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 Hydroperoxy (HO2) and hydroxyl (OH) radicals are known to play important roles in both 

combustion and atmospheric chemistry. Although less reactive than hydroxyl radicals, HO2 has 

been found to be important to the ignition process in combustion systems and has been found in 

greater concentrations than that of OH in the troposphere. In this work, gas-phase reactions 

between HO2 and hydrogen halides (HX, X=F, Cl, Br, I) are examined due to the catalytic effect 

halides can have in the ozone destruction process, as well as their ability to inhibit flame speeds 

under combustion settings. During the study of the abstraction reaction, a novel double exchange 

process between HO2 and hydrogen halides was discovered. These new exchange reactions were 

found to have barriers significantly lower than the corresponding abstraction process due to a 

highly structured transition state which is characterized as a planar ring. The kinetics of the 

abstraction and the exchange process were also compared. It was found that due to a competition 

between entropic and energetic effects the abstraction process dominates at high temperatures and 

the exchange reaction is more significant at low temperatures.  

 The kinetics of gas-phase reactions between HO2 and OH with pyruvic acid were also 

examined. Pyruvic acid is an important keto-acid intermediate formed from the oxidation pathway 

of isoprene. This molecule is unique due to slow oxidation rates by OH and the ability to absorb 

in the UV-vis region. These characteristics lead to photolysis being the primary channel for 

degradation in the troposphere. In this work, accurate rate coefficients are determined for use in 
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atmospheric models and compared to experimental estimates. Due to the number of possible 

hydrogen transfer reactions in pyruvic acid, reactions with hydroperoxy radicals were also 

examined to see if barrier lowering effects could play a role under atmospheric conditions. It was 

found that although HO2 mediation produced a catalytic effect on the reactions barriers, the high 

energy products of the reactions made this effect negligible on the rate constants.  
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Chapter 1 

Introduction 

 

 

Radical species are known to play important roles in a variety of chemical environments 

ranging from reactions in the atmosphere to chemical combustion chambers. Although there are 

many radical species that are important in both atmospheric and combustion chemistry, the present 

work will primarily focus on gas-phase reactions involving either HO2 or OH radicals.  

Although both of these molecules are unstable radicals, hydroxyl radicals are known to be 

highly reactive and have much shorter lifetimes in comparison to those of hydroperoxy radicals.1 

Sources of hydroxyl radicals can include the decomposition of hydroperoxides or under 

atmospheric settings they can be formed photochemically from atomic oxygen reacting with water.  

1 2 3 Due to the high reactivity of these radicals, the typical lifetime of an OH molecule is less than 

one second while in clean air and can be as short as 10 ms while in polluted air. 1 4 This is much 

lower than the average lifetime of a HO2 radical which typically has a lifetime of approximately 

100 seconds.1 Current measurements put the average global concentration of OH in the troposphere 

to be much lower than that of HO2 radicals due to the increased reactivity and shorter lifetimes 

than that of HO2. This difference in relative abundances can be quite large under certain conditions, 

where HO2 has been approximated to be 100 times more abundant during the day. 1 In tropospheric 

chemistry, hydroxyl radicals have been known to play a role in the removal of some pollutants and 

greenhouse gasses.5 6  Hydroxyl radicals have also been shown to be responsible for the production 

of several organic radical precursors from reactions with volatile organic compounds. 1 Hydroxyl 

radicals are also important in combustion systems, where its interaction with fuel components is 

known to be an important elementary step in almost all combustion mechanisms.7  
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 Although HO2 radicals are typically less reactive than OH, they are still important in both 

atmospheric and combustion chemistry. Under atmospheric conditions they are a source of organic 

peroxy radicals, and they can also react with compounds such as NO to produce hydroxyl radicals.1 

In combustion models, reactions involving HO2 have often been found to be highly sensitive 

during sensitivity analysis.8 9 In the case of the combustion of methanol and butanol, reactions 

involving HO2 have been found to be the most sensitive during sensitivity analysis.9 It’s self-

reaction has also been found to be important in combustion models during the ignition process.9 10  

The first study of this thesis focuses on two reactions between HO2 and hydrogen halides. 

Similar to HO2 and OH radicals, halides species are known to play roles under both atmospheric 

and combustion settings. For example, in combustion chemistry certain halides have been shown 

to act as flame retardants.11 12 Whereas, in atmospheric chemistry, halogens have been known to 

have catalytic cycles that can destroy thousands of ozone molecules per halogen atom.13  

The abstraction process between HO2 and HX is one potential source for halide radicals. 

During the study of the abstraction reaction, a novel double hydrogen exchange process was 

discovered. The exchange reactions between these chemical species were found to have a barrier 

lowering effect when compared to the abstraction process.  Although novel for these systems, 

barrier lowering effects from hydrogen exchange have been observed before with other molecules. 

For example, water has been found to have the ability to mediate concerted H-atom exchange 

reactions which can provide a much lower barrier pathway compared with direct single H-atom 

exchange. An influential example of this effect was provided by Morokuma and Muguruma 14 who 

studied the SO3+H2O → H2SO4 reaction. Spurred by experimental observation,15 16 17 these authors 

found that by adding a single water molecule the transition state barrier was lowered by over 25 

kcal mol-1.  Skodje and coworkers have also demonstrated a substantial lowering of the TS barrier 
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via concerted reactions while studying the CH2FOH→CH2O+HF and CH2(OH)2→CH2O+H2O 

reactions for clusters containing up to three water molecules.18 19 Francisco and coworkers20 21 

have shown that multiple H-atom transfer reactions can be important for a variety of atmospheric 

reactions.  There are also numerous other theoretical studies that show similar TS barrier lowering 

behavior for reactions in water clusters.22-27   

These types of concerted H-atom transfer reactions have also been found to occur for the 

hydroperoxy radical, although they have been studied in less depth than those of water.  Karton28 

studied the HO2 catalyzed tautomerization of vinyl alcohol, HO2+CH2CHOH→HO2+CH3CHO, 

and also noted the catalytic power of several other inorganic acids.  da Silva29 investigated a double 

hydrogen exchange reaction involving glyoxal and HO2 that ultimately leads to OH formation.  

Gas phase keto-enol isomerization was shown to occur through a double proton exchange 

mechanism mediated by carboxylic acids.30 In this work I will show that HO2 can mediate 

hydrogen transfer with a hydrogen halide. While the application of the chemistry itself is less clear, 

the simplicity of these reactions allows the study of how simple chemical characteristics affect the 

ability of HO2 to act as a hydrogen transfer mediator. This can be useful while studying other 

concerted multiple hydrogen atom transfer reactions involving hydrogen bonded species.  It is also 

important to emphasize that concerted multiple H-atom can occur for such simple halogen 

containing species.   

