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Abstract 
 

The main focus of this thesis was on the detailed theoretical understanding of important 

reactions taking place during the combustion of fuel. Ab initio quantum calculations were 

performed to understand reactions kinetics of important reactions taking place during 

combustion. Emphasis has been also put on computing thermodynamic properties of 

intermediate species formed during fuel combustion. The biofuel candidates considered 

herein are the ones which are of interest at the cluster of excellence “Tailor Made Fuels from 

Biomass” at the RWTH Aachen University, Germany. Among alcohols, isopentanol was 

considered for computing high pressure limit rate constants for the H-atom abstraction 

reactions from isopentanol by H atom and HȮ2 radicals. Furthermore, from cyclic 

oxygenated species 2-and 3-MTHF were of highlight. For these fuels, rate constants were 

determined for the isomerization reactions (alkylperoxy radical to hydroperoxyalkyl radical). 

Detail analysis showed that the strength of the C-H bonds, position of the abstracted 

hydrogen (cis or trans) and the ring size of the transition states affected the reaction kinetics 

for these isomerization reactions. Lastly, from the ketone family, 2-Butanone and acetone 

were considered. For 2-BT, high pressure limit rate constants were determined for the H atom 

abstraction reactions from 2-butanone by methylperoxy (CH3OȮ) radical. Also due to high 

interest in ketonic fuels, the smallest member of the ketone family; acetone was chosen to get 

insight into its elementary reactions occurring during combustion. The reaction kinetics of O2 

addition to the acetonyl radical, isomerization of acetonylperoxy radical to the corresponding 

QOOH species and also β-scission reaction in the acetonyl radical were investigated. Overall, 

the results obtained from these computations are beneficial for the fundamental 

understandings and also for the development of detail kinetic models.  

 

 

 

 

 

 

 





 
 

 
 

Zusammenfassung 

Der Fokus dieser Dissertation liegt auf dem detaillierten, theoretischen Verständnis wichtiger 

Reaktionen während der Verbrennung von Kraftstoffen. 

Dazu wurden quantenchemische Ab-initio Rechnungen zur Untersuchung der 

Reaktionskinetik zentraler Reaktionen in Verbrennungsvorgängen durchgeführt. Weiterhin 

wurden die thermodynamischen Eigenschaften von Zwischenprodukten, die während der 

Kraftstoffverbrennung auftreten, berechnet. Berücksichtigt wurden hierbei 

Biokraftstoffkandidaten, die innerhalb der Exzellenzinitiative „Maßgeschneiderte Kraftstoffe 

aus Biomasse“ an der RWTH Aachen in Deutschland diskutiert werden. 

Aus der Gruppe der Alkohole wurde iso-Pentanol betrachtet. Es wurden die Ratenkonstanten 

der H-Abstraktion durch H-Atome und durch HȮ2-Radikale im Hochdrucklimit berechnet. 

Zudem wurden 2- und 3-Methyltetrahydrofuran (MTHF) als oxygenierte zyklische 

Kohlenwasserstoffe untersucht. Für diese Kraftstoffe wurden die Ratenkonstanten der 

Isomerisationsreaktionen des Alkylperoxy-Radikals zum Hydroperoxyalkyl-Radikal 

bestimmt. Detaillierte Analysen haben dabei gezeigt, dass die Bindungsstärke der 

C-H Bindungen, die Position des abstrahierten Wasserstoffs (cis oder trans) sowie die 

Ringgröße des Übergangszustands die Reaktionskinetik dieser Isomerisationsreaktionen 

beeinflussen. 

Es wurden außerdem 2-Butanon und Aceton als Spezies aus der Gruppe der Ketone 

berücksichtigt. Für 2-Butanon wurden die Ratenkonstanten der H-Abstraktion durch 

Methylperoxy-Radikale (CH3OȮ) im Hochdrucklimit ermittelt. Aufgrund des hohen 

Interesses an ketonischen Kraftstoffen wurde Aceton, welches das kleinste Keton darstellt,  

im Detail untersucht, um einen Einblick in die elementaren Reaktionen während des 

Verbrennungsvorgangs zu erlangen. Die Reaktionskinetik der O2-Addition an das 

Acetonyl-Radikal, der Isomerisation des Acetonylperoxy-Radikals zur entsprechenden 

QOOH Spezies und der β-Spaltung des Acetonyl-Radikals wurde betrachtet. 

Damit sind die Ergebnisse dieser Berechnungen sowohl förderlich für das fundamentale 

Verständnis von Verbrennungsvorgängen als auch von Nutzen für die Entwicklung 

detaillierter kinetischer Modelle. 
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I. Introduction 
I.1 Energy and Environment  
Currently, the major focus in combustion research area is moving towards alternative and 

promising fuel candidates. Principal reasons are the issues regarding energy security and 

environmental safety concerning Greenhouse Gas (GHG) emission. The major portion of the 

GHG emission in the environment arises from the combustion of the fossil fuels. The GHG 

such as carbon dioxide has an adverse effect on the environment [1-3]. In order to reduce 

GHG and pollutant emissions, sustainable fuel candidates that can be alternatives or blending 

components to conventional gasoline or diesel based fuels are in high demand. Also the 

dependence on the fossil fuels cannot be on a long term basis due to the depletion of the 

existing fossil fuels resources. In 2011, highly utilized fuels such as oil, coal and natural gas 

have accounted for ~87% of the global energy consumption [4]. In this context, biofuels are 

gaining popularity among the other classes of fuels due to advanced synthetic approaches and 

their compatibility with modern engine technologies [1-5]. Biofuels can also be used as 

additives to the already existing fossil fuels for the efficiency enhancement and pollution 

control. Since these fuels are novel, more details into their chemical reactivity during 

combustion is yet to be revealed especially emphasizing the key factors influencing pollutant 

emissions at engine relevant conditions.  

This thesis provides theoretical insights on the combustion kinetics of biofuel candidates of 

interest at the Cluster of Excellence, Tailor Made Fuels from Biomass (TMFB) at the RWTH 

Aachen University, Germany. Detailed quantum mechanical studies have been carried out 

focusing on different functional group molecules such as alcohol, furanics and ketones. From 

the alcohol functional group; isopentanol, from furanics, 2-methyltetrahydrofuran (2-MTHF) 

and 3-methytetrahydrofuran (3-MTHF) and from ketones, 2-butanone and acetone were 

investigated to understand their combustion behavior. 

i. Biofuels 

In 2012, transportation sector accounted for 25% of the global energy consumption [6] and 

produced 22% of the global anthropogenic CO2 emissions [7]. Among the transportation 

sector, road transportation contributed largest emissions of 75% [8]. One way to reduce 

carbon emissions from the road transportation can be by using alternative fuels such as 

biofuels [8]. The use of biofuels in the transportation sector is increasing in recent years 

worldwide. In 2015, consumption of biofuel in the United States accounted for around 5% of 

primary transportation energy [9]. Biofuel has a tendency to reduce the GHG emission and 
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are also way of energy security over the existing fossil fuels. They are mainly classified into 

two major types: first and second generation biofuels. First generation biofuels are directly 

produced from the food crops such as corn, sugarcane and wheat, whereas the feedstock used 

in producing the second generation biofuels are generally non-food crops which do not 

compete with the food production. These second generation biofuels are also called as 

advanced biofuels.  

 

ii. Tailor Made Fuels from Biomass (TMFB) and Goals of this Thesis 

The Cluster of Excellence, Tailor made fuel from Biomass (TMFB) at RWTH Aachen 

University, Germany, adopts novel approaches for the biofuel synthesis. The vision of TMFB 

is to establish innovative and sustainable processes for the conversion of whole plants into 

fuels that are tailor-made for novel low-temperature combustion engine processes with high 

efficiency and low pollutant emissions, paving the way to advanced biofuels. In this context, 

this thesis focuses on detailed theoretical understanding of the reaction kinetics of important 

reactions taking place during the combustion of biofuel candidates of interest at the TMFB. 

In addition to the reaction kinetics study, emphasis has also been put on computing 

thermodynamics properties of the intermediate species formed during fuel combustion. The 

kinetic and thermodynamic data obtained herein have major application in the combustion 

research area [10]. This information serves as a substantial input for the development of 

detailed chemical kinetic model as discussed in section I.2. 

Among the various biofuels of interest at the TMFB, isopentanol was considered as one of 

the important alcoholic biofuel candidates. From the synthesis point of view, non-fermentive 

pathways have been reported for such higher branched chain alcohols [11]. Since branched 

chain C4 and C5 alcohols have higher octane number than the corresponding straight chain 

counterparts, it has been considered as a potential gasoline additive [12]. Herein, 

computational kinetics study was performed on the reaction kinetics of the H-atom 

abstraction reactions from isopentanol by H atom and HȮ2 radical. The conventional 

transition state theory has been implemented for computing high pressure limiting rate 

constant for these reactions. Details about these calculations are highlighted in section IV.1  

Furthermore, the TMFB also showed research interests in furanic candidates due to reported 

biosynthetic approaches [13-15]. Considering tetrahydrofurans (THFs), methyl substituted 

tetrahydrofururans such as 2-Methyltetrahydrofuran (2-MTHF) and 3-Methyltetrahydrofuran 

(3-MTHF) are of prime interest. 3-MTHF and 2-MTHF can be synthesized using cellulosic 

biomass from the biogenic platform chemicals, itaconic acid and levulinic acid respectively 
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[15, 16]. In order to understand more details about the reactions taking place during the low 

temperature combustion of 2-MTHF and 3-MTHF, a systematic computational study was 

carried out. The main focus here was to investigate reaction kinetics of one of the important 

low temperature reaction class i.e. alkylperoxy radical (ROȮ) to hydroperoxyalkyl radical 

(QOOH) reactions taking place during their combustion. Rate constants for this reaction class 

in the case of tetrahydrofuran (THF) are not available in the literature. Also, due to the 

presence of ring oxygen in THF, rate rule analogy cannot be used from cyclic alkanes such as 

methylcyclopentane (mcyc5). In this study, rate constants for the ROȮ to QOOH reactions 

were calculated for two THFs (2-MTHF and 3-MTHF) and then compared with similar 

reactions in mcyc5 to understand the effect of ring oxygen on reaction kinetics of these 

reactions. Furthermore, thermodynamic properties of all the ROȮ and QOOH species 

involved in 2-MTHF and 3-MTHF isomerization reactions are reported in section IV.2 and 

IV.3.  

Another potential biofuel candidate of interest at the TMFB that has been considered here 

belongs to the ketone functional group; namely 2-butanone (2-BT). Due to the engine-

relevant properties and sustainable production pathways, detailed investigation of 2-BT is of 

principal interest [16, 17]. In this regard, 2-BT is of highlight in understanding high pressure 

limiting rate constant for the H-atom abstraction reactions from the fuel by methylperoxy 

radical (CH3OȮ). Details on this computation are presented in section IV.4. 

Lastly, theoretical calculations were performed on the smallest member of the ketone 

family, i.e. Acetone. The main highlight here is towards understanding the reaction kinetics 

for the important reactions taking place during the oxidation of acetone. Rate constant were 

determined for the beta scission reaction taking place in the acetonyl radical. Also pressure 

dependent rate was computed for the addition of O2 to the acetonyl radical to form 

acetonylperoxy radical by considering Quantum Rice-Ramsperger-Kassel (QRRK) theory. 

The isomerization of acetonylperoxy radical to the corresponding QOOH species were 

investigated together with thermochemistry of all the species involved in these reactions. The 

results are reported in section IV.5.  

 

I.2 Combustion Chemistry 
Combustion is a very complex phenomenon which can involve around hundreds of 

intermediate chemical species and about thousands of elementary reactions before giving 

final combustion products. Although combustion of fuels produces carbon dioxide and water 
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as major products, it also involves the formation of other side products such as carbon 

monoxide, oxides of nitrogen, soot, unburnt hydrocarbons etc. Due to the environmental 

hazards caused by these emitted pollutants, clean combustion is the main and prime 

requirement for any fuel candidate. In order to understand the combustion behavior of these 

fuels over a wide temperature and pressure regime, research has also been focused on the 

kinetics of elementary reactions. Figure 1 highlights kinetic scheme of the primary oxidation 

reactions in hydrocarbon (RH). 

 
Figure 1. Schematic of overall reaction paths in hydrocarbon combustion [10, 18]  

Due to a large number of elementary reactions involved in combustion mechanism, reactions 

are grouped into various classes and are called as “reaction classes”. In general, the kinetic 

reaction mechanism for the hydrocarbon oxidation is divided into high temperature and low 

temperature reaction classes. At both high and low temperatures, combustion of fuel can be 

initiated by the H-atom abstraction from RH by radicals such as H, HȮ2, ȮH, ĊH3 etc. At 

high temperatures, thermal decomposition of fuel radical (Ṙ) into an olefin and smaller alkyl 

radical dominates. However at low temperatures, addition of molecular O2 to alkyl radical 

primarily forms alkyl-peroxy radical (RȮ2) species. This RȮ2 can further undergo direct 

elimination of HȮ2 radicals and forming olefins. The HȮ2 radicals are relatively unreactive 

and its removal reactions involve formation of H2O2. Since the H2O2 is stable up to ~ 1100 K, 

this channel leads to chain-termination at low temperatures [10]. The kinetics of Ṙ + O2 

reaction channels has a major influence on the negative temperature coefficient regime. 
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Q̇OOH
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Depending on the temperature and pressure various product channels can be formed which 

tends to have significant effect on the overall reactivity of fuel. The reaction of Ṙ + O2 can 

also proceed via vibrationally excited alkylperoxy complex (RȮ2*) leading to the formation 

of olefin and HȮ2 radical [19]. At high pressure and low temperature conditions, RȮ2* 

radicals undergo collisional stabilization. As the temperature increases, the equilibrium of Ṙ 

+ O2 to form RȮ2 tends to favor Ṙ + O2. In such cases the fuel radical are mostly consumed 

via decomposition. Understanding the competition between these various elementary reaction 

channels is helpful to investigate ignition in great detail. Another reaction of RȮ2 species 

involves isomerization to produce hydroperoxy-alkyl (Q̇OOH) species. In the low 

temperature regime, Q̇OOH can undergo reactions such as cyclic ether formation, beta 

scission reactions and direct elimination of HȮ2. The formation of highly reactive ȮH radical 

via cyclic ether formation makes this reaction channel important for the chain-propagation. 

Further, Q̇OOH can react with molecular O2 to give hydroperoxyl-alkyl-peroxyl (Ȯ2QOOH) 

radicals. Curran et al. [19, 20] provided details about such elementary reactions involved in 

n-heptane and iso-octane oxidation. However, a study by Miyoshi [21] and Bugler et al [19] 

presented some low temperature reaction classes that were not considered in previous 

mechanisms. It involves reactions of hydroperoxyl-alkyl-peroxyl (Ȯ2QOOH) radicals similar 

to the alkyl-peroxy radical (RȮ2) species such as direct elimination of HȮ2, and formation of 

dihydroperoxyl-alkyl radicals Ṗ(OOH)2. These radicals react in a similar fashion as that of 

hydroperoxy-alkyl radicals (Q̇OOH) as depicted in Figure 1. The dissociation of Ṗ(OOH)2 

produces multiple radicals, ultimately leading to the chain branching at low temperature. 

 Considering a specific fuel, knowledge about aforementioned reaction classes is 

necessary for the development of detailed chemical kinetic model. For these models to be 

practical, accurate reaction kinetics of the elementary reactions along with thermodynamic 

properties (such as a standard enthalpy of formation, entropy and heat capacities) of involved 

chemical species is in high demand. In such cases computational chemistry plays a 

predominant role and provides essential parameters for kinetic modeling. Especially the 

information that is difficult to obtain via experiments is made available with the help of 

theoretical approach. For example, enthalpy of formation or entropy is relatively well 

determined experimentally for the stable molecules, but for the reactive intermediates such as 

free radicals the situation is more complex. Also the kinetics of complex reaction systems 

such as Ṙ + O2 is well understood by quantum chemistry methods. The advances in the 

quantum chemistry and reaction kinetics have also provided a synergy between theoretical 
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and experimental methods [10]. Another advantage of the theoretical methods is that they 

facilitate the extrapolation of kinetics data over the wide temperature and pressure regime.  

A brief fundamental overview of the reaction kinetics and thermodynamic properties is given 

in the following sections.  

 

I.3  Reaction Kinetics  
Chemical reaction kinetics deals with detail understanding and study of reaction rates of 

chemical processes. The rate of a chemical reaction highlights the rate at which the reactant/ 

reactants are converted into products. In another way round, it can also be stated as the rate at 

which the products are formed from the reactant/reactants. In chemical kinetics, a rate 

constant 'k' quantifies the rate of a chemical reaction. The unit of a rate constant depends on 

the order of reactions. 

i.  Reaction Rate Constant 

Consider a simple irreversible reaction, 

  (1) 

In this reaction, A and B are the reactants with their stoichiometric coefficients ‘a’ and ‘b’ 

respectively while C represents a product with the corresponding stoichiometric coefficient 

‘c’. At any time ‘t’, the rate of consumption of reactant A and B are given as –d[A]/adt and –

d[B]/bdt respectively. In terms of product C, the rate of formation of product in above 

reaction is d[C]/cdt. The negative sign in case of reactants indicates a decrease in the molar 

concentration of reactants as a function of time. Whereas, product concentration increases as 

reaction proceed hence, a positive in latter. The rate at which reactant (either A and B) 

disappears is directly proportional to its molar concentration raised to the power of its 

stoichiometric coefficient. It can be written as follows: 

  (2) 

 

  (3) 

Where [A] and [B] indicates molar concentrations of reactant A and B respectively which is 

the  number of moles per volume. Accordingly, the rate of formation of product C is shown 

below:  

  (4) 
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Equations (2), (3) and (4) can be written in the following forms: 

  (5) 

 

  (6) 

And for the formation of product C, 

  (7) 

The coefficient k in equations (5), (6) and (7) is called the rate constant of the reaction. The 

rate constant k is a very important parameter in understanding the reaction kinetics and plays 

a significant role in the development of detailed chemical kinetic models. Experimentally, 

one can determine k for the reaction of interest as a function of temperature or pressure. 

However, sometimes the complexity of the aforementioned reaction networks makes it 

difficult to investigate single elementary reactions experimentally at combustion conditions. 

In such cases, theoretical methods such as quantum mechanical methods can provide 

important information.  

ii.  Transition State Theory  

In order to determine the reaction rate, various theories have been proposed and improved 

over a period of time for the accurate rate estimation. Among a collision theory, the transition 

state theory (TST) has taken a predominant part in the field of chemical kinetics. According 

to the TST, one of the important factors for a successful reaction is that the reactants must 

undergo an effective collision. The basic principles underlying the TST are highlighted 

below. 

The effective collision of reactants in a chemical reaction leads to a formation of an activated 

complex, also known as transition state complex. The TST deals with understanding the rate 

constant of reactions based on the concepts of statistical thermodynamics. It is a widely used 

theory for calculating rates of bimolecular reactions in gas and also in condensed phases.  

The TST was developed simultaneously by Henry Eyring [22] at the Princeton University 

and by Meredith Gwynne Evans and Michael Polanyi [23] at the University of Manchester in 

1935. This theory is applicable to the canonical ensembles in which the Boltzmann 

distribution of a given temperature is attained among all the molecules in the ensemble. 

Consider a simple reaction below: 

  (8) 
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One of the important features considered by Eyring, Evans and Polanyi is that the transition 

state complex, [AB]# is in quasi-equilibrium with the reactants. Employing statistical 

mechanics, the concentration of transition state complex can be computed in term of 

concentration A and B. The equilibrium constant, K# for the quasi-equilibrium can be written 

as: 

  (9) 

Hence, [AB]# = K# [A] [B] 

The rate equation for the formation of product P is, 

  (10) 

Wherein, k=k# K# and k# = λkBT/h, where λ is called as the transmission coefficient, kB is the 

Boltzmann's constant and h is the Plank's constant. 

Since K# is the equilibrium constant between the reactants and the transition state, the 

thermodynamic formulation of the rate constant is written as, 

  (11) 

ΔG# is the difference in the Gibbs free energy of the transition state and the reactants. Above 

equation (11) can be also written as: 

  (12) 

Further, kTST can be also formulated in terms of the partition function of the transition state 

and the reactants according to the equation (13): 

  (13) 

q#, qA and qB indicate partition function of the transition state, reactant A and reactant B 

respectively. Since TST relies on the principles of the statistical thermodynamics, an 

overview of the statistical thermodynamic equations used in computing thermodynamic 

parameters are briefly discussed in the following sections. 

 

I.4  Thermochemistry 
Thermochemistry deals with the study of the energy transferred as heat when chemical 

reactions occur. It’s a branch of thermodynamics since a reaction vessel and its contents act 

like a system and a chemical reaction leads to the exchange of energy between the system and 
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surrounding [24]. Thermochemistry finds a wide application in different fields. The 

thermodynamic parameters such as standard enthalpy of formation (∆fH˚), entropy (dS) and 

heat capacity at constant pressure (Cp) plays a prime role in the development of detailed 

kinetic models. In kinetic modeling, the rates of the forward and backward reactions within 

reaction mechanisms are governed by the equilibrium constants that are obtained from 

thermodynamics. An overview of the computational tools implemented in determining these 

thermodynamic parameters are given in chapter III. These computations are based on the 

concepts of statistical thermodynamics which is a link between microscopic properties of 

matter and its bulk properties. The statistical thermodynamics is related to the Boltzmann 

distribution and ultimately to the molecular partition function. The Boltzmann distribution is 

given as:   

  (14) 

Wherein pi indicates the fraction of molecules in the state ‘i’ which is equal to ni/N,  is the 

energy of the ith level and ‘q’ is the molecular partition function which is given as:  

  (15) 

Where β = 1/kBT, T is the thermodynamic temperature and kB is the Boltzmann’s constant. 

Equation (15) can be also written as follows: 

  (16) 

In equation (16) gi indicates the degeneracy of the state ‘i' and the sum is over all the energy 

levels. The partition function 'q' depends on the temperature. When the T = 0, the partition 

function is equal to the degeneracy of the ground state, g0 i.e. only the ground level is 

accessible. At very high temperature, the term ϵi/kBT ~ 0 in equation (16) and hence the 

partition function tends to infinity. It indicates the very large value of ‘q’ and virtually all 

states are accessible. Eventually, the partition function gives an idea about the number of 

states that are thermally accessible to a molecule at the temperature of the system [24].  This 

molecular partition function consists of the all the information that is needed to compute the 

thermodynamic properties of a system of independent particles.  

i. Standard Enthalpy of Formation 

The standard enthalpy of formation (∆fH˚) of a substance is the standard reaction enthalpy for 

the formation of the compound from its elements in their reference states [24]. The reference 

state is the most stable state of an element at the specified temperature and at 1 atm. 
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Considering for example at 298.15 K, the reference state of oxygen is a gas of O2 molecules 

while that of carbon is graphite. The standard enthalpies of formation for the elements in their 

reference states are always zero at all temperatures. 

ii. Entropy  

The thermodynamic definition of entropy focuses on the change in entropy (dS) that occur as 

a result of a process which can be either a physical or a chemical change [24]. 

The change in entropy is given by an equation (17),  

  (17) 

Wherein, qrev is the reversible transfer of heat into the system and T is the temperature. The 

second law of thermodynamics states that the entropy of isolated system increases in the 

course of a spontaneous change: ∆Stot > 0. 

iii. Heat Capacity at Constant Pressure 

As mentioned before, the enthalpy of a substance depends on the temperature and increases 

as its temperature is raised. The change in enthalpy of a substance with temperature also 

depends on two other conditions i.e., either constant pressure or constant volume. The Cp is 

defined as the heat capacity at constant pressure at a given temperature and is an extensive 

property. It is given by an equation (18),  

  (18) 

These thermodynamic properties (enthalpy, entropy and heat capacity) of atoms, molecules 

can be computed with the aid of quantum chemical calculations by considering the geometry 

and vibrational frequencies within the molecule. Also according to the statistical transition 

theory, rate of a chemical reaction can be computed from the thermodynamic properties of 

the transition states and reactants involved in a chemical reaction. To give an idea about the 

fundamentals underlying in computing these thermodynamic properties from the quantum 

mechanics and ultimately from the electronic structure calculations, a brief overview is given 

in the following section.  

iv. Statistical Thermodynamics 

The contributions to entropy, energy and heat capacity resulting from translational, rotational, 

vibrational and electronic motions within a molecule are calculated from the partition 

function, q (V, T). The partition function from any component can be used to compute the 

entropy contribution S from that particular component by using the following relation [25] 
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  (19) 

In above equation (19),  is the Boltzmann constant. 

The necessary equations implemented in available computational chemistry tools are as 

shown below. Herein, Gaussian software package [26] is used for all the electronic structure 

calculations (details provided in section III.1). In Gaussian, molar values are given hence 

dividing equation (19) by n = N / NA ; wherein 'n' indicates the number of moles, 'N' is the 

number of entities (atoms or molecules) and 'NA' is the Avogadro constant and on substituting 

NA kB = R gives, 

  (20) 

With N= 1 and moving the first term into the logarithm (as e), 

  (21) 

 

  (22) 

 

  (23) 

In the above equation (23); qt, qe, qr, qv, indicates translational, electronic, rotational and 

vibrational partition functions respectively. Further, the internal thermal energy E is related to 

the partition function by the equation,  

  (24) 

From the internal thermal energy E, heat capacity (at constant volume) can be obtained 

according to the following equation, 

  (25) 

Equations (23), (24) and (25) are used to derive the final expressions which are used to 

calculate the components of thermodynamic properties in Gaussian [26]. The individual 

contributions from the translation, electronic, rotational and vibrational motions within a 

molecule are discussed in detail below. 

a) Contributions from the translation 

The equation for the translational partition function as given by [27] is: 
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  (26) 

In equation (26), h is the Plank constant. By taking a partial derivative of qt with respect to T 

gives, 

  (27) 

This equation is used to calculate the internal energy Et and also the third term in equation 

(19). In the second term of equation (19), V is unknown. However, the value of V can be 

derived from the ideal gas equation, PV = NRT   

And V = kBT/ P which gives the following equation 

  (28) 

Equation (28) is used to calculate qt in Gaussian. Further, this translational partition function 

is used to calculate translational entropy according to the following equation (29). The 

translational entropy includes the factor 'e' coming from Stirling’s approximation [28].  

  (29) 

And the contribution to the internal energy from the translation is, 

  (30) 

The contribution to the heat capacity at the constant volume due to translation is given by: 

  (31) 

 

b) Contributions from the electronic motion  

The equation for the electronic partition function as given by McQuarrie [27] is  

  (32) 

In equation (32),   is the degeneracy of the energy level whereas ϵn is the energy of the n-th 

level. The important assumption made in Gaussian [26] is that the first and higher electronic 

excitation energies are much greater than kBT and hence these excited states are assumed to 

be not accessible at any temperatures.  ϵ0, which is the energy of the ground state, is set equal 

to zero which leads to the simplification of equation (32) as follows.  

  (33) 

The contribution to the entropy from the electronic motion is: 
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  (34) 

 
  (35) 

Due to no temperature dependent terms in the electronic partition function given above, the 

electronic heat capacity and also the internal thermal energy due to the electronic motion are 

zero. 

c) Contribution from the rotational motion 

The rotational motion contribution is divided depending on different cases such as single 

atoms, linear polyatomic molecules and non-linear polyatomic molecules.  

Considering the first case i.e. for a single atom, qr = 1. As qr is independent of temperature, 

the rotational contribution to the internal thermal energy, entropy and also heat capacity are 

zero. For a second case i.e. for a linear molecule, the contribution to the rotational partition 

function is  

  (36) 

In above equation,  , wherein I is the moment of inertia.  is the rotational 

symmetry number. The contribution of rotational motion to the entropy is, 

  (37) 

The rotational contribution to the internal thermal energy is, 

  (38) 

The contribution to the heat capacity due to the rotational motion is, 

  (39) 

For the third case with a nonlinear polyatomic molecule, the contribution to the rotational 

partition function as given by McQuarrie [27] is: 

  (40) 

The contribution for the entropy is: 

  (41) 

Substituting         

  (42) 

Equation (41) becomes, 
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  (43) 

The internal thermal energy is, 

  (44) 

And the heat capacity is, 

  (45) 

 

d) Contribution from the vibrational motion 

The vibrational contribution to the partition function, entropy, internal energy and the heat 

capacity at the constant volume are composed of a sum (or product) of the contributions from 

each vibrational mode, K. Only the real modes are considered in calculating the contribution 

from the vibrational motion. The non-linear molecules consist of 3n-6 while for linear 

molecules 3n-5 vibrational modes wherein each of these modes has a characteristic 

vibrational temperature given as, 

  (46) 

 

indicate the frequency for the vibrational mode K. The partition function due to the 

vibrational motion can be computed in two ways depending on where one chooses the zero of 

energy i.e. either the bottom of the internuclear potential energy well or the first vibrational 

level.   

Considering the first case, i.e. if the zero reference point is chosen to the bottom of the well 

(represented as BOT), then the contribution to the partition function from the given 

vibrational mode is given by the equation: 

  (47) 

From the above equation (47), the overall vibrational partition function is: 

  (48) 

For the second case, where if the zero of energy is chosen as the first vibrational energy level 

(V=0), the partition function for each vibrational level is, 

  (49) 

The overall partition function is given as: 
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  (50) 

In Gaussian, BOT is used as the zero of energy to determine thermodynamic quantities. The 

difference between the two references is by factor ϴV,K/2 in the equation for the internal 

energy Ev. However, in the expressions of heat capacity and entropy this term vanishes as one 

differentiates with respect to temperature (T). 

The total entropy contribution from the vibrational partition function is given as, 

  (51) 

 

  (52) 

 

 

 

(53) 

 

  (54) 

Multiplying by  for the above equation (54) gives, 

  (55) 

The contribution from the molecular vibration to the internal energy is  

  (56) 

And the contribution to constant volume heat capacity due to vibrational motion is, 

  (57) 

In above computations, low frequency modes are included. Since some of these modes may 

be internal rotations, need to be treated separately depending on the temperature and torsional 

barriers. The details about this approach are provided in Chapter IV.  
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II. Computational Details and Quantum Chemistry 
 

Computational chemistry is a branch of chemistry which deals with the computer simulations 

in order to solve the chemistry related problems. It employs various computer programs to 

get detailed information about the molecular structures and properties. Gaussian is one such 

computational chemistry program initially released in 1970 by John Pople and his research 

group at Carnegie-Mellon University as Gaussian 70 [29], since then it has been continuously 

updated. The name "Gaussian" originated from the use of Gaussian orbitals by Pople in order 

to speed up the calculations as compared to the Slater-type orbitals (details in section II.3). 

This thesis had employed Gaussian 09 [26] for all the electronic structure calculations. 

Recently, Gaussian 16 [30] has appeared which represents a further development of Gaussian 

09 system. The electronic wave function of a polyatomic molecule depends on several 

parameters such as bond distances, bond angles, dihedral angles of rotation about single 

bonds. A theoretical treatment of a polyatomic molecule involves calculation of the electronic 

wave function for a range of these parameters. Finally, the equilibrium bond distances, bond 

angles and dihedral angles are found as those values for the molecule which lowers the 

electronic energy including the nuclear repulsion. The four different methods that are mostly 

used for computing the properties of molecules are the ab initio, the semi-empirical, the 

density-functional and the molecular mechanics methods, details of which are provided in the 

following section  

 

II.1 Computational Chemistry Methods 
i. Ab initio Methods 

 
Ab initio methods are the computational chemistry methods based on the quantum chemistry. 

Ab initio is a Latin term meaning “from the beginning” and indicates calculations based on 

the fundamental principles. This term was first used by Robert Parr and coworkers, and its 

background is described by Parr [31]. The calculations performed by employing ab initio 

methods use the correct Hamiltonian (Ĥ). Also, these methods do not use any experimentally 

determined data but use fundamental physical constants. The simplest ab initio electronic 

structure calculation method is the Hartree-Fock (HF) method. It is basically an extension of 

the molecular orbital theory however in HF method instantaneous electron-electron 

interactions are not considered whereas its average effect is included. In reality, the electrons 

motions are correlated with each other which are not considered in HF method. The HF 
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method is the basis for the use of atomic and molecular orbitals in many-electron systems. 

For the n-electron atom, the Hamiltonian operator is given as follows [32] [Levine chapter 11 

pg 309]: 

  (58) 

In above equation (58), the first sum consists of the kinetic-energy operators for the n 

electrons. The second sum highlights the potential energy for the attractions between the 

electrons and the nucleus of charge Zeˊ. The last sum is the potential energy of the 

interelectronic repulsions. In this, j > i avoids counting each interelectronic repulsion twice. 

The Hamiltonian in equation (11.1) is incomplete because it omits spin-orbital and other 

interactions. 

For the hydrogen, the exact wave function is known whereas for helium and lithium very 

accurate wave functions have been calculated. For atoms of higher atomic number, the good 

wave function is determined by first considering the HF wave function and further 

accounting various corrections as highlighted in the following sections. The major sources of 

error arising in ab initio molecular electronic calculations are due to 1) neglect or incomplete 

treatment of electron correlation, and 2) incompleteness of the basis set (description of basis 

set in section II.3). Hence, these effects are considered in the post-HF methods. The post-HF 

methods are basically the set of methods developed to improve the HF calculations. It adds 

instantaneous electron correlation to take into account repulsions between the electrons. Also 

the errors arising due to the incompleteness of the basis are tried to minimize in the post-HF 

methods. Some of the post-HF methods are briefly highlighted below.  

a) Configuration Interaction (CI): CI is a popular approach in which correlation effects are 

incorporated into ab initio molecular orbital calculations. In this approach excited states are 

included in the description of an electronic state. For the molecular CI calculations, set of 

basis functions χi, (section II.3) are chosen in order to perform self-consistent field molecular 

orbital (SCF MO) calculations to find SCF occupied and virtual (occupied) MOs. These MOs 

are then used to form configuration (state) functions (CSFs), Φi. Further, the molecular wave 

function ψ is written as linear combinations of the CSFs.  Consider the following example, 

the ground state of lithium has an electronic configuration, 1s22s1. The excitation of outer 

valence electron gives states such as 1s23s1. In such case the better description of the overall 

wave function is a linear combination of the ground and excited-state wave functions. More 

details about the CI approach can be found in [32].  
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b) Coupled-cluster (CC) method: The CC method for molecular electronic calculations 

were developed by Cizek, Paldus, Sinanoglu, and Nesbet in 1960s and by Pople and co-

workers and Bartlett and co-workers in the 1970s [33]. The fundamental equation in CC 

theory is given as  

  (59) 

Wherein, Ψ is the exact non-relativistic ground-state molecular electronic wave function, Φ0 

is the normalized ground-state HF wave function. The is the operator which is defined by 

the Taylor-series expansion.  

