be quite small, with similarly-sized molecules 

exhibiting differences of approximately 1 kJ mol–1 and 1 J K–1 mol–1 in enthalpies of 

formation and entropies, respectively, at 2000 K. Hence, these failures do not undermine the 

validity of our updated database, particularly when we consider the relative improvement 

with respect to available models. 

Where possible, 0 K enthalpies of formation have been adopted from a database of these 

values for nitrogen species obtained in the recent study by Simmie.31 For several of the 
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species investigated therein, enthalpies of formation were determined via the use of 

isodesmic reactions, ensuring “chemically accurate” uncertainty bounds. For species not 

present in the aforementioned study, the values of interest have been determined via the 

atomisation method using the average values obtained from CBS-APNO, G3, and G4 

compound methods.32–34 This combination of methods has been found to yield results 

rivalling “chemical accuracy” (arbitrarily, ~4 kJ mol–1, or 1 kcal mol–1) when benchmarked 

against enthalpy of formation values in the Active Thermochemical Tables (ATcT).35–37 

Anharmonic frequencies, hindered rotor corrections, 0 K enthalpies of formation (all 

calculated herein), and electronic energy levels (as tabulated in the Computational Chemistry 

Comparison and Benchmark DataBase, CCCBDB38) were used as input for the Thermo 

module of MultiWell for computation of the thermochemical values of interest as a function 

of temperature (298.15–3000 K). The resulting values were fitted to NASA polynomials39 

using the Fitdat utility in CHEMKIN-PRO.40 These polynomials are available as Supporting 

Information. Table S1 in the Supporting Information also lists 298.15 K enthalpies of 

formation and entropies, alongside heat capacity values at selected temperatures in the range 

300–1500 K, as is standard input/output format for the THERM software package.41 These 

outputs should be compatible with most kinetic modelling software of widespread use in 

academia and industry. 

3. RESULTS AND DISCUSSION 

3.1. Comparison with literature values 

Figure 1 (a) shows Tukey mean-difference, or Bland-Altman31,42, plots of enthalpies of 

formation from the ATcT versus those presented here. Differences between the values are 

defined as: 𝑑𝑖 = (ATcT − �̅�𝑖), with the mean difference, or bias, expressed as: 
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�̅� = � (ATcT − �̅�) 𝑛⁄
𝑛

𝑖

= � (𝑑𝑖) 𝑛⁄
𝑛

𝑖

 (1) 

In Fig. 1 (a), a slight negative bias is observed (–0.4 kJ mol–1), with 95% confidence 

intervals lying 3.8 kJ mol–1 about this measure of central tendency, assuming the differences 

are normally distributed. The confidence intervals are defined as ~1.96𝑠𝑑, where 𝑠𝑑 is the 

standard deviation in �̅�, given by43: 

𝑠𝑑 = �∑�𝑑𝑖 − �̅��
2

(𝑛 − 1)  (2) 

Error bars in Fig. 1 are computed from: t × 𝑠𝑑/√𝑛 

for the bias, and:    1.709 × t × 𝑠𝑑/√𝑛 

for the limits of agreement, where t is Student’s t-value at the 95% confidence, and n is the 

number of data points. 

This level of agreement with what is the best available repository of enthalpies of 

formation, essentially calibrates the results calculated as part of this work, and allows for 

assessment of other literature values via direct comparisons. This approach is necessary as 

many species in literature models do not have corresponding values in the ATcT. 

While the average values of the aforementioned composite methods resulted in adequate 

overall agreement with the ATcT, the formation enthalpy values of four of the studied species 

(CN, NCN, NO2, and NO3) were further refined with computations using the high-accuracy 

W3X-L method.44 The use of this method comes at a significantly higher computational cost 

than that of the CBS and Gn methods, but incorporates calculations which can provide 

accurate results for species which exhibit multireference character. The T1 diagnostic of Lee 

and Taylor45 is often used as a measure of tendency towards exhibiting this characteristic, 

with values over 0.02 being indicative of cases where single reference methods to describe 

the wavefunction may not be appropriate. Of the four species re-examined using W3X-L, 
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NO2 has the lowest T1 value (~0.03) and does not appear to strongly exhibit multireference 

character. However, the other three cases have values in the 0.05–0.11 range, which is 

exceptionally high. Agreement between the formation enthalpy values for these species 

derived herein and those tabulated in the ATcT is much improved upon use of the W3X-L 

method. Using this approach leads to differences in the 0.5–2.0 kJ mol–1 range, whereas 

disagreement had previously been much higher (4.1–7.9 kJ mol–1). 