In the second study of this thesis, the reactions between HO2 and OH with pyruvic acid are 

examined.  Pyruvic acid, a keto-acid intermediate of the isoprene oxidation channel, has found in 

the troposphere under a variety of conditions in large mixing ratios. 31 32 33 34 35 36 37  Isoprene is a 

volatile organic compound (VOC) and these types of organics have been linked to secondary 

organic aerosol formation (SOA) as well as smog and haze formation when hydroxyl radicals are 
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available. 38 39 Pyruvic acid is a unique compound because unlike many VOCs which react readily 

with OH, photolysis is thought to be the primary degradation pathway with OH merely acting as 

a secondary sink. 40 41 Although thought to be slow little research has been done on obtaining good 

rate constants for atmospheric models, with the work by Mellouki and Mu being the only source 

of direct experimental measurements.40 In this work the reactions between OH and pyruvic acid 

are examined in an attempt to better categorize the reaction. The reactions between HO2 and 

pyruvic acid were also studied. It was thought that similar to the work in the first study, HO2 could 

help mediate some of the hydrogen transfer reactions.  
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Chapter 2 

Theoretical Methods 

 

2.1  Introduction 

 

In this thesis conventional transition state theory (TST) was employed to obtain thermal 

rate constants using barriers and frequencies determined from density functional theory (DFT). In 

the second study, coupled cluster single-double with perturbative triples CCSD(T) is also used for 

energetic calculations to compare to the DFT results. Density functional theory was used to 

determine the relative energies, barrier heights and frequencies in the various systems studied due 

to the balance between accuracy and computational cost in determining reaction energetics. Small-

curvature tunneling corrections were obtained from intrinsic reaction coordinates calculated with 

the Gonzalez-Schlegel 2nd order (GS2) algorithm. Quantum theory of Atoms in Molecules 

(QTAIM) was also performed in order to explain the relative barrier heights of the halide systems 

studied in this thesis. The following section will provide relevant background information on the 

methodology used in this thesis.   

2.2  Density Functional Theory 

 

The Hamiltonian for a N-body system interacting via a coulombic potential is given by 

Equation 2.1. 

𝐻̂ = ∑(−
ℏ2

2𝑚
∇i

2)

𝑁

𝑖=1

+
1

2
∑∑

𝑍𝑖𝑍𝑗

4𝜋𝜖𝑜|𝑟𝑖 − 𝑟𝑗|
 

𝑁

𝑗≠𝑖

𝑁

𝑖=1

 (2.1) 

When dealing with a molecular system, both the kinetic energy and coulombic terms can be split 

into separate electronic and nuclear contributions. 
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𝐻̂ = 𝑇̂𝑛 + 𝑇̂𝑒 + 𝑈̂𝑒𝑒 + 𝑈̂𝑒𝑛 + 𝑈̂𝑛𝑛 (2.2) 

One approximation that is made when solving for the energy of an N-body molecular system is 

the Born-Oppenheimer approximation. The Born-Oppenheimer approximation states that due to 

the large relative difference in masses between electrons and nuclei one can separate nuclear and 

electronic motion and treat the energy of the system as a function of nuclear coordinates. The 

Born-Oppenheimer Hamiltonian thus has the following form. 

𝐻̂𝑒 = 𝑇̂𝑒 + 𝑈̂𝑒𝑒 + 𝑈̂𝑒𝑛 + 𝑈̂𝑛𝑛 (2.3) 

This electronic Hamiltonian can be used to solve the electronic energy as a function of nuclear 

coordinates with the electronic wavefunction 𝜙(𝑟, 𝑅).  

𝐻𝑒̂𝜙(𝑟, 𝑅) = 𝐸𝑒𝑙(𝑟, 𝑅)𝜙(𝑟, 𝑅) (2.4) 

Although the exact equations to solve for the electronic energy of a molecular system are known, 

analytical solutions are impossible for a many-body problem. This is due to the electronic repulsion 

term and the fact that the electrons in the exact electronic wavefunction are coupled and non-

separable. Methods that take the B.O. Hamiltonian and make further approximations have been 

developed in order to solve for molecular energies. One such method is the Hartree-Fock 

approximation which treats the electrons of a molecular system as a mean field. Although the 

Hartree-Fock approximation allows us to solve for the energy of a many-body system, it also fails 

to consider any electron correlation for the molecular system and additional ab initio methods have 

been developed which try to take correlation energy into account such as, configuration interaction 

(CI), coupled cluster (CC), Møller-Plesset perturbation theory (MP), etc. 

For large chemical systems these ab initio methods can be very computationally demanding 

because they scale with the number of electronic coordinates. Density functional theory (DFT) on 
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the other hand merely uses the electron density as a function of the three cartesian coordinates to 

solve for the energy of the system and can often yield reasonable results at a much lower 

computational cost. 

Density functional theory (DFT) uses functionals to calculate the energy as a function of 

electron density. There are two important theorems that were used in the development of DFT 

which are known as the Hohenberg-Kohn theorems42 and are as follows:  

1. The external potential is a unique functional of the electron density only. Thus the 

Hamiltonian, and hence all ground state properties, are determined solely by the 

electron density. 

 

2. The ground state energy may be obtained variationally: the density that minimizes the 

total energy is the exact ground state density. 

 

These theorems simply state that ground state expectation values of observables are 

functionals of the ground state density, and that there must exist some unknown universal 

functional of the electron density which would yield the ground state energy for an N-body system 

from its ground state electron density. Although these theorems lay the foundation for DFT they 

fail to indicate how to solve for the ground state density and thus the energy of the ground state 

for of an N-body system. To provide a way to use these theorems Kohn and Sham formulated a 

method to solve for the electron density of a system.43 Their ansatz is that a N-body system of 

interacting particles can be solved for by the density of a system of non-interacting particles. This 

means that the ground state wavefunction of a system can be given exactly by a single slater 

determinant of single particle orbitals. This procedure allows us to solve for the electron density 

of a molecular system, because we can now obtain the electron density from the newly created 

wavefunction. 
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𝑛(𝑟) = ∑|𝜓𝑗|
2

𝑁

𝑗=1

 (2.5) 

As mentioned by the HK theorems, the total electronic energy of a molecular system is a 

functional of the ground state electron density. Just like in the Electronic Hamiltonian in Equation 

2.3, the electronic energy can be further decomposed into both a kinetic and potential contribution 

and each of these components are also a function of the electron density.  

𝐸[𝑛(𝑟)] = 𝑇[𝑛(𝑟)] + 𝐸𝑒𝑛[𝑛(𝑟)] + 𝐸𝑒𝑒[𝑛(𝑟)] (2.6) 

Here there are potential terms for both the electronic-nuclear repulsion and electronic-electronic 

repulsion. The electron-electron repulsion term can be separated into a coulombic repulsion energy 

and an exchange-correlation 𝐸𝑥𝑐  energy term, 𝐸𝑒𝑒[𝑛(𝑟)] = 𝐽[ 𝑛(𝑟)] + 𝐸𝑥𝑐[𝑛(𝑟)]. The exact 

exchange-correlation functional is unknown and presently we can solve for each energetic term 

exactly except for that of the exchange-correlation. There have been many methods proposed over 

the years in order to try and approximate this unknown functional. Using an approximated form 

for this functional, the energy of a molecular system can be solved in a self-consistent iterative 

process similar to that of a Hartree-Fock SCF calculation. In this work DFT is used for stationary 

point optimization, frequency calculations and reaction energetics. There are a wide number of 

existing functionals to choose from with each functional performing well for certain systems. In 

this work heavy halides are examined as well as many main group elements, and the appropriate 

functional needs to be selected.  

In the literature, certain functionals have been reported to have lower errors in energetic 

calculations for halide systems, including many of the Minnesota functionals developed by the 

Truhlar group, BMK, and the ⍵B97 family.44 45 Kozuch et al. reported on the effectiveness of 

different functionals at predicting the properties of halogen bonds by using a wide number of 
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model systems.45 These authors found that many of the Minnesota functionals provided both 

excellent geometries and energetics. The M06-2x functional for example was found to have 

energetic RSMD errors of approximately 0.43 kcal/mol and a maximum error of 1.58 kcal/mol. 