  (60) 

The is called the cluster operator which is given as,   

  (61) 

In equation (61), n is the number of electrons in the molecule. 1 and 2 are called the one-

particle and two particle excitation operator respectively. In CC method, two approximations 

are made. Firstly instead of using complete and infinite set of basis functions (section II.3), 

finite basis set is used. Secondly, operator   in equation (61) is approximated by including 

only some of the operators. In equation (60), if   = 1 + 2, gives CC singles and doubles 

(CCSD) method. With   = 1 +  2 +  3, one obtains CC singles, doubles, and triples 

(CCSDT) [34] method. CCSDT calculations are computationally demanding and are feasible 

for small molecules. One of the widely used method is CCSD(T), which is coupled cluster 

with inclusion of single and double excitations and perturbative inclusion of triple 

excitations. Pople and co-workers developed quadratic configuration interaction (QCI) 

method [35, 36] which is intermediate between CC and CI methods.  

c) Moller-Plesset perturbation theory (MP2, MP3, MP4, etc): In 1934, Moller and Plesset 

proposed a perturbation treatment of atom and molecules to consider electron correlation 

effect. In their method, the unperturbed wave function is the Hartree-Fock function and   

developed theory is called as Moller-Plesset (MP) perturbation theory. The molecular 

application of MP perturbation theory began in 1975 with the work of Pople and co-workers 

and Bartlett and co-workers [37]. In MP, electron-correlation calculations are performed by 

choosing a basis set to carry out molecular orbital calculation to obtain Φ0, EHF (HF energy) 

and virtual orbitals. To improve HF energy, corrections to the energy are accounted in MP 

theory. MP2, MP3 and MP4 indicate inclusion of energy corrections through second order, 

third and fourth order respectively. In MP4 calculations, the term that involves triply 
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substituted determinants is sometimes neglected which gives an approximation to MP4. In 

such cases it is denoted as MP4(SDQ), where SDQ indicates inclusion of single, double  and 

quadruple excitations. The MP calculations are specified using the level of theory used (MP2, 

MP3, MP4) along with the basis set. For example, MP2/6-31G(d) indicates a second-order 

Moller-Plesset calculation with the 6-31G(d) basis set. 

d) Quantum chemistry composite methods: The aim of the quantum chemistry composite 

methods is to achieve 1 kcal mol-1 or better accuracy with a computational time that allows 

calculations on molecules containing non-hydrogen atoms. Examples of composite methods 

are CBS-QB3 [38, 39], CBS-APNO [40], Gn (n=1, 2, 3, 4) [41-44], etc. These methods use 

series of ab initio computations along with empirical corrections. The details of these 

methods are provided in section II.3.ii. 

 

ii. Density Functional Methods 
 

The density functional theory methods (DFT) are sometimes also considered as ab initio 

methods to determine molecular structures, although most common functional use parameters 

that are obtained by empirical methods. A functional F[f] is a rule that associates a number 

with each function f. In 1964, Pierre Hohenberg and Walter Kohn proved that for molecules 

with a non-degenerate ground state, the ground-state molecular energy, wave function, and 

all molecular electronic properties are uniquely determined by the ground-state electron 

probability density, ρ0(x,y,z) [45]. The zero subscript in ρ indicates the ground state. Unlike 

ab initio methods, DFT methods do not calculate molecular wave function, but attempt to 

calculate ground-state electronic energy from the ground-state electron density (ρ0). 

However, the Hohenberg-Kohn theorem does not tell how to calculate E0 (ground-state 

molecular energy) from ρ0 nor does it tell how to find ρ0 without first finding wave function. 

Hence, in 1965 Kohn and Sham [46] devised a method for finding ρ0 and then E0 from ρ0. 

Fundamental details of this method are available in quantum chemistry textbook [32]. 

Overall, in DFT the energy of the system (EDFT) is given as follows. 

  (62) 

Wherein, ENN - nuclear-nuclear repulsion energy; ET - kinetic energy of the electrons; Ev - 

nuclear-electron attraction energy; Ecoul - classical electron-electron Coulomb repulsion 

energy; Eexch - non-classical electron-electron exchange energy; Ecorr describes the energy due 

to the correlated movement of electrons of different spin. 
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iii. Semi-empirical Methods 
 

The semi-empirical methods are simplified forms of HF theory using empirical corrections 

for performance improvement. These methods use a simpler Hamiltonian (Ĥ) than the correct 

molecular Hamiltonian and are basically important for considering calculations involving 

large molecules. The semi-empirical methods are basically used for treating molecules for 

which the full HF method without approximations is very expensive. 

 

iv. The molecular-mechanics methods 
 

The molecular-mechanics (MM) methods do not belong to a quantum-mechanical method. In 

this method neither molecular Hamiltonian operator (Ĥ) nor a wave function is used to 

calculate molecular energy. A molecule is considered as collections of atoms (balls) which 

are held together by bonds (spring between the balls) and hence the molecular energy is 

expressed in terms of the force constants. Using the parameters such as bond-stretching and 

bond-bending force constants, and also by allowing interactions between non-bonded atoms, 

the MM method constructs a potential-energy expression as a function of the atomic 

positions. It then predicts equilibrium geometries and relative energies by minimizing the 

potential-energy expression for various molecular conformers. MM methods find applications 

to organic, organometallic and transition-metal coordination compounds.     

Further, in quantum chemistry the most important step in solving a chemical problem is 

based on the solution of Schrödinger equation. In order to solve the Schrödinger equation for 

one electron system, the Born-Oppenheimer approximation is used which is briefly discussed 

in the following section. However, Schrödinger equation cannot be solved exactly for many 

electron systems; hence various approximation methods are developed.  

 

 II.2 The Schrödinger Equation and the Born-Oppenheimer approximation 

In 1926, Austrian physicist Erwin Schrödinger discovered the concept of the wave function 

and the equation governing its change as a function of time. The time-dependent Schrödinger 

equation is given as, 

  (63) 

In above equation, Ψ is called the state function or the wave function. For a one particle, one-

dimensional system, Ψ = Ψ (x,t). The constant ħ = (h/2П), i = , m is the mass of the 



Computational Details 

 

 Page 21 
 

particle and V(x, t) is the potential energy function of the system. The wave function Ψ 

contains all possible information about a system. 

The Schrödinger equation helps in getting the wave functions and energies of the system 

according to the equation (64), 

  (64) 

qi and qα indicate the electronic and nuclear coordinates respectively. Ĥ is the Hamiltonian 

operator and E is the energy eigen value.  

As mentioned before, one of the important approximations considered in quantum mechanics 

is the Born-Oppenheimer approximation which separates electronic and nuclear motions in 

the molecule. Born and Oppenheimer's mathematical treatment highlighted that the true 

molecular wave function is approximated as, 

  (65) 

In above equation (65), Ψel and ΨN represent electronic and nuclear wave function 

respectively. The Born-Oppenheimer approximation is based on the fact that the nuclei are 

much heavier than the electrons and hence the electrons move much faster than the nuclei. 

Classically during the time of a cycle of the electronic motion, the change in nuclear 

configuration is negligible. Hence, considering the nuclei as fixed the nuclear kinetic energy 

terms are omitted from the molecular Hamiltonian to obtain the Schrödinger equation for the 

electronic motion [32]. 

 

II.3 Computational Models and Model Chemistries 
 
The molecular quantum–mechanical methods mentioned in section II.1 such as CI, 

perturbation theory, coupled cluster, or density functional theory methods begin calculations 

with a set of basis functions (χr). The overview of basis functions is given in the following 

section. These basis functions are used to express the molecular orbitals, Φi.  Gaussian 

consists of many model chemistries and theoretical models which are implemented to test 

different properties of molecules. These model chemistries are differentiated by the 

combination of theoretical methods and the basis sets. 

i. Basis Set 

A basis set is a set of mathematical functions (basis functions) used to define molecular 

orbitals within a system which is used to perform theoretical calculations. These basis 

functions are combined in linear combinations to create molecular orbitals. In the 



Computational Details 

 

Page 22 
 

computational models, calculations are usually performed by taking into account a finite set 

of basis functions. A general expression of the basis function is given as, 

  (66) 

Wherein, N is a normalization constant, α is an orbital exponent and r is a radius in 
Angstrom. 
Considering diatomic molecules, basis functions usually consists of atomic orbitals, some 

centered on one atom and the remaining centered on the second atom. This atomic orbital can 

be represented as a linear combination of one or more Slater-type orbitals (STOs). The STO's 

are expressed in the following form, 

  (67) 

In equation (67) n, l and m are the quantum numbers. ζ is the exponent and accounts for how 

diffuse (large) the orbital is. N is the normalization constant and Yl,m(θ,ϕ) are the spherical 

harmonics. In above equation, if n=1, the emerging STO is an exact hydrogen like 1s orbital. 

These STO’s perform well with small basis set. However, major difficulties arose to evaluate 

general many-center molecular integrals with reasonable time and adequate accuracy. Hence, 

to overcome this problem, Gaussian-type orbitals (GTO’s) were introduced and played an 

important role in the electronic structure calculations [47, 48]. The GTO’s can be expressed 

in the following form, 

  (68) 

In equation (68) the orbital exponent α, is positive. It determines the radial extent (or spread) 

of a Gaussian function. GTO’s are comparatively less accurate than STO’s in the descriptions 

of electrons in regions close to and far away from the nucleus due to the exponential 

dependence on r2. For the hydrogen like wave functions, the correct cusp at the nucleus is 

well replicated by STO’s whereas it is absent in the case of GTO’s. Also GTO’s were 

observed to fall off rapidly far from the nucleus. In order to improve the performance of the 

GTO’s to get results with high accuracy; several authors [47-49] suggested an idea of 

representing the STO’s atomic orbitals by linear combinations of GTO’s. Pople et al. [50, 51] 

suggested using linear combinations up to K=6 GTO’s which are obtained by least-squares 

methods as given below.  

  (69) 

The GTO’s are called primitives and the resulting combination is known as contracted 

function. The notation used by Pople et al. [50, 51] for the minimum basis set is STO-KG. It 

was found that a good compromise between computation time and accuracy was achieved by 
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STO-3G. For Pople basis set, the “G” in the notation indicates that Gaussian primitives are 

used.  

Minimal basis set 

A minimal basis set is the one that contains a minimum number of basis functions needed to 

define each atom. For better understanding, consider the following examples. For a hydrogen 

atom with 1s atomic orbital, minimum basis set contains only one basis function. However, 

for carbon atom with 1s, 2s, 2px, 2py and 2pz atomic orbitals, minimum basis set contains five 

basis functions in order to define a carbon atom. The basis sets STO-3G, STO-4G, etc. (STO-

nG) are all minimal basis set in which n Gaussian functions are used to represent each orbital. 

However, extended basis set takes into account higher orbitals of the molecules which in turn 

account for the size and shape of the molecular charge distributions. These extended basis 

sets are classified into various types, details of which are explained below. 

a. Double zeta basis set 

The electronic energy of a molecule decreases and approaches closer to the exact value as the 

number of basis functions are increased. Hence, it is more important to consider more basis 

functions than a minimal basis set. The double zeta basis set (DZ) uses two basis functions of 

each type found in the separated atoms. Considering the example of a carbon atom, the 

double zeta basis includes two 1s, two 2s and two each of 2px, 2py and 2pz orbitals. The basis 

functions in this case is represented as 1s, 1s', 2s, 2s', 2p(3) and 2p' (3). 2p(3) represents the 

set of three 2p orbitals (2px, 2py and 2pz). The two types of 1s, 2s and 2p orbitals considered 

in a basis set above are not identical, since they have a different orbital exponent. 

b. Triple zeta basis set 

The triple zeta (TZ) basis set employs three basis function of each type found in the separated 

atoms.  A triple zeta basis set for the carbon atom includes three 1s, three 2s and three each of 

2px, 2py and 2pz orbitals, hence it consists of total 15 basis functions. The three basis 

functions for each type considered above have different orbital exponents and are not 

identical. For the carbon atom, triple zeta basis set is denoted as 1s, 1s', 1s'', 2s, 2s', 2s'', 2p(3), 

2p'''(3) and 2p'''(3). Further, there are also quadruple zeta and higher basis sets.  

c. Split valence basis set 

Split valence basis set consist of two or more basis functions that are used to define each 

valence orbital of an atom. Since the core electrons of an atom are less influenced by the 

chemical environment than the valence electrons, the former is treated with a minimal basis 

set while valence electrons are treated with a larger basis set. The notation used by Pople for 

the split-valence basis set is X-YZg. In this, X represents number of Gaussian primitive 
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containing each core atomic orbital basis functions. The Y and Z indicate that the valence 

orbitals are described by two basis functions each. The first one is composed of a linear 

combination of Y Gaussian primitive while second is composed of a linear combination of Z 

Gaussian primitive. Consider the following example of a split valence basis set. In 3-21G, the 

inner shells are described using a linear combination of 3 Gaussian primitives while the 

valence shell is described using the two sets of the basis functions; one is expanded in a set of 

2 Gaussian primitives and the other in a set of 1 Gaussian primitive. 

d. Polarized basis set  

Polarized basis set adds orbitals with angular momentums for the proper description of the 

ground state of each atom. For example, for hydrogen/helium atoms in which the only 

occupied orbital is s-type, polarized basis set add p-type or d-type basis functions. For the 

carbon atom, d-type or f-type functions are known as the polarization functions. The 

polarized basis sets are included in order to improve the flexibility of the existing basis set. 

For example, the electron density of an isolated hydrogen atom is spherical in nature. When it 

is involved in the bond, the electron density is polarized and is no longer spherical. In such 

cases adding polarized basis functions can represent electron densities in molecule in a better 

way. The polarization is denoted by an asterisk (*) or as (d) when heavy atoms are corrected 

with the d-type functions or with two asterisks (**) or as ((d, p)) when correction is also 

applied for a hydrogen/helium atom with d and p-type function. Examples of the polarized 

basis sets are: 6-31G(d), 6-311G(d, p), 6-311(2df). 

The 6-31G(d) basis set indicates that the d-type polarization has been added to each non-

hydrogen atom in a molecule. In this case, no polarization function has been added to the 

hydrogen. In a second example, i.e. 6-311G(d, p) it indicates that one set of d-type 

polarization functions is added to the non-hydrogen atoms and one set of p-type polarization 

functions is added to hydrogen/helium atom. The notation 6-311(2df) mean that two sets of 

d-type polarization functions and one set of f-type polarization functions are added to all non-

hydrogen atoms in a molecule. 

e. Diffuse basis functions 

Diffuse basis functions are the extra basis function usually s-type or p-type that are added to 

the basis set to represent broad electron distributions. These diffuse basis functions play 

important role in representing the electron density in case of anions and in intermolecular 

complexes. The use of the diffuse function is denoted by + or ++. In 6-31+G(d), + indicates 

that one set of sp-type diffuse basis functions is added to non-hydrogen atoms. In 6-31++G(d) 
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represents that one set of sp-type diffuse functions is added to each non-hydrogen atom and 

one s-type diffuse function is added to hydrogen atoms.  

f. Correlation-consistent basis set 

Dunning and co-workers [52] developed cc-pVnZ (wherein n goes from 2 to 6) basis sets 

which were designed for use in calculation methods that include electron correlation. These 

basis sets are denoted as cc-pVDZ (n = 2), cc-pVTZ (n = 3), cc-pVQZ (n = 4), cc-Pv5Z (n = 

5), and cc-pV6Z (n = 6). Here, cc-pVDZ stands for correlation-consistent, polarized valence 

double-zeta basis set. These sets are defined for the following elements. For H-Ar, Ca, and 

Ga-Kr, cc-pVDZ and cc-pVTZ. For H-Ar and Ca, cc-pVQZ and cc-pV5Z and for H and B-

Ne, cc-pV6Z. Further, diffuse primitive non-polarization and polarization functions are added 

to the cc-pVnZ basis sets to give augmented basis sets. These augmented basis sets are 

represented as aug-cc-pVDZ, aug-cc-pVTZ, etc., and are suitable for calculations on anions 

and hydrogen-bonded species. 

To perform a quantum-mechanical calculation, one has to specify the method along with the 

basis set to be used. For example, the notation HF/3-21G(d) indicate Hartree-Fock method 

with the 3-21G(d) basis set. In this thesis work, electronic structure calculations are 

performed employing various composite methods such as CBS-QB3 [38, 39], CBS-APNO 

[40], G3[43], G4 [44], and by also implementing coupled cluster method (Chapter IV). In the 

case of composite methods, all the distinct steps are performed automatically when the 

method is specified. A short overview of different steps involved in these composite methods 

is provided below. The commonly used keywords in the electronic structure calculations are 

discussed in chapter III (computational chemistry tools). 

 

ii. Gaussian Composite Methods  

The Gaussian composite methods are the computational methods which combine the results 

from several calculations with an aim to achieve better accuracy. It aims for the chemical 

accuracy which is defined as within 1 kcal mol-1 of the experimentally determined value. 

These methods are commonly used for the computation of thermodynamic properties such 

as enthalpies of formation, atomization energies, bond dissociation enthalpies and also for 

studying the reaction kinetics. In these methods series of ab initio methods along with 

empirical corrections are used. The aim of these composite methods is to provide reasonable 

computational time which allows calculations on molecules containing several non-

hydrogen atoms. Herein, CBS-QB3, CBS-APNO, G3 and G4 composite methods are 

implemented for computing thermodynamic and kinetics properties of interest. The detail 
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analyses of the results obtained by implementing these methods are provided in chapter IV 

however a brief overview of computational details is provided in the following section. 

a. CBS-QB3, CBS-APNO methods 

The CBS-QB3 [38, 39], CBS-APNO[40] methods are Complete Basis Set (CBS) methods 

developed by Petersson and coworkers. The CBS-QB3 composite method was devised to 

perform calculations on molecules containing the atoms H to Ar while CBS-APNO is 

available for first row atoms only. These methods use procedures designed to extrapolate 

computed energies to the complete-basis-set limit. In CBS-QB3 method, initial equilibrium 

structure is determined at the B3LYP level with the CBSB7 basis set. The B3LYP [53] is one 

of the DFT methods which stands for Becke, 3-parameter, Lee-Yang-Parr. The CBSB7 

indicates 6-311G(2d,d,p) basis set. This notation specifies two additional d-type polarization 

functions on second row atoms, one d-type function on first row atoms and a p-type function 

on hydrogen atom. Further, the structure obtained at the B3LYP/CBSB7 is used to calculate 

harmonic frequencies. This is followed by single point energy computations at CCSD(T), 

MP4SDQ, and MP2 levels. The final energy is computed by extrapolation to the complete-

basis-set limit. In CBS-APNO, the acronym APNO stands for atomic pair natural orbital. The 

CBS-APNO computation starts with (U)HF/6-311G(d,p) geometry optimization and 

frequency calculation wherein (U)HF represents unrestricted HF method [Levine]. It is 

followed by a second geometry optimization at the QCISD/6-311G(d,p) level. In next steps 

this geometry is used for series of single-point energy calculations at QCISD(T), MP2 (Full), 

HF, and MP2 levels, each with different basis sets. Similar to CBS-QB3, final energy is 

computed by extrapolation to the complete-basis-set limit. 

b. Gaussian-3 (G3) and Gaussian-4 (G4) methods 

The Gaussian-n (Gn; n = 1, 2, 3, 4) are the series of methods introduced by Curtiss, Pople, 

and co-workers [42-44, 51]. The G3 [43] is an improvement on its predecessors namely G1 

and G2 methods whereas G4 [44]  is an enhancement of G3 method. These Gn methods 

involve a sequence of well-defined ab initio molecular orbital calculations to obtain a total 

energy of a given molecular species. The details of the G3 methods are as follows. An initial 

equilibrium structure is determined at the Hartree-Fock level with the 6-31G(d) basis set. 

This structure is then used to calculate harmonic frequencies. Further, the equilibrium 

geometry of the molecule is refined at the MP2/6-31G(d) level. In next step, base energy Ebase 

is computed from MP4/6-31G(d) calculation. Various corrections to the Ebase are then found 

from the computed single point energies obtained at MP4/6-31+G(d), MP4/6-31G(2df,p), 

QCISD(T)/6-31G(d), and MP2/G3large methods. The G3 large indicates very large basis set 
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that includes more polarization functions for the second row and additional polarizations 

functions. Also an empirical higher-level correction is added to correct for the basis-set 

incompleteness. These corrections to the base energy allow for the effects of including 

diffuse, polarization basis functions and also higher level of electron correlation [32] The 

accuracy of G3 methods was tested against accurately known thermochemical data, the 

G3/05 test set. This test set consists of 270 enthalpies of formation, 105 ionization energies, 

63 electron affinities, 10 proton affinities, and 6 dimerization energies of H-bonded dimers 

[54]. This G3/05 test set did not include any transition-metal compounds.  

As mentioned before, G4 is an improvement on the G3 method.  The major differences 

between these two methods are as follow. G4 method uses an extrapolation procedure to 

estimate the Hartree-Fock energy in the complete-basis-set limit using the following equation 

[32]  

  (70) 

In above equation (70), ESCF (n) is the Hartree-Fock energy obtained with the cc-pVnZ basis 

set. ESCF (∞) is the Complete Basis Set (CBS) limit predicted by cc-pVnZ in the limit n → ∞. 

A and B are positive parameters whose values are determined by a least-squares fit of the 

calculated energies. The G4 method uses a larger basis set than G3 and replaces the 

QCISD(T) calculation of single point energy by CCSD(T). At G4, equilibrium geometry and 

zero-point energy are determined at B3LYP/6-31G(2df,p) and consist of two additional 

empirical parameters  included in the higher-level correction. The details computations are 

presented in Curtiss et al [44]. For the G3/05 test set, mean absolute deviation for the G3 

method is 1.13 kcal mol-1 whereas for G4, 0.83 kcal mol-1. 
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III. Computational Chemistry Tools 
 
III.1 Gaussian Software package 
As discussed in chapter II, Gaussian 09 [26] has been employed for performing all the 

electronic structure calculations. These computations were performed on the RWTH 

Compute Cluster, Aachen, Germany. This section will give a brief overview of Gaussian 09 

considering some of the important keywords implemented herein. For the visualization of 

input and output files GaussView [55] and ChemCraft [56] tools were used. 

In the electronic structure calculations, the first step involved is the optimization of geometry 

and then the computation of vibrational frequencies of a molecule of interest. This is 

performed by specifying the keyword ‘opt’ and ‘freq’ in the input file. The basic structure of 

the Gaussian input file is as shown below: 
%chk=butanone.chk 
%mem=22000MB 
%nprocshared=8 
#opt freq b3lyp/6-311++g** maxdisk=1000GB  
 
2-butanone 
 
0 1 
 C                 -1.88540300   -0.50996100    0.03300000 
 H                 -1.94895900   -1.32698300   -0.69122400 
 H                 -2.67489700    0.21764300   -0.15149400 
 H                 -2.03131700   -0.94893400    1.02605700 
 C                 -0.52946200    0.17015100   -0.01903400 
 C                  0.68576000   -0.74710800   -0.05768400 
 H                  0.62331600   -1.32143700   -0.99182900 
 H                  0.57194600   -1.49228900    0.73995800 
 C                  2.02362700   -0.02088900    0.04689800 
 H                  2.10100700    0.52560200    0.98918600 
 H                  2.85167500   -0.73184300   -0.00699400 
 H                  2.13837400    0.70542800   -0.75958300 
 O                 -0.42478400    1.37745700   -0.02164500 
 

The link 0 section contains %chk keyword which defines a binary ‘checkpoint’ file in which 

all results are written. The next line shows %mem which indicates available memory for the 

calculation (in words). The following line starts with a %nprocshared which highlights the 

number of shared processors to be used for the computation.  

The route section starts with ‘#’ sign and consists of the keywords for the type of 

calculations, level of theory, basis set etc. In the above example, the route section highlights 

calculations to be performed for the geometry optimization and vibrational frequencies 

calculations at b3lyp/6-311++g** level of theory. The route section is terminated by a blank 

line and followed by the title section which consists of descriptive information about the 

calculation. The title section is also terminated by a blank line as shown in the example 

above. The next section highlights molecule specifications. The first line in this section 

Link 0 section 
Route section 

Title section 

Molecule specification section 
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shows charge and spin multiplicity of the molecule. The spin multiplicity is given by 2S+1, 

wherein S is the total electron spin for a molecule. For example, paired electrons have a net 

zero spin. For one unpaired electron, the spin multiplicity is equal to 2 and the species is 

called doublet. Two unpaired electrons lead to the spin multiplicity equal to 3, i.e. triplet and 

so on. In the following lines, Cartesian coordinates of the molecule are given along with the 

atomic symbols. The molecule specification section is followed by a blank line.  

This job will determine all the vibrational frequencies within a molecule based on the 

optimized geometry in the first step. The important output given by any composite method 

such as CBS-QB3, G3, G4 etc. looks like as shown below. The following lines show the 

output obtained by performing calculations at the CBS-QB3 method. For all methods used in 

Gaussian, the energy is given in atomic unit. The atomic unit of energy is called Hartree. 
CBS-QB3 (0 K) = -232.045812       CBS-QB3 Energy = -232.039107 
CBS-QB3 Enthalpy = -232.038163    CBS-QB3 Free Energy = -232.076764 
In the output details shown above, “CBS-QB3 (0 K)” indicates total electronic energy 

including the scaled zero-point energy as defined in the model. 

“CBS-QB3 Energy” is the total electronic energy plus the internal thermal energy. The 

internal thermal energy is taken from the thermochemistry output from the frequency part of 

the calculation and the scaled zero-point energy is included in this. 

“CBS-QB3 Enthalpy” is the total electronic energy plus Hcorr (thermal correction to 

Enthalpy), with the unscaled zero-point removed. This value is appropriate to calculate 

enthalpies of reaction. 

“CBS-QB3 Free Energy” highlights total electronic energy plus Gcorr (thermal correction to 

Gibbs free energy), with the unscaled zero-point energy removed. This value is suitable for 

computing Gibbs free energies of reaction. 

For the calculations performed using composite methods such as CBS-QB3, G3, G4 etc. the 

keywords such as “opt” and “freq” from the route section can be omitted.  For the TS, the 

route section for the optimization is a bit different than the one shown in the above example 

(reactants and products) and involves additional keywords as shown below. 
#opt=(calcfc,ts,noeigentest) CBS-QB3 maxdisk=1000GB   

The keyword “calcfc” specifies that the force constants be computed at the first point using 

the method given in the route section. The second term “ts” highlights the transition state. 

The next keyword, “noeigentest” suppresses testing the curvature in Berny optimizations 

[57]. This keyword is recommended for the calculations with large computing budgets to 

save computational time. 
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The optimized transition state can be analyzed by performing Intrinsic Reaction Coordinate 

(IRC) calculation [58] in order to visualize if the given transition state connects to reactants 

and products involved in a reaction. This calculation requires initial geometry of the 

transition state. The IRC calculations need initial force constants to proceed and hence in the 

route section keyword “irc=calcfc” is mentioned. “calcfc” computes the force constants at the 

beginning of the calculations. The IRC path of one such calculation as visualized by 

GaussView, from the output of the Gaussian file (.log) is highlighted below (Figure 2). 

                                      
Figure 2. IRC path as visualized by GaussView 

For performing relaxed potential energy surface scan, keyword “opt” along with 

“modredundant” is used in the route section. In the input file, after the molecule specification 

section, details of the scan to be performed should be mentioned as follows.  

D N1 N2 N3 N4 S nsteps stepsize 

In the above line, D is the dihedral angle; N1, N2, N3 and N4 are atom numbers. The action 

code “S” performs a relaxed potential energy scan. The scan is executed by stepsize 

increment in the coordinate a total of nsteps times with an optimization performed at each 

resulting starting geometry.    

 
Figure 3.  Optimized geometry with the atom numbers in isopentanol. 

For example, to perform potential energy surface scan along the 2-11 bond in isopentanol 

(Figure 3), following syntax must be used.  
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D 7 2 11 14 S 36 10.0  

In the above case scan is performed by scanning a dihedral angle from 0-360˚ with 10˚ 

increments. The lists of all the keywords implemented in Gaussian 09 are highlighted in 

Gaussian 09 user’s reference [26].  

The data obtained from the electronic structure calculations must be post-processed in order 

to obtain necessary results such as thermodynamic properties of species, rate constants for the 

reactions of interest etc. A post processing tool, Gaussian Post Processor abbreviated as 

GPOP [59] has been used for post processing Gaussian output files.   

 

III.2 Gaussian Post Processor (GPOP) 
GPOP is post processing software for the electronic structure calculations that are performed 

using Gaussian [26] and MOLPRO [60]. It has a collection of tools for pre-processing output 

files from the electronic structure calculations, for thermodynamic and rate constant 

calculations and also computational diagnostic and analysis. Some of the important tools 

from GPOP software that are implemented herein are briefly discussed in the following 

sections.  

i. GPOP Pre-processing Tools  
a. gpop1scf 

This program preprocesses a Gaussian SCF/DFT-level job output which is required by the 

other programs in GPOP. It extracts all the essential data from the Gaussian output file 

needed for thermodynamic and rate constant calculations and saves them in a GPOP-format 

file named as “basename.gpo”. The gpop1scf program generates two files namely 

“basename.gpo” and “basename.mod” files. The basename.gpo contains all the results of the 

quantum mechanical calculations. This is a text file and can be viewed or edited by text 

editors if required. File with basename.mod is a sample modification file essential for the 

“gpop3tst” program. More details about basename.mod file has been explained in gpop3tst 

section. 

Computation details in gpop1scf 

When gpop1scf pre-process the Gaussian output file, it looks for the quantum chemical 

method and the basis set employed in the calculation. If the method used matches with those 

registered in the gpop1scf, then it automatically sets preferred scaling factors to eliminate the 

systematic errors involved in such calculations [61].  The first one is the preferred scaling 

factor for (1<-> 0) vibrational transition (f VIB), the second one is the scaling factor for the 
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zero-point energy (f ZPE), and the last one is the scaling factor for the zero-point energy as 

defined in the Gaussian theories, or Complete Basis Set Methods (f GT). In basename.gpo, the 

program gives three types of zero-point energies, a) unscaled, b) scaled by prefer scaling 

factor for the ZPE and c) scaled as in Gaussian theories (or CBS methods). The values of the 

energies are given in two units, wavenumber (cm-1) and atomic unit (hartree). The methods 

and the scaling factors implemented within GPOP program are highlighted in Table 1. 

The value of fGT does not affect any calculations but only affects the zero-point energy 

(zpe_GT) given in “basename.gpo” file. The fZPE is taken into account when 

‘useSCFenergy+ZPE’ keyword is mentioned in the “basename.mod” file and for the hindered 

rotor calculations. However, the fVIB affects all the calculations that include vibrational 

partition function calculations such as computation of thermodynamic functions, rate 

constants and equilibrium constants. 

Table 1. Methods and the scaling factors in GPOP program 
method index f VIB f ZPE f GT 

HF/6-31G(D) 0 0.8929 0.9135 
1 / 1.12 

(~0.8929) 

B3LYP/6-31G(D) 1 0.9613 0.9804 0.96 

B3LYP/6-311G(D,P) 2 0.97 0.99 0.99 

B3LYP/CBSB7 

[CBSB7 = 6-311G(2D,D,P)] 
3 0.97 0.99 0.99 

B3LYP/6-311G(2D,D,P) 4 0.97 0.99 0.99 

RS2/CC-PVTZ 4 0.97 0.99 0.99 

RS2/CC-PVDZ 4 0.96 0.98 0.98 

WB97XD/6-311G(D,P) 2 0.949 0.974 0.974 

MP2/6-311G(D,P) 2 0.945 0.970 0.970 

 

b. gpop3tst 

Computation details in gpop3tst 
The “basename.mod” file created by the gpop1scf as discussed before contains all the basic 

information needed to perform thermodynamic and rate constant calculations. Basename.mod 

file is the temporary modification file created by gpop1scf and hence “gpop3tst” program is 

used to do a modification to the created basename.mod file. This executable file performs 

modification according to the detailed information provided in the basename.mod file. This 

step is important before performing any thermodynamic and rate constant computations. The 

basename.mod file can take into account corrections to the electronic degeneracy, low energy 

electronic states, rotational symmetry number, the number of isomers, the energy for the rate 

constant calculation, intramolecular rotation and notification whether the geometry is 
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transition state or not. For example, if the Gaussian output file “ROO2c.log” is processed 

with gpop1scf, it creates “ROO2c.gpo” and “ROO2c.mod” files. The ROO2c.mod file looks 

like as shown below; 
! gElec 2 

! rotSymNbr 1 

! numIsomers 2 

! isTS false 

! ## CBS-QB3 E(0K) is used as default. Change if necessary. 

energyTST -420.828113 

! useSCFenergy+ZPE 

! setIntRotor idVib nSym moi1 moi2 Vθ comment 

 

In the ROO2c.mod file as shown above, ‘gElec’ is the degeneracy of the electronic state 

including both the electronic spin degeneracy and electronic angular momentum degeneracy. 

‘rotSymNbr’ indicates the rotational symmetry number. In GPOP, rotational symmetry 

number is determined from the point group identified by the Gaussian. ‘numIsomers’ is the 

number of isomers. In GPOP, a number of optical isomers is set as default value and is 

determined from the molecular symmetry. The next line shows ‘isTS false’ wherein ‘false’ 

highlights that the geometry is not a transition state while ‘true’ indicates a transition state 

geometry. The GPOP program set the default value as ‘true’ if at least one imaginary 

vibrational frequency is found in the Gaussian output file (.log). The next keyword is 

‘energyTST’ which highlights the energy that is taken into account for the computation of the 

rate constant and it corresponds to the internal energy at 0 K. In the above example, internal 

energy at 0 K has been considered from the CBS-QB3 composite method. The next keyword 

is ‘useSCFenergy+ZPE’ which request the GPOP program to use SCF level energy corrected 

with ZPE for the calculation of the rate constant. The last line shows, ‘setIntRotor idVib 

nSym moi1 moi2 V0 comment’ The GPOP uses this keyword to define intramolecular rotor 

within a molecule. 'idvib’ denotes the index of the vibrational mode that is treated as a 

hindered internal rotor. If the index is set to zero or the negative value then gpop3tst 

automatically detects the most similar vibrational mode. ‘nSym’ highlights the symmetry 

number of the internal rotation. ‘moi1’ and ‘moi2’ specifies the moieties for the 

intramolecular rotation. Each moiety is denoted by the list of atoms within a molecule. The 

first atom in both moieties must be the pivot atom for the intramolecular rotation. The 

numbering of the atoms must be exactly the same as in the Gaussian output file. Consider a 

following example of 2-butanone. 
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Figure 4. Optimized geometry with the atom numbers in 2-butanone. 

In order to specify intramolecular rotation around C1-C5 bond in 2-butanone (Figure 4), 

moiety-1 must be denoted as 1-2-3-4 and moiety 2 as 5-6-7-8-9-10-11-12-13. The pivot 

carbon atom (1) must be the first atom in the moiety-1 and the counter pivot atom (5) must 

the first atom in the moiety-2. However the ordering of the other atoms in both the moieties 

can be given in an arbitrary manner. Since the moiety-2 contains all the other atoms which 

are not part of the moiety-1, the moiety-2 can be specified with the abbreviation ‘@’. For 

example, in the above case of 2-butanone moiety-1 and moiety-2 for the internal rotation 

along 1-5 bond can be specified as 1-2-3-4 and 5-@ respectively.  