It is interesting to note the difference in enthalpy of formation values for NCN within two 

consecutive iterations of the ATcT. Comparisons shown in this work are with the latest 

version (ver. 1.118), in which ΔfH°(298.15 K) = 456.4 kJ mol–1 for NCN (compared to 454.5 

kJ mol–1 calculated herein upon utilisation of W3X-L). This contrasts with the 2013 version 

of ATcT (ver. 1.112) which lists a value of 445.7 kJ mol–1, which is, interestingly, in better 

agreement with the CBS-APNO/G3/G4 derived value of 448.5 kJ mol–1. This represents a 

change of 10.7 kJ mol–1 between versions, which is well outside of the stated 95% confidence 

limit of ±1.8 kJ mol–1.46 
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Figure 2. Difference between literature 298.15 K enthalpies of formation and those derived 

in this study versus the average of the respective values.  Black symbols and lines refer to 

comparisons with ATcT37, while  red corresponds to values from Mathieu and Petersen.16 

Solid lines: bias. Dashed lines: 95% limits of agreement. All values are in units of kJ mol–1. 

Note the difference in y-axis scale. 

Figure 1 (b) illustrates the disparity seen amongst values used in literature models, and 

those presented herein. A literature model, which has been extensively validated against 

oxidation experiments of CH4/NO2, CH4/N2O, and NH3, is used in this particular 

comparison.16 Similar levels of agreement are seen when comparing our values against those 

used in several other recent literature models, which have been validated against experiments 

designed to aid the elucidation of important thermochemical kinetic parameters (as well as 

the underlying chemical mechanisms) relevant to NOx formation. The bias in Fig. 1 (b) is 

approximately equal to that in Fig. 1 (a), though perhaps fortuitously so. However, the 95% 
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confidence intervals have ballooned to 30.3 kJ mol–1. The difference in scale required in 

order to plot these results when compared to that required for comparisons with the ATcT 

illustrates that thermochemical values currently in use in literature models are significantly 

deficient. Similar plots to those shown in Fig. 1 for other literature models are provided as 

Supporting Information, as well as comparisons of 298.15 K entropies, in which similar 

disparities are noted. A detailed analysis of the differences between values in literature 

models and those presented herein would be most valuable. However, the manuscripts 

describing the development of these models often make no mention of the source of the 

thermodynamic data, instead focussing more so on the mechanistic and kinetic aspects of the 

work. 

It would be perhaps unfair to detail each outlier in Fig. 1 (b), as most of the investigated 

models show similar levels of disagreement with the values determined herein. However, it is 

worth discussing the one major outlier due to its ubiquity in literature models. 

Thermochemical values for the hydrazine radical (N2H3) are identical in several literature 

models (including that of Mathieu and Petersen16), with a 298.15 K enthalpy of formation 

equal to 153.9 kJ mol–1. This is compared to a value of 225.6 kJ mol–1 derived in this study, 

which coincidentally is in exceptional agreement with that used in the model of Konnov11 

(225.1 kJ mol–1). A check for internal thermochemical consistency within the models by 

comparison with hydrazine also reveals this as an erroneous value. As an example, the 298.15 

K enthalpy of formation for hydrazine within the Mathieu and Petersen model16 is 95.4 kJ 

mol–1, resulting in a dissociation energy for the H2N(H)N–H bond of 276.5 kJ mol–1 (when 

the ATcT value of 218.0 kJ mol–1 is assumed for atomic hydrogen). This seems an unusually 

low value for this type of bond, and if a similar analysis is conducted with the values derived 

in this study, a value of 343.4 kJ mol–1 results. This is a more realistic value and compares 

more favourably with the 347.4 kJ mol–1 value calculated when all values used are from the 