Although DFT typically has larger errors associated with predicted energetic values than that of 

ab initio methods, under certain conditions some functionals have been found to perform as well 

as the average accuracy of CCSD(T).46  In the first study of this thesis a group of these functionals 

will be examined to see which predicts the most accurate energetics for the systems studied when 

compared to thermodynamic data. This will include the M11 functional, which is a newer member 

of the Minnesota functional family developed by the Truhlar group. This functional was developed 

to be more accurate for a wider range of reactions than its predecessors such as the M06 and M05 

sets of functionals.47 48 49 50 A more recent study on the cycloreversion of heterocyclic rings by Yu 

et al. found the M11 functional provided the best performance with a RMSD error of 1.14 kcal/mol 

from an ab initio benchmark when compared to other functionals designed for main group 

chemistry.51 M11 also appears to be accurate at determining the energetics of systems with only 

main group elements. For example, a study by Friedrich et al. found that M11 was very accurate 

when predicting the energetics for large water clusters. 52 

2.3  Coupled Cluster Methods 

 

In the second study of this thesis many of the reaction barriers were found to be similar in 

magnitude to the maximum error that can arise from a typical DFT calculation. Because of the 

small reaction barriers and low temperatures studied both ab initio and DFT methods were used 

to predict the reaction energetics. In this study Coupled Cluster with perturbative triples 

CCSD(T) was the ab initio method chosen to calculate the reaction energetics. CCSD(T) is 

commonly known as the gold standard of single determinant methods in computational 
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chemistry.53 54 55 Although this method provides both accurate bond energies and geometric 

structures it is also extremely computationally expensive as it scales as N7 with the number of 

basis functions, for comparison DFT is thought to scale as N3.53 This large computational cost 

tends to limit CCSD(T) to energetic calculations for larger systems while using the optimized 

structures and frequencies from a less computationally expensive method. For systems well 

suited for single reference methods CCSD(T) typically give energetic errors less than 1 

kcal/mol.56 Multiple studies have also reported errors less than 0.2 to 0.5 kcal/mol when using 

CCSD(T) to obtain the thermochemical data.57 58 59 

 

2.4  Basis Set Expansion 

 

 

In order to solve for the wavefunctions of the systems being studied a basis must first be 

defined. The most common procedure is to expand the wavefunction into a linear combination of 

known functions. 

𝜓(𝑟) = ∑𝑐𝑖 𝜙𝑖

𝑖

(𝑟) 
(2.7) 

Here 𝜓 is the wavefunction we are interested in solving for, 𝑐𝑖 𝜙𝑖 are the known functions 

and their respective weighting factors. For gas phase chemistry the basis is usually a combination 

of contracted gaussian functions which have the form 𝜙𝑖(r) = 𝑐𝑖 exp(−𝜁𝑖𝑟
2),  each of which 

represent a basis function for the wavefunction in question. John Pople realized a split basis was 

necessary to describe the valence orbitals to obtain more accurate results.60 61 Often there are also 

more functions added to take any polarization effects of these orbitals into account and for anionic 

species there are functions added to consider any diffuse effects. Typically, the more functions 

added into the system to describe the wavefunction will yield more flexibility in the description of 
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the system and thus results that are closer to the true value. The coefficients of these basis functions 

are then optimized using a variational self-consistent field approach such as HF or DFT until the 

energy is self-consistent. 

Newer sets of basis functions have been developed which are meant to take electron 

correlation into account, one of the most widely used would be the set developed by Dunning Jr. 

and coworkers.62 63 64 65 66 Dunning’s correlation consistent basis functions take the form cc-pVXZ, 

where X indicates the split of the valance and can be D for double zeta, T for triple zeta, etc. The 

coefficients of these basis functions were optimized using correlation methods and are meant to 

give smooth convergence to the complete basis set limit. By solving for the energy of the system 

with multiple zeta values the energy at the complete basis limit can be approximated. In this work 

the energy was extrapolated to the complete basis set (CBS) limit using the three basis sets 

(X=D,T,Q) and an inverse cubic function extrapolation scheme. 

𝐸(𝑛) = 𝐸𝐶𝐵𝑆 + 𝐴𝑛−3 (2.10) 

2.5 Transition State Theory 

 

Transition state theory (TST) was used to determine thermal rate constants of the various 

bimolecular chemical reactions studied. For reactions that occur from a single conformer the 

thermal rate constant can be determined from Equation 2.8. 

𝑘𝑇𝑆𝑇(𝑇) =  
𝑘𝐵𝑇

ℎ

𝑄‡/𝑉

QA/V ∙ QB/𝑉
 e

−
𝛥𝐸‡

𝑘𝐵𝑇 (2.8) 

The canonical partitions functions QA,j, QB,k, and Qi
‡, were calculated using the harmonic 

oscillator-rigid rotor approximation using the parameters at the stationary points of the potential 

and 𝛥𝐸0
‡
 is taken as the zero-point corrected barrier between the reactants and transition state. 
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Occasionally a system will contain either a reactant or transition state with multiple 

conformers. When this occurs a modified expression for the rate constant must be used. Pyruvic 

acid is examined in the second study of this work and this molecule has two major conformations 

found in the gas phase. When calculating the rate coefficients for these systems, both 

conformations were accounted for using multi-path transition state theory with a local harmonic 

approximation to compute the rate coefficients for each set of reactions.67 68 69 

     𝑘(𝑇) =  
𝑘𝐵𝑇

ℎ

∑  𝜅𝑖(𝑇) 𝑄𝑖
‡/𝑉 exp (−

Δ𝐸𝑖
𝑘𝐵𝑇

)𝐴𝑙𝑙 𝑇𝑆
𝑖

∑ 𝑄𝐴,𝑗/𝑉 exp (−
Δ𝐸𝑗

𝑘𝐵𝑇
)

𝐴𝑙𝑙 𝑅𝐴
𝑗

∑ 𝑄𝐵,𝑘 /Vexp(−
Δ𝐸𝑘
𝑘𝐵𝑇

)
𝐴𝑙𝑙 𝑅𝐵
𝑘

exp (−
Δ𝐸0

‡

𝑘𝑏𝑇
)     (2.9) 

Once again the canonical partitions functions QA,j, QB,k, and Qi
‡, were calculated using the 

harmonic oscillator-rigid rotor approximation using the parameters at the stationary points of the 

potential. Now 𝛥𝐸0
‡
 is taken as the zero-point corrected barrier between the lowest energy 

conformation of the transition state and the lowest energy conformer of the reactants. Δ𝐸𝑗, Δ𝐸𝑘, 

and Δ𝐸𝑖 are the zero-point corrected energy differences between structures j, k, and i and their 

respective lowest energy conformer. Quantum mechanical tunneling is included in the rate 

expression by a transmission coefficient 𝜅𝑖(𝑇) determined using small-curvature tunneling.  A 

transmission factor is included for each transition state conformer by multiplying each 

transmission coefficient by its respective transition states partition functions. 

The canonical partitions functions used in the transitions state theory expressions are a 

product of the translational, rotational, vibrational and electronic partition functions for that 

species.  

𝑄 = 𝑞𝑡𝑟𝑎𝑛𝑠𝑞𝑟𝑜𝑡𝑞𝑣𝑖𝑏𝑞𝑒𝑙 (2.10) 
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For a gas phase molecular system with three degrees of translational freedom, the translational 

partition function of a molecule can be simply calculated from the molecular mass m and the 

temperature of the system.  

𝑞𝑡𝑟𝑎𝑛𝑠 = (
2𝜋𝑚𝑘𝐵𝑇

ℎ2
)

3
2
𝑉 (2.11) 

The rotational partition function depends on a symmetry factor 𝜎, the moment of inertia of the 

molecule in question and the temperature of the system. For a system with three rotational degrees 

of freedom the rotational partition function has the following form. 