Lastly, the Vθ in the ROO2c.mod file indicates the height of the hindrance potential. If Vθ is 

zero then the given rotor is considered as a free rotor. If the positive Vθ is found as an input, 

the value is used for the calculation. In the case of negative Vθ, V0 is computed from the 

following equations described below: 

The setIntRotor keyword in the GPOP mod file treats the intramolecular rotor as sinusoidally 

hindered rotor with a potential energy curve given as, 

  (71) 

In equation (71), V0 is a barrier height, n is the symmetry number of rotation and θ is the 

angle of rotation. The potential barrier height, V0 is determined from the harmonic frequency 

of the corresponding vibrational mode v from the equation, 

  (72) 

In equation (72) h is the Plank’s constant, B is the reduced moment of inertia and v is the 

vibrational frequency. Determination of barrier height by this method is fairly good for the 

symmetric rotors (methyl rotor). For asymmetric rotors more systematic approach is followed 

by using BEx1D program [62]. The detail of this code is provided in section III.3.  

In the ROO2c.mod file shown above, ‘!’ highlights the comment and the values shown are 

automatically taken from the Gaussian output file (.log) while pre-processing. If the values 

are correct then the lines are kept commented however if the values are different and 

incorrect then the comment ‘!’ is taken out and the correct values are to be inserted.   
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ii. Thermodynamic and Rate Constant Calculations  

GPOP has an inbuilt program for the computation of thermodynamic and rate constant 

calculations for the reaction of interest. In order to get these data from the Gaussian output 

files, pre-processing is performed so that all the input information are in a format required by 

the GPOP tool. The pre-processing steps are performed using gopop1scf and gpop3tst 

executable files as discussed in an earlier section. The computations of thermodynamic 

properties of the species of interest are carried out using ‘gpop4thf’ tool within GPOP.  

The gpop4thf program requires GPOP-format file i.e. “basename.mod” to calculate 

thermodynamic functions and the output results are given in the CSV file. Before running 

gpop4thf program, the GPOP-format file needs to be modified by running gpop3tst as 

explained before to take into account hindered internal rotors in a molecule. 

For the determination of a rate constant, the program named ‘tstrate’ is employed. This 

program expects the following input files in the current directory. 1) GPOP-format files of 

reactants and transition state and 2) A reaction input file (*.rxn) 

The reaction input file required for the rate constant calculation within GPOP looks as shown 

below: 
reactants{ 

file reactant/reactants Reactant(s) block 

} 

transitionState{ 

file transition state                                Transition State block 

} 

products{ 

file product/products                             Product(s) block 

} 

tempRecipRange 10000 5 20 1 

 

The reaction input file as shown above contains three blocks; corresponding to reactants, 

transition state and products. Each block must contain at least one “file” key with the name of 

‘*.gpo’ file(s) to be read. If in the reaction input file only two blocks, i.e. reactant(s) and 

transition state are specified then the program computes only the rate constant for the 

reaction. However, if an additional block of the product(s) is specified as shown in the above 

example then the program calculates rate constant as well as the equilibrium constants for the 

reaction. The ‘tstrate’ tool computes the rate constant of a reaction by applying a tunneling 
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correction which is computed by considering an asymmetric Eckart potential [63]. This 

correction is taken into consideration when all three blocks are found in the reaction input file 

since in order to take tunneling correction into account it needs the energy of the products. 

Finally, these results are written to a csv-format file. The ‘gpop6irt’ is another important 

program within GPOP tool and is useful in calculating the reduced moment of inertia and the 

corresponding rotational constant of an internal rotor. These values are required by the 

BEx1D program [62]. This program reads the pre-processed GPOP-format file. The 

intramolecular rotation in a molecule is designated by specifying the two moieties on the 

command–line. The specifications of the moieties are done in a similar way as mentioned 

under the gpop3tst program. 

As mentioned before, for the treatment of asymmetric internal rotations within molecule, 

more systematic approach is followed by using the BEx1D program. The brief overview of 

this program is highlighted below.    

  

III.3 Basis-set Expansion solver for 1-Dimensional Schrödinger Equation 

(BEx1D) 
BEx1D ( an acronym for Basis-set Expansion solver for 1-Dimensional Schrödinger 

equation) is a package of calculation tools for eigenstates and partition functions of 

intramolecular nuclear motions, for which harmonic oscillator approximation is inadequate, 

such as hindered rotations. 

The two important tools used are ‘bx1fitPlls’ for the potential curve fitting and ‘bx1HRsol’ 

for an eigen problem solver. The bx1fitPlls tool derives a potential energy function by linear 

least square fitting either in a power or Fourier series, which is subsequently required for the 

bx1HRsol program. The bx1HRsol solves one-dimensional time-dependent Schrödinger 

equation with the periodic boundary condition suitable for the hindered internal rotations. For 

a potential energy curve given by a Fourier series (obtained from the bx1fitPlls program), the 

eigen states are computed. The eigen states are computed by expanding a wave function with 

a free-rotor basis function set. The important parameters that must be specified in the input 

file of the bx1HRsol are as follows. The ‘maxAbsQN’ keyword in the input file which is the 

abbreviation for the maximum absolute quantum number is used to set the size of basis-set by 

the maximum absolute quantum number.  In bx1HRsol, the basis-functions used are the free-

rotor basis functions as given in equation (3). 
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  (73) 

If the maxAbsQN value is specified as 50 then the program uses basis functions from J = -50 

to +50, hence in total 101 basis functions. Another important input is the rotational constant 

which is specified by the keyword ‘rotConst’. It is a coefficient (B) = ħ2/2I in the one-

dimensional Hamiltonian (equation 74). 

  (74) 

As explained before under the GPOP section, ‘gpop6irt’ tool is used to calculate the 

rotational constant of an internal rotor. The rotational constant is given in the unit of cm-1. 

The keyword ‘output’ is used to control the bx1HRsol output. The temperatures at which the 

partition functions to be calculated is specified by using ‘tempRange T_start T_end T_step’. 

This sets equally spaced temperatures list from the T_start to T_end with the interval of 

T_step. For example, ‘tempRange 400 1000 100’ will set temperature list from 400 K to 1000 

K with an interval of 100 K. 

The potential function of the Fourier series is specified in the following format: 
potPars{ 

 order-1 coefficient-1 

 order-2 coefficient-2 

 order-3 coefficient-3 

 ... 

} 

This program can give four types of output files depending on the input specifications. The 

output of the eigen values and the partition functions are given by default. The eigen vector 

and the eigen functions output are generated if the keyword ‘output all’ is specified in the 

input file. The more details about this can be found on the BEx1D reference manual [62].
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IV. Results and Discussion 
IV. 1 Reaction Kinetics of the Hydrogen Atom Abstraction from 

Isopentanol by H atom and HȮ2 Radical 
As highlighted in chapter I, isopentanol is among one of the biofuel candidates that 

can be synthesized from advanced biochemical synthetic routes and metabolic engineering 

approaches [11, 64-66]. Also, non-fermentive pathways have been reported for the synthesis 

of branched chain higher alcohols for example; isobutanol, 2-methyl-1-butanol, 3-methyl-1-

butanol and 2-phenylethanol from glucose [11]. Since such branched chain C4 and C5 

alcohols have higher octane number  than the corresponding straight chain counterparts (due 

to methyl branching), they have been considered as potential gasoline additives [12]. In 

another study, a novel approach has been reported for the synthesis of isopentanol based on 

isoprenoid biosynthetic pathway [67]. 

From the combustion point of view, isopentanol behavior has been studied for 

Homogeneous Charge Compression Ignition (HCCI) engines [68]. This study revealed that 

isopentanol has a very high potential for HCCI applications and it also showed considerable 

ITHR (Intermediate Temperature Heat Release) similar to that of gasoline. The amount of 

ITHR is an important property of fuel and plays a major role in the combustion stability. 

Other than this, it has also grasped attention due to its advantages over a smaller chain 

alcohol, ethanol. It can be a better substitute over ethanol and can be used as a blend with 

gasoline due to its miscibility with hydrocarbon and higher energy density [69]. Less 

hygroscopic nature of isopentanol also makes it a better fuel for transportation and storage.  

Another work on isopentanol highlights a jet stirred reactor study [70] in which 

concentration profiles of the stable species were measured for the range of equivalence ratios 

(0.35- 4) and temperatures (530 - 1220 K) at 10 atm. This study indicated that the amount of 

acetaldehyde produced after combustion of isopentanol is a lot less as compared to that of 

ethanol. Ignition delay times of isopentanol are also reported [69] in high and low 

temperature regimes using the shock tube and rapid compression machine. Further, in their 

work an isopentanol model was presented which includes high and low temperature 

chemistry during combustion. Welz et al [71] experimentally investigated low temperature 

combustion pathways of autoignition of isopentanol using the technique of laser-induced Cl-

initiation and by analyzing the reacting mixture with time-resolved tunable synchrotron 

photoionization mass spectrometry at 8 Torr and at 550, 650 and 750 K. Sarathy et al [72]  

presented a detailed chemical kinetic model for the combustion of isopentanol. Their model is 
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based on the previously presented model for butanol isomer [73] and n-pentanol [74]. 

However, no theoretical study was found on the investigation of the H-abstraction reactions 

from isopentanol by H atom and HȮ2 radical. 

Herein, detailed theoretical calculations were performed to compute high-pressure 

limiting rate constants for the H-abstraction from isopentanol by H atom and HȮ2 radical. 

Altogether, nine different H-abstraction sites in isopentanol were considered namely 

abstractions from hydroxyl group, alpha (two), beta (two), gamma (one) and delta (three) 

carbon sites. The optimized structure of isopentanol with labels is shown in Figure 5. All the 

electronic structure calculations involving geometry optimization, vibrational frequencies and 

single point energy calculation of reactants, transition states (TSs) and products were 

performed at the CBS-QB3 composite method [38, 39] implemented in Gaussian 09 package 

[26].  

 
Figure 5. Labels of H-atom abstraction sites in isopentanol  

 

In Figure 5, Cα is the carbon with hydroxyl (OH) functional group and hydrogens present on 

it are labeled as Hα. Cβ is a secondary carbon with corresponding hydrogens denoted as Hβ. Cγ 

is a tertiary carbon site (due to the presence of two methyl groups) with a hydrogen on it 

labeled as Hγ and Cδ are primary carbon sites with hydrogens on it denoted as Hδ. The 

hydrogen from the hydroxyl functional group is labeled as HOH. The transition state (TS) 

involved during H-atom abstraction from isopentanol by H atom is denoted as TS-Hx; 

wherein x represents an abstracted hydrogen atom (x: α, β, γ, δ or OH) as labeled in Figure 5. 

The TS involving H-atom abstraction by HȮ2 radical is abbreviated as TS-HȮ2_x (x: α, β, γ, δ 

or OH). Figure 6 and 7 highlights optimized structures of the TSs for H-atom abstraction 

from isopentanol by H atom and HȮ2 radical respectively. Herein, the vibrational frequencies 

obtained at the B3LYP/CBSB7 level within the CBS-QB3 method were scaled by 0.99 for 

zero point energy calculations and by 0.97 for the calculation of vibrational partition 

functions as recommended within CBS-QB3 method. The high pressure limit rate constants 
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for all H-atom abstraction channels in isopentanol by H atom and HȮ2 radical were 

determined using GPOP [59] employing conventional transition state theory. Asymmetric 

Eckart tunneling corrections  [63] were taken into account in the conventional transition state 

theory rate calculations within the GPOP program [Chapter III.2]. For the treatment of low 

frequency torsional modes in reactants and transition states, Pitzer-Gwinn like approximation 

[75, 76] was applied for computing torsional barrier heights and considered as hindered 

rotations. The potential energy surface (PES) scans are performed for the internal rotations in 

the reactants and TSs by scanning a dihedral angle from 0 to 360ᵒ with 10ᵒ increment. 

  

 
Figure 6. Optimized transition state structures for the H-atom abstraction reactions from isopentanol by H atom 
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Figure 7. Optimized transition state structures for the H-atom abstraction reactions from isopentanol by HȮ2 

radical 

 

Figure 8 shows an example of the hindered rotor analysis for the OH rotor involved in the TS 

for the H-abstraction reaction from isopentanol by H atom. In Figure 8a, α is the torsional 

angle, which is defined as the dihedral angle between atoms C11−C14−O16−H18. The open 

circles in Figure 8b highlight potential energies calculated for the OH rotor in TS at the 

B3LYP/CBSB7 method and the solid curve represent Fourier-series interpolation. The 

BEx1D program [62] is used for the calculation of eigenstate energies of the hindered 

rotation.  
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Figure 8. Hindered rotor analysis for the OH rotor in TS attached to the Cα atom in isopentanol; (a) definition of 

torsional angle α, for OH rotor, (b) potential energy calculated at B3LYP/CBSB7 method (open circle) and 

fitted curve (line), (c) Partition function calculated from eigenstate energies (qexact) in comparison with harmonic 

oscillator (qHO), free rotor (qFR) and Pitzer−Gwinn (qPG) approximations. 

 

In Figure 8c, the partition functions derived from the eigenstate energies (qexact) as a function 

of temperature are shown by the open circles. Whereas qHO and qFR represent the partition 

functions computed by assuming harmonic oscillator and free rotor approximations 

respectively. The partition function obtained by considering Pitzer-Gwinn approximation is 

denoted by qPG. As seen from Figure 8c, Pitzer−Gwinn approximation with hindrance 

potential height of V0 = 1300 cm−1 shows excellent agreement with the exact partition 

function (qexact). Hence this internal rotation is treated as hindered with the hindrance 

potential height of 1300 cm−1. Similarly, all the internal rotations in reactants and transition 

states were treated as hindered rotors with estimated hindered rotor parameters according to 

the Pitzer-Gwinn approximation (Figures A1-A38 in the Appendix). The calculated hindered 

rotor parameters for the Pitzer-Gwinn approximation involved in the H-atom abstractions 

from isopentanol by H atom are given in Table 2. In this table, V0 is the height of the 

hindrance potential (cm−1); σ is the symmetry number for the low frequency torsional modes 

in reactants and TSs. Some specific internal rotations involved in the transition states for the 

H-abstraction by HȮ2 radicals in isopentanol are provided in the Appendix (Table A1).   

Table 2. Estimated Hindered Rotor Parameters in Pitzer-Gwinn Approximation for 

isopentanol and TSs for H-abstraction by H atom 

bonding atom
a
 type of rotor V0 

b
 / cm

-1
 σ 

c
 

Cα  in reactant OH 500 1 
Cβ  in reactant CH2OH 1400 1 
Cγ in reactant CH2CH2OH 1900 1 
 Cδ1H3  950 3 
 Cδ2H3  1050 3 
O in TS-H    
Cα OH in TS 1300 1 

(a) torsional angle αtorsional angle α
α = dihedral angle (C11-C14-O16-H18)
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Cα in TS-H α1    

Cα OH 1300 1 

Cβ CH2OH 1200 1 

Cα in TS-Hα2    
Cα OH 1400 1 
Cβ CH2OH 1750 1 

Cβ in TS-H    

Cβ CH2OH 1500 1 
Cγ in TS-H    
Cγ CH3 900 3 

 CH2CH2OH 1100 1 
Cδ in TS-H    
Cβ CH2OH 1500 1 
Cγ CH3 in TS 850 1 

 CH2CH2OH 1600 1 
aabbreviations, Cα, Cβ, Cγ, and Cδ are referred in Figure 5. bThe height of the hindrance potential. cThe symmetry number 

of the internal rotation for the H-abstraction reactions by H atom. 

Further, reaction barriers (E0) and energies (ΔE) were determined for the H-abstractions 

reactions in isopentanol to analyze the favorability of the specific reaction channel over 

others. 

i. Reaction Barriers and Energies 

Reaction barriers (E0) and energies (ΔE) for H-abstraction reactions in isopentanol by H atom 

and HȮ2 radical are summarized in Table 3. E0 was calculated from the difference in the 

computed CBS-QB3 energies between the TS and the reactants. Computed E0 for H-atom 

abstraction by H and HȮ2 radical are within a range of 23-53 kJ mol-1 and 42-88 kJ mol-1 

respectively indicating the favorability of abstraction by H atom over HȮ2 radical. The CBS-

QB3 energy difference between products and reactants gives the value of ΔE for a specific 

reaction channel, which helps in understanding the nature of the reaction as either exothermic 

or endothermic. As seen from Table 3, reactions involving abstraction by H atom are found to 

be exothermic in nature with negative ΔE whereas the ones involving abstraction by HȮ2 

radical are endothermic in nature. As compared to all the abstraction reaction channels in 

isopentanol, abstraction of Hα by H atom showed highest exothermicity with ΔE = -46 kJ 

mol-1 whereas ΔE for the isopentanol + HȮ2 reaction from the same site (Cα) depicts lowest 

endothermicity with ΔE = 29 kJ mol-1. For the H-atom abstraction by H, ΔE (Table 3) for Cγ, 

Cβ, and Cδ sites are ~ 10 kJ mol-1, 20 kJ mol-1 and 30 kJ mol-1 respectively higher than the 

abstraction from the Cα site indicating the favorability for Hα abstraction. Although Cα and Cβ 

are both secondary carbon sites in isopentanol, a difference of ~10 kJ mol-1 in E0 can be 

ascribed to the presence of alcoholic group neighboring Cα which weakens its C-H bond 
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strength. The H-atom abstraction from Cγ is also favorable due to weak C-H bond strength 

resulting from the tertiary carbon site [72]. The abstraction of alcoholic hydrogen by H atom 

and HO2 radical are highly unfavorable as seen from high E0 values (Table 3) for these 

reactions, reflected by the strong O-H bond. Sarathy et al [72] reported C-H and C-C bond 

dissociation energies (BDEs) in isopentanol at three different composite methods namely G3, 

G4 and CBS-QB3. This study reports strongest BDE value for the O-H bond among all the 

other C-H bonds in isopentanol. The reported BDE values for the O-H bond in isopentanol 

are 438.9, 441.8 and 430.1 kJ mol-1 at CBS-QB3, G3 and G4 methods respectively [72]. 

Further, abstraction of delta hydrogens in isopentanol by H atom and HȮ2 radical also 

showed high energy barriers which are ~42 kJ mol-1 and 70-75 kJ mol-1 respectively. This 

high E0 can be attributed to the primary C-H bond in isopentanol which is also comparable to 

primary carbon site in alkane [72, 77].  

Table 3. Reaction barriers and energies for the H-atom abstraction reactions in 

isopentanol by H atom and HȮ2 radical 

Reactants 
a H atom 

b E0 
c
 / kJ mol

-1 ΔE 
d
 / kJ mol

-1 
Isopentanol  + 

H H
OH 53  -1 

Hα1 26 -46

Hα2 23 -46

Hβ1 34 -24

Hβ2 36 -24

H
γ 26 -34

Hδ1 43 -17

Hδ2 42 -17

Hδ3 42 -17

Isopentanol + 
HȮ

2
 H

OH 88  74 
Hα1 45 29

Hα2 47 29

Hβ1 67 51

Hβ2 55 51

H
γ 42 41

Hδ1 69 58

Hδ2 71 58

Hδ3 75 58
a
Reactant abbreviations and their chemical structures are given in the Figure 5.

b
The position of hydrogen atom being 

abstracted are given in the Figure 5.
c
Reaction barrier. 

d
Reaction energies. 

Overall, the abstraction of Hα and Hγ are favorable with energy barriers of 23-26 kJ mol-1 for 

the H-atom abstraction by H. For the abstraction by HȮ2, E0 for Hα and Hγ are 42-47 kJ mol-1. 

As discussed before, one of the factors that affect the E0 and subsequently reaction kinetics 
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for the H-atom abstraction reaction is the bond strength of the abstracted hydrogen atom in a 

molecule. The stronger the bonding of H-atom in a molecule, the more difficult it makes for 

the H-atom abstraction which in turn reflects its BDE. The trend in computed C-H BDEs in 

isopentanol by Sarathy et al [72] at the CBS-QB3 method is Cδ-H > Cβ-H > Cγ-H > Cα-H. 

Comparing these results with the computed reaction barriers, relatively good agreement is 

seen.  

ii. High Pressure Limit Rate Constants 
 
High pressure limit rate constants are obtained for the H-atom abstraction reactions from 

isopentanol by H atom and HȮ2 radical. The modified Arrhenius expression, k = ATn exp (-

Ea/(RT)) is used to represent Arrhenius parameters for the titled reactions, which are obtained 

in the temperature range 500-2000 K. Table 4 summarizes Arrhenius parameters obtained for 

H-atom abstraction reactions from isopentanol by H atom and HȮ2 radical.   

Table 4. High-Pressure Limit Rate Constants for H-atom abstraction reactions from 

isopentanol by H atom and HȮ2 radical 

Reactants 
a H atom 

b Rate constant 
b 

A n E/R 
Isopentanol   
+ H HOH 1.23E-19 2.594 4819 

Hα1 2.19E-18 2.311 2057
Hα2 2.44E-18 2.268 1877
Hβ1 2.19E-18 2.274 2876
Hβ2 2.05E-18 2.277 3173
Hγ 3.16E-17 1.936 2241

Hδ1 2.69E-17 2.166 4016
Hδ2 1.72E-17 2.219 3888
Hδ3 1.00E-17 2.212 3826

Isopentanol 
+HȮ2

HOH 8.26E-25 3.833 9399 
Hα1 2.92E-28 4.702 3390
Hα2 2.30E-28 4.812 3750
Hβ1 2.36E-28 4.828 6390
Hβ2 2.86E-27 4.514 5276
Hγ 1.82E-29 4.917 3148

Hδ1 4.76E-24 3.895 6989
Hδ2 2.18E-24 4.009 7642
Hδ3 4.86E-24 3.903 7086

a
Reactants and products abbreviations and their chemical structures are given in Figure 5. 

b
Rate constants are given by the 

Arrhenius expression, k (cm3 molecule-1 s-1)= AT
n
exp(−E/RT). 

 

The Arrhenius plots showing rate constants for H-atom abstraction from isopentanol by H 

atom and HȮ2 radical are highlighted in Figure 9 and 10 respectively. In these figures, rate 

constant at the Cα is obtained by considering the contributions (by taking the sum) from both 
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Hα hydrogens. Similarly, at Cβ the contribution from both Hβ hydrogens are taken into 

account. However, for the H-abstraction reactions from Cδ, rate constants computed from 

three abstraction sites are considered twice to take into account all six Hδ. As seen from the 

Figure 9, abstraction from Cα is dominant below 750 K. Above 750 K, H-abstraction from  

the primary carbon sites (Cδ) plays a major role which is faster than Cα by a factor of 2-4. 

This is on the one hand due to the presence of six delta abstraction sites leading to a higher 

pre-exponential factor. On the other hand, activation energy for the H-atom abstraction is 

higher on Cδ site leading to a stronger increase in the rate constant with increasing 

temperature. Comparing rate constant from Cα and Cγ, the former is by a factor of 2 faster 

over the entire temperature regime of the investigation. The abstraction of alcoholic H is 

slowest over the entire temperature range which is consistent with the computed energy 

barrier as shown in Table 3 due to the stronger O-H bond as compared to the C-H bonds in 

isopentanol. Below 650 K, the rate constant for the abstraction of H from Cγ is faster than Cβ 

by a factor of 3-4 however it tends to approach the similar value of the rate constant (Cβ) 

above 1000 K.  

 
Figure 9. High-pressure limiting rate constants for the H-atom abstraction reactions from isopentanol by H atom 

 

For the H-abstraction from isopentanol by HȮ2 radical (Figure 10), abstraction from the Cα is 

favored below 550 K. However, with the increase in temperature from 750 to 2000 K, overall 

contribution from the six Hδ are dominant for the same reason as already discussed before for 

the H-atom abstraction by H. Below 700 K, the rate constant at the Cγ is faster than Cβ by a 

factor of 2-5. Moreover, above 1000 K, Cβ becomes predominant. The abstraction of 

OHH

2δH

γH
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alcoholic H remains least favorable reaction channel over an entire temperature regime of the 

investigation.  

 

 
Figure 10. High-pressure limiting rate constants for the H-atom abstraction reactions from 

isopentanol by HȮ2 radical. 

 

Figure 11a-e highlights computed rate constant as per hydrogen atom basis for the H-

abstraction reaction from isopentanol by H atom and its comparison with the H-abstraction 

reactions from n-butanol by H atom [78]. In the study on n-butanol by Harper et al., also a 

CBS-QB3 method is used for computing high pressure limiting rate constants. However, the 

detailed computational approach followed in their work is slightly different than the one 

considered herein. The solid line in Figures 11a-e indicates the rate constants determined 

herein whereas dashed lines are the rate constant from the literature [78]. From these 

comparisons significant difference is seen in the abstraction of hydrogen from Cγ. At this site, 

the rate constant in the case of isopentanol is faster than n-butanol by a factor of 6 and 3 at 

500 K and 1000 K respectively. This deviation arises due to the fact that in isopentanol, Cγ is 

a tertiary carbon site while secondary in n-butanol which ultimately results in weaker C-H 

bond strength in isopentanol. Apart from this, reaction rate constants are similar between the 

two alcoholic fuels and the observed deviations are resulting due to the differences in the 

detailed computational approach. 
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γHO2
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Figure 11. Comparison of H-abstraction rate constant by H atom determined in this work (solid line) and that 

provided by Harper et al. [78] (dashed line). 
 

Figure 12a-e shows computed rate constant as per hydrogen atom basis for the H-abstraction 

reaction from isopentanol by HȮ2 radical and its comparison with the H-abstraction reactions 

from n-butanol by HȮ2 radical from Zhou et al. [79]. In their study, rate constants were 

determined based on the CCSD(T)/cc-pVTZ//MP2-6311G(d,p) potential energy surface by 

employing conventional transition state theory. The solid lines highlight rate constants for the 

(a) alcoholic  H-abstraction (b) α H-abstraction

(c) β H-abstraction (d) γ H-abstraction

(e) δ H-abstraction
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H-abstraction computed herein whereas dashed lines indicate computed rate constant for the 

H-abstraction reaction from n-butanol by Zhou et al. [79].   

 
Figure 12. Comparison of  H-abstraction rate constant by HȮ2 radical determined in this work (solid line) and 

that provided by Zhou et al. [79] (dashed line).  

 

Significant differences are noted between the computed rate constants in isopentanol at Cβ 

and Cδ sites. It arises due to the formation of hydrogen bonding in the TSs. In Figures 12c 

(a) alcoholic  H-abstraction (b) α H-abstraction

(c) β H-abstraction (d) γ H-abstraction

(e) δ H-abstraction
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and 12e, the rate constants shown by the solid black lines involve the formation of hydrogen 

bonding in the TSs whereas the one with red lines does not involve any. The optimized TSs 

for the two Hβ abstractions sites in isopentanol are shown in Figure 13. 

 

Figure 13. Optimized transition states for the Hβ abstractions from isopentanol by HȮ2 radical  

 

Figure 13a shows no H-bonding in the TSs whereas Figure 13b involves H-bonding between 

the oxygen and the hydrogen atom. This formation of hydrogen bonds in the TS can affect 

the rate constant of the abstraction in two ways [79]. It leads to the formation of ring 

structures, which can lower the energy barrier and thus an increase in the rate constant for the 

abstraction. Contrary, due to the formation of ring structures, entropy is lost which decreases 

the frequency factor for abstraction. Herein, for the abstraction of hydrogen from isopentanol 

by HȮ2 radical the second factor tends to dominate. Hence, due to a loss in entropy, rate 

constant decreases for the reactions involving the formation of hydrogen bond. Furthermore, 

comparing the rate constant for the abstraction of alcoholic hydrogen in isopentanol with that 

of n-butanol, former is a factor of 42 slower than n-butanol at 500 K. However at 1000 K, 

only variation by a factor of 2 is depicted which tends to approach the same value of the rate 

constant at a higher temperature. The rate constant for the abstraction of Hβ in isopentanol is 

found to comparatively slower than n-butanol over the entire temperature regime of 

investigation. This might result due to the absence of H-bonding in TSs for the Hβ abstraction 

in n-butanol as shown in a study by Zhou et al [79]. At 500 K, Hγ and Hδ abstraction in 

isopentanol are faster by a factor of ~ 29 and 67 respectively due to the weak C-H bond on 

the tertiary carbon site and the higher number of H-atoms on the primary site respectively, as 

already discussed for the H-atom abstraction by H. Hence it is seen that the commonly 

applied analogies in kinetic modeling are not valid here and computational chemistry 

provides helpful information.  

Cδ

Cδ

Hδ

Hδ

Hδ

H

H

H

Cγ

Hγ

Hβ

Hβ

Cα

Hα
Hα

Cβ

O
O

O HOH

H

Cδ

Cδ

Hδ

Hδ

H

H

H

Cγ

Hγ

Hβ

Hβ

Cα

Hα

Hα

Cβ

O

O O

HOH

Hδ

H

(a) (b)



3-MTHF 
 

 Page 51 
 

IV. 2 Theoretical Investigation of Intramolecular Hydrogen Shift Reaction 

in 3-Methyltetrahydrofuran (3-MTHF) Oxidation 
Understanding combustion phenomena of furans and their derivatives is of growing 

interest as can be seen from the ongoing research on experimental investigations [80-87], as 

well as studies dealing with the development of detailed chemical kinetic models [86-89]. 

These detailed chemical kinetics models assist researchers in delineating fuel combustion 

properties over the wide temperature and pressure regime. However, compared with the 

broad investigation on hydrocarbon fuels such as alkanes and alcohols, research on cyclic 

oxygenated compounds, especially furanics, is limited and nearly at its starting point [90], 

which necessitates further extensive study on their combustion behavior. In this aspect, a 

review by Zador et al. [10] specifically concentrates on the understanding of critical 

alkylperoxy and hydroperoxyalkyl reactions in relation to the modeling and prediction of low 

temperature combustion and autoignition. Low temperature combustion in alkanes 

(mentioned insection I.2) is initiated by hydrogen atom abstraction from the fuel molecule 

(RH) to produce alkyl radical (Ṙ). In the next step, alkyl radical undergoes O2 addition to 

form alkylperoxy radical (ROȮ), which is followed by intramolecular hydrogen shift 

reactions to form hydroperoxy alkyl radicals commonly denoted as QOOH. Kinetics of ROȮ 

and QOOH radical species plays an eminent role especially for modeling ignition behavior of 

the fuel during low temperature combustion. Apart from the importance of this reaction in 

combustion chemistry, ROȮ species are also found to be of prime importance in atmospheric 

chemistry [91]. No theoretical kinetic study was found in the literature highlighting low 

temperature combustion reactions of methyltetrahydrofurans.  

In the present work, computational calculations are performed to reveal kinetics of 

important low temperature reaction class in 3-MTHF, which involves internal hydrogen 

transfer from the peroxy radical (ROȮ) of the fuel to form the corresponding 

hydroperoxyalkyl radical (QOOH). Detailed calculations are performed to obtain high-

pressure limit rate constants for the titled reactions in 3-MTHF, and corresponding Arrhenius 

parameters are presented. Further, effect of ring oxygen on the kinetics of the intramolecular 

H-shift reactions is analyzed by comparing its rate constant with ROȮ isomers of 

methylcyclopentane (mcyc5).  

All electronic structure calculations involving geometry optimization, vibrational 

frequencies, and single point energy computation of reactants, transition states (TSs), and 

products are performed with the CBS-QB3 composite method [38, 39] implemented in 
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Gaussian 09 package [26]. Figure 14 represents the optimized three-dimensional structure of 

3-MTHF with the labels used.  

 
Figure 14. Labels of atoms in 3-Methyltetrahydrofuran. 

In Figure 14, considering the oxygen position as 1, ring carbons are numbered from C2 to C5 

while Cm represents the methyl side chain carbon. Due to the nonplanar five-membered ring 

in 3-MTHF, ring hydrogens are distinguished as cis (c) and trans (t) with respect to the 

methyl side chain, while Hm denotes methyl hydrogen. The high-pressure limit rate constants 

for the hydrogen shift reactions from ROO radicals of 3-MTHF to form the corresponding 

QOOH product radicals as a function of temperature are determined with the help of the 

GPOP program [59] employing conventional transition state theory (CTST) [92]. 

Asymmetric Eckart tunneling corrections [63] are taken into account in CTST rate 

calculations within the GPOP program. Low frequency torsional modes in reactants, 

transition states, and products involved in the titled reaction are treated as hindered rotations 

with the torsional barrier heights computed using Pitzer-Gwinn like approximation [75, 76]. 

The hindered rotor analysis approach followed herein is similar to the one discussed 

in Chapter IV.1. Figure 15 shows the plot of hindered rotor analysis for the methyl rotor 

attached to the C3 atom in 3-MTHF. As seen from Figure 15a, α is the torsional angle, which 

is defined as the dihedral angle between atoms C2−C3−Cm−Hm. Open circles in the Figure 

15b indicate potential energies calculated for the CH3 rotor in 3-MTHF at the CBS-QB3 

level, whereas the solid curve represents Fourier-series interpolation. The BEx1D program 

[62] is used for the calculation of eigenstate energies of the hindered rotation. Partition 

functions directly derived from the eigenstate energies (qexact) as a function of temperature are 

shown by the open circles in Figure 15c. Partition functions calculated by assuming harmonic 

oscillator approximation are represented by qHO, those assuming free rotor approximations by 

qFR, and those assuming Pitzer−Gwinn approximation by qPG. Pitzer-Gwinn approximation 

(qPG) with hindrance potential height of V0 = 1050 cm−1 shows excellent agreement with the 

exact partition function (qexact) as seen from Figure 15c. Hence all the partition functions for 

the CH3 internal rotor in ROȮ, TS, and QOOH are approximated by a Pitzer-Gwinn 

H2c

H2t

H3

H4c
H4t

H5c

H5t

HmHm

Hm

O

C2

C3
C4

C5

Cm



3-MTHF 
 

 Page 53 
 

approximation with hindrance potential height of 1050 cm−1. In the case of TSs wherein 

hydrogen is abstracted from C3 and in the case of QOOH species involving a radical center 

on C3, the CH3 rotor is treated with estimated barrier heights of 800 and 150 cm−1 

respectively. Similarly all the internal rotors in reactants, transition states, and products are 

evaluated by the representative structure as provided in the Appendix (Figures A39−A54) of 

this thesis and treated with estimated barrier heights by considering Pitzer-Gwinn 

approximation, summarized in Table 5. V0 in Table 5 represents the height of the hindrance 

potential (cm−1); σ is the symmetry number for all the low frequency torsional modes in 

reactants, TSs, and products. All partition functions are computed with energy relative to the 

lowest energy isomer. 

 

 
Figure 15. Hindered rotor analysis for the methyl rotor attached to the C3 atom in the tetrahydrofuran ring; (a) 

definition of torsional angle α, for methyl rotor (b) potential energy calculated by using a CBS-QB3 method 

(open circle) and fitted curve (line) (c) Partition function calculated from eigenstate energies (qexact), in 

comparison with harmonic oscillator (qHO), free rotor (qFR) and Pitzer−Gwinn (qPG) approximations. 