178 
 

ATcT. Though agreement is within 4 kJ mol–1, closer agreement may be expected given that 

the comparison is of relative energies, and an interesting point arises. There is a 4.7 kJ mol–1 

difference between the 298.15 K enthalpy of formation for hydrazine presented in this study 

(the 0 K value of which is adopted from Simmie31) and that in the ATcT. This peculiarity has 

been highlighted previously (and extensively discussed) by Simmie, with evidence pointing 

to the ATcT value being uncharacteristically incorrect in this instance. Unusual disparities 

were noted in the case of hydrazine, in terms of previous experimental and theoretical 

determinations. A value was reached by Simmie which rationalises trends observed in a 

series of isodesmic reactions involving methylated hydrazines, the values of which are 

anchored on that of hydrazine. Internal cross-checks, such as that just described, can prove 

useful in identification of suspect thermochemical parameters. 

3.2. Implications for combustion modelling 

The model of Mathieu and Petersen16 has been used to examine the effects of inclusion of the 

newly calculated thermochemistry on predictions of nitrogen-containing species under typical 

gas turbine conditions. Simulations were run using the perfectly-stirred reactor module within 

CHEMKIN-PRO40 at a constant pressure of 20 bar, and over a series of residence times up to 

20 ms. Inlet conditions were selected to be 720 K, for a mixture comprising 4.87% CH4, 

19.98% O2, and 75.15% N2, resulting in an outlet temperature of 1800 K at 20 ms. The 

simulation results obtained using the original model of Mathieu and Petersen, and those 

incorporating the updated thermochemical parameters, are plotted in Fig. 2. The three 

nitrogen-containing species with the highest concentrations at 20 ms residence time are 

plotted [nitric oxide (NO), nitrogen dioxide (NO2), and nitrous oxide (N2O)], alongside the 

isomeric pair, nitrous acid (HONO, trans- conformer in Fig. 2) and nitryl hydride or 

isonitrous acid (HNO2). Nitrogen dioxide mole fractions have been multiplied by 50 in Fig. 2 

for illustrative purposes. 



179 
 

 

Figure 3. Effects of updating thermochemical values within a literature model16 on the 

prediction of several important nitrogenous compounds under typical gas turbine operating 

conditions. Dashed lines refer to results using the original model, while solid lines correspond 

to the updated model. 

It is shown that there is a decrease of approximately 10 and 20% in NO and N2O, 

respectively, at 20 ms residence time upon adoption of the newly calculated thermochemical 

values, while an increase of ~20% is observed for NO2 under the sample conditions 

investigated. While these differences are small, it may be the case that the effect is amplified 

under other conditions. The relative changes observed in some important NOx-forming 

intermediates are not so trivial. HONO and HNO2 have previously been highlighted as being 

important sources of hydroxyl radicals and NOx species under atmospheric and combustion 

conditions47,48, and coexist on a PES where final products are sensitive to the thermochemical 

properties of the species therein.49 Some striking differences are seen in model-simulated 

profiles for these isomers in Fig. 2. These results may be rationalised based on the differences 

in thermochemical properties of HONO and HNO2 (which can interconvert between one 

another) in the original and updated models. 
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Enthalpy values calculated herein for trans-HONO are very similar to those used in the 

model of Mathieu and Petersen16; this study, ΔfH°(298.15 K) = –76.86 kJ mol–1, versus –

76.73 kJ mol–1 used in the Mathieu and Petersen model. Far less agreement is observed 

between entropies, with our own computations resulting in S°(298.15 K) = 256.44 J K–1 mol–

1, and a corresponding value of 249.32 J K–1 mol–1 in the selected literature model. This large 

entropic difference in trans-HONO is coupled with a large enthalpic difference in HNO2 to 

produce widely disparate equilibrium coefficients for the isomerisation reaction between the 

two compounds. In the case of HNO2, 298.15 K enthalpy of formation values differ by ~14.9 

kJ mol–1 [–44.27 kJ mol–1 (this study) versus –59.20 kJ mol–1 (Ref. 16)], while entropy values 

at the same temperature differ only marginally [238.11 J K–1 mol–1 (this study) versus 237.40 

J K–1 mol–1 (Ref. 16)]. This culminates in Gibb’s energies of reaction (ΔG°rxn) for the 

HONO–HNO2 isomerisation varying by ~17 kJ mol–1 at 298.15 K in favour of HONO over 

HNO2. 