𝑞𝑟𝑜𝑡 =
𝜋2

𝜎
(
8𝜋𝐼𝑘𝐵𝑇3

ℎ2
)

1
2

 (2.12) 

For a linear diatomic molecule such as an OH radical, the moment of inertia can simply be 

determined by the reduced mass of the molecule 𝜇, as well as the molecular bond length 𝑟. 

𝐼 = 𝜇𝑟2 (2.13) 

For a non-linear polyatomic molecule the inertia calculation can be more complicated. For these 

systems the moment of inertia can be split into three components, 𝐼𝐴, 𝐼𝐵 and 𝐼𝑐 .  

𝐼 = 𝐼𝐴𝐼𝐵𝐼𝐶 (2.14) 

In cartesian coordinates these components can be solved for by building an inertia matrix from the 

cartesian coordinates of the molecule and then diagonalizing the resulting matrix.  

𝐼𝑝 = [

𝐼𝑥𝑥 −𝐼𝑦𝑥 −𝐼𝑧𝑥
−𝐼𝑥𝑦 𝐼𝑦𝑦  −𝐼𝑧𝑦
−𝐼𝑥𝑧 −𝐼𝑦𝑧 𝐼𝑧𝑧

] (2.15) 
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𝐼𝑝 = [
𝐼𝐴 0 0
0 𝐼𝐵 0
0 0 𝐼𝐶

] (2.16) 

Once the three components of the molecular inertia are obtained they can be used to calculate the 

rotational partition function by substituting in 𝐼𝐴𝐼𝐵𝐼𝐶  for 𝐼 . 

𝑞𝑟𝑜𝑡 =
𝜋2

𝜎
(
8𝜋𝐼𝐴𝑘𝐵𝑇

ℎ2
)

1
2
(
8𝜋𝐼𝐵𝑘𝐵𝑇

ℎ2
)

1
2
(
8𝜋𝐼𝐶𝑘𝐵𝑇

ℎ2
)

1
2
 (2.17) 

The vibrational partition function depends on the real eigenvalues of the vibrational modes. These 

eigenvalues can be obtained by performing normal mode analysis and then mass weighting the 

resulting force constant matrix. This mass weighted matrix is known as the Hessian whose 

eigenvalues are the square of the frequencies of the normal modes of the molecule.  For a minimum 

stationary point on the potential there will be either five or six zero frequencies for a diatomic or 

a polyatomic respectively with either 3N-5 or 3N-6 real frequencies. These zero frequencies result 

from the translational and rotational motion of the molecule. The vibrational partition function for 

a minimum has the following form. 

𝑞𝑣𝑖𝑏 = ∑
1

1 − exp (−
ℎ𝜈
𝑘𝐵𝑇

)

3𝑁−6/5

𝑖

 (2.18) 

To obtain the vibrational partition function one simply sums over this expression for the real 

vibrational frequencies of the molecule. For a first order saddlepoint on the potential surface there 

will be six zero frequencies as well a single imaginary frequency and 3N-7 real modes. The 

vibrational partition function for a saddlepoint has the same form, except the imaginary frequency 

corresponding to motion along the reaction path is excluded. 
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𝑞𝑣𝑖𝑏 = ∑
1

1 − exp (−
ℎ𝜈𝑖

𝑘𝐵𝑇
)

3𝑁−7

𝑖

 (2.19) 

The electron partition function of a molecular system is based on the degeneracy of the electronic 

states available to the molecular system. 

𝑞𝑒𝑙 = 𝑔𝑜 + g1 exp (−
𝐸2

𝑘𝐵𝑇
) + g2 exp (−

𝐸3

𝑘𝐵𝑇
) + ⋯. (2.20) 

For nonlinear polyatomic molecules the electronic degeneracy is calculated from the spin 

degeneracy of the molecule,  𝑔𝑒𝑙 = (2𝑆 + 1). Usually the energies of excited electronic states are 

much larger than that of the reference state and the electronic partition function is simply the 

degeneracy of the reference state, ie for a singlet 𝑞𝑒𝑙 = 1 and for a doublet 𝑞𝑒𝑙 = 2, and so on. 

Linear molecules such as hydroxyl radicals have both spatial and spin symmetry which need to be 

considered when calculating the electronic partition functions. Furthermore, when calculating the 

electronic partition function of the OH radical the fine splitting of the doublet ground state needs 

to be taken in account, each of these states differ by 140 cm-1 and this must both also be considered 

for the electronic partition function.70 71 72   

2.6  Intrinsic Reaction Coordinate 

Quantum mechanical tunneling was also incorporated into the rate expression using a 

transmission coefficient 𝜅(𝑇).   

𝑘(𝑇) = 𝜅(𝑇) ⋅ 𝑘𝑇𝑆𝑇(𝑇) (2.21) 

The transmission coefficients were computed using the small-curvature tunneling (SCT) method, 

which is similar to the zero-curvature tunneling (ZCT) method except the curvature of the reaction 

path is considered.  
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In order to determine the tunneling correction for a given system using the SCT method, 

both the minimum energy path as well as Hessian matrices along the path are required. The 

intrinsic reaction coordinate (IRC) was defined by Fukui in the 1970’s as the mass weighted 

steepest descent path on the potential energy surface starting from a first order saddle point.73 

Solutions for the IRC can be obtained by solving the following differential equation. 

𝑑𝑞𝑚⃑⃑⃑⃑  ⃑(𝑠)

𝑑𝑠
= 𝑛⃑ (𝑠) 

(2.22) 

Here 
𝑑𝑞𝑚⃑⃑ ⃑⃑ ⃑⃑  (𝑠)

𝑑𝑠
 are the mass weighted displacements in cartesian coordinates along the reaction path 

s and 𝑛⃑ (𝑠) is the unit vector obtained from the gradient at point s on the reaction path. It is 

convention to state that 𝑠 = 0 as the first order saddle point, 𝑠 < 0 going to the reactants and 𝑠 >

0 going to the products. Although this expression appears to be relatively simple, the function can 

exhibit stiff character and can also be challenging to integrate when the gradient of the path 

approaches zero.74 75 76  There are a wide selection of integrators that can be used to solve for the 

reaction path with each method producing paths with various degrees of accuracy. Some 

integrators which have been used include simple Euler integration, Runge-Kutta of various orders, 

Page and McIver’s local quadratic approximation (LQA) and the Gonzalez-Schlegel 2nd order 

algorithm. 77  In this thesis the GS2 algorithm was selected because it is a fairly robust algorithm 

that allows for a fairly large step size during integration while still yielding accurate results.74 75 76 

78  The method is also quite good at handling the stiffness problem frequently encountered when 

solving for an IRC.75 The GS2 algorithm is characterized as a gradient following method coupled 

with a constrained optimization on a hypersphere of fixed radius. The algorithm first takes a half 

and full step along the reaction path using a simple Euler approach with a step-size of termed 𝑙 to 
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avoid confusion with the true reaction path variable s, and these half and full steps are given by 

equations 2.26 and 2.27 respectively.  

𝑞𝑚𝑘
∗ = 𝑞𝑚𝑖

−
1

2
𝑙 𝑛⃑ (𝑠) (2.23) 

𝑞𝑚𝑘
= 𝑞𝑚𝑖

− 𝑙 𝑛⃑ (𝑠) (2.24) 

Here 𝑞𝑚𝑘
∗  and 𝑞𝑚𝑘

 are the mass weighted cartesian coordinates of the half and full step 

respectively. Next using a quadratic expansion of the potential energy surface at the current 

location on the reaction path, a constrained optimization on a hypersphere with a fixed radius of 

1

2
𝑙  is performed as illustrated in Figure 2.1. The vector between the center point of the hypersphere 

𝑞𝑚𝑘
∗  and points on the surface of that sphere are labeled as 𝑝𝑚⃑⃑⃑⃑  ⃑ and the mass weighted displacements 

between two points on the hypersphere are labeled 𝛿𝑞𝑚⃑⃑⃑⃑  ⃑.  