 

Figure 16 shows another example of the hindered rotor analysis for a CH2OȮ rotor attached 

to the C3 atom in the tetrahydrofuran ring. In this case, hindered rotor analysis plots evince 

that the free rotor approximation (qFR) is far off from the exact partition function (qexact), 

whereas quantitative good agreement can be seen employing Pitzer-Gwinn approximation 

(qPG) with that of exact partition function (qexact). As seen in Figure 16b, the potential energy 

curve obtained for a CH2OȮ rotor is asymmetric in nature (unlike methyl rotor, Figure 15b) 

with hindrance potential height of 2000 cm-1.  

Table 5. Estimated Hindered Rotor Parameters in Pitzer-Gwinn Approximation 

bonding atom
a type of rotor V0

b
 / cm

-1 σ 
c 

C3 CH3 1050 3 
 •CH2 400 2 
 CHO 700 1 
 CH2OO• 2000 1 
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 CH2OOH 1800 1 
 OO• 1000 1 
 OOH 2000 1 
hydrogen abstracting C3 
in transition states CH3 800 3 
radical centered C3 CH3 150 3 
 CH2OOH 900 1 
C2, C5 OO• 1000 1 
 OOH 6000 1 
C4 OO• 1000 1 
 OOH 2000 1 
Cm OO• 850 1 
 OOH 1800 1 
O in C2−OOH or C5−OOH  OH 2200 1 
O in C3−OOH or C4−OOH  OH 1150 1 
O in Cm−OOH  OH 1000 1 

aabbreviations, C2, C3, C4, C5, and Cm are referred in Figure 14. bThe height of the hindrance potential. cThe symmetry 

number of the internal rotation. 

 
Figure 16. Hindered rotor analysis for CH2OȮ rotor attached to the C3 atom in the tetrahydrofuran ring; (a) 

definition of torsional angle α, for CH2OȮ rotor (b) potential energy calculated by using a CBS-QB3 method 

(open circle) and fitted curve (line) (c) partition function calculated from eigenstate energies (qexact), in 

comparison with harmonic oscillator (qHO), free rotor (qFR) and Pitzer−Gwinn (qPG) approximations.  

 

The species abbreviation adopted for the reactants, TSs, and products are highlighted in 

Figure 17. In sum, eight ROO isomers of 3-MTHF have been considered, and their 

abbreviations used are as follows. ROOx indicates alkylperoxy radical with OO positioned on 

carbon x. As discussed before, cis and trans isomers in ROO, TSs, and QOOH species of 3-

MTHF are distinguished by alphabet c and t, respectively. ROO2c in Figure 17 indicates 

alkylperoxy radical with OO group attached to the carbon bearing the second position on the 

tetrahydrofuran ring followed by letter c indicating a cis isomer. TSs are abbreviated as 

TSx−y, wherein x denotes the carbon with the OO group while the site from which the 

hydrogen atom is being abstracted is indicated by letter y. TSm−2c denotes a transition state 

with the OO group centered on the methyl carbon and hydrogen being abstracted from cis 
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carbon at position 2 on the ring. Product species QOOHx-y denotes hydroperoxyalkyl radical 

with OOH positioned on carbon x with radical center y. In the case of 1,3 H-shift reactions, 

product species RCHOx are formed with x being the carbon bearing doubly bonded oxygen. 

RCHO2 shown in Figure 17 is formed via 1,3 H-shift reaction in ROO2 isomer of 3-MTHF, 

which involves hydrogen shift from C2 to form QOOH with radical center C2. This QOOH 

species is unstable and readily decomposes to give RCHO2 and OH radical. 

 
Figure 17. Species abbreviations used for 3-MTHF species. In ROOx, x is a carbon attaching OȮ group. In 

TSx-y, x is a carbon atttaching OȮ group and y is a hydrogen atom abstracted carbon. In QOOHx-y, x is a 

carbon attaching OOH group and y is a radical centered carbon. In RCHOx, x is a carbon attached to double 

bonded oxygen. 

 

The thermodynamic properties of ROȮ and QOOH species involved in the intramolecular H-

shift reactions in 3-MTHF are not available in literature. Hence, standard enthalpies of 

formation (ΔfH0
298), standard entropies (S0

298), and heat capacities at constant pressures (Cp) 

for these species are computed and presented herein.  

i. Thermochemistry  

Limited experimental thermochemistry data can be found for tetrahydrofuran and its 

radical species. Pell and Pilcher [93] reported ΔfH0
298 for tetrahydrofuran to be −184.2 ± 0.71 

kJ mol−1 from measurements of heat of combustion by flame calorimetry, whereas S0
298 as 

reported by Clegg et al. [94] is 301.7 ± 1.7 J mol−1 K−1. In another study, Feller et al. [95] 

theoretically calculated ΔfH0
298 for tetrahydrofuran-2-yl and tetrahydrofuran-3-yl radical 

species. Table 6 lists computed thermodynamic properties of tetrahydrofuran, 

tetrahydrofuran-2-yl, and tetrahydrofuran-3-yl determined herein by the atomization method 

with the CBS-QB3 method and its comparison with the values from literature [93-95]. For 

tetrahydrofuran-2-yl and tetrahydrofuran-3-yl species, computed ΔfH0
298 are −7.6 kJ mol−1 

and 11.1 kJ mol−1, deviating by 5.5 kJ mol−1 and 4.0 kJ mol−1, respectively from the reported 

values [95]. ΔfH0
298 and S0

298 values of tetrahydrofuran determined with the CBS-QB3 

ROO3 ROO2c ROO2t ROO4c ROO4t ROO5c ROO5tROOm

ROOx

TSx-y QOOHx-y RCHOx

QOOH4t-2 QOOHm-3 RCHOmRCHO2TSm-2c TS5c-4t
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method differ by 4.2 kJ mol−1 and 2.4 J mol−1 K−1, respectively, from the experimental values 

[93, 94], which are within the uncertainty limit of the CBS-QB3 method [61]. The favorable 

comparison can be noticed between ΔfH0
298 and S0

298 determined in this work and that 

reported in the literature. Hence, thermodynamic properties (standard enthalpies of formation, 

standard entropies, and heat capacities at constant pressures) for all the reactants and products 

involved in the isomerization reactions of 3-MTHF are computed employing the CBS-QB3 

method and provided in Table A3 (Appendix). 

 

Table 6. Thermodynamic properties 

Species ΔfH 298 / kJ mol
-1 S 298 / J mol

-1
 K

-1 
this work ref. diff. 

a this work ref. diff. 
a 

tetrahydrofuran −180.0 −184.2 ± 0.71 
b 4.2 298.3 301.7 ± 1.7

d −2.4 
tetrahydrofuran-2-yl −7.6 −2.1 ± 4.2 

c −5.5 306.6 
tetrahydrofuran-3-yl 11.1 15.1 ± 4.2 

c −4.0 310.9 
a(this work) − (ref.), bPell et al. [93], cFeller et al. [95], dClegg et al. [94] 

 

One of the factors that play an important role in the intramolecular H-shift reactions is the 

strength of a C-H bond that is involved in the H-shift reactions. This information can be 

obtained by computing C-H Bond Dissociation Energy (BDE). The following section 

highlights C-H BDEs in 3-MTHF.  

ii. C-H Bond Dissociation Energies. 

Bond dissociation energies at 0 K (BDEs) for all C−H bonds in 3-MTHF are 

computed at the CBS-QB3 level of theory and are listed in Table 7 From the computed 

values, it is observed that the C−H BDEs values for the secondary hydrogen atoms, α 

positions to the ring oxygen (H2t, H2c, H5t, and H5c in Figure 14) is 387 kJ mol−1 

corresponding to the weakest C−H bond in 3-MTHF. The lower BDE of these secondary 

C−H bonds compared with C4−H4 bonds (also a secondary C−H) is due to the presence of 

the oxygen heteroatom adjacent to C2 and C5. Since the oxygen atom is comparatively more 

electronegative than carbon, this results in the weakening of C−H bond strengths at positions 

adjacent to the ring oxygen. Another reason is due to the hyperconjugation effect as discussed 

by Agapito et al [96]. The lone pair of electrons on the O atom stabilizes the formed fuel 

radical at C2 and C5 sites, resulting in lower C-H BDE. The observed trend for C−H BDEs in 

3-MTHF is C2, C5 (secondary) < C3 (tertiary) < C4 (secondary) < Cm (primary). As noticed, 

C2−H and C5−H bonds are weaker than C3−H3 (tertiary) by nearly 9 kJ mol−1, whereas the 
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observed difference in BDEs between C2 and C5 and C4 (both secondary) is found to be 

around 19 kJ mol−1. A primary C−H bond, as expected, is the strongest among all the C−H 

bonds in 3-MTHF, with C−H BDE value of 418 kJ mol−1. 

Table 7. C-H bond dissociation energies in 3-Methyltetrahydrofuran 

bond
a D0

b
 / kJ mol

-1 
C2−H2t or C2−H2c 387 

C3−H3 396 
C4−H4t or C4−H4c 406 
C5−H5t or C5−H5c 387 

Cm−Hm 418 
aAtom labels are given in Figure 14. bC-H bond dissociation energies calculated by using the CBS-QB3 method. 

 

To analyze the favorability of isomerization reaction channels in all isomers of 3-MTHF, 

reaction barriers and energies are determined.   

iii. Reaction Barriers and Energies 

Reaction barriers involved for the intramolecular hydrogen shift reactions in ROȮ 

isomers of 3-MTHF are computed by considering the difference in energies (at CBS-QB3 

method) between the TSs and reactants, represented by E0. The CBS-QB3 energy differences 

between products and reactants are used to compute reaction energies, ΔE, for the title 

reactions. Table 8 summarizes calculated E0 and ΔE for the intramolecular hydrogen shift 

reactions in all ROȮ isomers of 3-MTHF considered herein. As seen from the values of 

reaction barriers, the lowest E0 is obtained for the 1,5 H-shift reactions making it the most 

favorable reaction channel among others. Relative energy barriers for reactions involving six 

membered TSs (1,5 H-shift reactions) in all ROȮ isomers are found to lie within 64−96 kJ 

mol−1, with the lowest energy barrier (64 kJ mol−1) corresponding to ROOm isomer for the 

reaction involving H-shift from C2. Reactions involving H-shift from the same carbon site as 

that of the OȮ radical center proceed via a four membered TS giving RCHOx (x = 2, 4, 5, and 

m) and OH radical instead of hydroperoxyalkyl radical. Reaction energies for 1,3 H-shift 

reactions were noticed to be highly negative ranging from −109 kJ mol−1 for ROOm reactant 

to −178 kJ mol−1 for ROO2t isomer highlighting the highly exothermic nature of these 

reactions. In the ROO3 isomer, 1,3 H-shift products are not observed due to the unavailability 

of hydrogen at this site. However, significantly high relative barrier heights for 1,3 H-shift 

makes these reaction channels least dominant among others. ΔE for all other reaction paths 

excluding the reactions proceeding via four-membered TSs are endothermic in nature. One of 

the factors affecting the energy barriers of these reactions is found to be the cis/trans position 
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of the abstracted hydrogen to the OȮ radical center in 3-MTHF. For H5t hydrogen shift in 

ROO2t isomer, computed E0 is 83 kJ mol−1, which is 341 kJ mol−1 lower than the H5c shift in 

the same isomer. In ROO4c, E0 for H5c abstraction is 101 kJ mol−1, which is about 90 kJ 

mol−1 lower than the energy barrier involved for the abstraction of H5t. These results 

illustrate that cis H-shift to the peroxy group is accompanied by lower E0 than trans. 

Proximity of the ring oxygen in 3-MTHF to the abstracted hydrogen also influences E0 due to 

the higher electronegativity of the oxygen atom compared with the carbon, resulting in 

weakening of C−H bond strengths on adjacent carbon sites. This effect is discussed in detail 

under BDEs section. Of all 3-MTHF isomers under study, significantly, the lowest E0 is 

noticed for H-shift reactions in the ROOm isomer (with OO radical on the methyl side chain). 

E0 for H-shift in this isomer from C2 and C5 are 64 and 67 kJ mol−1, respectively, which is 

about 15−20 kJ mol−1 lower than C5 H-shift in ROO2t and ROO2c. The S2  eigenvalues 

calculated at MP2/CBSB3 level within CBS-QB3 composite method are given in Table A2 in 

the Appendix. Among all the transition states, reaction of ROO2t isomer forming TS2t−5c to 

give QOOH2t−5 showed large S2  eigenvalue. Considering the spin-contamination 

correction in the CBS-QB3 method, which is −5.2 kJ mol−1 for S2  = 0.96, the possible 

errors in the potential energy barrier may be as large as the magnitude of the correction, −5.2 

kJ mol−1. 

Table 8. Reaction Barriers and Energies for Hydrogen Shift Reactions in 3-MTHF 
reactanta H atomb E0 c / kJ mol-1 ΔE d / kJ mol-1 QOOH species TS ring sizee 

ROO2c H5c 88 28 QOOH2c-5 6 

Hm 97 55 QOOH2c-m 6 

H4c 110 43 QOOH2c-4 6 

H2t 165 -175 RCHO2 + OH 4 

H3 207 29 QOOH2c-3 5 

ROO2t H5t 83 23 QOOH2t-5 6 

H4t 111 38 QOOH2t-4 6 

H3 112 26 QOOH2t-3 5 

 Hm 128 51 QOOH2t-m 6 

H2c 157 -178 RCHO2 + OH 4 

H5c 424 23 QOOH2t-5 6 

ROO3 H5t 93 38 QOOH3-5 6 

H2t 107 27 QOOH3-2 5 

H4t 140 58 QOOH3-4 5 

Hm 149 71 QOOH3-m 5 

H2c 201 27 QOOH3-2 5 

H4c 209 58 QOOH3-4 5 
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ROO4c H2c 90 35 QOOH4c-2 6 

Hm 96 63 QOOH4c-m 6 

H5c 101 24 QOOH4c-5 5 

H4t 172 -122 RCHO4 + OH 4 

H5t 192 24 QOOH4c-5 5 

H3 195 39 QOOH4c-3 5 

ROO4t H2t 93 20 QOOH4t-2 6 

H5t 106 30 QOOH4t-5 5 

Hm 117 63 QOOH4-m 6 

H3 127 40 QOOH4t-3 5 

H4c 171 -122 RCHO4 + OH 4 

H5c 190 30 QOOH4t-5 5 

ROO5c H2c 82 29 QOOH5c-2 6 

Hm 109 48 QOOH5t-m 7 

H4c 126 41 QOOH5c-4 5 

H5t 162 -176 RCHO5 + OH 4 

H4t 211 41 QOOH5c-4 5 

ROO5t H2t 87 29 QOOH5ttt-2 6 

 H3 104 32 QOOH5-3 6 

 H4t 136 46 QOOH5t-4 5 

 H5c 168 -172 RCHO5 + OH 4 

 H4c 218 46 QOOH5-4 5 

ROOm H2c 64 28 QOOHm-2 6 

 H5c 67 27 QOOHm-5 7 

 H4c 83 49 QOOHm-4 6 

 H2t 123 28 QOOHm-2 6 

 H3 126 41 QOOHm-3 5 

H4t 140 49 QOOHm-4 6 

Hm 169 -109 RCHOm + OH 4 
aReactant abbreviations and their chemical structures are given in Figure 17. bThe position of hydrogen atom being 

abstracted is given in Figure 14. cReaction barriers. dReaction energies, eRing size of the transition state. 

 

Lastly, the high pressure limit rate constants are calculated for the intramolecular H-shift 

reactions in 3-MTHF and are presented in the following section. 

iv. High Pressure Limit Rate Constants 

Arrhenius plots for the high pressure limit rate constants of the intramolecular 

hydrogen shift reactions for eight ROȮ isomers of 3-MTHF are highlighted in Figure 18. 

Rate constants for all possible hydrogen shift reaction channels are determined by fitting the 

calculated rate to the modified Arrhenius expression given as k = ATnexp(-Ea/(RT)) in the 

temperature range of 500 to 2000 K. Arrhenius rate parameters for each isomerization 
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channel are listed in Table 9. Reactant and product abbreviations implemented in Table 9 are 

highlighted in Figure 17. 

Table 9. High-pressure limit rate constants for the hydrogen shift reactions in 3-MTHF 

reactant a product a 
rate constant b 

A N E/R 

ROO2c RCHO2 + OH 6.94E+06 1.774 18241 

QOOH2c-3 6.70E+01 2.939 21369 

QOOH2c-4 5.84E+04 2.040 11036 

QOOH2c-5 7.04E+05 1.663 8723 

QOOH2c-m 2.91E+05 1.902 9853 

ROO2t RCHO2 + OH 2.85E+06 1.764 17371 

QOOH2t-3 3.48E+04 2.154 11098 

QOOH2t-4 1.51E+04 2.121 11139 

QOOH2t-5 3.59E+05 1.709 8127 

QOOH2t-m 8.04E+03 2.218 13023 

ROO3 QOOH3-2 7.38E+04 2.035 10586 

QOOH3-4 1.26E+02 2.909 13503 

QOOH3-5 2.14E+05 1.780 9252 

QOOH3-m 1.33E+02 2.983 14555 

ROO4c QOOH4c-2 2.67E+05 1.757 8898 

QOOH4c-3 1.63E+01 3.044 19638 

RCHO4 + OH 3.20E+05 2.136 18618 

QOOH4c-5 2.21E+05 1.870 10005 

QOOH4c-m 1.76E+05 1.848 9762 

ROO4t QOOH4t-2 1.90E+05 1.877 9231 

QOOH4t-3 1.54E+03 2.692 12166 

RCHO4 + OH 9.00E+05 2.104 18675 

QOOH4t-5 8.12E+04 2.095 10380 

QOOH4t-m 6.41E+04 2.072 11936 

ROO5c QOOH5c-2 5.62E+05 1.684 8066 

QOOH5c-4 6.58E+03 2.428 12539 

RCHO5 + OH 5.00E+06 1.775 17946 

QOOH5c-m 1.93E+04 2.103 11034 

ROO5t QOOH5t-2 8.62E+05 1.693 8577 

QOOH5t-3 1.77E+05 1.927 10421 

QOOH5t-4 2.18E+03 2.631 13418 

RCHO5 + OH 8.36E+06 1.803 18680 

ROOm QOOHm-2 9.20E+06 1.234 6256 

QOOHm-3 1.00E+04 2.265 12426 

QOOHm-4 3.24E+06 1.368 8532 

QOOHm-5 1.21E+06 1.315 6389 

RCHOm + OH 2.88E+06 1.883 18483 
a Reactants and products abbreviations and their chemical structures are given in Figure 17. b Rate constants are given by 

the Arrhenius expression, k (s-1)= ATnexp(−E/(RT)).  
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H-Shift Reactions in ROOm 

Figure 18a highlights high pressure limit rate constant comparison of all possible hydrogen 

shift reaction channels in the ROOm isomer. The higher rate is obtained for QOOHm−2 

formation involving H-shift from the C2 site, which is at α position to the ring oxygen. The 

proximity of the ring oxygen to the abstracted hydrogens (H2c and H2t) results in lower 

C2−H2c and C2−H2t BDE values as seen in Table 7. C2−H2 and C5−H5 bonds in 3-MTHF 

exhibit BDE values of 387 kJ mol−1; however, their rates differ by 4−6 times in the 

temperature range 500 to 1250 K as observed from the Arrhenius plot in Figure 18a. 

QOOHm−2 formation is observed to proceed via a six membered TS ring, while a 

conjugated/bicyclic TS involving five and eight membered ring formation is seen in the case 

of QOOHm−5 production. The BDE for the C4−H bond is found to be 406 kJ mol−1, which is 

about 19 kJ mol−1 higher than C2−H (387 kJ mol−1) bonds in 3-MTHF, reflecting slower 

kinetics for QOOHm−4 formation compared with QOOHm−2 and QOOHm−5. 1,3 H-shift 

leading to RCHOm is a minor channel among all other H-shift reactions owing to its very 

high energy barrier of 169 kJ mol−1. This channel proceeds via a four membered TS ring, 

which further readily forms RCHOm and OH radical. 

 
Figure 18. High pressure limit rate constants of the intramolecular hydrogen shift reactions in (a) ROOm, (b) 

ROO3, (c) ROO2c, (d) ROO2t, (e) ROO4c, (f) ROO4t, (g) ROO5c and (h) ROO5t isomers of 3-MTHF. 
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H-Shift Reactions in ROO3 

QOOH3−5 and QOOH3−2 formation (Figure 18b) are the most favorable paths in the ROO3 

isomer proceeding via six and five membered TS rings, respectively, rate constants of which 

tend to approach values of 4.4 × 107 s−1 and 3.2 × 107 s−1 at 1250 K, while a difference of 

about an order of magnitude can be seen in the low temperature regime around 500 K. 

Although both transition states involve hydrogen shift from the site α to the ring oxygen, 

variation in rate constant arises due to the difference in the ring size of the TSs as discussed 

in the case of the ROOm isomer. Kinetics of QOOH3−4 and QOOH3−m are much slower 

than QOOH3−5 and QOOH3−2. QOOH3−4 is produced via a five membered ring TS like 

QOOH3−2; however, a significant difference in rate constant between the two channels arises 

due to weaker C2−H bond strength assisting easy H-shift to produce QOOH3−2. H-shift from 

Cm, the primary carbon center in 3-MTHF, is least feasible accompanied with a high energy 

barrier of 149 kJ mol−1 due to a strong Cm−Hm bond (418 kJ mol−1 BDE). Due to the 

instability of the formed primary radical, the rate constant for this channel is lowest among 

others as expected. 

H-Shift Reactions in ROO2c, ROO2t, ROO5c, and ROO5t (Neighboring Ring O) 

C−H BDEs at C2 and C5 sites are observed to be lowest among all C−H bonds in 3-MTHF, 

making these sites most favorable for hydrogen abstraction and further O2 addition to form 

the corresponding alkylperoxy radical (ROȮ) during low temperature combustion. ROO2c, 

ROO2t, ROO5c, and ROO5t represents alkylperoxy radicals formed after the first O2 addition 

on C2 and C5, neighboring the ring oxygen. The most favorable reaction channels in ROO2c 

and ROO2t involve H-shift from C5 to form QOOH2c−5 and QOOH2t−5, respectively, as 

shown in Figure 18c, d. A considerable difference can be seen in the kinetics of QOOH2c−3 

and QOOH2t−3 toward lower temperature formation from ROO2c and ROO2t isomers, 

respectively, which is  due to the formation of hydrogen bonding between the oxygen atom of 

the peroxy group and the ring hydrogen H2t in the TS of former isomer. Furthermore, in the 

ROO2c, the C3 hydrogen is trans to the peroxy radical, hindering transition state ring 

formation while it is cis in the latter isomer making H-shift in ROO2t facile. Comparing the 

rate constant for the H-shift from Cm in ROO2c and ROO2t (Figures 18c, d) shows that a 

difference of around 2 orders of magnitude is determined in the high temperature regime. In 

ROO5c and ROO5t isomers, the most dominant channel involves 1,5 H-shift from C2, 

whereas formation of RCHO5 via 1,3 H-shift is least favorable, as indicated by the slowest 

rates for this channel in Figure 18g,h. 
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H-Shift Reactions in ROO4c and ROO4t  

Arrhenius plots ‘e’ and ‘f’ in Figure 18 summarizes H-shift reactions in ROO4c and ROO4t 

isomers, respectively. Reactions involving H-shift from C2 and C5 are most favorable, 

associated with lowest energy barriers in both isomers. In ROO4c, 1,5 and 1,4 H-shift 

reactions forming QOOH4c−m and QOOH4c−5 follow similar kinetics in the entire 

temperature regime as depicted in Figure 18e, although these channels proceed via different 

TS rings. In ROO4t, H-shift from C3 and Cm to form QOOH4t−3 and QOOH4t−m, 

respectively, demonstrate similar kinetics as shown in Figure 18f. 

Further, branching ratio for the intramolecular hydrogen shift reactions in ROO isomers of 3-

MTHF from all possible abstraction sites is computed to provide an overall idea about the 

favorability of a particular reaction channel over 500 to 1250 K. 

v. Product Branching Ratio 

For the hydrogen shift reactions in ROOm, branching ratio is depicted by Figure 19h, 

wherein at 500 K almost 99% contribution is seen from the C2 and C5 sites, which are α 

positions on the 3-MTHF ring, neighboring the ring oxygen atom. The percentage from these 

sites at 1250 K is around 88%, which is slightly lowered compared with 99% in the lower 

temperature regime. The remaining 11% at 1250 K arises from the C4 site to form 

QOOHm−4 radical. In the higher temperature regime, all isomers of 3-MTHF as summarized 

in Figure 19 show a higher percentage of product branching ratio from α sites (C2 and C5), 

which varies from 84% in ROO2c to almost 100% in ROO3 isomer. Higher contribution 

from these sites arises because C−H bonds neighboring the ring O atom are weakest as 

observed from the computed C−H BDEs values ensuring faster H shift. ROO2c and ROO2t 

isomers depict comparatively different percentages for H shift from the methyl side chain. 

The former isomer with OO substituent at the cis position to the methyl group contributes 

around 16% at low temperature, whereas around 43% is seen at high temperature as 

represented in Figure 19a, while almost no contribution is observed in latter isomer as 

summarized in Figure 19b. The major contribution of ROO2c for QOOH2c−m formation is 

due to the cis position of the peroxy radical to the abstracted H resulting in a highly favorable 

six membered ring transition state. However, in ROO2t, due to the trans position of the 

peroxy radical to the methyl hydrogen, this channel is not favored. The same reason holds for 

the absence of QOOH2c-3 species in the ROO2c isomer, while 17% is contributed for 

QOOH2t-3 due to cis H at the C3 site in ROO2t. Figure 19d, e displays branching ratios of 

ROO4c and ROO4t isomers, respectively. Analyzing percentages from C2 and C5 sites, 

major contribution is observed from C2 in both. Computed product branching percentages for 
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QOOH4c−m production from ROO4c are 15% and 26% at 500 and 1250 K, respectively. In 

ROO5c and ROO5t as highlighted in Figure 19f, g, considerable branching fraction arises 

from C2 sites on the ring approaching almost 100% at a lower temperature, whereas they are 

89% and 77%, respectively at 1250 K. Figure 19c shows branching percentages of ROO3 

depicting major contribution from C2 and C5 sites. Analyzing individual contribution from 

C2 and C5 sites, QOOH3−5 is observed in a higher fraction over the entire temperature range 

than QOOH3−2. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 19. Product branching ratio of the intramolecular hydrogen shift reactions in (a) ROO2c, (b) ROO2t, (c) 

ROO3, (d) ROO4c, (e) ROO4t, (f) ROO5c, (g) ROO5t and (h) ROOm isomers of 3-MTHF. 

 

As mentioned earlier, in order to understand the effect of ring oxygen on the kinetics of 

intramolecular hydrogen shift reactions in 3-MTHF, its comparison is  carried out with 

similar reactions in methylcyclopentane (mcyc5), which is also a five membered ring 

compound with methyl substituent but without ring oxygen. 
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vi. 3-MTHF H-Shift Reaction Comparison with Methylcyclopentane 

Figure 20 represents mcyc5 structure with atom labels. Altogether six ROȮ isomers 

of mcyc5 are considered. Structures of all six isomers with species abbreviation are 

represented in Figure 21. Like 3-MTHF, isomers of mcyc5 are distinguished as cis (c) and 

trans (t) with respect to methyl substituent on the five membered ring. Alkylperoxy radicals 

of mcyc5 are abbreviated as ROOx, with x being the position of the peroxy group. Table 10 

summarizes computed reaction barriers and energies for hydrogen shift reactions in mcyc5. 

 
Figure 20. Labels of atoms in methylcyclopentane. 

BDEs of all the C−H bonds in mcyc5 (Figure 22b) are computed with the CBS-QB3 

composite method and compared with 3-MTHF values as shown in Figure 22a. At C2 and C5 

sites in 3-MTHF, BDEs are found to be around 10 kJ mol−1 lower than those for the 

corresponding positions in mcyc5. The ring oxygen in 3-MTHF is found to have a significant 

effect on BDE values at carbon sites adjacent to the ring oxygen atom, and this effect is 

observed to become less pronounced at sites away from this heteroatom. The value of the 

BDE at the C3 position in 3-MTHF is around 6 kJ mol−1 higher than that of the 

corresponding site in mcyc5, while no ring oxygen effect is observed on Cm−Hm bonds 

(Figure 22). As expected and discussed before, the lowest energy barriers in all ROȮ isomer 

of 3-MTHF are observed for the hydrogen transfer from C2 and C5 positions due to the 

weakest C−H BDE at these sites. For ROO2t isomers of both species, the energy barrier for 

H-shift from C5 (83 kJ mol−1) is found to be 22 kJ mol−1 lower than that in mcyc5 (105 kJ 

mol−1). Similar to 3-MTHF, the lowest energy barrier in mcyc5 is observed for the ROOm 

isomer involving H-shift from the C2 site; however, the reaction barrier in 3-MTHF is around 

14 kJ mol−1 lower compared with that in mcyc5. 

 
Figure 21. ROO isomers of methylcyclopentane. 
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Figure 22. C-H BDE comparison of (a) 3-MTHF with (b) methlcyclopentane in kJ mol-1 computed at CBS-QB3 

method. 

Table 10. Reaction Barriers and Energies for Hydrogen Shift Reactions in mcyc5 
reactant a H atom b E0 c / kJ mol-1 ΔE d / kJ mol-1 product TS ring sizee 

ROO1c H4c 105 52 QOOH1c-4 6 

Hm 108 65 QOOH1c-m 7 

H2c 130 50 QOOH1c-2 5 

 H5c 136 54 QOOH1c-5 5 

 H1t 173 -125 RCHO1 + OH 4 

H2t 187 50 QOOH1c-2 5 

 H5t 188 54 QOOH1c-5 5 

ROO1t H3 94 39 QOOH1t-3 6 

H4t 107 55 QOOH1t-4 6 

 H5t 132 57 QOOH1t-5 5 

H2t 135 56 QOOH1t-2 5 

 H1c 170 -124 RCHO1 + OH 4 

H5c 189 57 QOOH1t-5 5 

H2c 192 56 QOOH1t-2 5 

ROO2c Hm 98 66 QOOH2c-m 6 

H4c 99 48 QOOH2c-4 6 

H5c 104 47 QOOH2c-5 6 

H1c 130 50 QOOH2c-1 5 

 H2t 166 -127 RCHO2 + OH 4 

H3 176 33 QOOH2c-3 5 

H1t 187 50 QOOH2c-1 5 

ROO2t H5t 105 48 QOOH2t-5 6 

 H4t 106 49 QOOH2t-4 6 

Hm 109 66 QOOH2t-m 6 

 H3 118 35 QOOH2t-3 5 

H1c 136 51 QOOH2t-1 5 
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H1t 185 51 QOOH2t-1 5 

ROO3 H1t 103 49 QOOH3-1 6 

H2t 131 52 QOOH3-2 5 

Hm 146 73 QOOH3-m 5 

H2c 192 52 QOOH3-2 5 

ROOm H2c 78 45 QOOHm-2 6 

 H1c 81 44 QOOHm-1 7 

 H3 120 38 QOOHm-3 5 

H2t 129 45 QOOHm-2 6 

Hm 168 -107 RCHOm + OH 4 
aReactant abbreviations and their chemical structures in methylcyclopentane. bThe position of hydrogen atom being 

abstracted. cReaction barriers. dReaction energies. eRing size of the transition state. 

 

Figure 23a−h compares total rate constant of 3-MTHF with mcyc5. Total rate constants for 3-

MTHF and mcyc5 isomers are obtained by summing individual rate constants from all 

possible H-shift channels in a specific isomer. Solid and dashed lines in Figure 23a−h denote 

total rate constants computed for 3-MTHF and mcyc5, respectively. The ROOm isomer of 3-

MTHF is found to have the highest rate constant over the entire temperature range as seen 

from Figure 23a, approaching a value 5.7 × 108 s−1 at 1250 K. Reaction kinetics of 3-MTHF 

isomers are observed to be faster than those of the corresponding isomers of mcyc5. 

 
Figure 23. Comparison of total rate constants (a) ROOm, (b) ROO3, (c) ROO2c, (d) ROO2t, (e) ROO4c, (f) 

ROO4t, (g) ROO5c, (h) ROO5t of 3-MTHF with methlcyclopentane. Solid and dashed lines denote 3-

methyltetrahydrofuran and methylcyclopentane respectively. 
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Figure 24. Comparison of rate constants ROO2c with methlcyclopentane, (a) hydrogen shift from C2 or C5, (b) 

hydrogen shift from C3 or C4, and (c) hydrogen shift from Cm. Solid and dashed lines denote 3-

methyltetrahydrofuran and methylcyclopentane respectively. 

Comparison of rate constants for individual sites in the ROO2c isomer of 3-MTHF with 

ROO2c isomer of mcyc5 is summarized in Figure 24. At lower temperature, a difference of 

about 2 orders of magnitude is seen between 3-MTHF and mcyc5 rate constants at the C5 

site, which tends to differ by an order of magnitude at higher temperatures as shown in Figure 

24a. Reaction kinetics for C5 and Cm hydrogen transfer in ROO2c of 3-MTHF (Figure 24a, c 

respectively) are faster than the corresponding isomer of mcyc5 over the temperature range 

500 to 1250 K; however, observed kinetics for the hydrogen shift from C3 and C4 sites as 

shown in Figure 24b are faster in mcyc5 than in 3-MTHF. Comparison of rate constants for 

the titled reaction in the remaining seven ROȮ isomers of 3-MTHF with mcyc5 are 

summarized in Figures A55−A61 in the Appendix. From these comparisons, the effect of the 

ring oxygen can be clearly seen at C2 and C5 sites due to comparatively faster kinetics 

determined at these sites in 3-MTHF than in mcyc5. This is attributed to the lower BDEs at 

C2 and C5 sites in 3-MTHF due to the neighboring electronegative oxygen atom. These 

results indicate that the ring oxygen has a significant effect on the reaction kinetics of the 

intramolecular hydrogen shift reactions in all 3-MTHF isomers under investigation. 