In most detailed chemical kinetic models describing atmospheric and combustion 

processes, rate coefficients are defined for a reaction in one direction, with the reverse 

coefficient determined via microscopic reversibility. For a given rate coefficient in the 

forward direction, the magnitude of difference in ΔG°rxn seen herein for the HONO–HNO2 

isomerisation reaction results in a difference in the rate coefficient in the reverse direction of 

over a factor of 900 at 298.15 K! This example illustrates the importance of the use of 

accurate thermochemical values in kinetic models, but these findings may also have 

ramifications for experimental studies. It is seen that there are relatively small differences in 

simulated concentrations of NO, NO2, and N2O, but that there are significantly larger 

differences seen in the profiles of species which contribute to their formation. Experimental 

observation of important intermediates can help to constrain model parameters, and avoid a 
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situation where a model can predict some of the more major validation targets through a 

series of compensating erroneous thermochemical kinetic values. 

The results of Fig. 2 only apply to these sample conditions, and it may well be that more 

significant differences exist under other conditions, though these results may be an indication 

of modelling implications. The major interesting effect observed here is the divergence of 

relative concentrations. This has ramifications for practical use of chemical kinetic models, as 

not only are the predicted concentrations quantitatively different, but (often more importantly 

from a practical standpoint) qualitatively different. This further stresses the importance of 

having a sound thermochemical base from which further kinetic investigations may begin, 

with the eventual outcome being a truly predictive model. 

4. CONCLUSIONS 

This study presents a database of quantum-chemically derived thermochemical functions, 

with their main intention for use being within chemical kinetic models. Comparisons of these 

values with those currently in use in literature models show some alarming disagreements, 

though when they are incorporated into one of these models the simulations results are less 

so. 

An accurate and consistent set of thermochemical parameters is essential within a model, 

not only in terms of simulation results, but also in order to ensure numerical stability. This is 

especially important for more computationally demanding simulations, such as 1-D flame 

speed simulations, where failures are commonplace. It is endemic amongst current literature 

detailed chemical kinetic models that a reasonable estimate (or indeed a highly accurate 

value) is employed for a rate coefficient for a reaction in the forward direction, only to be 

thwarted by an unphysical counterpart in the reverse due to erroneous thermochemistry. 
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With a comprehensive set of accurate thermochemical values for NOx-related nitrogen-

containing species now available, a review or corresponding update of kinetic rate parameters 

is needed for the full benefit of our work to be realised. 
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Overall Conclusions 

An experimental, theoretical, and kinetic modelling approach has been undertaken to describe 

the oxidation of the pentane isomers under practical combustion conditions. Ignition delay 

time measurements were recorded in a shock tube and rapid compression machine. Other 

experimental measurements (ignition delay times and species concentration measurements) 

were carried out by external collaborators, and served as additional validation targets for the 

model developed in this study. Kinetic modelling efforts were aided by a computational 

quantum chemical investigation, resulting in a comprehensively validated model describing 

n-pentane oxidation, alongside a model valid for describing the ignition properties of iso- and 

neo-pentane. 

The work presented in this Thesis represents the current state-of-the-art in alkane 

kinetic modelling, and lays the foundations for the development of larger alkane models, as 

well as models describing the oxidation of any fuel with appreciable alkyl characteristics, as 

many biofuels do. 

A theoretical study of the thermodynamic properties of a large number of nitrogen-

containing compounds was also undertaken, resulting in a database of accurate 

thermochemical functions for use in kinetic modelling efforts. 