 

Figure 2.1 Illustration of GS2 path finding algorithm. 



 

 

 18 

The displacement vector 𝛿𝑞𝑚⃑⃑⃑⃑  ⃑, must be determined in order to find the next point on the 

hypersphere during the optimization process. The displacement on the hypersphere in mass 

weighted coordinates can be defined as the following  

𝛿𝑞 𝑚 = −(𝐻𝑚 − 𝜆𝐼)−1(𝑔 𝑚 − 𝜆𝑝 𝑚)  (2.25) 

In order to find 𝛿𝑞𝑚⃑⃑⃑⃑  ⃑ with this expression the Lagrange multiplier 𝜆 must first be determined, which 

can be found with the following equation which comes from a quadratic expansion of the energy 

and imposing the constraint that the hypersphere has a radius of 
1

2
𝑙 as shown by Gonzales and 

Schlegel.77  

[𝑝 𝑚 − (𝐻𝑚 − 𝜆𝐼)−1(𝑔 𝑚 − 𝜆𝑝 𝑚)]𝑇[𝑝 𝑚 − (𝐻𝑚 − 𝜆𝐼)−1(𝑔 𝑚 − 𝜆𝑝 𝑚)] − (
1

2
𝑙)

2

= 0 (2.26) 

Here 𝐻𝑚 is the Hessian matrix and 𝐼 is the identity matrix. For each step during the optimization 

process the Hessian needs to be determined in order to determine the correct multiplier. The 

Hessian can either be computed from scratch or updated using a numerical method such as the 

Broyden–Fletcher–Goldfarb–Shanno (BFGS) method. In this work the Hessian at each step along 

the reaction path was reevaluated as well as for each micro-iteration of the optimization process. 

Although this procedure can be more expensive for larger systems, recalculating the Hessian at 

each point can help reduce error in the IRC and should also allow larger step sizes to be taken.  

Once the Hessian has been determined at a given point, the Lagrange multiplier can then 

be solved using a variety of methods, but in this work a simple root search on Equation 2.26 was 

used. One important thing to note is that 𝜆 must be negative and less than the lowest eigenvalue of 

the Hessian in order to ensure a downhill optimization step. This optimization process is carried 

out until 𝛿𝑞𝑚⃑⃑⃑⃑  ⃑ and the gradient tangent to the hypersphere is less than some predetermined cutoff 
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preferably as close to zero as possible. Once the optimization process is complete based on the 

initial criteria, the energy, Hessian, gradient and coordinates at the new point are saved to a file 

and a new step and half step are taken with Equations 2.26 and 2.27. This process is then repeated 

until the maximum value of the mass weighted gradient of the potential surface along the path is 

less than a predetermined cutoff value.   

After obtaining the IRC, the adiabatic potential can be determined from the coordinates, 

energy and Hessian determined at each point. The adiabatic potential along the reaction path is 

defined as the following. 

𝑉𝑎
𝐺(𝑠) = 𝑉𝑀𝐸𝑃(𝑠) +

1

2
∑ ℏ𝜔𝑖(𝑠)

3𝑁−7

𝑖

 

(2.27) 

 

𝑉𝑀𝐸𝑃(𝑠) = 𝑉(𝑠) − (𝑉𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡1 + 𝑉𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡2)  (2.28) 

Here  𝑉𝑀𝐸𝑃(𝑠) is the energy of the path at point 𝑠 which is then scaled by the potential energies of 

the reactants at infinite separation and 𝜔𝑖(𝑠) are the real non-zero frequencies at point s, 

determined from the corresponding projected Hessian matrix. The adiabatic path and the projected 

Hessians along the path can then be used to find the small-curvature tunneling corrections as 

outlined in the following section. 

2.7  Small Curvature Tunneling 

The small curvature tunneling method is a semiclassical approximation to find the tunneling 

through an adiabatic barrier. Similar to WKB theory, the transmission probability through a 

potential barrier is dependent on the amount of imaginary action. 

𝑃(𝐸) =
1

1 + 𝑒2𝜃(𝐸)
 

(2.29) 
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Here 𝑃(𝐸) is the quantum transmission probability through a one-dimensional barrier and the 

quantity 𝜃(𝐸) is the imaginary action integral computed between the classical turning points, 

(s<,s>), of the adiabatic barrier curve 𝑉𝑎
𝐺(𝑠) 

   

𝜃(𝐸) =
2𝜋

ℎ
∫ 𝑑𝑠√2𝜇(𝑉𝑎

𝐺(𝑠) − 𝐸)
𝑠>

𝑠<

 (2.30) 

Typically when the reaction path is mass weighted and curvature effects are neglected, such as in 

the case of the zero-curvature tunneling (ZCT) method, the reduced mass 𝜇(𝑠) is set to 1 amu. 

However, in the small-curvature tunneling approximation the curvature of the reaction path is 

factored into this expression by using an effective reduced mass 𝜇𝑒𝑓𝑓(𝑠) which is a coordinate-

dependent expression and is smaller than the collisional reduced mass reflecting the shortened 

tunneling path. The mass is determined from the adiabatic potential and the normal modes along 

the reaction path obtained from the GS2 algorithm as explained in Section 2.6, the effective mass 

is defined as the following 

𝜇𝑒𝑓𝑓(𝑠) = 𝜇 × min [exp (−2𝑎(𝑠) − [𝑎(𝑠)]2 + (
𝑑𝜏 (𝑠)

𝑑𝑠
)

2

)

1

] (2.31) 

The effective mass is always less than or equal to the normal reduced mass and thus the SCT 

approximation always has equal or larger transmission coefficients than that of the ZCT method. 

In this expression 𝑎 (𝑠) is defined at the product of the path curvature, 𝜅(𝑠), and turning point of 

the zero-point energy motion, 𝜏 (𝑠).   

𝑎 (𝑠) = |𝜅(𝑠) · 𝜏 (𝑠)| (2.32) 
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The curvature of the reaction path can be determined directly from the individual curvature 

coupling components.  

𝜅(𝑠) = ( ∑ |𝜅 𝑖(𝑠)|
2

3𝑁−7

𝑖

)

1
2

 (2.33) 

These coupling terms can be determined from the unit vector perpendicular to the path and the 

eigenvectors of the ith vibrational mode.  

𝜅 𝑖(𝑠) = −∑
𝑑𝑛𝑗⃑⃑  ⃑(𝑠)

𝑑𝑠
𝐿𝑗,𝑖(𝑠)

3𝑁

𝑗=1

 (2.34) 

Similarly the zero-point energy vibrational turning point can be determined from these individual 

coupling components of the ith mode and the frequency of the ith mode at each point along the 

reaction coordinate.  

𝜏 (𝑠) = 𝜅(𝑠)
1
2 [ ∑ [𝜅 𝑖(𝑠)]

2𝜔𝑖
2(𝑠)

3𝑁−7

𝑖

]

−
1
4

 (2.35) 

Using the zero-point energy turning point and reaction path curvature the 𝑎 (𝑠) value can be 

determined and used to solve for the effective reduced mass at point s as shown in Equation 2.34. 