To summarize, a theoretical study is performed for computing high pressure limiting 

rate constants for the intramolecular H-shift reactions in alkylperoxy radicals (ROȮ) of 3-

MTHF to form the corresponding hydroperoxyalkyl radicals (QOOH). All possible H-shift 

reaction channels from eight ROȮ isomers of 3-MTHF were studied, and the corresponding 

relative reaction barriers are reported. The most dominant H-shift channel is the one 

proceeding via a six membered transition state, whereas 1,3 H-shift are least favorable due to 

very high energy barriers for this channel. C−H bond dissociation energies at C2 and C5 sites 

in 3-MTHF are lowest (387 kJ mol−1) as a result of the neighboring electronegative oxygen 

atom. Weaker C−H bonds strengths at these sites assist easier H-shift compared with the C3, 
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C4, and Cm. Effect of ring oxygen on the kinetics of the titled reaction is analyzed by 

comparing rate constant of 3-MTHF with ROȮ isomers of mcyc5. Total rate constant 

(obtained by summing individual rate constants) for 3-MTHF is found to be faster than that 

of mcyc5 in all isomers under study. 
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IV. 3 Theoretical Investigation of Intramolecular Hydrogen Shift Reactions 

in 2-Methyltetrahydrofuran (2-MTHF) Oxidation 
 

 In 1988, Rudolph and Thomas [97] reported the feasibility of using 2-MTHF as a fuel 

extender in spark ignition engine. With a molecular formula of C5H10O, it is observed to have 

a higher energy density (0.86 g mL-1) than ethanol (0.789 g mL-1).1 Also, it is found to be 

more suitable fuel than ethanol due to its higher heating value and hydrophobic nature. When 

compared to gasoline, 2-MTHF has a lower heating value. However, this is counterbalanced 

by the higher specific gravity, ultimately giving comparable fuel efficiency from 2-MTHF 

blends similar to that of gasoline [97, 98]. Furthermore, up to 70% of 2-MTHF can be used as 

a blend with gasoline without any engine modification [98]. 

 This study highlights detailed computational study on the specific low temperature 

reaction class in combustion: ROȮ to QOOH, in 2-MTHF oxidation which is observed to 

occur via formation of cyclic transition states. High-pressure limit rate constants are 

presented for the titled reaction under study. Further, these results are compared with the 

reaction kinetics for the intramolecular H-shift reactions in mcyc5 and 3-MTHF [Section 

IV.2] to analyze how the position of the methyl substituent and the presence of ring oxygen 

atom affect reaction kinetics of the titled reactions. The detailed computational approach 

followed in this section is similar to the one implemented in the section IV.2. The CBS-QB3 

composite method has been employed to perform geometry optimization, vibrational 

frequencies and single point energy computations of all the reactants, transitions states and 

products involved in this study [38, 39]. All the internal rotors in reactants, transition states 

and products are treated as hindered rotors with estimated barrier heights determined by 

considering Pitzer-Gwinn approximation as highlighted in Table 11 and provided in the 

Appendix (Figures A62-A71). In Table 11, some values for the height of the hindrance 

potential (V0) are taken from the previous studies on the intramolecular H-shift reactions in 3-

MTHF (section IV.2) due to the similar structure 

 The optimized three dimensional structure of 2-MTHF with the labels is represented 

in Figure 25. The species nomenclature followed for the reactants, transition states and 

products are also similar to those denoted in 3-MTHF studies. In Figure 25, ring carbons in 2-

MTHF are numbered from C2 to C5 while Cm denotes the methyl side chain carbon. 

Hydrogens on the ring are distinguished as cis (c) and trans (t).  
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Figure 25. Optimized structure of 2-MTHF at CBS-QB3 method with the labels  

Table 11. Estimated Hindered Rotor Parameters in Pitzer-Gwinn Approximation 

bonding atom 
a type of rotor V0 

b
 / cm

-1 σ 
c 

C2 CH3 1050 3 
 •CH2 360 2 
 CHO 1300 1 
 CH2OO• 1800 1 
 CH2OOH 3500 1 
 OO• 1000 1 
 OOH 8000 1 
hydrogen abstracting C2 
in transition states 

CH3 800 3 

radical centered C2 CH3 640 3 
 CH2OOH 2000 1 
C5 OO• 1000

d 1 
 OOH 6000

d 1 
C3, C4 OO• 1000

d 1 
 OOH 2000

d 1 
Cm OO• 850

d 1 
 OOH 1800

d 1 
O in C2−OOH or C5−OOH  OH 2200

d 1 
O in C3−OOH or C4−OOH  OH 1150

d 1 
O in Cm−OOH  OH 1000

d 1 
aabbreviations, C2, C3, C4, C5, and Cm are referred in Figure 25. bThe height of the hindrance potential. cThe symmetry 

number of the internal rotation. dThe values were taken from the 3-methyltetrahydrofuran study. 

 

In sum, eight ROȮ isomers of 2-MTHF are considered as reactants for the corresponding 

intramolecular H-shift reactions and are shown in Figure 26. 
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ROO2 ROO3c ROO3t ROO4c ROO4t ROO5c ROO5tROOm

ROOx

TSx-y QOOHx-y RCHOx

RCHO4 RCHOmQOOHm-4 QOOH3t-2TSm-3c TS5c-4t  
Figure 26. Species abbreviations used in this study. In ROOx, x is a carbon attaching OȮ group. In TSx-y, x is a 

carbon attaching OȮ group and y is a hydrogen atom abstracted carbon. In QOOHx-y, x is a carbon attaching 

OOH group and y is a radical centered carbon. In RCHOx, x is a carbon attaching CHO group. 

For the 2-MTHF and its species (ROȮ and QOOH), experimental data on the thermodynamic 

properties are not available in the literature and hence are computed herein. 

i. Thermochemistry 

The CBS-QB3 composite method is used for the computation of thermodynamic properties 

(standard enthalpies of formation, standard entropies and heat capacities at constant pressure) 

by atomization method for all the reactants and products involved in the titled reaction and 

presented in Table A5 (Appendix). As specified in section IV.2, standard enthalpy of 

formation (ΔfH0
298) and standard entropy (S0

298) for terahydrofuran and its radical species are 

calculated at the CBS-QB3 level and compared with available experimental and theoretical 

data from literature [93, 94]. A difference of 4.2 kJ mol-1 and 2.4 J mol-1 K-1 is observed for 

ΔfH0
298 and S0

298 for tetrahydrofuran which are within the uncertainty limit of the CBS-QB3 

method [38, 39]. In this study, [99] computed ΔfH0
298 for tetrahydrofuran-2-yl and 

tetrahydrofuran-3-yl fuel radicals are -7.6 kJ mol-1 and 11.1 kJ mol-1 respectively. Due to a 

reasonable agreement observed between the theoretical and experimental results, the CBS-

QB3 composite method is adopted for computing thermodynamic properties of all the species 

involved in the intramolecular H-shift reactions in 2-MTHF.  

ii. C-H Bond Dissociation Energies 

Calculated values of C-H BDEs in 2-MTHF are highlighted in Table 12. In the work of 

Simme [100] on kinetics and thermochemistry of 2,5-Dimethyltetrahydrofuran and related 

oxolanes, bond dissociation enthalpies (298.15 K) are reported for 2-MTHF. In their study, 

bond dissociation enthalpies (298.15 K) are computed from enthalpies of formation at 298.15 

K of the involved species via isodesmic reactions by employing the model chemistries CBS-
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QB3, G3 and CBS-APNO. These reported values from their study are compared with 

computed C-H bond dissociation enthalpies (298.15 K) and are summarized in Table 13. C-H 

bond dissociation enthalpies (298.15) in this study are calculated from the difference in the 

CBS-QB3 enthalpies at 298.15 K of the reactant and products formed due to the C-H bond 

cleavage in a 2-MTHF molecule. Excellent agreement is observed for all the computed values 

of C-H bond dissociation enthalpies (298.15 K) in this work at a CBS-QB3 method with the 

values from Simmie [100]. Further, C-H BDEs computed for 2-MTHF are also compared 

with the C-H BDE values of 3-MTHF (Table 12) in order to analyze how methyl group 

position on the tetrahydrofuran ring affects the C-H bond strength in 2-MTHF and 3-MTHF. 

Table 12. C-H bond dissociation energies in 2-MTHF and 3-MTHF 

Bonda D0 / (kJ mol-1) 

2-MTHFb 
D0 / (kJ mol-1) 

3-MTHFc 
C2−H2 382 387 
C3−H3t or C3−H3c 409 396 
C4−H4t or C4−H4c 404 406 
C5−H5t or C5−H5c 386 387 
Cm−Hm 424 418 

aAtom labels are given in Figure 25 and Figure 26. bC-H BDEs in 2-MTHF calculated at a CBS-QB3 level in this work, cC-

H BDEs in 3-MTHF [99]  

As compared to the C2-H2 bond strength in 3-MTHF, a difference of 5 kJ mol-1 is observed 

featuring lower C-H bond strength in 2-MTHF. The observed difference in these bond 

strengths between two species (2-MTHF and 3-MTHF) arises due to the fact that C2 is a 

tertiary carbon site because of the presence of a methyl side group in 2-MTHF while 

secondary carbon site in 3-MTHF. This reason also applies for the stronger C3-H3 bond 

strength in 2-MTHF (~13 kJ mol-1 higher) as compared to 3-MTHF. In 3-MTHF, C3 is a 

tertiary carbon center while secondary in 2-MTHF. C5-H5t and C5-H5c bonds with BDE 

values of 386 kJ mol-1 respectively are observed to be the second weakest C-H bonds in 2-

MTHF. 

Table 13. C-H bond dissociation enthalpies (298.15 K) in 2-MTHF 

Bonda D298.15 / (kJ mol-1) 

2-MTHFb 
D298.15 / (kJ mol-1) 

2-MTHFc 
C2−H2 388.6 388.7 ± 0.4 
C3−H3t or C3−H3c 415.5 415.7 ± 0.3 
C4−H4t or C4−H4c 410.6 411.0 ± 0.5 
C5−H5t or C5−H5c 392.0 391.9 ± 0.3 
Cm−Hm 431.1 430.9 ± 1.5 

aAtom labels are given in Figure 25 bC-H bond dissociation enthalpies (298.15 K) in 2-MTHF calculated at a CBS-QB3 

level in this work. cC-H bond dissociation enthalpies (298.15 K) in 2-MTHF from Simme [100]. 
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Agapito et al. [96] in their theoretical study on C-H bond dissociation energies in ethers 

studied factors affecting the strength of C-H bonds in various molecules. Their study 

highlights hyperconjugation as one of the factors that affect the thermodynamic stabilization 

of the formed radical species. Considering this work, lower BDEs at C2 and C5 sites in 2-

MTHF might result due to the stabilization of the formed radicals at these sites due to the 

hyperconjugation effect. The presence of a lone pair of electrons on the O atom stabilizes the 

formed fuel radical at C2 and C5 sites since it gets involved in the delocalization. It is 

observed that the BDE at C5 site is 23 and 18 kJ mol-1 lower than at C3 and C4 sites 

respectively. In this case, higher C-H BDEs at C3 and C4 sites arises due to the lack of 

stabilization of the formed fuel radicals since the lone pair of electrons on O atom is now too 

far to take part in the delocalization. This strengthens C3-H3 and C4-H4 bonds in 2-MTHF 

relative to C2-H2 and C5-H5 bonds. The perceived trend in C-H BDEs in 2-MTHF computed 

is as follows: C2-H2 < C5-H5 < C4-H4 < C3-H3 < Cm-Hm. As expected, highest BDE value 

of 424 kJ mol-1 is observed for the Cm-Hm bond which corresponds to the primary C-H bond 

in 2-MTHF which is found to be 6 kJ mol-1 higher than the primary C-H bonds in 3-MTHF. 

Although, Cm-Hm bonds are primary bonds in both 2-MTHF and 3-MTHF, the difference in 

the bond strength arises due to the position of the methyl group on the tetrahydrofuran ring. 

In general if the formed radical after H-abstraction reaction is stable, then corresponding C-H 

BDE is small. This may be the reason for the highest Cm-Hm BDE in 2-MTHF as compared 

to that in 3-MTHF due to the higher stability of the formed fuel radical in the latter. 

Based on the study on 3-MTHF (Section IV.2), it was observed that H-abstraction (a) from 

C2 and C5 sites (neighboring the ring oxygen atom) (b) same side of the plane, and (c) via six 

membered ring transition state are favored. These factors in the case of 2-MTHF 

isomerization reactions are discussed in detail in the following section. 

iii. Reaction Barriers and Energies 

The lowest reaction barriers in each isomer of 2-MTHF under this study are 

summarized as follows. In ROO2, H-abstraction from the C5 site via a six membered ring TS 

requires 84 kJ mol-1. In ROO3c and ROO3t isomers, the H-abstraction from C5 proceeds 

with reaction barriers of 93 and 96 kJ mol-1 respectively. In ROO4c, H-abstraction from C5 

site occurs with an energy barrier of 110 kJ mol-1. Considering ROO4t isomer, H-abstraction 

from C2 site is dominant with E0 = 88 kJ mol-1. In ROO5c, H-abstraction from a C3 site is 

most favorable with E0 = 116 kJ mol-1. In this isomer, abstraction of a hydrogen atom from 

the C2 site is infeasible since the OO group and H2 are both trans to each other. However in 

ROO5t, H-abstraction from a C2 site is predominant, accompanied with a reaction barrier of 
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75 kJ mol-1. In ROOm isomer, H-abstraction from a C3 site is highly favored. The reaction 

barrier for this reaction channel is 78 kJ mol-1. From Table 14 it is observed that, only in 

ROO4c, most favorable H-abstraction reaction proceeds via a five membered ring transition 

state. Whereas, in all other isomers, H-shifts via six membered ring transition state are 

dominant. In ROO4c, H-abstraction via formation of a six membered ring transition state is 

impossible due to a trans position of OO group and the hydrogen atom (H2). 

Considering 1,3 H-shift reactions in 2-MTHF which involve abstraction of H from the same 

site as that of OO group, yield RCHOx (x = 3, 4, 5, and m) + OH which are observed to be 

highly exothermic in nature. For these reactions, ΔE largely depends on the H-abstraction site 

in 2-MTHF. Reaction energies for these 1,3 H-shift reactions range from -105 kJ mol-1 for 

ROOm to -175 kJ mol-1 for ROO5t as indicated in Table 14. For C3 and C4 sites, ΔHrxn 

varies between -119 to -124 kJ mol-1. Only in the case of ROO2, 1,3 H-shift reaction channel 

is infeasible due to the lack of hydrogen at the C2 site. 

In order to get an idea of the potential well depths for the formation of alkylperoxy radicals 

ROOx, (x = 2, 3, 4 and m) which are formed by the addition of O2 to the corresponding fuel 

radicals (formed by the H-atom abstraction from the fuel molecule), reaction energies ΔE are 

computed. These reaction energies are calculated from the difference in zero-point-corrected 

electronic energies of the parent radical (Ṙ), O2 and formed ROOx radical. These reactions 

are highly exothermic in nature with reaction energies between -145 to -161 kJ mol-1. ΔHrxn 

for the formation of ROO2, ROO3t, ROO5c and ROO5t are observed to be -161 kJ mol-1, -

150 kJ mol-1, -156 kJ mol-1 and -152 kJ mol-1 respectively. For the formation of ROO3c, 

ROO4c, ROO4t and ROOm, the calculated ΔE is -145 kJ mol-1. Due to the quite large well 

depths for the formation of alkylperoxy radicals (ROOx), the probability of the formed ROOx 

radicals to dissociate back into Ṙ + O2 might be less favored (also depends on temperature 

and pressure) as compared to the isomerization reactions to form corresponding QOOH 

radicals.   

Table 14. Reaction barriers and energies for the hydrogen shift reactions in 2-MTHF 
reactanta H atomb E0 c / kJ mol-1 ΔE d / kJ mol-1 QOOH species TS ring sizee 

ROO2 H5t 84 33 QOOH2-5 6 

H4t 113 47 QOOH2-4 6 

H3t 133 51 QOOH2-3 5 

Hm 149 70 QOOH2-m 5 

H3c 222 51 QOOH2-3 5 

ROO3c H5c 93 33 QOOH3c-5 6 

Hm 97 68 QOOH3c-m 6 
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H4c 136 53 QOOH3c-4 5 

 H3t 170 -124 RCHO3+OH 4 

H2 185 14 QOOH3c-2 5 

H4t 202 53 QOOH3c-4 5 

ROO3t H5t 96 35 QOOH3t-5 6 

H2 100 19 QOOH3t-2 5 

Hm 127 68 QOOH3t-m 6 

H4t 144 56 QOOH3t-4 5 

H3c 171 -119 RCHO3+OH 4 

H4c 204 56 QOOH3t-4 5 

ROO4c H5c 110 28 QOOH4c-5 5 

Hm 112 70 QOOH4c-m 7 

H3c 136 56 QOOH4c-3 5 

H4t 175 -120 RCHO4+OH 4 

H5t 193 28 QOOH4c-5 5 

H3t 206 56 QOOH4c-3 5 

ROO4t H2 88 31 QOOH4t-2 6 

H5t 107 23 QOOH4t-5 5 

H3t 143 60 QOOH4-3 5 

H4c 173 -119 RCHO4+OH 4 

H5c 197 23 QOOH4t-5 5 

H3c 209 60 QOOH4t-3 5 

ROO5c H3c 116 44 QOOH5c-3 6 

Hm 124 60 QOOH5c-m 7 

H4c 138 48 QOOH5c-4 5 

H5t 169 -171 RCHO5 + OH 4 

H4t 218 48 QOOH5c-4 5 

ROO5t H2 75 24 QOOH5t-2 6 

 H3t 114 40 QOOH5t-3 6 

 H4t 131 41 QOOH5t-4 5 

 H5c 163 -175 RCHO5 +OH 4 

 H4c 213 41 QOOH5t-4 5 

ROOm H3c 78 46 QOOHm-3 6 

 H5c 82 28 QOOHm-5 7 

 H4c 86 43 QOOHm-4 7 

 H2 104 23 QOOHm-2 5 

 H3t 146 46 QOOHm-3 6 

Hm 169 -105 RCHOm + OH 4 
aReactants abbreviations, bThe position of hydrogen atom being abstracted as given in Figure 25,  cReaction barrier.   
dReaction energies.  eRing size of the transition state. 
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Further, high pressure limit rate constants are determined for all the possible intramolecular 

H-shift reaction channels in eight ROO isomers of 2-MTHF and presented in detail in next 

sections. 

iv. High Pressure Limit Rate Constants 

Table 15 summarizes Arrhenius parameters obtained for the titled reaction in 2-MTHF. 

Reactant and product abbreviations of the 2-MTHF species are highlighted in Figure 26. 

Table 15. High-pressure limit rate constants for the hydrogen shift reactions in 2-

MTHF 

reactant
a product

a rate constant 
b 

A n E/R 
ROO2 QOOH2-3 4.45 × 103 2.511 13199

QOOH2-4 3.93 × 104 2.065 11495
QOOH2-5 7.28 × 105 1.664 8329
QOOH2-m 2.39 × 102 2.889 14704

ROO3c QOOH3c-2 9.55 × 102 2.525 19122
RCHO3+OH 6.60 × 105 2.134 18437
QOOH3c-4 1.07 × 102 2.928 12982
QOOH3c-5 2.30 ×105 1.749 9198
QOOH3c-m 2.28 × 105 1.845 9874

ROO3t QOOH3t-2 2.82 × 105 1.872 9980
RCHO3+OH 4.10 × 105 2.123 18593
QOOH3t-4 7.45 × 102 2.744 14218
QOOH3t-5 1.27 × 105 1.820 9524
QOOH3t-m 1.80 × 104 2.137 13001

ROO4c QOOH4c-3 2.98 × 102 2.819 13234

RCHO4+OH 5.68 × 105 2.137 19164
QOOH4c-5 5.15 × 104 2.080 10897
QOOH4c-m 2.66 × 104 2.031 11495

ROO4t QOOH4t-2 1.32 × 106 1.629 8753
QOOH4t-3 1.99 × 103 2.688 14263
RCHO4+OH 6.22 × 105 2.165 18853
QOOH4t-5 6.35 × 104 2.116 10531

ROO5c QOOH5c-3 3.13 × 104 2.076 11810
QOOH5c-4 7.14 × 103 2.503 13923
RCHO5+OH 8.53 × 106 1.778 18767
QOOH5c-m 5.35 × 103 2.249 12650

ROO5t QOOH5t-2 3.08 × 106 1.534 7361
QOOH5t-3 4.16 × 104 2.080 11432
QOOH5t-4 2.14 × 103 2.630 12882
RCHO5+OH 5.88 × 106 1.778 18046

ROOm QOOHm-2 4.69 × 105 1.765 10442
QOOHm-3 3.33 × 106 1.387 7969
QOOHm-4 3.71 × 105 1.562 8633
QOOHm-5 7.79 × 105 1.453 8148
RCHOm+OH 1.71 × 106 1.938 18466

aReactants and products abbreviations and their chemical structures are given in  Figure 26. bRate constants are given by 

the Arrhenius expression, k (s-1)= ATnexp(−E/RT). 
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H-Shift reactions in ROOm 

The high pressure limit rate constants in ROOm isomer of 2-MTHF are summarized in Figure 

27a. The higher rate is obtained for the H-abstraction reaction from a C3 site for the 

QOOHm-3 formation. This reaction proceeds via formation of a six membered ring transition 

state. The QOOHm-5, as shown in Figure 27a is formed by H-abstraction from C5 site in 

ROOm isomer. This reaction occurs via a seven membered ring transition state (Table 14). 

Rate constants for the production of QOOHm-3 and QOOHm-5 differs by a factor of 3-4 

between 900-600 K and tends to approach 1.7 × 107 s-1 and 5.2 × 106 s-1 respectively at 1000 

K. Hydrogen shift from the C2 site is not favorable due to the relatively higher barrier height 

(104 kJ mol-1) which is around 22 kJ mol-1 higher than H-shift from C5 site. The 1,3 H-shift 

from ROOm to yield RCHOm + OH is a minor reaction channel among all the isomerization 

reactions in this isomer; approaching k = 1.1 × 104 s-1 at 1000 K.  

H shift reactions in ROO2 

Figure 27b highlights comparison of high pressure limit rate constants comparison for the 

possible hydrogen shift reaction channels in ROO2 isomer of 2-MTHF. As seen from Figure 

27b, a faster rate constant is observed for a QOOH2-5 formation which involves hydrogen 

abstraction from the C5 site; α position to the ring oxygen atom. This result is consistent with 

the computed C5-H5 BDE (386 kJ mol-1) which is found to be lower than the C3-H3, C4-H4 

and Cm-Hm BDEs values. At a lower temperature (500 K), k for the QOOH2-5 formation is 

1.4 × 103 s-1 which approaches 1.4 × 108 s-1 at 1250 K. Although isomerization of ROO2  to 

form QOOH2-5 and QOOH2-4 proceeds via formation of six membered ring transition state, 

a significant difference in the rate constant is observed  between these two reaction channels 

especially in the lower temperature regime. At a higher temperature (1250 K), rate constants 

between QOOH2-5 and QOOH2-4 differ by an order of magnitude whereas the difference of 

about three orders of magnitudes is seen at a lower temperature (500 K). A significant 

difference in the rate constant for these reaction channels is due to the weaker C5-H bond 

strength in 2-MTHF. The slowest rate constant in ROO2 is depicted for the H-shift from 

methyl side chain to form QOOH2-m. The main reason for this observed result is due to the 

stronger Cm-Hm bond strengths in 2-MTHF. Cm-Hm bond (discussed before in BDE 

section) is the primary C-H bond in 2-MTHF with BDE value of 424 kJ mol-1.  In this isomer, 

the C2 site is occupied by a methyl and OO group as shown in Figure 26, leading to the 

absence of 1,3 H-shift reaction channel. As discussed in section I.2, competition between 

these elementary reaction channels is important to understand ignition behavior of fuels.  
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Figure 27. High pressure limit rate constants of the intramolecular hydrogen shift reactions in (a) ROOm, (b) ROO2, (c) 

ROO3c, (d) ROO3t, (e) ROO4c, (f) ROO4t, (g) ROO5c, and (h) ROO5t isomers of 2-MTHF. 

 

H shift reactions in ROO3c and ROO3t  

ROO3c and ROO3t isomers are formed by the addition of O2 at the C3 radical site in 2-

MTHF. In ROO3c, the OO group stands in cis-position to the methyl group while in trans in 

ROO3t leading to a difference in the rate constants for the QOOH3c-m and QOOH3t-m 

formation as highlighted in Figure 27c and 27d, respectively. The observed rate constants for 

the abstraction of methyl hydrogen in ROO3c at high (1250 K) and low (500 K) temperatures 

are faster than in ROO3t by one and three order of magnitudes respectively. Isomerization 

reaction involving H-shift from C5 site is a favorable reaction channel in both isomers 

(ROO3c and ROO3t) due to low C5-H5 BDE value (386 kJ mol-1) in 2-MTHF. Although 

BDE of C2-H2 is lowest in 2-MTHF (382 kJ mol-1), the rate constant for H2 shift in ROO3c 

is found to be slowest due to the trans position of the abstracted hydrogen with respect to the 

OO group. However, in ROO3t, the observed rate constant for the hydrogen shift from C2 is 

the fastest among all the reaction channels as highlighted in Figure 27d. High pressure limit 

rate constants for this reaction are 7.2 × 101 s-1 and 6.2 × 107 s-1 at 500 and 1250 K 

respectively. RCHO3 + OH product species are formed due to a 1, 3 H-shift reaction that 

involves the formation of the highly unstable QOOH species which then readily decomposes. 
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These reactions are observed to be highly exothermic in nature with computed ΔE = -124 and 

-119 kJ mol-1 in ROO3c and ROO3t isomers respectively.  

H shift reactions in ROO4c and ROO4t  

In ROO4c (Figure 27e), the most favorable H-shift reaction channel involves abstraction of 

hydrogen from C5 which occurs via formation of a five membered ring transition state to 

give QOOH4c-5. Whereas, in ROO4t (Figure 27f), H-shift from C2 is predominant among all 

other reaction channels. This reaction proceeds with a six membered ring transition state to 

produce QOOH4t-2. In ROO4c, abstraction of hydrogen from C2 is infeasible (trans H2 with 

respect to OO group). E0 for H2 shift in ROO4t is 88 kJ mol-1, which is the lowest among all 

the computed reaction barriers in ROO4t. In ROO4c, below 625 K, the rate constants for 

QOOH4c-m and QOOH4c-3 production differ by an order of magnitude whereas at 1250 K it 

approaches 5.3 × 106 s-1 and 4.3 × 106 s-1 respectively. In ROO4t, significant differences in 

the rate constants are depicted towards QOOH4t-5 and QOOH4t-3 productions at a 

temperature below 700 K. At 500 K, rate constant between these two products differs by 

around three orders of magnitude. Formation of RCHO4 + OH (in ROO4c and ROO4t) is the 

least favorable reaction channel with the slowest reaction kinetics in the entire temperature 

range of study. Estimated reaction barriers for these reaction channels are ~175 kJ mol-1 in 

both ROO4c and ROO4t.  

H shift reactions in ROO5c and ROO5t  

Arrhenius plots in Figure 27g and 27h, summarize intramolecular H-shift reactions in ROO5c 

and ROO5t isomers in 2-MTHF respectively. As seen in the Arrhenius plot for ROO5C 

(Figure 27g), most dominant reaction channel is the one that involves the formation of 

QOO5c-3. For this isomer, abstraction of C5 hydrogen leads to the formation of RCHO5 + 

OH species, through a four membered ring transition state. This isomerization reaction 

requires a very high energy barrier (169 kJ mol-1) and it is highly exothermic in nature with 

reaction energy = -171 kJ mol-1. In ROO5t, the observed rate constant for the formation of 

RCHO5 + OH has similar kinetic behaviors as those in ROO5c due to comparable reaction 

barrier (E0) and energy (ΔE). The most dominating reaction channel in ROO5t over the entire 

temperature range of investigation is the formation of QOOH5t-2. The reason for this 

observed result is due to low BDE for the C2-H2 bond in 2-MTHF. In ROO5c, kinetic 

behavior for the formation of QOOH5c-4 and QOOH5c-m are observed to follow the same 

trend in the low temperature regime (Figure 27g). However, in the high temperature regime, 

the rate constant of QOOH5c-4 dominates over QOOH5c-m and approaches to that of the 

QOOH5c-3 formation. In ROO5t, at a higher temperature (1250 K), rate constants for the 
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production of QOOH5t-3 and QOOH5t-4 approaches very close to each other, with the value 

of 1.3×107 s-1 and 1.1×107 s-1 respectively. However a difference of about an order of 

magnitude can be seen at 500 K. 

v. Product Distribution 

Product distributions are computed for all isomerization reactions in 2-MTHF to get an 

overall idea about the percentage fraction of the QOOH species that are formed in the 

temperature range of 500 - 1250 K. Figure 28a-h summarizes product distributions from 

ROO2, ROOm, ROO3c, ROO3t, ROO4c, ROO4t, ROO5c and ROO5t isomers of 2-MTHF 

towards the corresponding product formation. H-shift reactions in ROO2 isomer is 

represented in Figure 28a, wherein major contribution can be seen towards the QOOH2-5 

formation. At 500 K, 100% product distribution arises from this reaction channel while at a 

higher temperature (1250 K) around 88% is observed. At this temperature, remaining 

contribution (12%) arises from the formation of QOOH2-3, QOOH2-4 and QOOH2-m 

product species as highlighted in Figure 28a. The major fraction arising from ROO2 to give 

QOOH2-5 is due to weak C5-H5 bonds in 2-MTHF which enables easy H-shift to yield 

QOOH2-5.  

For ROOm, branching contribution summary is represented in Figure 28b. The paramount 

fraction in ROOm arises from the QOOHm-3 formation channel which involves 

intramolecular H-shift from the C3 site. This reaction channel proceeds via highly favorable 

six membered ring transition state. Contribution from this isomerization channel remains in 

between 54-74% in the temperature regime 500 -1250 K as shown in Figure 28b. Remaining 

25% at lower temperature arises from the QOOHm-4 (~7%) and QOOHm-5 (~18%) reaction 

channels. Figure 28c, d highlights product distributions for the formation of all isomerization 

products from ROO3c and ROO3t isomers of 2-MTHF respectively. QOOH3c-5 formation 

decreases from 69% at 500 K to 44% at 1250 K whereas, for QOOH3c-m, product 

distribution increases from 31% at 500 K to almost 50% at 1250 K. In ROO3t, major 

contribution arises from the reaction involving H-abstraction from C2 site, which approaches 

from 56 % at 500 K to 65% at 1250 K. However for QOOH3t-5 formation channel, observed 

product distribution decrease from 44% at 500 K to 29 % at 1250 K. In ROO3c favorable 

contributions are seen from QOOH3c-m and QOOH3c-5 whereas QOOH3t-5 and QOOH3t-2 

formation are predominant reaction channels in ROO3t. 
 

 

 



2-MTHF 

 

Page 82 
 

 

(c) ROO3c

(a) ROO2 (b) ROOm

(d) ROO3t

(e) ROO4c (f) ROO4t

(g) ROO5c (h) ROO5t

pr
od

uc
t d

is
tri

bu
tio

n 
(%

) 

pr
od

uc
t d

is
tri

bu
tio

n 
(%

) 

pr
od

uc
t d

is
tri

bu
tio

n 
(%

) 

pr
od

uc
t d

is
tri

bu
tio

n 
 (%

) 

pr
od

uc
t d

is
tri

bu
tio

n 
 (%

) 

pr
od

uc
t d

is
tri

bu
tio

n 
(%

) 

pr
od

uc
t d

is
tri

bu
tio

n 
 (%

) 

pr
od

uc
t d

is
tri

bu
tio

n 
 (%

) 

 
Figure 28. Product distributions of the intramolecular hydrogen shift reactions in 2-MTHF isomers. Chemical 

structures in the figures are reactants. 

 

Figure 28e, f represents branching percentage in ROO4c and ROO4t isomers respectively. 

Major contribution in ROO4c for the QOO4c-5 formation arises from the fact that C5-H5 are 

weak bonds in 2-MTHF due to the presence of an electronegative oxygen atom at the 

neighboring sites and also due to the hyperconjugation effect. At lower temperature, almost 

90% contribution can be observed from QOOH4c-5 while remaining 10% arises from 

QOOH4c-m. In ROO4t, due to the trans position of the OO to the methyl group, H-shift from 

Cm is infeasible, as a result, the contribution from this site is null. The QOOH4t-2 formation 

is a predominant pathway in ROO4t as seen from Figure 28f, which is due to the lowest C2-

H2 bond strength (382 kJ mol-1). As mentioned earlier, low C-H bond strengths assist in easy 

H-shift in the isomerization reactions. Comparing product distributions in ROO5c and ROO5t 
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in Figure 28g and 28h respectively, totally distinct contribution towards the product 

formation can be seen due to the differences in the structural components.  QOOH5c-3 is 

observed in a higher fraction in ROO5c, which is formed due to the favorable six membered 

ring transition state. In this isomer, QOOH5c-2 is not produced due to the trans position of 

H2 to the OO group. This alignment in ROO5c makes H2 abstraction practically impossible. 

Another contribution in Figure 28g is seen from the intramolecular H-shift reaction from C4, 

taking place through a five membered ring transition state. Below 625 K, this reaction 

channel contributes less than 10% and its contributions tend to increase with the increase in 

temperature and reaches up to 39% at 1250 K. The computed product branching percentage 

in ROO5t shows 100% formation of QOOH5t-2 below 900 K whereas minor contributions 

(~2%) are seen from each of QOOH5t-3 and QOOH5t-4 at 1250 K. In all ROO isomers of 2-

MTHF, almost 0-5% product branching contributions arise from the least favorable 1,3 H-

shift reaction channels which form RCHOx + OH (x : 3, 4, 5, m) products as shown in Figure 

28a-h.These insignificant contributions are due to very high E0
 for their isomerization 

channels as discussed before. 

Further, these results are compared with the reaction kinetics for the intramolecular 

H-shift reactions in mcyc5 and 3-MTHF (Section IV.2) to analyze how the position of the 

methyl substituent and the presence of ring oxygen atom affect reaction kinetics of the titled 

reactions.  

 

vi. 2-MTHF rate constant comparison with methylcyclopentane and 3-MTHF 

Figure 29a-h highlights total rate constants comparison for the intramolecular H-shift 

reactions in 2-MTHF with that of methylcyclopentane (mcyc5). Total rate constants in each 

isomer of 2-MTHF are obtained by summing the individual rate constants for all possible 

hydrogen shift reaction channels in 2-MTHF and for the isomerization reactions in mcyc5 are 

considered from the results on 3-MTHF (Section IV.2). In all ROO isomers of 2-MTHF 

under investigation, ROO2 and ROO5t show significantly faster rate constants than mcyc5, 

especially in the lower temperature regime (below 700 K) as highlighted in Figure 29b and 

29h respectively. This is as expected due to the fact that, in 2-MTHF, BDEs at C2 and C5 

sites are 382 kJ mol-1 and 386 kJ mol-1 respectively which are ~17 and 11 kJ mol-1 lower than 

C2 and C5 positions in mcyc5. These low BDEs in 2-MTHF tends to favor H-shift in 2-

MTHF than in mcyc5. At 1250 K, the total rate constants in ROO2 and ROO5t isomers are a 

factor of 3 times faster in 2-MTHF than in mcyc5. Moreover, at 500 K, total rate constants in 

ROO2 and ROO5t are 51 and 67 times faster in 2-MTHF than in mcyc5. In ROO5c at 500 K, 
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the total rate constant in 2-MTHF is by an order of magnitude slower than mcyc5 however at 

a higher temperature (1250 K) the rate constant between both differ by a factor of two. 

Considering Figures 29b-h, significant deviations in the total rate constants are observed 

between 2-MTHF and mcyc5 especially in the lower temperature regime. Out of all eight 

ROO isomers under investigation, isomerization reactions in ROO2 and ROO5t are of prime 

importance as clearly seen from Figure 29b and 8h respectively. However, this effect tends to 

become less significant with the increase in temperature. 

Figure 30 summarizes individual rate constants for the intramolecular H-shift 

reactions from each site in ROO5c isomer of 2-MTHF and its comparison with similar isomer 

in mcyc5. Computed rate constants for RCHO5 + OH and QOOH5c-4 formation depict quite 

similar kinetic behavior in the temperature range 500 to 1250 K (Figure 30a, b) in 2-MTHF 

as well as in mcyc5. However,  for QOO5c-3 and QOOH5c-m production, rate constants at 

500 K are a factor of 11 and 29 times slower in 2-MTHF than in mcyc5. This might be due to 

the fact that in 2-MTHF, BDE at C3 is 409 kJ mol-1 which is ~10 kJ mol-1 higher than the 

corresponding site in mcyc5. Furthermore, slower kinetics for QOOH5c-m formation are 

observed due to stronger Cm-Hm bond in 2-MTHF (424 kJ mol-1) than in mcyc5 (418 kJ mol-

1). This is consistent with the observed result in Figure 30g which highlights slower total rate 

constant of 2-MTHF than mcyc5. 
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Figure 29. Comparison of total rate constants  for  (a) ROOm, (b) ROO2, (c) ROO3c, (d) ROO3t, (e) ROO4c, 

(f) ROO4t, (g) ROO5c, and (h) ROO5t isomers of 2-MTHF with methlcyclopentane. Solid and dashed lines 

denote 2-methyltetrahydrofuran and methylcyclopentane respectively. 
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Figure 30. Comparison of rate constants in ROO5c in 2-MTHF with methlcyclopentane, (a) hydrogen shift 

from C5, (b) hydrogen shift from C3 or C4, and (c) hydrogen shift from Cm. Solid and dashed lines denote 2-

methyltetrahydrofuran and methylcyclopentane respectively. 

 

Figure 31a-c highlights comparison of individual rate constants in ROO2 isomer of 2-MTHF 

with the corresponding isomer in mcyc5. The ROO2 is another important ROȮ isomer of 2-

MTHF due to its favorable production channel. In 2-MTHF and mcyc5, a significant 

difference in the rate constant is observed towards QOOH2-5 formation (Figure 31a) due to 

the presence of oxygen as a heteroatom at the alpha position to the C5 site in 2-MTHF which 

is not the case in mcyc5. This rate constant is also compared with the rate constant for the 1,5 

H-shift reaction for the minimum representative molecule (alkane) in a study by Miyoshi 

[21]. Miyoshi performed a systematic computational study on the unimolecular reactions of 

alkylperoxy, hydroperoxyalkyl and hydroperoxyalkylperoxy radicals at the CBS-QB3 

method. In the temperature range of 500-1000 K, the rate constant for the 1,5 H-shift reaction 

for the minimum energy structure (isopentane) is by a factor of 1.2-1.5 slower as compared to 

the ROO2 to QOOH2-5 isomerization reaction in our study. For the formation of QOOH2-3 

and QOOH2-m as summarized in Figure 31b and c respectively, minor differences in the rate 

constant are seen between 2-MTHF and mcyc5 while for the production of QOOH2-4, the 

rate constant of 2-MTHF is slower than mcyc5 by about an order of magnitude. Comparison 

of individual rate constants in ROO3c, ROO3t, ROO4c, ROO4t, ROO5t and ROOm isomers 

of 2-MTHF with corresponding isomers in mcyc5 are summarized in Figures A72-A77 in the 

Appendix. 
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Figure 31. Comparison of rate constants in ROO2 in 2-MTHF with methlcyclopentane, (a) hydrogen shift from 

C5, (b) hydrogen shift from C3 or C4, and (c) hydrogen shift from Cm. Solid and dashed lines denote 2-

methyltetrahydrofuran and methylcyclopentane respectively.  

 

Figures 32a-c and 33a-c summarize rate constants for the hydrogen shift reactions from C2 

and C5 sites in ROO2, ROO3t, ROO4c, ROO4t, ROO5t and ROOm isomers of 2-MTHF in 

comparison with the isomers of 3-MTHF. A significant difference in the rate constants in 

both reactants (2-MTHF and 3-MTHF) can be seen for the abstraction of hydrogen from the 

C2 site (Figure 33a-c). This result directly reflects the difference in the C2-H2 BDEs between 

2-MTHF (382 kJ mol-1) and 3-MTHF (387 kJ mol-1) as shown in Table 12. Figure 32a 

highlights H-abstraction reactions from the C5 site in ROO2 isomers of 2-MTHF and 3-

MTHF. At a temperature below 1000 K, rate constants between 2-MTHF and 3-MTHF for 

this reaction differ by a factor of two. Comparison between H-shift reactions from C2 and C5 

sites in ROO3t and ROO4c isomers of 2-MTHF and 3-MTHF are highlighted in Figure 32b 

and c respectively. In ROO4c, at 500K, H-shift from C5 site in 3-MTHF is a factor of seven 

times faster than the corresponding site in 2-MTHF. In ROO4t (Figure 33a), a less significant 

difference is found for the H-shift from C5 whereas rate constants for H-shift from C2 

between two reactant differ by a factor of 2-4 in the temperature range 1250-500 K 

respectively. 

Figure 33a focuses the favorability of QOOH4t-2 formation over QOOH4t-5 in both 

2-MTHF as well as in 3-MTHF. The main reason for this observed trend is directly reflected 

by the ring size of the transition state during H-shift reactions. QOOH4t-2 proceeds via 

formation of a six membered ring which is highly favored while for the reactions giving 

QOOH4t-5, five membered ring transition states are found. The computed E0 for QOOH4t-2 

are 88 and 93 kJ mol-1 in 2-MTHF (Table 14) and 3-MTHF [99] respectively. However, for 

H-shift from C5 for QOOH4t-5 formation, reaction barriers are ~106 kJ mol-1 in both 

reactants. Figure 33b focuses on QOOH5t-2 reaction kinetic which is favored in 2-MTHF as 
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compared to 3-MTHF. Below 625 K, rate constants between two reactants differ by an order 

of magnitude. Isomerization reactions in the ROOm isomer of 3-MTHF towards QOOHm-2 

and QOOHm-5 production are more favorable than in 2-MTHF as highlighted in Figure 33c. 

The computed rate constant for H-shift from C2 differs by one and three orders of magnitude 

at 1250 K and 500 K respectively. The main reason for this observed result is that, in 3-

MTHF H2 shift proceeds via a favorable six membered ring transition state with E0= 64 kJ 

mol-1 while in 2-MTHF H-shift from the same site (C2) occurs via a five membered ring 

transition state with E0= 104 kJ mol-1 (Table 14). 
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Figure 32. Comparison of 2-methytetrahydrofuran rate constants with 3-methyltetrahydrofuran, (a) hydrogen 

shift from C5 in ROO2 (b) hydrogen shift from C2 and C5 in ROO3t (c) hydrogen shift from C5 in ROO4c. 

Solid and dashed lines denote 2-methyltetrahydrofuran and 3-methytetrahydrofuran respectively.  
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Figure 33. Comparison of 2-methyltetrahydrofuran rate constants with 3-methyltetrahydrofuran, (a) hydrogen 

shift from C2 and C5 in ROO4t (b) hydrogen shift from C2 in ROO5t (c) hydrogen shift from C2 and C5 in 

ROOm. Solid and dashed lines denote 2-methyltetrahydrofuran and 3-methytetrahydrofuran respectively.  

 

For QOOHm-5 reaction, seven membered ring transition states are seen in both 2-MTHF and 

3-MTHF, however, the reaction energy in 3-MTHF is 15 kJ mol-1 lower than 2-MTHF 

indicating a higher rate constant as shown in Figure 33c. At 500 K, computed rate constants 
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in 3-MTHF and 2-MTHF for the isomerization reactions involving hydrogen from the C5 site 

are 1.2 × 104 s-1 and 5.7 × 102 s-1 differing by a factor of 22. 

To summarize; the detailed theoretical study is performed on one of the important low 

temperature reaction class: ROO to QOOH in 2-MTHF oxidation. It has been noticed that the 

strength of the C-H bond (involved in the H-shift reaction) affects the kinetics of these 

isomerization reactions Lowest C-H BDEs were found at the C2 site (382 kJ mol-1) while 

Cm-H (424 kJ mol-1) depicts highest BDE among all the C-H bonds in 2-MTHF. 

Isomerization reactions proceeding via five and six membered transition state ring sizes are 

highly favorable and associated with the lowest reaction barriers. The comparison between 

the total rate constants computed for all ROȮ isomers of 2-MTHF with constants in mcyc5 

highlights significantly faster total rate constants for the isomerization reactions in ROO2 and 

ROO5t isomers of 2-MTHF than ROO3c, ROO3t, ROO4c, ROO4t, ROO5c and ROOm 

isomers. The main reason is attributed to the weaker C2-H and C5-H5 bond strengths in 2-

MTHF as compared to that in mcyc5. Further, comparison of individual rate constants for the 

isomerization reactions from C2 and C5 sites in ROȮ isomers of 2-MTHF with those of 3-

MTHF indicates significant differences between two reactants which are due to lower C2-H2 

BDE in 2-MTHF and also due to the ring sizes of the transition states involved in 

isomerization reactions. 
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IV. 4  Theoretical Study on 2-Butanone Combustion Reactions  
 The potential of 2-butanone (2-BT) as a fuel for the spark ignition engine has been 

investigated by Hoppe et al. [17]. Their work highlighted theoretical assessment and 

experimental investigation in both a rapid compression machine and in a single cylinder 

research engine. The Negative Temperature Coefficient (NTC) is not found for 2-BT which is 

an indication of its knock resistance behavior. Compared to ethanol, 2-BT showed better 

primary breakup and cold start ability, improved combustion stability and lower hydrocarbon 

emission and oil dilution in the catalyst-heating-load point. Overall, 2-BT serves as a 

prototype of tailor–made biofuels and showed superior performance than ethanol.   

 Several studies are performed to understand detailed reaction kinetics of the 

elementary reactions undergoing in 2-BT combustion. In a work of Zhou et al. [101], a 

theoretical study has been performed to investigate the reaction kinetics for the hydrogen 

abstraction reactions by ȮH radical from three ketones namely dimethyl, methylethyl and 

iso-propylmethyl ketone. The formations of pre- and post-reaction complexes were identified 

in some of these abstraction reaction channels. Tranter and Walker [102] experimentally 

presented the rate constants for Ḣ and ȮH attack on propanone, 2-butanone and pentan-3-one 

at 753 K, and further investigated the oxidation chemistry of the formed radicals. In another 

work, Badra et al. [103] performed a shock tube and laser absorption study of ignition delay 

time and ȮH reaction rates of two ketones, 2-BT and 3-buten-2-one. In their work, ignition 

delay measurements were conducted at two equivalence ratios (0.5 and 1.0) behind reflected 

shock waves. Also, the reaction rates of ketones with the ȮH radicals were measured at 

temperatures in the range 950-1530 K and pressures of 1.2-1.6 atm. In an experimental study 

of Lam et al. [104], high-temperature measurements of the reactions of ȮH with a series of 

ketones such as acetone, 2-BT, 3-pentanone and 2-pentanone were investigated behind the 

reflected shock waves over the temperature range of 870-1360 K and pressures of 1-2 atm. 

The values measured for the 2-BT + ȮH reaction in their work were found in close accord 

with the theoretical calculation from Zhou et al. [101]. In another work, Mendes et al. [105] 

performed ab-intio and chemical kinetic study of the reaction mechanisms of H-atom 

abstraction by the HȮ2 radical on the series of ketones. High-pressure limit rate constants 

have been presented for these reactions using conventional transition state theory in the 

temperature range of 500-2000 K. In a more recent theoretical study, Kopp et al. [106] 

investigated reaction kinetics of the H-atom abstraction from 2-butanone by Ḣ and ĊH3 

radicals and the subsequent unimolecular reactions. 
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 However, till now no study can be found investigating reaction kinetics for the H-

atom abstraction reactions from 2-BT by methylperoxy (CH3OȮ) radical. H-atom abstraction 

by the CH3OȮ radical from 2-BT is found to be  important according to a recent chemical 

kinetic modelling on 2-BT by Burke et al. [107], which motivated to perform detailed 

theoretical investigation to compute rate constants for these reaction in 2-BT. 

The electronic structure calculations involving geometry optimization, vibrational 

frequencies and single point energy computation of the reactants, transitions states (TSs) and 

products are performed at four different computational methods namely G3, G4, CBS-QB3 

and at CCSD(T)/cc-pvtz//MP2/6-311G(d,p). Out of these four methods; G3, G4 and CBS-

QB3 are composite methods while CCSD(T)/cc-pvtz//MP2/6-311G(d,p) involves geometry 

optimization and calculations of vibrational frequencies for a molecule at the MP2/6-

311G(d,p) level and further a single point energy computation of the optimized geometry at 

the CCSD(T)/cc-pVTZ level. The computational steps involved in these methods are 

discussed in detail in Chapter II. The main highlight here is to analyze and compare rate 

constants obtained from these different methods for the H-atom abstraction reactions in 2-BT. 

Mendes et al. [105] implemented CCSD(T)/cc-pVXZ method (X = D, T, Q) for 

analyzing reaction mechanism of dimethyl ketone + HȮ2 radical and benchmarked this 

method against the computationally less expensive CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) 

method. Considering their work and due to the similarity in the H-atom abstraction reactions 

involved herein, CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) method is applied. Further, the 

results obtained from this method are compared with G3, G4 and CBS-QB3 composite 

methods to analyze which composite method shows a better agreement to the higher level 

method as stated above. Results such as reaction barriers, reaction energies as well as rate 

constant for the titled reaction are then compared at these methods. All the electronic 

structure calculations are performed with the help of Gaussian 09 package [26]. The 

optimized three-dimensional structures of reactants (2-BT and CH3OȮ) with the labels are 

highlighted in Figure 34. The high-pressure limit rate constants for the H-atom abstraction 

reactions from the 2-BT by CH3OȮ are determined with the help of GPOP program [59] 

employing conventional transition state theory [92]. Three abstraction sites from 2-BT are 

considered; abstraction of primary H bonded to the C1, secondary H bonded to the C3 and 

primary H attached to the C4. The detailed methodology and approach followed for 

computing rate constants is similar to the one implemented in section IV.2 and IV.3. 
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Figure 34. Optimized structure of (a) 2-butanone and (b) Methylperoxy radical with the labels used in this 

work. 

 

For the hindered rotor analysis, the internal rotors in reactants, transition states and products 

are grouped according to the type of the rotation involved in each molecule. The torsional 

barriers V0 are then obtained according to the Pitzer-Gwinn approximation [75, 76]. The 

potential energies for the internal rotations in reactants, TSs and products are obtained at the 

CBS-QB3 method. The estimated hindered rotor parameters for the internal rotors in 

reactants, TSs and products are summarized in Table 16. The hindered rotor analysis plots 

with the representative structures are provided in the Appendix (A78 –A96).  

 

Table 16. Estimated Hindered Rotor Parameters in Pitzer-Gwinn Approximation for 

the H-atom abstraction reactions in 2-BT 

bonding atom 
a type of rotor V0 

b
 / cm

-1 σ 
c 

H1 in the TS CH3OȮ 2400 1 

H4 in the TS CH3OȮ 1700 1 
H6 in the TS CH3OȮ 1000 1 

radical centered C3 CH3 150 3 

C3 in product radical •CH2 2600 2 
C2 in 2-BT CH3 1100 3 

CH3CH2 140 1 
C2 in product radical CHCH3 4500  2  

C2 in the transition state CH3OOCH3 1700 1 
C3 in 2-BT CH3 800 3 
C3 in product radical CH3 150 3 

•CH2 320 2 
C3 in TS CH3CO 4500 1 

CH3 500 3 

(a) (b)
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CH3OOCH3 2800 1 
O in CH3OȮ CH3 320 3 

O in CH3OOH CH3 1050 3 

 OH 1000 1 

O in TS CH3 1000 3 
OCH3 800 1 

aAbbreviations are referred in Figure 34(a). bThe height of the hindrance potential. cThe symmetry number of the internal 

rotation.  

 

Furthermore, for the H-atom abstraction reaction, the strength of the C-H bond plays a vital 

role. For example, stronger the C-H bond in a molecule, difficult is its H-atom abstraction. 

Hence to get more insight, bond dissociation energies are determined for the C-H bonds in 2-

BT.   

 

i. C-H Bond Dissociation Energies 

The Bond Dissociation Energies (BDEs) for the C-H bonds in 2-BT are computed at G3, G4, 

CBS-QB3 and CCSD(T)/cc-pvtz//MP2/6-311G(d,p) methods and are summarized in Table 

17. Three different sites in 2-BT are chosen for BDEs computation; primary α-H (α to the 

carbonyl functional group), secondary α-H (α to the carbonyl functional group) and primary 

β-H (β to the carbonyl functional group). As seen in Table 17, lowest BDE is found for the 

C3-H4 bond, a secondary carbon site in 2-BT. The strength of the C-H bonds at alpha 

positions to the carbonyl functional group in 2-BT are significantly affected due to the hyper-

conjugation effect [96]. In 2-BT, product alkyl radicals formed after H-atom abstractions 

from C1 and C3 sites are stabilized due to electron delocalization while the C4 radical site is 

far away to take part in delocalization and hence is less stable, reflected by its C-H bond 

strength. For this reason, although both C1 and C4 are primary carbons sites in 2-BT, BDE 

for the C1-H1 bond (at G3, G4 and CBS-QB3 methods) is ~ 20-25 kJ mol-1 lower than the 

C4-H6 bond. The strength of a C-H bond at this C4 site is observed to be similar to that of the 

primary site in alkanes [108]. The reported C-H BDE for the primary site in n-heptane is 

425.88 kJ mol-1[108], which is in close agreement with the G3 and CBS-QB3 computed 

values for the C4-H6 bond in 2-BT. However, at G4, computed BDE at the same site is ~ 10 

kJ mol-1 lower than the above two methods whereas the value computed at CCSD(t)/cc-

pVTZ//MP2/6-311G(d,p) is deviating significantly and is ~ 30 kJ mol-1 higher than in n-

heptane. This observation can be related to a recent study by Somers et. al [109] which 

highlighted G3 and CBS-QB3 methods over predict heat of formation while G4 under 
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predicts the same. Large variations in the computed BDEs values are observed at 

CCSD(t)/cc-pVTZ//MP2/6-311G(d,p) in comparison to the remaining three methods which 

arises due to the differences in the computed single point energy (SPE) at the corresponding 

method. The variations in computed SPE of the stationary points between the methods are 

discussed in the following sections.  

 

Table 17. C-H Bond Dissociation Energies 

Bonda D0 / (kJ mol-1) 

2-BT 
 G3 G4 CBS-QB3 CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) 
C1-H1 
(primary α) 399.36 394.27 399.28 436.14 

C3-H4 
(secondary α) 378.31 372.96 371.51 416.12 

C4-H6 
(primary β) 425.46 415.20 423.52 456.11 
aAtom labels are given in Figure 34(a) 
 

Further, in order to analyze the favorability of a specific H-atom abstraction reaction channel, 

reaction barriers and energies are determined and the obtained results are then compared to 

the four different computational methods stated before.  

 

ii. Reaction Barriers and Energies 

Reaction barriers (E0) and energies (∆E) are computed for reactions (1), (2) and (3) in 2-BT 

at G3, G4, CBS-QB3 and CCSD(T)/cc-pvtz//MP2/6-311G(d,p) methods and are summarized 

in Table 18.  

 

 

 

At G3 and G4 composite methods, reaction barriers at the C3 (secondary) carbon site i.e. for 

reaction 2 are observed to be lowest with E0 = 58.48 kJ mol-1 and 55.18 kJ mol-l respectively. 

Whereas CBS-QB3 method gave similar energy barriers for the H-atom abstraction reactions 

from C3 (51.66 kJ mol-1) and C4 (51.77 kJ mol-1) sites; reaction 2 and 3 respectively. The 

trend in E0 observed at G3 method is C3-H4 < C4-H6 < C1-H1. Whereas G4 methods 

followed C3-H4 < C1-H1 < C4-H6 order. Comparing CBS-QB3 composite method, the 

variation is; C3-H4 ~ C4-H6 < C1-H1. Except for CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) 

method, all the composite methods showed lowest energy barrier for the H-atom abstraction 

from the secondary carbon site (C3). At the CCSD(T)/cc-pVTZ//MP2/6-311G(d,p), E0 are in 
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the order C4-H6 < C3-H4 < C1-H1. For the secondary H-atom abstraction from 2-BT, E0 at 

this method is higher by ~15-23 kJ mol-1 than the G3, G4 and CBS-QB3 calculated values.  

 

Table 18. Reaction barriers and energies 

Reactants
a
 Products 

a
 H atomb Method 

E0  
kJ mol-1 

∆E 
kJ mol-1 

CH3COCH2CH3 + 
CH3OȮ   

CH2COCH2CH3 + 
CH3OOH 

H1 G3 86.83 46.63 

   G4 66.17 42.43 
   CBS-QB3 64.04 42.10 

  
 CCSD(T)/cc-pVTZ//MP2/6-

311G(d,p) 
85.14 56.00 

CH3COCH2CH3 + 
CH3OȮ 

CH3COCHCH3 + 
CH3OOH 

H4  G3 58.48 25.57 

   G4 55.18 21.12 
   CBS-QB3 51.66 20.33 

  
 CCSD(T)/cc-pVTZ//MP2/6-

311G(d,p) 
74.29 35.98 

CH3COCH2CH3 + 
CH3OȮ 

CH3COCH2CH2 + 
CH3OOH 

H6  G3 74.69 72.72 

   G4 68.90 63.36 
   CBS-QB3 51.77 66.34 

  
 CCSD(T)/cc-pVTZ//MP2/6-

311G(d,p) 
55.97 75.97 

aAtom labels are given in Figure 34(a) 
 

From the above results and discussion, it is observed that depending on the computational 

method implemented for the geometry optimization and SPE calculation of the reactants and 

TSs, significant deviations are seen in the reaction barriers. The reason underlying these 

results may arise due to the differences in the optimized geometries at these four methods 

hence further analysis is carried out. On having a closer look at the optimized geometries of 

the reactants and TSs involved in the titled reactions, following observations are made. The 

breakings of C-H bonds (percentage of bond elongation) are analyzed at all the computational 

methods considered herein.   
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Table 19. Percentage of bond elongation in 2-BT  

Bonda 
Percentage of bond elongation 

2-BT 

 G3 G4 CBS-QB3 
CCSD(T)/cc-pVTZ//MP2/6-

311G(d,p) 

C1-H1 

(primary α) 
25.30 29.35 29.33 20.86 

C3-H4 

(secondary α) 
23.78 24.37 24.19 17.29 

C4-H6 

(primary β) 
24.78 30.17 29.76 17.20 

aAtom labels are given in Figure 34(a) 
 

Table 19 highlights percentages of bond elongation during the H-atom abstraction reactions 

in 2-BT. The G4 and CBS-QB3 values showed good agreement with each other. This might 

result due to the use of the B3LYP functional for the geometry optimization in both the 

methods. The percentages of C-H bond elongation in TS at G4 and CBS-QB3 methods are 

29%, 24% and 30% for H1, H4 and H6 abstraction respectively. However at the G3 method, 

percentages of C-H bond elongation are lowered by 4-6% for H1 and H6 in comparison to the 

aforementioned methods. At the MP2/6-311G(d,p) method, considerable differences are 

noted for the C-H bond elongation in the TSs. At this method, C-H bonds are elongated to a 

lesser extent than the above composite methods. The C1-H1 is elongated by 21% whereas 

C3-H4 and C4-H6 bonds are elongated by 17%. Further, on analyzing reaction energies (∆E) 

for reactions (1), (2) and (3), well agreement is depicted between G4 and CBS-QB3 methods. 

∆E for reactions (1) and (2) at the G3 method are observed to be ~ 4 kJ mol-1 higher than G4 

and CBS-QB3 methods, while for reaction (3) higher by ~ 10 kJ mol-1. However, in the case 

of CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) method, ∆E  varies by ~ 12-17 kJ mol-1 in 

comparison with the composite methods for all reactions of interest in 2-BT. On analyzing 

computed SPE for 2-BT at the CCSD(t)/cc-pVTZ//MP2/6-311G(d,p) and at the CBS-QB3 

method; a difference of 82.58 kJ mol-1 is observed while 45.74 kJ mol-1 variation is seen for 

CH3OȮ radical. At the CCSD(t)/cc-pVTZ//MP2/6-311G(d,p) method, SPE of the optimized 

geometries is found to be lower than the CBS-QB3 method. These differences in the 

computed single point energies results in the variation of BDEs obtained employing former 

method. Also, T1 diagnostic [110] has been performed for the stationary points to judge the 

reliability of a coupled cluster calculations.  If the value of T1 diagnostic is below 0.03 then a 

coupled cluster results are reliable. For the calculations involved herein, observed T1 
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diagnostic value is below 0.03 in all cases which is an indication of no multi-reference 

character.    

Further, high pressure limit rate constant are computed for reactions (1), (2) and (3) at all four    

methods. Details of which are discussed in the following section.   

 

iii. High Pressure Limit Rate Constants 

High pressure rate constants for the H-atom abstraction reactions from 2-BT are computed at 

G3, G4, CBS-QB3 and CCSD(T)/cc-pVTZtz//MP2/6-311G(d,p) methods. The Arrhenius 

parameters for the H-atom abstraction reactions are determined by fitting the calculated rate 

to the modified Arrhenius expression which is given as; k = ATn exp(-Ea/(RT)), in the 

temperature range 500-2000 K. Computed Arrhenius rate parameters for these reactions are 

provided in Table 20. Figure 35 summarizes comparison of high pressure limit rate constants 

obtained by different computational methods. 

In Figure 35, the primary α-H indicates H-atom abstraction from C1; the secondary α-H is 

from C3 while the primary β-H is from C4 sites in 2-BT (Figure 34a).  At G3 method (Figure 

35a), abstraction of secondary α-H is the most favorable over an entire temperature regime of 

investigation (500-2000 K), followed by primary β-H and primary α-H. Although the rate 

constants for the primary α-H and primary β-H are inconsistent with the computed BDEs at 

the G3 method, it is observed to follow exactly the same trend as depicted for its E0 (Table 

18).  

 

Table 20. High-Pressure Limit Rate Constants for the H-atom abstraction reactions in 

2-BT 

Reactants abstracted H-atoma products Method 
rate constant

b
 

A n E/R 

CH3COCH2CH3 + 

CH3OȮ 
H1 

CH2COCH2CH3 +    

CH3OOH 
G3 2.58E-34 6.533 5735 

   G4 3.71E-29 5.091 6252 

   CBS-QB3 6.90E-29 5.056 6013 

   
CCSD(T)/cc-pVTZ//MP2/6-

311G(d,p) 
1.31E-29 5.139 8046 

CH3COCH2CH3 + 

CH3OȮ 
H4 

CH3COCHCH3 + 

CH3OOH 
G3 3.39E-31 5.525 3141 

   G4 1.68E-28 4.760 4701 

   CBS-QB3 2.08E-28 4.720 4309 

   
CCSD(T)/cc-pVTZ//MP2/6-

311G(d,p) 
7.90E-29 4.778 6645 
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CH3COCH2CH3 + 

CH3OȮ 
H6 

CH3COCH2CH2 + 

CH3OOH 
G3 5.06E-25 4.193 8220 

   G4 2.26E-25 4.309 7206 

   CBS-QB3 8.96E-26 4.228 7462 

   
CCSD(T)/cc-pVTZ//MP2/6-

311G(d,p) 
1.35E-25 4.350 8809 

aAtom labels are given in Figure 34. bRate constants are given by the Arrhenius expression, k (cm3 molecule-1 s-1) = 

ATnexp(−E/RT).  

 
Figure 35. High pressure limit rate constants for the H-atom abstraction reactions from 2-BT computed at (a) 

G3, (b) G4, (c) CBS-QB3 and (d) CCSD(t)/CC-PVTZ//MP2/6-311G(d,p) methods. 

 

The rate constant for the H-atom abstraction from the secondary carbon site is seen to be 

feasible at G3 (Figure 35a), G4 (Figure 35b) and also at CBS-QB3 (Figure 35c) methods. 

These results are also observed to be in close agreement with the computed reaction barriers 

(E0) and with the C-H BDEs values determined at the respective methods. At the CBS-QB3 

method, at higher temperatures (above 1250 K) H-abstraction from both the primary carbon 

sites in 2-BT is analogous to each other while below 700 K a factor of  2 discripancy is 

noticed. However, results obtained at the CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) method are 
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contradicting with that computed using composite methods in some cases. As seen in Figure 

35d, abstraction of H-atom from the primary carbon site (H6) which is at the beta position to 

the carbonyl functional group in 2-BT is highly favored. On comparing this H6 abstraction 

rate constant with that obtained at G4 and CBS-QB3, the good agreement is obtained 

between these methods as depicted in Figure 36c. However below 600 K, the rate constant 

determined by the G3 method is observed to be slower by a factor of 5 than that calculated at 

the CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) method. Figure 36a, 36b and 36c indicate 

comparison of H1, H4 and H6 abstraction rate constants obtained from all four computational 

methods of interest herein. From this comparison, it can be seen that abstraction of H-atom 

further from the carbonyl functional group in 2-BT is less influenced by the level of theories 

implemented. However, deviations are observed for the H-atom abstraction at the alpha 

position to the carbonyl group. For the H1 abstraction, rate constant determined at the CBS-

QB3 and G4 methods varies within a factor of 2.4 - 1.6 over 500 to 2000 K. Below 600 K, 

H1 abstraction rate constant calculated at G3 differs by an order of magnitude than the CBS-

QB3 value. The large discrepancy is noticed between the CCSD(T)/cc-pVTZ//MP2/6-

311G(d,p) and CBS-QB3 values. Below 600 K ~ 2 order of magnitude is perceived as shown 

in Figure 36a. Further, analyzing H4 abstraction reactions, it is noticed that at a temperature 

above 900 K; G3, G4 and CBS-QB3 methods showed good agreement with each other while 

a maximum of a factor of 5 deviations are seen between G3, G4 and CBS-QB3 in the lower 

temperature regime. Only the rate constant from CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) 

method showed significant variation in comparison with the other composite methods. For 

the H4 abstraction, computed rate constant at CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) is a 

factor of 4 slower at 2000 K which tends to differ by ~ a factor of 80 slower than that 

determined at G4 method. Overall, it is seen that for H-atom abstraction sites neighboring 

carbonyl group in 2-BT, rate constant is found to be slower than the composite methods. 

Although these trends in the rate constants for H1 and H6 abstraction are contradicting with 

the results obtained from the composite methods, the observed trend is found to be consistent 

with computed E0 (Table 18) obtained at the CCSD(T)/cc-pVTZ//MP2/6-311G(d,p). The 

evaluated values of E0 are further related to the calculated single point energies of the 

reactants and transition states at the respective method as discussed in the earlier section. 

These variations in the computed rate constant at different methods might result from the 

difference in the single point energies of the stationary points as highlighted in reaction 

barriers and energy section.  
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To analyze these observed deviations in more detail, the H4 abstraction site (neighboring 

carbonyl group) is considered for a case study. Furthermore, the rate constant for H4 

abstraction is determined at the CCSD(T)/cc-pVTZ//B3LYP/CBSB7 method and compared 

with the rate constant obtained at the CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) method. The 

former method involves geometry optimization and computation of vibrational frequencies at 

the B3LYP/CBSB7 level and SPE determination at the CCSD(T)/cc-pVTZ level. Whereas, 

the later method optimizes the geometry of the molecule and computes vibrational 

frequencies at the MP2/6-311G(d,p) level with SPE computation at the CCSD(T)/cc-pVTZ 

level. The only difference in these two methods underlies in the steps involved in the 

geometry optimization and vibrational frequency calculations.   

 
Figure 36. High pressure limit rate constants comparison for the H-atom abstraction reactions from 2-butanone 

at (―) G3, (―) G4, (―) CBS-QB3 and  (―) CCSD(T)/CC-PVTZ//MP2/6-311G(d,p) methods for  (a) H1 

abstraction, (b) H4 abstraction, (c) H6 abstraction; atom labels are given in Figure 34. 
 

1.0E+00

1.0E+01

1.0E+02

1.0E+03

1.0E+04

1.0E+05

1.0E+06

1.0E+07

1.0E+08

1.0E+09

1.0E+10

1.0E+11

1.0E+12

0.5 1 1.5 2

k 
[c

m
3 /m

ol
s]

1000 K / T

(c) H6 abstraction

1.0E+00

1.0E+01

1.0E+02

1.0E+03

1.0E+04

1.0E+05

1.0E+06

1.0E+07

1.0E+08

1.0E+09

1.0E+10

1.0E+11

0.5 1 1.5 2

k 
[c

m
3 /m

ol
 s

]

1000 K / T

(b) H4 abstraction

1.0E+00

1.0E+01

1.0E+02

1.0E+03

1.0E+04

1.0E+05

1.0E+06

1.0E+07

1.0E+08

1.0E+09

1.0E+10

1.0E+11

0.5 1 1.5 2

k 
[c

m
3 /m

ol
 s

]

1000 K / T

(a) H1 abstraction



2-Butanone 

 

Page 100 
 

Herein, B3LYP/CBSB7 level is chosen for comparison since it is a default method 

implemented in the CBS-QB3 composite method for the geometry optimization and the 

vibrational frequency calculations which will aid a better comparison between the CBS-QB3 

method. It was noticed that the calculated rate constants between CCSD(T)/cc-

pVTZ//B3LYP/CBSB7 and CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) differs by less than a 

factor of two over the entire temperature regime of the investigation. Further, for the H4 

abstraction case, reaction barriers are determined at CCSD(T)/cc-pVTZ//B3LYP/CBSB7 and 

CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) methods to see if the difference in the optimized 

geometries has any effect on the computed SPE. The value of E0 at the former method is 

73.68 kJ mol-1 while later gave 74.29 kJ mol-1, deviating by less than 1 kJ mol-1. Hence it can 

be attributed that the method implemented for the geometry optimization has a minor effect 

on the computed SPE. Further on comparing this E0 with that obtained from the composite 

CBS-QB3 method which is 51.66 kJ mol-1, a difference of ~ 23 kJ mol-1 is observed. The 

CBS-QB3 method computed lower SPE than CCSD(T)/cc-pVTZ//B3LYP/CBSB7 and 

CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) methods. Hence at the CBS-QB3 method, this 

difference in E0 might have resulted in a faster rate constant for the H4 abstraction than that 

determined at CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) (Figure 36b). From this analysis, it 

appears that the deviations in the computed rate constants especially at sites neighboring to 

the carbonyl group arise mainly due to a difference in SPEs obtained within composite 

methods. Further, the effect of basis set on the computed SPEs for the H4 abstraction sites in 

2-BT is analyzed. For this analysis, CCSD(T)/cc-pVDZ//MP2/6-311G(d,p) and 

CCSD(T)/aug-cc-pVDZ//MP2/6-311G(d,p) methods are considered. In the aforementioned 

methods, the basis set used for the computation of SPE differs i.e. cc-pVDZ in former while 

aug-cc-pVDZ in latter. On comparing computed E0 from these methods, a difference of ~ 12 

kJ mol-1 is observed. E0 obtained at CCSD(T)/cc-pVDZ//MP2/6-311G(d,p) and 

CCSD(T)/aug-cc-pVDZ//MP2/6-311G(d,p) methods are 77.78 kJ mol-1 and 65.48 kJ mol-1 

respectively.  From this results it appears that the coupled cluster method with the basis set 

implemented herein i.e. CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) performs poorly for this 

reaction system. Instead the results obtained from the G4 method are reliable as it is the most 

recent composite method of Gn series and will be helpful in the development of detailed 

chemical kinetic models. Moreover, further computations can be performed to analyze the 

effects of basis set in more detail but currently limited herein.      