Using the effective reduced mass obtained for each point along the reaction coordinate and the 

imaginary action integral 𝜃(𝐸) can be obtained from Equation 2.30 and then used to solve for the 

transmission probability as a function of energy. Finally, a thermal transmission coefficient can be 

obtained by using a normalized Boltzmann average of the small-curvature tunneling transmission 

probability.  
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𝜅(𝑇) =
∫ 𝑃(𝐸)𝑒

−
𝐸

𝑘𝐵𝑇∞

𝐸𝑜
𝑑𝐸

∫ 𝑒
−

𝐸
𝑘𝐵𝑇𝑑𝐸

∞

𝐸‡

 (2.36) 

Here 𝐸𝑜 is the threshold energy of the reaction, 𝐸‡ is the maximum of the adiabatic barrier and 

𝑃(𝐸) is the small curvature tunneling transmission probability determined from the imaginary 

action integral.  

2.8  Quantum Theory of Atoms in Molecules  

In the first study found in this thesis, the Quantum Theory of Atoms in Molecules (QTAIM) 

model is used to help explain relative barrier heights for a series of reactions. This model uses 

molecular electron density to interpret chemical phenomenon. In this theory, the electron density 

distribution function is used to explain phenomenon such as hydrogen bonds and the aromatic 

properties of rings. 79 80 One measure obtained from QTAIM is known as the delocalization index, 

which is based on the electron exchange-correlation density (XCD). Values of the delocalization 

index, 𝛿(𝐴, 𝐵), correspond to the number of electrons delocalized between two atoms, A and B.81 

82 83 84 85  In terms of natural molecular orbitals the delocalization index can be defined as the 

following. 

𝛿(𝐴, 𝐵) = −2∑𝑛𝑙

1
2  𝑛𝑚

1
2

𝑙,𝑚

  𝑆𝑙,𝑚 (𝐴) 𝑆𝑙,𝑚(𝐵) (2.37) 

Here 𝑛
𝑙

1

2  𝑛𝑚

1

2  are the occupation numbers of orbitals l and m and 𝑆𝑙,𝑚 are the off diagonal 

elements of the overlap matrices between these two orbitals which can be defined as the orbital 

overlap over the atomic domains of atoms A and B. 
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𝑆𝑙,𝑚(𝐴) = ∫𝜙𝑙,𝐴(𝑟)𝜙𝑚,𝐴(𝑟)𝑑𝑟 (2.38) 

The delocalization index has been used to study properties of molecules such as halogen bonds, 

solvation effects, and aromaticity, 85 86 87 88 89 including open shell species.90  In the present work, 

a wavefunction for the TS was obtained at the M06-2X/DZP level of theory using the GAMESS-

US which then serves as input for the computation of the delocalization index via the AIMAll 

program.91 
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Chapter 3 

Abstraction and Exchange Reactions of Hydrogen Halides 

 

3.1  Introduction 

Similar to HOx radicals, halide species have been known to play important roles in both 

atmospheric and combustion chemistry. For example, in combustion chemistry certain halides 

have been shown to act as flame retardants.11 12 Bromine for example has been found to have an 

effect on both laminar flame speed as well as causing an ignition delay time in combustion 

systems.92 93 On the other hand, in atmospheric chemistry, both bromine and chlorine have been 

known to have catalytic cycles that can destroy thousands of ozone molecules per halogen atom.13 

In more recent research, Saiz-Lopez et al. have also suggested that iodine containing species could 

have catalytic reaction cycles in the troposphere accounting for two to five times more ozone loss 

than either bromine or chlorine.94 Raso et al. have also suggested that iodine containing 

compounds could have a significant impacts during ozone depletion events even if these 

compounds have small mole ratios.95 Because of the importance of halogens in both combustion 

and atmospheric systems, accurate rate constants are needed when trying to model these reaction 

networks. Although the reactions of hydrogen halides with OH have been studied extensively in 

the literature, reactions with hydroperoxy radicals have been largely ignored, especially for the 

heavier halides.96 This chapter of this thesis will focus on hydrogen halide reactions with 

hydroperoxy radicals in an effort to try and obtain accurate rate constants for chemical models.  

The abstraction channel for the reaction of hydrogen halides with peroxy radicals is a 

potential source of halide radical species, in this work the abstraction process is labeled R1, and is 

shown in Equation 3.1.  
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𝑅1:   𝐻𝑂2 + 𝐻𝑋 → 𝐻2𝑂2 + 𝑋       (X=F, Cl, Br, I) (3.1) 

Only the abstraction process with the chlorine and bromine had been studied in any real depth in 

the literature. In the case of the bromine reaction, the only direct measurement was attempted by 

Mellouki et al. who only provided an upper limit to the rate constant at approximately 3.0× 10-20 

cm3 molecule/sec at 300K.97 Several authors have also provided upper limits by using the reverse 

reaction, but most estimates put the reaction below 10-14 cm3 molecule/sec around room 

temperature.98 99 100 101 102 Dixon-Lewis et al. performed a kinetic study of the abstraction process 

of using transition state theory and found that the rate constant at 300K was 3.2 × 10-20 cm3 

molecule /sec.103 This reported value is approximately three orders of magnitude below the upper 

bounds set by the direction measurement by Mellouki et al. One potential explanation for the 

discrepancy between theory and experiment could lie with the method used to estimate the 

tunneling for the rate constant. In the study by Dixon-Lewis et al. Wigner tunneling was selected 

as the method account for tunneling. While the Wigner method is useful due to its simplicity, 

Wigner tunneling has been shown to underestimate the transmission coefficient, especially for 

smaller magnitude imaginary frequencies.104 105 106  

Although no direct measurements of the abstraction process for chlorine had been reported, 

there are a number of experimental papers who have studied the reverse process, H2O2 + Cl → 

HO2 + Cl. 107 108 109 A theoretical study by Marouani et al. reported a reaction barrier of 3.2 

kcal/mol in comparison to an experimental estimate of 1.95 kcal/mol.110 They also found that their 

method vastly underestimated the reaction energy -9.5 kcal/mol compared to an experimental 

value of -17.8 kcal/mol reported by Keyser.107 Based on literature sources it would appear that the 

abstraction reactions involving fluorine and iodine have been studied to an even smaller amount 

than that of chlorine and bromine. Currently there are only two experimental papers on the reverse 



 

 

 26 

reaction of HO2 with fluorine, and there is currently nothing reported on the HI+HO2 reaction on 

the JANAF tables.111 112 

While investigating this abstraction process a novel double exchange reaction was found 

which has the following form.  

𝑅2:   𝐻𝑂2 + 𝐻′𝑋 → 𝐻′𝑂2 + 𝐻𝑋       (X=F, Cl, Br, I) (3.2) 

This double exchange process has been found to proceed through a five-member cyclic ring, as 

shown in Figure 3.1. 

 

Figure 3.1 Chemical mechanism for the R2 reaction. Here the red circles are oxygen atoms, white 

are hydrogen and the blue circle represents the halogen.  

 

While the exchange reactions R2 are not chemically observable for H=H′, for other isotopes such 

reactions may play a role in setting isotope abundances in the atmosphere.   

The present combined study of the halogen series, X=F, Cl, Br, and I, for reactions R1 and 

R2 can provide new insights into the factors that control the barrier lowering effect for multiple 

H-atom exchange reactions.  In the following sections the rate coefficients for the reactions are 

obtained using TST combined with an accurate determination of the tunneling transmission 

coefficient discussed previously in Section 2.7. QTAIM results are also presented to explain the 

barrier lowering effect that is seen between the R1 and R2 reactions for a given halogen. Since 

multiple H-atom exchange can be a dominant mechanism behind many physical processes, 
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understanding the factors that influence the barrier lower effect is an important task. In particular, 

noting the important role of halogen chemistry in the atmosphere and the participation of novel 

mechanisms in driving the chemistry for atmospheric species possessing long chemical lifetimes. 