Overall, the detailed theoretical analysis is performed for computing high pressure limit rate 

constants for the H-atom abstraction reactions from 2-Butanone (2-BT) by methylperoxy 
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radical (CH3OȮ). These reactions are studied at three different abstractions sites in 2-BT by 

employing four different computational methods namely G3, G4, CBS-QB3 and CCSD(t)/cc-

pVTZ//MP2/6-311G(d,p) methods. Among this, the latter method gave significantly different 

results for the BDEs, reaction barriers (E0), reaction energies (∆E) and also high pressure 

limit rate constants especially at sites neighboring carbonyl functional group. The main 

reason seen for this observation arises due to the difference in the computed SPE at the 

methods considered herein. Further, this difference is seen to appear in E0, ultimately 

affecting the high pressure limit rate constants at the respective sites. The effect is observed 

to be pronounced for the reactions involving H-atom abstraction from the site neighboring 

carbonyl functional group in 2-BT. It has been observed that, at G3, G4 and CBS-QB3 

composite methods, abstraction of H-atom from the secondary carbon site (neighboring 

carbonyl functional group) is favored.   
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IV.5 Reaction Kinetics and Thermochemistry of the Smallest Ketone: 

Acetone 
The smallest member of the ketone family is the acetone, also known as 

dimethylketone. Acetone is not a biofuel candidate however of highlight herein since the 

detailed study of its combustion kinetics will assist in getting insight into the oxidation 

behavior of higher ketone molecules. Furthermore, acetone has been widely used as a fuel 

tracer in Laser Induced Fluorescence (LIF) imaging [111]. This technique finds its 

application in combustion research area for monitoring fuel behavior in terms of its 

distribution, concentration and temperature. However, not much is known about acetone’s 

chemical behavior in the hot oxidizing environment and hence its effective lifetime as a tracer 

in combustion conditions [111]. Acetone and higher ketones are also important in 

atmospheric chemistry [112, 113] since they are formed by the atmospheric oxidation of 

hydrocarbons [114]. It has also been found as the most abundant oxygenated organic species 

in the upper troposphere [115].     

 Focusing on acetone combustion, its favorable reactions includes H-atom abstraction 

reaction from the fuel by species such as ȮH, H, HȮ2, O2 etc. which gives rise to acetonyl 

(CH3COĊH2) radical. Most of these H-atom abstraction reactions have been investigated both 

experimentally as well as theoretically [101, 102, 116-120]  and are not in the focus of this 

study. However, fundamental quantum mechanical studies on subsequent reactions in acetone 

are scarce. Figure 37 highlights overview of acetone reactions analyzed herein. As seen in 

Figure 37, the acetonyl radical formed after the H-atom abstraction from acetone can undergo 

beta-scission to give methyl radical and ketene (CH2CO). It can also react with O2 to form 

acetonylperoxy radicals (CH3COCH2OȮ). Further, isomerization reactions of CH3COCH2OȮ 

radical form corresponding hydroperoxyalkyl radical (QOOH) species. These isomerization 

reactions can occur via 1,3 or 1,5 H-shifts as depicted in Figure 37. El-Nahas et. al. [121, 

122] determined thermochemical and kinetic parameters of the isomerization and 

decomposition reactions of the acetonylperoxy radical at the CBS-QB3 level. Their findings 

revealed formation of the primary acetonylhydroperoxy radical as a main reaction channel in 

isomerization reactions. In their study CBS-QB3 composite method is considered whereas 

herein higher levels of theories are implemented for better results. The details about the 

computational methods are given in the following sections. 
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Figure 37. Acetone reaction scheme 

This study is focused on the acetone combustion phenomena especially highlighting the 

reactions taking place in the lower temperature regime. The detailed computational 

calculations have been performed to determine thermodynamic properties of species (shown 

in Figure 38) formed during acetone combustion. Further, high pressure limit rate constant is 

presented for the addition of methyl radical to ketene which leads to the formation of 

acetonyl radical. For the reaction of O2 with acetonyl radical, pressure dependent rates are 

computed by applying QRRK theory as implemented in ChemDis code [123, 124]. 

Furthermore, the rate constants are computed for the 1,3 and 1,5 H-shifts reactions in 

acetonylperoxy radical. The M062X computational method [125] with the 6-311++G(d,p) 

basis set is considered for the geometry optimization and frequency calculations of the 

species by using Gaussian 09 package [26]. The potential energy surface scans are performed 

for the internal rotations in the reactants and the transition states at the aforementioned 

method (Figures A98-A101 in Appendix). Next, single point energy is calculated at the 

CCSD(T)/cc-pVXZ level of theory (where X = T and Q) which are then extrapolated to the 

complete basis set (CBS) limit [126, 127]. The T1 diagnostic (as mentioned in Chapter IV.4) 

at CCSD(T) method for the saddle point in reactant and transition states are found to be less 

than 0.02 critical value, indicating that the single-reference method is good enough for the 

appropriate description of the wave function [110].  
 

i. Thermochemistry 

For computing thermodynamic properties such as standard enthalpy of formation (ΔfH 298), 

standard entropy (S 298) and heat capacities at constant pressure (Cp), four compound methods 

have been chosen. It includes calculations at CBS-QB3, CBS-APNO, G3 and G4 composite 
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methods. The reason behind choosing different composite methods is to provide better 

accuracy by combinations of the above mentioned methods as recommended by Sommers et 

al. [128]. Their work benchmarked various composite methods for computing the formation 

enthalpies of the radicals against the active thermochemical tables. The accuracy of each 

method has been interpreted in terms of mean-unsigned error (absolute) and mean-signed 

(average) errors and also provided practical recommendations for computing formation 

enthalpies of the closed shell and radical species. The optimized three dimensional structures 

of the acetone species for computing thermodynamic properties are highlighted in Figure38.  

 
Figure 38. Optimized structures of species of interest for computing thermodynamic properties 

 

The thermodynamic properties of species (Figure 38) are obtained from the Thermo module 

of MultiWell program [129]. The standard enthalpy of formation (ΔfH◦
298) is determined by 

the atomization method. Table containing computed ΔfH 298, S 298 and Cp for temperatures 

between 300 and 2500 K at CBS-QB3, G3, G4 and CBS-APNO methods is provided in the 

Appendix (Table A6).  

 

Table 21. Standard enthalpies of formation (ΔfH 298) 

aAverage formation enthalpies (ΔfH◦
298) of species from CBS-APNO/G4/G3 and G4/G3 composite methods as recommended 

by Sommers et al [128], b[130], c[131], d[132], e[133]. 

 

Table 21 provides computed formation enthalpies at the composite methods and computed 

average formation enthalpies as recommended by Somers et al [128]. Comparing G4 method 

CH3 CH2CO CH3COCH3 CH3COCH2 CH3COCH2 OO

Species 
ΔfH

◦
298 / kJ mol

-1
 

CBS-QB3 G3 G4 CBS-APNO CBS-APNO/G4/G3a G4/G3a Experimental 

ĊH3 151.05 144.72 147.04 146.61 146.12 145.88 145.69b 

CH2CO -50.42 -52.35 -50.34 -52.44 -51.71 -51.34 -48 ± 2c 

CH3COCH3 -214.14 -215.12 -213.53 -221.55 -216.73 -214.32 -218 ± 0.59d 

CH3COĊH2 -31.94 -32.57 -34.70 -37.96 -35.08 -33.64 34.6 ± 8.4e 

CH3COCH2OȮ -137.73 -132.61 -135.80 -139.67 -136.03 -134.21 - 
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with a commonly used CBS-QB3 method, the latter over predicts ΔfH 298 by ~ 2-4 kJ mol-1 

for the ĊH3, CH3COĊH2 while under predicts for CH3COCH2OȮ by ~ 2 kJ mol-1 as seen in 

Table 21. However these deviations are within the uncertainty limit predicted by the CBS-

QB3 method [38, 39]. For the S 298 and Cp values, well agreement was depicted between both 

methods (Table A6 in Appendix). On comparing formation enthalpies obtained at the G4 

with the G3 method, the latter under predicts by ~ 2 kJ mol-1 for ĊH3, CH2ĊO and 

CH3COCH3 while over predicts for CH3COĊH2 and CH3COCH2OȮ by ~ 2-3 kJ mol-1. 

Overall these values are also within the chemical accuracy. Further, average formation 

enthalpies of species are determined by considering the average from three composite 

methods namely CBS-APNO, G4 and G3. Sommers et al. [128] recommended these 

combinations if three methods are used while G4 and G3 are suggested if average from two 

methods are to be considered. The computed average formation enthalpies of the species at 

CBS-APNO/G4/G3 (Table 21) are in good agreement with values obtained from the NIST 

database. The experimentally determined ΔfH◦
298 for ĊH3, CH2CO and CH3COCH3 are 

145.69 kJ mol-1 [130], -48 ± 2 kJ mol-1 [131] and -218.5 ± 0.59 kJ mol-1 [132] respectively 

which are in well agreement with the average formation enthalpies determined herein. Only 

for the CH3COCH3 the difference of ~ 4 kJ mol-1 (within a chemical accuracy) is noticed 

between the literature and the average G4/G3 value. For the CH3COĊH2, the experimental 

ΔfH 298 is 34.6 ± 8.4 kJ mol-1 [133]. In their study, ΔfH 298 is obtained from the gas-phase 

basicities and proton affinities of radicals which are determined by mass spectrometry. This 

value for CH3COĊH2, also shows a good agreement with the average formation enthalpies 

given in Table 21.  

Further to give an idea about the strengths of the C-C and C-H bonds in acetone, bond 

dissociation enthalpies are determined. 

 

ii. Bond Dissociation Enthalpies 

The C-C bond cleavage in acetone results in the formation of a methyl and CH3ĊO 

radicals. The computed value for the C-C bond dissociation enthalpy (BDE) in acetone at G4 

method is 349 kJ mol-1. The values computed for the same bond cleavage at the G3, CBS-

QB3 and CBS-APNO methods are 350 kJ mol-1, 356 kJ mol-1 and 354 kJ mol-1 respectively 

as shown in Table 22.  
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Table 22. Bond dissociation enthalpies 

D0 
a
 / kJ mol

-1 
Method C-C C-H 

CBS-QB3 356 404 
G3 350 404 
G4 349 401 

CBS-APNO 354 405 
aBond dissociation enthalpies (298.15 K) for the C-C and C-H bonds in acetone. 

 

Further, calculated C-H BDE at G4 method is 401 kJ mol-1. The values for the C-H bonds are 

also determined at the G3, CBS-QB3 and at the CBS-APNO methods (Table 22). G3 and 

CBS-QB3 methods gave 404 kJ mol-1 while CBS-APNO showed 405 kJ mol-1. Hence, in 

general the values obtained by G3, CBS-QB3 and CBS-APNO composite methods are ~ 4-5 

kJ mol-1 higher than that determined by the G4 method (within the chemical accuracy of the 

methods). This C-H bond strength in acetone is compared with the C-H BDE at the primary 

carbon site, adjacent to the carbonyl functional group in higher ketones. The reported value 

[134] for a similar site in 2-butanone and 2-pentanone is 400 kJ mol-1, agrees well with the 

acetone. Further, on comparing this value with primary C-H bond strengths in ethane, n-

propane and n-butane [77, 135, 136] which are in the range of 420-423 kJ mol-1, the C-H 

BDE in ketones at the carbon site neighboring the carbonyl group are lowered. This is due to 

resonance with the carbonyl functional group present in ketones. In general, the strength of 

C-H bond in species can be correlated to the stability of the product radical that is formed 

after the C-H bond cleavage. In the case of the primary C-H bond (adjacent to the carbonyl 

group) in ketones, the product radical formed after the H-atom abstraction is more stable due 

to its resonance with the carbonyl group and hence low C-H BDE.     

 

Additionally, reaction barriers and reaction energies are computed for the reactions of interest 

in the acetone combustion, details of which are given in the following section. 

 

iii. Reaction barriers and Energies 

As stated earlier, M062X computational method with the 6-311++G(d,p) basis set is 

implemented for the geometry optimization and frequency calculations of the species. To 

achieve more reliable energies, single point energy of the species involved in the beta 

scission, O2 addition and isomerization reactions are calculated at the CCSD(T)/cc-pVXZ 

level of theory (where X = T and Q) which are then extrapolated to the complete basis set 
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(CBS) limit. The CBS extrapolation equation by the CCSD(T) method and cc-pVXZ basis 

sets as provided by Peterson et al. [137] is considered here. As mentioned before, the beta 

scission reaction has been studied as a reverse of addition reaction to calculate high pressure 

limit rate constant. Computed reaction barrier and reaction energy for the addition of methyl 

radical to ketene are found to be 47 kJ mol-1 and -121 kJ mol-1 respectively.  

 
Figure 39. Potential energy diagram for the O2 addition and isomerization reactions in acetone.  

Furthermore, O2 molecule can undergo addition to the acetonyl radical to form 

acetonylperoxy radical. The addition of O2 to the acetonyl radical is a barrier-less reaction 

and exothermic in nature with the well depth calculated at the CCSD(T)/CBS// M062X/6-

311++G(d,p) method is -109.45 kJ mol-1 as depicted in Figure 39. Considering alkanes, the 

reported well depth [138] for the n-propylperoxy species formed via a reaction of n-propyl + 

O2 is -139.33 kJ mol-1. Comparing these two well depths indicates higher stability of n-

propylperoxy radical than the acetonylperoxy radical. For the isomerization reactions of 

acetonylperoxy radical, to form corresponding hydroperoxyalkyl species the reaction barriers 

and reaction energies are as follows. The acetonylperoxy species can isomerize via 1,5-H 

shift or 1,3-H shift reaction channels. The former reaction proceeds via a six membered ring 

transition state whereas later through less favorable four membered ring transition state. The 

TS structures for these isomerization reactions are shown in Figure 40. The reaction barriers 

at the CCSDT/CBS// M062X/6-311++G(d,p) method for 1,5 isomerization is found to be 

115.9 kJ mol-1 while 168.2 kJ mol-1 for the 1,3 isomerization channel. Computed reaction 

energies are 37.5 kJ mol-1 and 19.7 kJ mol-1 respectively for the 1,5 and 1,3 isomerization 

channels respectively. On comparing 1,5 isomerization reactions in n-propylperoxy species 

with that in acetonylperoxy, barrier height for the former species is 12 kJ mol-1 higher. 
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Further, 1,3 isomerization channel in acetonylperoxy species is 30 kJ mol-1 higher than in n-

propylperoxy radical [138].  

 
Figure 40. Optimized structures of the TS involved in the isomerization reactions (a) 1,5 isomerization TS (b) 

1,3 isomerization TS. 

 

iv. Rate Constants 

The high pressure limit rate constant is determined for the addition of methyl radical 

to the ketene and also for the isomerization reactions of the acetonylperoxy radical to the 

corresponding QOOH species. The corresponding Arrhenius parameters for these reactions 

are summarized in Table 23. The three dimensional optimized structure of ketene (CH2CO) is 

shown in Figure 37. As stated earlier, the addition reaction between methyl radical and ketene 

is a reverse of the beta scission reaction of the acetonyl radical. Having a look on the 

isomerization reactions of the acetonylperoxy radical, two reaction channels are considered 

for determining high pressure limit rate constants (Figure 37). The optimized four and six 

membered ring TSs involved in the isomerization reactions are shown in Figure 40. For 

computing high-pressure limit rate constants, conventional transition state theory [139] with 

asymmetric Eckart tunneling correction [63] has been used. The low-frequency torsional 

modes in reactants and transition states are considered as hindered rotors using a Pitzer-

Gwinn-like approximation [75, 76]. Relaxed potential energy surface scans have been 

performed by scanning dihedral angle within a molecule from 0 – 360˚ in steps of 10˚ (Figure 

A98 – A101 in Appendix). The calculated high pressure limit rate constant for the methyl 

radical + ketene reaction at the CCSD(T)/CBS//MO62X/6-311++G(d,p) is, k (cm3mol-1s-1) = 

7.26 × 103T2.43e-37.49/RT. The high pressure limit rate constant for the beta scission reaction, k 

(s-1) =1.00 × 1013T0e-117/RT is then obtained by considering the reverse of reaction ĊH3 + 

CH2CO. For the isomerization reaction occurring via six and four membered ring TS, 

computed rate constants are k (s-1) = 2.79 × 1013T-0.75e-225.52/RT and 7.61 × 1013T-0.59e-277.82/RT 

respectively. The rate constant for the 1,5 isomerization reaction is dominant compared to the 

1,3 isomerization due to highly favorable six membered ring formation.  

(a) (b)
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Table 23. High Preesure Limit Rate Constants   
Reactionsa Ab nb Eb 

ĊH
3
 + CH

2
CO → CH

3
COCH

2
 7.26 × 10

3
 2.43 37.49 

1,5 isomerization 2.79 × 10
13

 -0.75 225.52 

1,3 isomerization 7.61 × 10
13

 -0.59 277.82 

aReaction are highlighted in Figure 37. bModified Arrhenius expression, k = ATn exp (-E/(RT)) is used to represent 

Arrhenius parameters.  

 

The pressure dependent rate constants for the reaction of O2 with the acetonyl radical 

(CH3COĊH2) are investigated by employing Quantum Rice-Ramsperger-Kassel (QRRK) 

theory with the help of ChemDis [140, 141]. ChemDis is a Fortran based code with a 

Modified Strong Collision (MSC) approach for the Collisional Energy Transfer (CET) for the 

reaction systems with arbitrary numbers of wells and product channels. Figure 41 highlights 

pressure dependent rate constant for the addition of O2 to the acetonyl radical (CH3COĊH2). 

For computing pressure dependent rate constants by the QRRK theory, following reaction 

have been considered.  

1. CH3COĊH2 + O2 ↔ CH3COCH2OȮ. (R+O2 ↔ RO2).  

This reaction involves the addition of O2 to the acetonyl radical leading to the formation of 

acetonylperoxy radical.  

2. CH3COĊH2 + O2 → CH2COĊH2OOH. (R+O2 → IM15) 

The energetically excited adduct, RO2 formed in the above reaction can directly isomerize to 

ĊH2COCH2OOH. This reaction occurs via formation of a six membered cyclic ring TS.  

3. CH3COĊH2 + O2 → CH3COĊHOOH. (R+O2 → IM13) 

This reaction is similar to the reaction 2 mentioned above, however in this case isomerization 

reaction occurs via formation of a four membered cyclic ring TS.  

4. CH3COCH2OȮ → ĊH2COCH2OOH. (RO2 → IM15) 

The stabilized adduct, RO2 formed in reaction 1 can undergo isomerization to form 

ĊH2COCH2OOH via a six membered cyclic ring TS. 

5. CH3COCH2OȮ → CH3COĊHOOH. (RO2 → IM13) 

This isomerization reaction is similar to the one mentioned in reaction 4, however in this 

reaction isomerization occurs via a four membered cyclic ring TS. 

 

The results of the QRRK calculations for the O2 + CH3COĊH2 are summarized in Figure 41. 

For simplicity the discussions are limited to the results determined at 1 atm (Figure 41). The 
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plots of rate constant at other pressures (0.01 and 10 atm) are provided in the Appendix 

(Figure A97). 

 

 
Figure 41. QRRK results for the CH3COĊH2+O2 at 1 atm, IM13 and IM15 indicates QOOH formation via for 

and six membered cyclic ring transition states respectively. k = [cm3mol-1s-1] for the bimolecular reaction and  

[s-1] for the unimolecular reaction.           

 

As seen in Figure 41, the favorable product channel is the formation of RO2 ie. 

CH3COCH2OȮ. At 800 K, the rate constant for the R + O2 → IM15 and R + O2 → IM13 are 

9 and 12 orders of magnitude smaller than the RO2 production channel. Increase in 

temperature from 500 to 2000 K decreases the stabilization of CH3COCH2OȮ as seen in 

Figure 41a. Hence at higher temperature, it leads to increase in the rate constant for the 

chemically activated pathways; R + O2 → IM15 and R + O2 → IM13 i.e. isomerization 

products via six and four membered TSs respectively. At higher temperature ~ 1000 K, 7 and 

9 orders of magnitude difference is depicted between the stabilization channel and R + O2 → 

IM15 and R + O2 → IM13 channels respectively. The favorability of the isomerization 

product formed (Figure 41b) via six membered ring transition state is due to the lesser ring 

strain involved in the transition state as compared to the one with four membered ring 

transition state. Comparing these two isomerization channels, at 500 K ~ 5 orders of 

magnitude difference is depicted which becomes around an order of magnitude with the 

increase in temperature (< 1200 K).  

 

(a)
(b)
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Figure 42. QRRK results for the CH3COĊH2+O2 ↔ CH3COĊH2OO reactions at 0.001, 0.01, 1, 10 and 100 atm. 

 

Figure 42 depicts the effect of pressure on the computed rate constant of CH3COĊH2 + O2 ↔ 

CH3COCH2OȮ reaction. As the pressure is increased from 0.001 at 100 atm, the rate constant 

for the collisional stabilization also increases. This indicates that at higher pressure more 

amount of CH3COCH2OȮ will be formed which further can lead to low temperature 

pathways. At lower pressure ~ 0.001 atm, an energetically excited RO2 adduct may undergo 

isomerization or decomposition pathways instead of collisional stabilization to RO2.  

The complete set of the rate coefficients for the O2 + CH3COĊH2 reactions are provided in 

the Appendix (Table A7) in a CHEMKIN-compatible PLOG format, with the modified 

Arrhenius parameters at 0.001, 0.01, 1, 10, and 100 atm. 
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V. Summary 
This thesis put highlight on the fundamental understanding of elementary combustion 

reactions with the aid of theoretical approaches. Ab-initio quantum mechanical calculations 

were performed to reveal kinetics and thermodynamic properties of reactions with the help of 

electronic structure methods and by employing statistical rate theories. The fuel candidates 

considered herein are the ones which were of interest for the cluster of excellence “Tailor 

Made Fuels from Biomass (TMFB)” at the RWTH Aachen University. Since these proposed 

molecules are scarcely investigated for their combustion behavior, put a spotlight in 

investigating the fundamental details both from the chemistry and engine perspective. From 

an alcohol functional group, isopentanol was considered to investigate kinetics of the H- 

abstraction reactions by H atom and HȮ2 radical. One of the important factors affecting the 

kinetics of these reactions was found to be the strength of the C-H bond in a molecule. To 

support this analysis, C-H bond dissociation energies were determined by performing 

quantum calculations. Another important factor that also plays a chief role was the formation 

of H-bond in a molecule. This mainly occurs due to the presence of electronegative atom 

(such as oxygen) in molecules which ultimately affects reaction barrier and also entropy of a 

reaction.  

Furthermore, focus was put on the cyclic oxygenated species such as tetrahydrofurans 

which can be produced via biosynthetic approaches. Two important candidates in this 

category are 2- and 3-methyltetrahydrofuran. The difference between these two molecules 

lies in the position of the methyl substituent on a ring. This structural difference has an effect 

on their elementary reactions in combustion. The reactions of interest considered herein are 

the isomerization reactions (ROȮ to QOOH) that occur after the first O2 addition to the fuel 

radical. Detail analysis showed that the strength of the C-H bond, the position of the 

abstracted hydrogen (cis or trans), and also the ring size of the transition state were the main 

factors affecting the isomerization reaction kinetics.  

Another candidate of interest is from ketone functional group, namely 2-butanone. 

Herein, detail quantum calculations were performed to investigate reaction kinetics of the H-

abstraction reaction from 2-butanone by methylperoxy radical (CH3OȮ). This study was 

performed at different computational methods and the results obtained were analyzed in 

detail. Significant differences in the results were noted between the composite methods and 

that obtained from the coupled cluster method. On further analysis it was observed that these 

deviations were mainly arising from the differences in the computed single point energies 
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within the methods. This study can be further extended for better understanding and in-depth 

analysis of the computational methods but at present limited herein.  

Lastly, due to high interest in ketonic fuels, the smallest member of the ketone family; 

acetone was chosen to get insight into its elementary reactions occurring during combustion. 

Detail theoretical study was carried out on the beta-scission, O2 addition and the 

isomerization reactions and also on the thermochemistry of the involved species. These will 

ultimately support in understanding the combustion mechanism of higher ketones. 

To sum up, the computations performed in this thesis such as bond dissociation energies, rate 

constants, thermochemistry etc. are highly beneficial for the fundamental understandings as 

well as for the development of detailed kinetic models for alcohols, furans and ketonic 

species.
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Hindered rotor analysis performed by scanning dihedral angle at b3lyp/cbsb7 for the internal rotations 
involved in the H-atom abstraction from isopentanol by H atom and HȮ2 radical. 

Figure A1. Hindered rotor analysis for H8-C7-C2-H3 in isopentanol. 

Figure A2. Hindered rotor analysis for H5-C1-C2-C11 in isopentanol. 

Figure A3. Hindered rotor analysis for H3-C2-C11-H12 in isopentanol. 

Figure A4. Hindered rotor analysis for H12-C11-C14-H15 in isopentanol. 
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Figure A5. Hindered rotor analysis for C11-C14-O16-H17 in isopentanol. 

Figure A6. Hindered rotor analysis for C11-C14-O16-H18 in the TS for H-abstraction from isopentanol by H 
atom 

Figure A7. Hindered rotor analysis for C2-C11-C14-H16 in the TS for H-abstraction from isopentanol by H 
atom 

Figure A8. Hindered rotor analysis for C11-C14-O16-H17 in the TS for H-abstraction from isopentanol by H 
atom 
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Figure A9. Hindered rotor analysis for C2-C11-C14-O16 in the TS for H-abstraction from isopentanol by H 
atom 

Figure A10. Hindered rotor analysis for C11-C14-O16-H17 in the TS for H-abstraction from isopentanol by H 
atom 

Figure A11. Hindered rotor analysis for C2-C11-C14-O16 in the TS for H-abstraction from isopentanol by H 
atom 

Figure A12. Hindered rotor analysis for H4-C1-C2-C7 in the TS for H-abstraction from isopentanol by H atom 
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Figure A13. Hindered rotor analysis for C1-C2-C11-C14 in the TS for H-abstraction from isopentanol by H 
atom 

Figure A14. Hindered rotor analysis for H3-C2-C1-H5 in the TS for H-abstraction from isopentanol by H atom 

Figure A15. Hindered rotor analysis for C1-C2-C11-C14 in the TS for H-abstraction from isopentanol by H 
atom 

Figure A16. Hindered rotor analysis for C2-C11-C14-O16 in the TS for H-abstraction from isopentanol by H 
atom 
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Figure A17. Hindered rotor analysis for C2-C11-C14-O16 in the TS for H-abstraction from isopentanol by HȮ2 
radical 

Figure A18. Hindered rotor analysis for C11-C14-O16-C17 in the TS for H-abstraction from isopentanol by 
HȮ2 radical 

 
Figure A19. Hindered rotor analysis for C14-O16-O21-O19 in the TS for H-abstraction from isopentanol by 
HȮ2 radical 

 
Figure A20. Hindered rotor analysis for C2-C11-C14-O16 in the TS for H-abstraction from isopentanol by HȮ2 
radical 
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Figure A21. Hindered rotor analysis for C11-C14-O16-H17 in the TS for H-abstraction from isopentanol by 
HȮ2 radical 

Figure A22. Hindered rotor analysis for C11-C14-O21-O19 in the TS for H-abstraction from isopentanol by 
HȮ2 radical 

Figure A23. Hindered rotor analysis for H20-O19-O21-C14 in the TS for H-abstraction from isopentanol by 
HȮ2 radical 

Figure A24. Hindered rotor analysis for C2-C11-C14-O16 in the TS for H-abstraction from isopentanol by HȮ2 
radical 
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Figure A25. Hindered rotor analysis for C14-C11-O19-O20 in the TS for H-abstraction from isopentanol by 
HȮ2 radical 

Figure A26. Hindered rotor analysis for C11-C14-O16-H17 in the TS for H-abstraction from isopentanol by 
HȮ2 radical 

Figure A27. Hindered rotor analysis for C11-O19-O20-H21 in the TS for H-abstraction from isopentanol by 
HȮ2 radical 

Figure A28. Hindered rotor analysis for C11-C2-C7-H10 in the TS for H-abstraction from isopentanol by HȮ2 
radical 
 

(a) torsional angle α
α = dihedral angle (C14-C11-O19-O20)

(b)

0

2000

800

400

0

α / degree
V

/ c
m

-1

2400

1200

60 120 180 240 300 360

1600

500

80

40

20

0

T / K

pa
rti

tio
n 

fu
nc

tio
n

100

60

700 900 1100 1300 1500 1700

qFR

qexact

qPG (V0 = 1300 cm-1)

(c)

qHO

(a) torsional angle α
α = dihedral angle (C11-C14-O16-H17)

500

12

6

3

0

T / K

pa
rti

tio
n 

fu
nc

tio
n

15

9

700 900 1100 1300 1500 1700

qFR

qexact
qPG (V0 = 3500 cm-1)

(c)

qHO

qFR

qexact
qPG (V0VV = 3500 cm-1)

(c)

qHO

(b)

0

2000

800

400

0

α / degree

V
/ c

m
-1

2400

1200

60 120 180 240 300 360

1600

(b)

(a) torsional angle α
α = dihedral angle (C11-O19-O20-H21)

500

12

6

3

0

T / K

pa
rti

tio
n 

fu
nc

tio
n

15

9

700 900 1100 1300 1500 1700

qFR

qexact

qPG (V0 = 2500 cm-1)

(c)

qHO

qFR

qexact

qPG (V0VV = 2500 cm-1)

(c)

qHO

(b)

0

3000

1200

600

0

α / degree

V
/ c

m
-1

3600

1800

60 120 180 240 300 360

2400

(b)

(a) torsional angle α
α = dihedral angle (C11-C2-C7-H10)

500

8

4

2

0

T / K

pa
rti

tio
n 

fu
nc

tio
n

10

6

700 900 1100 1300 1500 1700

qFR

qexact

qPG (V0 = 700 cm-1)

(c)

qHO

qFR

qexact

qPG (V0VV = 700 cm-1)))))))))))))))))

(c)

qHO

(b)

0

750

300

150

0

α / degree

V
/ c

m
-1

900

450

60 120 180 240 300 360

600

(b)



Appendix 

 

Page 130 
 

Figure A29. Hindered rotor analysis for C7-C2-C11-C14 in the TS for H-abstraction from isopentanol by HȮ2 
radical 

Figure A30. Hindered rotor analysis for C11-C2-O21-O19 in the TS for H-abstraction from isopentanol by HȮ2 
radical 

Figure A31. Hindered rotor analysis for C2-C11-O14-O16 in the TS for H-abstraction from isopentanol by HȮ2 
radical 

Figure A 32. Hindered rotor analysis for C11-C14-O16-H17 in the TS for H-abstraction from isopentanol by 
HȮ2 radical 
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Figure A33. Hindered rotor analysis for H20-O19-O21-C2 in the TS for H-abstraction from isopentanol by HȮ2 
radical 

Figure A 34. Hindered rotor analysis for H4-C1-C2-H3 in the TS for H-abstraction from isopentanol by HȮ2 
radical 

Figure A35. Hindered rotor analysis for C2-C1-O21-O19 in the TS for H-abstraction from isopentanol by HȮ2 
radical 

Figure A36. Hindered rotor analysis for C2-C11-C14-O16 in the TS for H-abstraction from isopentanol by HȮ2 
radical 
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Figure A37. Hindered rotor analysis for C11-C14-O16-H17 in the TS for H-abstraction from isopentanol by 
HȮ2 radical  

Figure A38. Hindered rotor analysis for H20-O19-O21-C1 in the TS for H-abstraction from isopentanol by HȮ2 
radical 
 
Table A1. Estimated Hindered Rotor Parameters in Pitzer-Gwinn Approximation for the H-atom 
abstraction reaction from isopentanol by HȮ2 radical 

bonding atom 
a
 type of rotor V

0
 
b
 / cm

-1
 σ 

c
 

O in TS-HȮ2    

Cα OHO2H 1300 1 

Cβ CH2OHO2H 1150 1 

O OH 850 1 

Cα1 in TS-HȮ2    

Cα OH 3500 1 

 OOH 2200 1 

Cβ CH
2
OH in TS 1300 1 

O OH 4000 1 

Cβ1 in TS-HȮ2    

Cα OH 3500 1 

Cβ CH
2
OH 2000 1 

 OOH 1300 1 

O OH 2500 1 

Cγ in TS-HȮ2    

Cα OH 4000 1 

Cβ CH
2
OH 2400 1 

Cγ Cδ2H3 700 3 

 CH
2
CH

2
OH 3500 1 

 OOH 2800 1 

O OH 4000 1 
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Cδ2 in TS-HȮ2    

Cα OH 750 1 

Cβ CH
2
OH 1400 1 

Cγ CH3 in TS 3000 1 

 CH
2
CH

2
OH 1600 1 

Cδ1 OOH 400 1 

O OH 1200 1 

aabbreviations, Cα, Cβ, Cγ, and Cδ are referred in Figure 5 in Chapter IV.1. bThe height of the hindrance potential. cThe 
symmetry number of the internal rotation for the H-abstraction reactions by HȮ2 radical. 
 
 
 
Table A2. Spin contaminations for the transition state calculations in 3-MTHF. 
 

species 
a
 S

2
 
b
 ΔE

spin
 
c
 species 

a
 S

2
 
b
 ΔE

spin
 
c
 

TS2c-2t 0.9395  -4.7  TS4t-2t 0.8091  -1.5  

TS2c-3 0.8285  -2.0  TS4t-3 0.8135  -1.6  

TS2c-4c 0.8042  -1.4  TS4t-4c 0.9519  -5.1  

TS2c-5c 0.8049  -1.4  TS4t-5c 0.8328  -2.1  

TS2c-m 0.7938  -1.1  TS4t-5t 0.8170  -1.7  

TS2t-2c 0.9463  -4.9  TS4t-m 0.7999  -1.2  

TS2t-3 0.8181  -1.7  TS5c-2c 0.8043  -1.4  

TS2t-4t 0.8047  -1.4  TS5c-4c 0.8173  -1.7  

TS2t-5c 0.9565  -5.2  TS5c-4t 0.8079  -1.5  

TS2t-5t 0.8045  -1.4  TS5c-5t 0.9481  -5.0  

TS2t-m 0.8000  -1.3  TS5c-m 0.7911  -1.0  

TS3-2c 0.8319  -2.1  TS5t-2t 0.8045  -1.4  

TS3-2t 0.8174  -1.7  TS5t-3 0.8065  -1.4  

TS3-4c 0.8254  -1.9  TS5t-4c 0.8266  -1.9  

TS3-4t 0.8116  -1.5  TS5t-4t 0.8175  -1.7  

TS3-5t 0.8077  -1.4  TS5t-5c 0.9488  -5.0  

TS3-m 0.8104  -1.5  TSm-2c 0.8035  -1.3  

TS4c-2c 0.8090  -1.5  TSm-2t 0.8129  -1.6  

TS4c-3 0.8281  -2.0  TSm-3 0.8166  -1.7  

TS4c-4t 0.9501  -5.0  TSm-4c 0.7969  -1.2  

TS4c-5c 0.8176  -1.7  TSm-4t 0.8043  -1.4  

TS4c-5t 0.8330  -2.1  TSm-5c 0.8037  -1.3  

TS4c-m 0.7934  -1.1  TSm-m 0.9422  -4.8  
aSpecies abbreviations in 3-MTHF. bEigenvalues calculated in the MP2/CBSB3 step of the CBS-QB3 composite method. 
cEnergy for spin contamination correction in the CBS-QB3 composite method. 
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Hindered rotor analysis performed at the CBS-QB3 method for the internal rotations involved in the 
isomerization reactions in 3-MTHF 

Figure A39. Hindered rotor analysis for •CH2 rotor attached to the C3 atom in the tetrahydrofuran ring 

Figure A40. Hindered rotor analysis for CHO rotor attached to the C3 atom in the tetrahydrofuran ring 

Figure A41. Hindered rotor analysis for CH2OO• rotor attached to the C3 atom in the tetrahydrofuran ring 

Figure A42. Hindered rotor analysis for CH2OOH rotor attached to the C3 atom in the tetrahydrofuran ring 
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Figure A43. Hindered rotor analysis for OO• rotor attached to the C3 atom in the tetrahydrofuran ring 

Figure A44. Hindered rotor analysis for OOH rotor attached to the C3 atom in the tetrahydrofuran ring 

Figure A45. Hindered rotor analysis for methyl rotor attached to the hydrogen abstracting C3 atom in transition 
state 

Figure A46. Hindered rotor analysis for methyl rotor attached to the radical centered C3 atom in the 
tetrahydrofuran ring 
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Figure A47. Hindered rotor analysis for CH2OOH rotor attached to the radical centered C3 atom in the 
tetrahydrofuran ring 

Figure A48. Hindered rotor analysis for OO• rotor attached to the C2 atom in the tetrahydrofuran ring 

Figure A49. Hindered rotor analysis for OOH rotor attached to the C2 atom in the tetrahydrofuran ring 

Figure A50. Hindered rotor analysis for the OO• rotor attached to the Cm atom in the side chain 
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Figure A51. Hindered rotor analysis for the OOH rotor attached to the Cm atom in the side chain 

Figure A52. Hindered rotor analysis for OH rotor attached to the O1 atom in the side chain attached to C2 atom 

Figure A53. Hindered rotor analysis for OH rotor attached to the O1 atom in the side chain attached to C3 atom 

Figure A54. Hindered rotor analysis for OH rotor attached to the O1 atom attached to Cm atom  
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Figure A55. Comparison of rate constants ROO2t with methlcyclopentane, (a) hydrogen shift from C2 or C5, 
(b) hydrogen shift from C3 or C4, and (c) hydrogen shift from Cm. Solid and dashed lines denote 3-
methyltetrahydrofuran and methylcyclopentane respectively.  

Figure A56. Comparison of rate constants ROO3 with methlcyclopentane, (a) hydrogen shift from C2 or C5, (b) 
hydrogen shift from C3 or C4, and (c) hydrogen shift from Cm. Solid and dashed lines denote 3-
methyltetrahydrofuran and methylcyclopentane respectively.  

Figure A57. Comparison of rate constants ROO4c with methlcyclopentane, (a) hydrogen shift from C2 or C5, 
(b) hydrogen shift from C3 or C4, and (c) hydrogen shift from Cm. Solid and dashed lines denote 3-
methyltetrahydrofuran and methylcyclopentane respectively.  
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Figure A58. Comparison of rate constants ROO4t with methlcyclopentane, (a) hydrogen shift from C2 or C5, 
(b) hydrogen shift from C3 or C4, and (c) hydrogen shift from Cm. Solid and dashed lines denote 3-
methyltetrahydrofuran and methylcyclopentane respectively.  

Figure A59. Comparison of rate constants ROO5c with methlcyclopentane, (a) hydrogen shift from C2 or C5, 
(b) hydrogen shift from C3 or C4, and (c) hydrogen shift from Cm. Solid and dashed lines denote 3-
methyltetrahydrofuran and methylcyclopentane respectively.  

 
Figure A60. Comparison of rate constants ROO5t with methlcyclopentane, (a) hydrogen shift from C2 or C5, 
and (b) hydrogen shift from C3 or C4. Solid and dashed lines denote 3-methyltetrahydrofuran and 
methylcyclopentane respectively.  
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Figure A61. Comparison of rate constants ROOm with methlcyclopentane, (a) hydrogen shift from C2 or C5, 
(b) hydrogen shift from C3 or C4, and (c) hydrogen shift from Cm. Solid and dashed lines denote 3-
methyltetrahydrofuran and methylcyclopentane respectively.  
 
 
Table A3. Standard enthalpies of formation (ΔfH◦

298) and standard entropies (S◦
298) at 298.15 K, and heat 

capacity at constant pressure (Cp) for temperatures between 300 and 1500 K for the reactants and 
products involved in the isomerization reactions in 3-MTHF. 
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calculated calculated 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K 

ROO2c -190.05 391.46 136.95 174.72 207.21 233.76 273.54 301.67 343.51 

ROO2t -187.52 397.31 136.37 174.38 207.02 233.64 273.49 301.64 343.50 

ROO3 -178.71 394.72 138.84 176.70 208.94 235.20 274.54 302.40 343.90 

ROO4c -161.35 396.12 136.69 174.40 206.95 233.59 273.53 301.75 343.65 

ROO4t -162.26 391.52 136.05 173.98 206.69 233.43 273.51 301.80 343.73 

ROO5c -188.02 393.32 136.21 174.35 207.02 233.65 273.51 301.67 343.53 

ROO5t -191.96 391.53 136.70 174.62 207.19 233.78 273.60 301.75 343.58 

ROOm -147.36 404.87 130.51 169.91 204.92 233.72 276.42 305.89 348.48 

QOOH2c-3 -159.64 403.94 139.58 177.49 210.55 237.63 277.87 305.90 347.05 

QOOH2c-4 -145.74 398.37 146.06 184.29 216.75 242.94 281.53 308.41 348.16 

QOOH2c-5 -160.91 393.13 144.79 183.19 215.74 242.01 280.70 307.67 347.63 

QOOH2c-m -134.03 400.36 143.59 181.58 214.17 240.57 279.51 306.66 346.96 

QOOH2t-3 -159.64 403.88 139.58 177.49 210.55 237.63 277.87 305.90 347.05 

QOOH2t-4 -148.11 402.71 145.96 184.34 216.85 243.04 281.58 308.41 348.12 

QOOH2t-5 -163.29 393.73 145.01 183.53 216.13 242.38 280.98 307.86 347.72 

QOOH2t-m -135.56 403.48 143.54 181.62 214.25 240.67 279.63 306.79 347.06 

QOOH3-2 -149.88 401.23 151.68 189.31 220.23 244.74 280.50 305.46 342.97 

QOOH3-4 -118.60 402.54 150.95 188.83 220.06 244.83 280.96 306.10 343.62 

QOOH3-5 -139.52 398.02 148.81 186.99 218.50 243.51 279.95 305.29 343.11 
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Table A4. Arrhenius parameters for the hydrogen shift reactions in methylcyclopentane  
 

reactant 
a
 H atom product 

a
 

rate constant 
b
 

A n E/R 

ROO1c H1t RCHO1 + OH 9.92E+05 2.052 18906 

 H2c QOOH1c-2 7.28E+02 2.656 12593 

 H2t QOOH1c-2 2.79E+01 3.057 18924 

 H4c QOOH1c-4 9.41E+04 1.906 10650 

 H5c QOOH1c-5 1.48E+03 2.629 13428 

H5t QOOH1c-5 2.25E+01 3.063 18990 

 Hm QOOH1c-m 2.96E+04 2.007 11065 

ROO1t H1c RCHO1 + OH 1.59E+06 2.065 18532 

 H2c QOOH1t-2 3.32E+01 3.083 19392 

 H2t QOOH1t-2 4.51E+02 2.801 12983 

 H3 QOOH1t-3 5.87E+05 1.794 9467 

QOOH3-m -106.12 410.83 148.40 185.99 217.42 242.48 279.09 304.56 342.64 

QOOH4c-2 -124.72 401.70 147.25 184.95 216.63 241.94 278.94 304.63 342.85 

QOOH4c-3 -120.48 412.98 142.48 179.67 211.81 237.91 276.43 303.18 342.52 

QOOH4c-5 -136.49 401.86 147.48 185.33 216.90 242.09 278.89 304.49 342.69 

QOOH4c-m -97.03 412.67 144.85 182.71 214.68 240.30 277.78 303.81 342.47 

QOOH4t-2 -139.90 404.27 149.75 187.19 218.44 243.34 279.69 304.99 342.85 

QOOH4t-3 -120.03 414.08 142.89 179.93 212.00 238.06 276.54 303.26 342.56 

QOOH4t-5 -129.88 410.44 148.92 186.29 217.61 242.66 279.32 304.84 342.90 

QOOH4t-m -96.62 413.39 146.60 183.80 215.44 240.86 278.11 304.00 342.49 

QOOH5c-2 -158.33 400.29 143.69 182.36 215.10 241.52 280.43 307.52 347.60 

QOOH5c-4 -145.68 417.93 145.59 184.11 216.63 242.82 281.35 308.19 347.95 

QOOH5c-m -138.01 403.20 143.57 181.69 214.30 240.70 279.62 306.75 347.01 

QOOH5t-2 -162.15 398.54 145.48 183.81 216.28 242.45 280.99 307.86 347.70 

QOOH5t-3 -158.72 409.67 139.25 177.13 210.29 237.51 277.99 306.16 347.37 

QOOH5t-4 -144.83 399.23 145.36 184.16 216.79 242.98 281.41 308.17 347.86 

QOOHm-2 -119.85 415.12 138.55 179.26 213.24 240.07 278.54 304.73 343.14 

QOOHm-3 -103.82 415.54 142.45 179.50 211.24 237.11 275.82 303.19 344.06 

QOOHm-4 -96.10 417.15 144.95 183.57 216.40 242.61 280.47 306.34 344.19 

QOOHm-5 -120.20 415.42 140.61 180.67 214.26 240.89 279.17 305.29 343.54 

RCHO2 -402.25 343.05 114.08 147.57 176.79 200.98 237.64 263.69 302.37 

RCHO4 -320.41 347.04 116.64 149.74 178.64 202.58 238.91 264.74 303.04 

RCHO5 -401.23 343.96 114.52 148.00 177.16 201.29 237.87 263.88 302.49 

RCHOm -292.70 362.86 110.69 144.15 173.94 198.79 236.52 263.21 302.45 
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H4t QOOH1t-4 1.37E+05 1.957 10870 

 H5c QOOH1t-5 3.86E+01 3.087 19043 

 H5t QOOH1t-5 3.42E+02 2.843 12599 

ROO2c H1c QOOH2c-1 2.71E+02 2.771 12440 

H1t QOOH2c-1 1.77E+01 3.079 18857 

 H2t RCHO2 + OH 7.55E+05 2.035 18072 

 H3 QOOH2c-3 1.67E+02 2.736 17790 

 H4c QOOH2c-4 1.01E+05 1.895 9976 

 H5c QOOH2c-5 6.29E+04 1.923 10427 

Hm QOOH2c-m 1.57E+05 1.845 9929 

ROO2t H1c QOOH2t-1 1.85E+01 3.079 18602 

 H1t QOOH2t-1 7.72E+02 2.677 13392 

 H2c RCHO2 + OH 5.62E+05 2.038 17911 

 H3 QOOH2t-3 2.00E+03 2.508 11394 

H4t QOOH2t-4 4.51E+04 1.962 10725 

 H5t QOOH2t-5 5.38E+04 1.943 10641 

 Hm QOOH2t-m 5.79E+04 1.986 11091 

ROO3 H1t QOOH3-1 1.08E+05 1.900 10431 

H2c QOOH3-2 8.60E+00 3.103 19374 

 H2t QOOH3-2 4.45E+02 2.726 12619 

 Hm QOOH3-m 7.36E+01 2.935 14317 

ROOm H1c QOOHm-1 9.52E+05 1.465 8023 

H2c QOOHm-2 4.52E+06 1.367 7895 

 H2t QOOHm-2 8.69E+04 1.878 13295 

 H3 QOOHm-3 4.38E+04 2.134 11864 

 Hm RCHOm + OH 1.48E+06 1.883 18348 
aReactants abbreviations and their chemical structures are given in Figure 21 (Chapter IV.1). bRate constants are given by 
the Arrhenius expression, k / s-1 = ATnexp(−E/(RT)).  
 
Hindered rotor analysis performed at the CBS-QB3 method for the internal rotations involved in the 
isomerization reactions in 2-MTHF 
 

 
Figure A62. Hindered rotor analysis for the methyl rotor attached to the carbon atom in the tetrahydrofuran ring 
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Figure A63. Hindered rotor analysis for the methyl rotor attached to the carbon atom where hydrogen atom is 
abstracted by peroxy group 

Figure A64. Hindered rotor analysis for the CH2 rotor attached to the carbon atom in the tetrahydrofuran ring 

Figure A65. Hindered rotor analysis for the CHO rotor attached to the carbon atom in the tetrahydrofuran ring 

Figure A66. Hindered rotor analysis for the CH2OO rotor attached to the carbon atom in the tetrahydrofuran 
ring 
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Figure A67. Hindered rotor analysis for the CH2OOH rotor attached to the carbon atom in the tetrahydrofuran 
ring 

Figure A68. Hindered rotor analysis for the OO rotor attached to the carbon atom in the tetrahydrofuran ring 

Figure A69. Hindered rotor analysis for the OOH rotor attached to the carbon atom in the tetrahydrofuran ring 

Figure A70.  Hindered rotor analysis for the methyl rotor attached to the radical centered carbon atom in the 
tetrahydrofuran ring 
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Figure A71. Hindered rotor analysis for the CH2OOH rotor attached to the radical centered carbon atom in the 
tetrahydrofuran ring 

Figure A72. Comparison of rate constants ROOm with methlcyclopentane, (a) hydrogen shift from C2 or C5, 
(b) hydrogen shift from C3 or C4, and (c) hydrogen shift from Cm. Solid and dashed lines denote 2-
methyltetrahydrofuran and methylcyclopentane respectively.  

Figure A73. Comparison of rate constants ROO3c with methlcyclopentane, (a) hydrogen shift from C2 or C5, 
(b) hydrogen shift from C3 or C4, and (c) hydrogen shift from Cm. Solid and dashed lines denote 2-
methyltetrahydrofuran and methylcyclopentane respectively.  
 

Figure A74. Comparison of rate constants ROO3t with methlcyclopentane, (a) hydrogen shift from C2 or C5, 

α

(a) torsional angle α
α = dihedral angle (2O−3C−12C−15O)

(b)

0

1500

600

300

0

α / degree
V

/ c
m

-1

1800

900

60 120 180 240 300 360

1200

500

80

40

20

0

T / K

pa
rti

tio
n 

fu
nc

tio
n

100

60

700 900 1100 1300 1500 1700

qFR

qexact

qHO

qPG (V0 = 2000 cm-1)

(c)

QOOHm-2
QOOHm-4

QOOHm-5

QOOHm-3

103 K / T

109

k
/ s

-1

108

107

106

105

104

103

102

101

1.0 1.4 1.80.8 1.2 1.6 2.0
103 K / T

109

k
/ s

-1
108

107

106

105

104

103

102

101

1.0 1.4 1.80.8 1.2 1.6 2.0
103 K / T

109

k
/ s

-1

108

107

106

105

104

103

102

101

1.0 1.4 1.80.8 1.2 1.6 2.0

reactant: ROOm

(a) (b) (c)

RCHOm+OH

QOOH3c-2

QOOH3c-4QOOH3c-5

RCHO3+OH

103 K / T

109

k
/ s

-1

108

107

106

105

104

103

102

101

1.0 1.4 1.80.8 1.2 1.6 2.0
103 K / T

109

k
/ s

-1

108

107

106

105

104

103

102

101

1.0 1.4 1.80.8 1.2 1.6 2.0
103 K / T

109

k
/ s

-1

108

107

106

105

104

103

102

101

1.0 1.4 1.80.8 1.2 1.6 2.0

reactant: ROO3c

(a) (b) (c)

QOOH3c-m

QOOH3t-2

QOOH3t-4QOOH3t-5

RCHO3+OH

103 K / T

109

k
/ s

-1

108

107

106

105

104

103

102

101

1.0 1.4 1.80.8 1.2 1.6 2.0
103 K / T

109

k
/ s

-1

108

107

106

105

104

103

102

101

1.0 1.4 1.80.8 1.2 1.6 2.0
103 K / T

109

k
/ s

-1

108

107

106

105

104

103

102

101

1.0 1.4 1.80.8 1.2 1.6 2.0

reactant: ROO3t

(a) (b) (c)

QOOH3t-m



Appendix 

 

Page 146 
 

(b) hydrogen shift from C3 or C4, and (c) hydrogen shift from Cm. Solid and dashed lines denote 2-
methyltetrahydrofuran and methylcyclopentane respectively.  

Figure A75. Comparison of rate constants ROO4c with methlcyclopentane, (a) hydrogen shift from C5, (b) 
hydrogen shift from C3 or C4, and (c) hydrogen shift from Cm. Solid and dashed lines denote 2-
methyltetrahydrofuran and methylcyclopentane respectively.  

 
Figure A76. Comparison of rate constants ROO4t with methlcyclopentane, (a) hydrogen shift from C2 or C5, 
and (b) hydrogen shift from C3 or C4. Solid and dashed lines denote 2-methyltetrahydrofuran and 
methylcyclopentane respectively 
 

 
Figure A77. Comparison of rate constants ROO5t with methlcyclopentane, (a) hydrogen shift from C2 or C5, 
and (b) hydrogen shift from C3 or C4. Solid and dashed lines denote 2-methyltetrahydrofuran and 
methylcyclopentane respectively.  
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Table A5. Standard enthalpies of formation (ΔfH0
298) and standard entropies (S0

298) at 298.15 K, and heat 
capacity at constant pressure (Cp) for temperatures between 300 and 1500 K  for reactants and products involved 
in the isomerization reactions in 2-MTHF. 

Species 

Δ
f
H

◦

298
 

/ kJ mol
-1

 

S
◦

298
 

/ J mol
-1

 K
-1

 
Cp / J mol

-1
 K

-1
 

  300 K 400 K 500 K 600 K 800 K 1000 K 1500 K 

ROO2 -213.91 391.45 139.48 177.47 209.63 235.74 274.77 302.41 343.75 

ROO3c -170.89 395.89 137.00 174.98 207.58 234.15 273.91 301.99 343.72 

ROO3t -175.96 397.83 136.78 174.97 207.65 234.26 274.01 302.07 343.76 

ROO4c -176.40 396.11 136.39 174.68 207.44 234.12 273.98 302.10 343.84 

ROO4t -176.79 392.73 136.92 175.04 207.69 234.28 274.05 302.13 343.83 

ROO5c -205.23 393.61 137.04 175.39 208.04 234.55 274.13 302.08 343.68 

ROO5t -201.41 391.96 136.93 175.13 207.75 234.28 273.93 301.94 343.62 

ROOm -156.31 401.15 130.54 170.70 205.82 234.44 276.64 305.77 348.14 

QOOH2-3 -161.84 392.61 148.74 187.31 219.36 244.99 282.58 308.77 347.87 

QOOH2-4 -165.82 394.25 148.66 187.17 219.30 245.03 282.78 309.07 348.19 

QOOH2-5 -180.49 388.07 146.88 185.74 218.08 243.93 281.83 308.21 347.56 

QOOH2-m -143.26 401.25 144.43 182.67 214.80 240.70 279.19 306.47 347.91 

QOOH3c-2 -154.47 407.40 147.56 183.74 214.83 240.06 277.40 303.49 342.30 

QOOH3c-4 -116.71 407.55 149.24 187.16 218.71 243.82 280.43 305.85 343.60 

QOOH3c-5 -136.19 401.44 147.67 185.69 217.40 242.65 279.47 305.02 343.04 

QOOH3c-m -101.94 411.41 144.80 183.15 215.32 240.97 278.35 304.26 342.72 

QOOH3t-2 -154.67 411.37 146.12 182.40 214.02 239.94 278.48 305.42 345.33 

QOOH3t-4 -117.46 409.32 149.73 187.30 218.72 243.79 280.42 305.87 343.66 

QOOH3t-5 -138.77 406.48 147.74 185.77 217.49 242.74 279.51 305.03 343.03 

QOOH3t-m -105.85 414.86 147.26 184.85 216.55 241.88 278.83 304.47 342.67 

QOOH4c-2 -145.41 411.41 145.48 182.19 213.75 239.36 277.16 303.49 342.46 

QOOH4c-3 -118.63 408.62 148.93 187.05 218.67 243.79 280.34 305.70 343.44 

QOOH4c-5 -145.71 409.28 149.29 187.02 218.39 243.32 279.67 304.96 342.81 

QOOH4c-m -103.96 416.74 146.84 184.55 216.30 241.68 278.72 304.41 342.65 

QOOH4t-2 -143.96 406.60 145.66 182.19 213.70 239.30 277.14 303.52 342.51 

QOOH4t-3 -115.15 404.81 148.99 187.15 218.77 243.86 280.34 305.66 343.37 

QOOH4t-5 -151.70 403.90 149.82 187.51 218.79 243.66 279.94 305.19 342.97 

QOOH4t-m -106.90 414.69 147.26 184.80 216.47 241.80 278.76 304.42 342.65 

QOOH5c-2 -180.64 397.16 142.54 179.96 212.46 239.09 278.71 306.39 347.18 
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Hindered rotor analysis performed at the CBS-QB3 method for the internal rotations involved in the H-
atom abstraction reaction in 2-BT by CH3OȮ radical. 
 

Figure A78. Hindered rotor analysis for H8-C6-O19-O18 in the TS for H-abstraction from 2-BT by CH3OȮ 
radical 

Figure A79. Hindered rotor analysis for H2-C1-C4-C5 in the product radical. 
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QOOH5c-3 -159.75 398.35 146.26 185.04 217.61 243.73 282.06 308.74 348.26 

QOOH5c-4 -155.80 395.73 145.71 184.74 217.39 243.54 281.89 308.57 348.12 

QOOH5c-m -143.98 410.90 143.47 182.01 214.76 241.16 279.97 306.99 347.12 

QOOH5t-2 -176.56 405.52 142.43 179.72 212.19 238.83 278.52 306.25 347.12 

QOOH5t-3 -160.30 399.03 146.27 184.89 217.42 243.55 281.95 308.67 348.24 

QOOH5t-4 -159.23 397.00 146.09 184.81 217.34 243.46 281.84 308.56 348.15 

QOOH5t-m -145.11 399.49 143.59 182.07 214.81 241.21 280.04 307.06 347.18 

QOOHm-2 -132.04 417.50 139.76 179.21 212.72 239.55 278.40 304.91 343.53 

QOOHm-3 -109.29 413.83 141.23 181.00 214.46 241.26 280.45 307.48 346.55 

QOOHm-4 -112.20 416.82 140.85 180.61 214.14 241.06 280.48 307.65 346.79 

QOOHm-5 -127.76 411.60 140.12 179.98 213.55 240.46 279.82 306.96 346.20 

RCHO3 -331.73 348.07 116.95 150.34 179.27 203.14 239.27 264.95 303.08 

RCHO4 -332.61 347.65 117.36 150.82 179.72 203.55 239.60 265.22 303.26 

RCHO5 -413.66 344.07 114.90 148.65 177.85 201.92 238.30 264.15 302.58 

RCHOm -297.06 369.19 113.09 146.84 176.52 201.09 238.17 264.38 303.00 
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Figure A80. Hindered rotor analysis for C6-C5-C1-H4 in the TS for H-abstraction from 2-BT by CH3OȮ 
radical. 

Figure A81. Hindered rotor analysis for C-C- - in the TS for H-abstraction from 2-BT by CH3OȮ radical 
 

Figure A82. Hindered rotor analysis for C1-C5-C6-C8 in the TS for H-abstraction from 2-BT by CH3OȮ 
radical 

Figure A83. Hindered rotor analysis for H3-C1-C5-C6 in the TS for H-abstraction from 2-BT by CH3OȮ 
radical  
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Figure A84. Hindered rotor analysis for C5-C6-C9-H10 in the TS for H-abstraction from 2-BT by CH3OȮ 
radical  

Figure A85. Hindered rotor analysis for C1-C5-C6-H7 in the TS for H-abstraction from 2-BT by CH3OȮ 
radical  
 

Figure A86. Hindered rotor analysis for C1-C5-C6-H8 in the TS for H-abstraction from 2-BT by CH3OȮ 
radical  

Figure A87. Hindered rotor analysis for C5-C6-C8-H10 in the product radical  
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Figure A88. Hindered rotor analysis for C5-C6-C9-C10 in the TS for H-abstraction from 2-BT by CH3OȮ 
radical  

Figure A89. Hindered rotor analysis for H11-C9-C6-H8 in the TS for H-abstraction from 2-BT by CH3OȮ 
radical  
 

Figure A90. Hindered rotor analysis for C5-C6C9-H12 in the TS for H-abstraction from 2-BT by CH3OȮ 
radical  

Figure A91. Hindered rotor analysis for H10-O15-O14-C16 in the TS for H-abstraction from 2-BT by CH3OȮ 
radical  
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Figure A92. Hindered rotor analysis for O15-O14-C16-H17 in the TS for H-abstraction from 2-BT by CH3OȮ 
radical  

Figure A93. Hindered rotor analysis for H2-O15-O14-C16 in the TS for H-abstraction from 2-BT by CH3OȮ 
radical  
 

Figure A94. Hindered rotor analysis for H2-C1-O5-O6 in CH3OȮ radical  

Figure A95. Hindered rotor analysis for H3-C1-O5-O6 in CH3OOH. 
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Figure A96. Hindered rotor analysis for C1-O5-O6-H7 in CH3OOH 
 
Table A6. Standard enthalpies of formation (ΔfH◦

298) and standard entropies (S◦
298) at 298.15 K, and heat 

capacity at constant pressure (Cp) for temperatures between 300 and 2500 K for acetone species. 
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S
◦

298 

/ J mol
-1

 K
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Cp / J mol

-1
 K

-1
 

300 K 700 K 1000 K 1200 K 1500 K 1700 K 2000 K 2500 K 

CH3_CBS-QB3 151.05 194.7  39.522 51.198 58.716 62.916 67.872 70.392 73.29 76.44 

CH2CO_ CBS-QB3 -50.42 241.1  51.324 74.382 84.21 88.914 94.038 96.516 99.288 102.186 

CH3COCH3_ CBS-
QB3 -214.14 315.5  73.164 132.678 160.482 173.502 187.446 194.082 201.348 209.034 

CH3COCH2_ CBS-
QB3 -31.94 306.8 74.214 129.15 152.418 162.96 173.838 178.878 184.212 189.63 

CH3COCH2OO_ 
CBS-QB3 -137.73 371.8  105.462 169.722 193.242 203.952 215.292 220.668 226.59 232.89 

CH3_G3 144.72 197.6  40.95 50.274 57.414 61.614 66.654 69.3 72.324 75.726 

CH2CO_G3 -52.35 241.1  48.384 71.694 81.942 86.898 92.4 95.088 98.112 101.346 

CH3COCH3_G3 -215.12 313.1  68.628 125.286 154.056 167.916 182.952 190.176 198.24 206.808 

CH3COCH2_G3 -32.57 304.3  70.518 124.32 148.176 159.138 170.73 176.106 181.986 188.034 

CH3COCH2OO_G3 -132.61 367.5  98.952 161.07 186.27 197.988 210.63 216.72 223.44 230.664 

CH3_G4 147.04 195.1  39.816 51.198 58.632 62.832 67.788 70.308 73.206 76.356 

CH2CO_G4 -50.34 241.2  51.366 74.298 84.084 88.788 93.954 96.432 99.204 102.144 

CH3COCH3_G4 -213.53 315.6  73.29 132.678 160.398 173.418 187.32 193.998 201.264 208.992 

CH3COCH2_G4 -34.70 306.9  74.298 129.108 152.334 162.834 173.754 178.752 184.128 189.588 

CH3COCH2OO_G4 -135.80 371.8  105.462 169.638 193.158 203.826 215.208 220.584 226.548 232.806 

CH3_CBS-APNO 146.61 196.4  40.488 50.484 57.75 61.95 66.99 69.594 72.576 75.894 

CH2CO_ CBS-
APNO -52.44 238.9  48.426 

 
71.988 

 
82.236 

 
87.192 

 
92.652 

 
95.34 

 
98.28 

 
101.514 

 

CH3COCH3_ CBS-
APNO -221.55 313.2  69.132 126.462 155.19 168.882 183.792 190.932 198.828 207.27 

CH3COCH2_ CBS-
APNO -37.96 304.5  70.98 125.202 149.016 159.936 171.36 176.694 182.448 188.412 

CH3COCH2OO_ 
CBS-APNO -139.67 367.6  99.288 161.91 187.11 198.744 211.26 217.266 223.902 231.0 
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Figure A97: QRRK results for the CH3COCH2+O2 at 0.01, 1 and 10 atm 
 
 
Table A7: The complete set of the rate coefficients for the O2 + CH3COĊH2 reactions in a CHEMKIN-
compatible PLOG format, with the modified Arrhenius parameters at 0.001, 0.01, 1, 10, and 100 atm. 
 
CH3COCH2+O2<=>IM13                                      +1.0000000E+000 +1.0000000E+000 +1.0000000E+000   ! QRRK/MSC ANALYSIS WITH CHEMDIS                                         
PLOG /                                       +1.0000000E-003 +4.4800000E+001 +2.7700000E+000 +3.9198000E+004 /  
PLOG /                                       +1.0000000E-002 +4.5100000E+001 +2.7700000E+000 +3.9199000E+004 /  
PLOG /                                       +1.0000000E+000 +8.6300000E+001 +2.6800000E+000 +3.9300000E+004 /  
PLOG /                                       +1.0000000E+001 +1.1000000E+003 +2.2800000E+000 +3.9735000E+004 /  
PLOG /                                       +1.0000000E+002 +1.0500000E+004 +1.8000000E+000 +4.0324000E+004 /  
 
CH3COCH2+O2<=>IM15                                      +1.0000000E+000 +1.0000000E+000 +1.0000000E+000   ! QRRK/MSC ANALYSIS WITH CHEMDIS                                         
PLOG /                                       +1.0000000E-003 +1.7100000E-005 +4.3200000E+000 +2.1978000E+004 /     
PLOG /                                       +1.0000000E-002 +1.7100000E-005 +4.3200000E+000 +2.1979000E+004 /  
PLOG /                                       +1.0000000E+000 +1.9800000E-005 +4.2800000E+000 +2.2106000E+004 /  
PLOG /                                       +1.0000000E+001 +5.4800000E-005 +4.0800000E+000 +2.2686000E+004 /  
PLOG /                                       +1.0000000E+002 +1.3100000E-004 +3.7700000E+000 +2.3378000E+004 /  
 
CH3COCH2+O2<=>CH3COCH2O2                    +1.0000000E+000 +1.0000000E+000 +1.0000000E+000   ! QRRK/MSC ANALYSIS WITH CHEMDIS                                         
PLOG /                                       +1.0000000E-003 +1.9500000E+025 -5.2100000E+000 +1.2440000E+003 /  
PLOG /                                       +1.0000000E-002 +8.3500000E+023 -4.4800000E+000 +1.5680000E+003 /  
PLOG /                                       +1.0000000E+000 +1.2600000E+017 -1.9300000E+000 +8.4900000E+002 /  
PLOG /                                       +1.0000000E+001 +1.5500000E+014 -9.4000000E-001 +2.2700000E+002 /  
PLOG /                                       +1.0000000E+002 +2.0000000E+013 -6.4000000E-001 +2.9000000E+001 /  
 
CH3COCH2O2<=>IM13                                        +1.0000000E+000 +1.0000000E+000 +1.0000000E+000   !QRRK/MSC ANALYSIS WITH CHEMDIS                                         
PLOG /                                       +1.0000000E-003 +1.2700000E-002 +2.7400000E+000 +6.0586000E+004 /  
PLOG /                                       +1.0000000E-002 +1.2800000E-001 +2.7400000E+000 +6.0588000E+004 /  
PLOG /                                       +1.0000000E+000 +3.7600000E+001 +2.5800000E+000 +6.0739000E+004 /  
PLOG /                                       +1.0000000E+001 +1.8900000E+004 +2.0000000E+000 +6.1307000E+004 /  
PLOG /                                       +1.0000000E+002 +7.8100000E+006 +1.3100000E+000 +6.2005000E+004 /  
 
CH3COCH2O2<=>IM15                                        +1.0000000E+000 +1.0000000E+000 +1.0000000E+000   ! QRRK/MSC ANALYSIS WITH CHEMDIS                                         
PLOG /                                       +1.0000000E-003 +1.2700000E-002 +2.5200000E+000 +4.6970000E+004 /  
PLOG /                                       +1.0000000E-002 +1.2800000E-001 +2.5200000E+000 +4.6972000E+004 /  
PLOG /                                       +1.0000000E+000 +1.4800000E+001 +2.4700000E+000 +4.7064000E+004 /  
PLOG /                                       +1.0000000E+001 +1.4800000E+002 +2.3700000E+000 +4.7403000E+004 /  
PLOG /                                       +1.0000000E+002 +1.0200000E+003 +2.2000000E+000 +4.7829000E+004 /  

(a) (b)

(c)
(d)
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Figure A98. Scan of the CH3 internal rotor in acetone performed at M062X/6-311++G(d,p) method. 

 
Figure A99. Scan of CH2OȮ rotor in CH3COCH2OȮ performed at M062X/6-311++G(d,p) method. 
  

 
Figure A100. Scan of ĊH3 rotor in CH3COCH2OȮ performed at M062X/6-311++G(d,p) method. 

 
Figure A101. Scan of OO rotor in CH3COCH2OȮ performed at M062X/6-311++G(d,p) method. 
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