3.2  Computational Methods 

 

As mentioned previously, DFT was chosen in this study due to the good balance between 

accuracy and computational cost. The first procedural step for the work in this study was to 

determine which DFT functional to use. It was important to choose a functional that would yield 

accurate energetics for use in the transition state theory calculations as well as in determining the 

intrinsic reaction coordinate.  In order to select a functional which would yield reliable results, the 

reaction energies of the abstraction process for HO2 + HX, where X=F, Cl, Br, I, were obtained by 

optimization and CBS extrapolation using several functionals then compared to known energetic 

values obtained from the JANAF thermochemical tables113 at 0K. A reaction barrier for HO2 + 

HBr reported by Dixon-Lewis et al. was also compared to. Several functionals were chosen, 

including the commonly used B3LYP, several Minnesota functionals, several long-range corrected 

functionals (wB97, wB97X, wB97X-D), as well as a general purpose functional BMK, which has 

been developed for high accuracy of reaction barriers.114 Each functional studied was used to 

optimize the stationary point structures and obtain their respective normal mode frequencies with 

DFT/cc-pVQZ. The energy of each species was then obtained by CBS extrapolation using DFT/cc-

pVXZ basis where X=(D,T,Q).  
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Table 3.1 The CBS extrapolated energies of the transition state and products of the R1 reactions 

from various functionals,as well as the exothermicity of the reaction at 0K determined from the 

JANAF and ATcT tables.114 115The geometry of each stationary point was optimized with the 

listed functional, and the energy was calculated with the same functional and extrapolated to the 

CBS limit using a power fit. The results also include harmonic zero point corrections.      
  

𝑿 = 𝑭  𝑿 = 𝑪𝒍  

Functional TS1 Product 𝚫𝑬𝟏 𝚫𝑬𝟐 Functional TS1 Product 𝚫𝑬𝟏 𝚫𝑬𝟐 

M11 N/A 52.00 0.62 2.93 M11 19.15 17.89 -0.50 1.88 

M06-2X N/A 48.74 -2.64 -0.33 M06-2X 16.01 16.08 -2.31 0.07 

B3LYP N/A 51.54 0.16 2.47 B3LYP 10.93 18.50 0.11 2.49 

b97 N/A 52.42 1.04 3.35 b97 20.96 20.25 1.86 4.24 

b97X N/A 51.49 0.11 2.41 b97X 18.62 19.90 1.51 3.89 

b97X-D N/A 51.48 0.10 2.41 b97X-D 16.38 19.97 1.58 3.95 

BMK N/A 50.28 -1.10 1.21 BMK 16.62 18.61 0.22 2.59 

JANAF N/A 51.38 N/A 2.31 JANAF N/A 18.39 N/A 2.38 

ATcT N/A 49.07 -2.31 N/A ATcT N/A 16.01 -2.38 N/A 

𝑿 = 𝑩𝒓  𝑿 = 𝑰  

Functional TS1 Product 𝚫𝑬𝟏 𝚫𝑬𝟐 Functional TS1 Product 𝚫𝑬𝟏 𝚫𝑬𝟐 

M11 10.16 4.07 1.27 3.83 M11 5.89 -9.23 4.20 6.57 

M06-2X 7.95 -0.74 -3.54 -0.98 M06-2X 4.02 -17.00 -3.57 -1.20 

B3LYP 5.05 4.88 2.08 4.63 B3LYP 2.77 -7.84 5.59 7.96 

b97 12.49 5.06 2.26 4.82 b97 8.27 -7.13 6.30 8.67 

b97X 10.82 4.94 2.14 4.70 b97X 6.88 -7.70 5.73 8.10 

b97X-D 8.71 5.22 2.42 4.98 b97X-D 5.46 -7.52 5.91 8.27 

BMK 9.45 2.45 -0.35 2.21 BMK 6.41 -10.49 2.94 5.31 

JANAF N/A 2.80 N/A 2.56 JANAF N/A -13.43 N/A 2.37 

ATcT N/A 0.24 -2.56 N/A ATcT N/A -15.80 -2.37  

Dixon-Lewis et al.103 10.52         

 

Table 3.1 shows the differences between the reaction energies determined with each 

functional and the experimental values determined from the JANAF, 

Δ𝐸1, and ATcT thermodynamic data, Δ𝐸2.114 115 First comparing the values to the JANAF 

thermochemical data, the B3LYP functional was good at predicting the energy change for the 

lighter halogen systems X=F, Cl with differences being less than 0.2 kcal/mol for both systems, 

the functional was less accurate for the heavier halogens X=Br, I. The functional also predicted a 
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vastly different barrier height for the abstraction barrier of HO2 + HBr compared to the value 

reported by Dixon-Lewis et al.  

Similar to B3LYP, the long-range corrected functionals used in this thesis (wB97, wB97X, 

wB97X-D) tend to have good agreement for the reaction exo/endo-thermicity for the lighter 

halogens and bad agreement with the heavy halogens, especially for the iodine system. The M06-

2X functional had similar errors for each halogen system studied, with each system having an error 

of about 2-4 kcal/mol for the reaction energies.  

Both the M11 and BMK functionals seemed to perform well at predicting the reaction 

energies for X=F,Cl, and Br. However, similar to the previously listed functionals both M11 and 

BMK had large errors in their relative predictions for the exothermicity of the iodine reaction. 

Despite the large error in the iodine system both M11 and BMK outperformed the other functionals 

studied in this thesis, with BMK typically having lower errors in the predicted exothermicity than 

M11. However, the BMK functional predicted a submerged barrier for HCl + HO2, which is 

experimentally known to be around 2 kcal/mol greater than the products and the functional also 

had a larger error than M11 when predicating the barrier height of HBr + HO2 when compared to 

the Dixon-Lewis value.  

With the exception of M06-2X, all methods studied had worse agreement with the ATcT 

thermochemical data. The major discrepancy between the JANAF and ATcT thermochemical 

values was the heat of formation of HO2 which is 2.42 kcal/mol higher in energy in the ATcT 

tables.114 115  Although the M06-2X functional had better agreement with the ATcT tables, it still 

predicts a submerged barrier for X=Cl, which is known to be higher in energy than the products. 

The functional also has worse agreement with the previously reported barrier of X=Br. The M11 

and BMK functionals were the next best functionals for predicting reaction endo/exo-thermicity 
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when looking at the ATcT thermochemical data. Thus, for the following study the M11 functional 

was selected due to its accuracy in determining the exothermicity of several reactions as well as 

the accuracy in evaluating the barrier heights of the HCl/HBr + HO2 systems. 

3.3  Results  

3.3.1  Stationary Point Structures and Energetics 

 

The stationary point structures were optimized using the GAMESS-US computational 

package. The structures for the R1 and R2 reaction series were obtained using the M11 functional 

with the cc-pVQZ basis for fluorine and chlorine. For the heavier halogens, bromine and iodine, 

pseudo-potentials were included for the core electrons and thus the cc-pVQZ-PP basis was used. 

It was found that at the M11/cc-pVQZ level of theory the HF+HO2→ H2O2+F reaction appeared 

to possess no saddlepoint and the reaction itself was extremely endothermic. Thus, the TS1 

“barrier” energy for this reaction was simply set to the zero-point corrected reaction 

endothermicity and no structure is reported. There were however transition state structures for the 

R1 reaction where X=Cl, Br and I, as shown in Figure 3.2. 
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Figure 3.2 The structures of the R1 transition states obtained for the abstraction reactions 

HX+HO2→X+H2O2.  The geometries were optimized using M11/cc-pVQZ-PP (for the X=I, Br) 

and M11/cc-pVQZ (for X= Cl).  Bond distances are in Angstroms and angles are in degrees.   

 

Unlike the R1 series, all four halogens had well defined barriers for the R2 series. The double 

exchange process of all four halogens were found to proceed through the same type of five 

membered ring as shown in Figure 3.3, with a pre-reactive complex proceeding the transition state.  
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Figure 3.3 The structures of the transition state TS2 (right), and the intermediate complex (left) for 

the exchange reactions HX+H′O2→H′X+HO2 with X=F, Cl, Br, I.  The geometries were optimized 

using M11/cc-pVQZ-PP (for the X=I, Br) and M11/cc-pVQZ (for X=F, Cl).  Bond distances are 

in Angstroms and angles are in degrees.  The geometry for the X=I case corresponds to the 

maximum of the adiabatic potential curve which is shifted from the location of the saddlepoint. 

 

Once the optimized structures of the reactants and their corresponding transition state 

structures were obtained single point energy calculations were performed to obtain the energies of 

each stationary point at the complete basis set (CBS) limit. The reaction barriers and 

endo/exothermicities were then calculated relative to the reactants at infinite separation with the 

CBS limit energies and the frequencies from the M11/cc-pVQZ or M11/cc-pVQZ-PP structures. 

The reaction energies are tabulated in Table 3.2 and presented in graphical form in Figures 3.4 for 

R1 and 3.5 for R2.  
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Figure 3.4 Energetics of the abstraction reactions HX+HO2→H2O2+X. These energetic values 

were obtained using M11/CBS/cc-pVQZ-PP (for the X=I, Br) and M11/CBS/cc-pVQZ (for X=F, 

Cl) employing harmonic zero-point correction.   
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Figure 3.5 Energetics of the exchange reactions HX+H′O2→H′X+HO2. These energetic values 

obtained using M11/CBS/cc-pVQZ-PP (for the X=I, Br) and M11/CBS/cc-pVQZ (for X=F, Cl) 

employing harmonic zero-point correction.  Each reaction exhibits stable van der Waals 

intermediates in the entrance and exit channel.    
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Table 3.2 The energies of the transition states, TS1(for reaction R1) and TS2 (for reaction R2), 

and the intermediate complex. These values obtained using the M11/cc-pVTZ structures with a 

complete basis set extrapolation.  The results include harmonic zero point corrections.    

 

∆E0(kcal/mol) Intermediate TS1 TS2 R1 Products C2v Intermediate 

HF+HO2 -5.60 N/A 8.01 52.00 N/A 

HF+DO2 -5.80 N/A 8.32 51.89 N/A 

DF+HO2 -5.96 N/A 7.97 51.55 N/A 

DF+DO2 -6.16 N/A 8.32 51.43 N/A 

HCl+HO2 -3.16 19.15 6.74 17.89 N/A 

HCl+DO2 -3.31 18.98 7.15 17.78 N/A 

DCl+HO2 -3.41 19.15 6.41 17.04 N/A 

DCl+DO2 -3.56 18.98 6.79 16.91 N/A 

HBr+HO2 -2.99 10.16 3.68 4.07 N/A 

HBr+DO2 -3.12 10.00 4.06 3.96 N/A 

DBr+HO2 -3.22 10.44 3.19 3.10 N/A 

DBr+DO2 -3.35 10.28 3.55 2.98 N/A 

HI+HO2 -2.39 5.89 2.71 -9.23 3.48 

HI+DO2 -2.50 5.75 2.81 -9.34 3.83 

DI+HO2 -2.57 6.23 2.66 -10.31 2.87 

DI+DO2 -2.67 6.09 2.76 -10.43 3.20 

 

The TS1 structures for the three halogens with well-defined saddlepoint structures, X=Cl, 

Br, and I are shown in Figure 3.4.  The geometry of the H2O2 fragment of TS1 is seen to resemble 

more closely the nonplanar equilibrium structure of the free H2O2 molecule. The HX bond length 

in the transition state structures was found to elongate with increasing size of the halogen and the 

weakening of the HX bond. The adiabatic barriers for the R1 abstraction series were found to 

decrease with the relative strength of the HX bond going from 19.15 kcal/mol for X=Cl to 5.89 

kcal/mol for X=I. The enthalpy of the R1 reaction series also changes greatly depending on the 

halogen, going from being extremely endothermic for X=F to moderately exothermic for X=I. The 

saddlepoint structures of the R1 series were also chiral with non-superimposable mirror images, 

which had to be considered when calculating any rate constants. 
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The saddlepoints of the R2 reaction were found to be highly structured with C2V symmetry. 

Each of these transition state structures lied in a plane and the X···H···Xʹ bond angles and lengths 

were found to be approximately equal. One thing to note is that the saddlepoint of the 

HI+HO2→H2O2+I reaction was found to bifurcate into twin saddlepoints with a low lying local 

minimum structure lying between them. On the Born-Oppenheimer surface this structure was 

found to be 0.23 kcal/mol lower in energy than the twin saddlepoints, however once a zero point 

correction was included this structure rose 0.78 kcal/mol higher in energy than either saddlepoint 

and thus acted as the adiabatic barrier for this reaction. Each double exchange reaction also had a 

pre and post-reactive complex that was formed through hydrogen bonds between the hydrogen 

halide and hydroperoxy radical.  When looking at the transition state structure of the double 

exchange reactions as the halogen becomes more electronegative, the geometry shifts with the O-

H bond elongating and the HOO bond angle decreasing.  The barrier energy also increases with 

electronegativity, with X=F having the largest energy of 8.01 kcal/mol while X=I has the lowest 

value of 3.48 kcal/mol.  The well depth for the pre- and post- reactive complexes likewise become 

progressively deeper with increasing electronegativity, with the HO2
…HF complex bound most 

strongly by 5.5 kcal/mol.  The HXH bond angle is seen to become quite acute with the heavier 

halogens with X=I yielding a 49º angle. Normally, one would assume that as the HXH bond angle 

becomes more acute the resulting strained structure would be less stable and thus have a higher 

reaction barrier. However the opposite effect was observed, where the system with the most acute 

bond angle has the lowest reaction barrier.  

It is interesting to contrast the reaction barriers obtained for the single H-atom abstraction 

reactions R1 to those for the double exchange process R2. In Table 3.2 the zero-point corrected 

barrier heights for TS1 are presented.  It is worth noting that the TS1 energies for 
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HX+HO2→H2O2+X are much higher than the corresponding TS2 values. This is true even for the 

exothermic X=I case.  The exchange TS2 barrier is seen to be lower than the abstraction TS1 

barrier even for the endothermic Br+H2O2→HBr+HO2 reverse reaction.  Clearly the quantum 

stabilization of the ring shaped TS2 structure promotes the double exchange process compared to 

the single abstraction reaction. 

3.3.2  QTAIM 

 

To help explain the trend in the stabilization of the transition state structures for the 

exchange reaction the delocalization index was determined using the AIMAll computational 

program for QTAIM analysis91, which is reported in Table 5. The 𝐷𝐼(𝑋, 𝐴)/2 value given is half 

the dissociation index between halogen X and all other atoms of the molecule.  𝐷𝐼(𝑋, 𝐴)/2 can be 

viewed as the contribution of the halogen to the average number of delocalized electrons between 

itself and other atoms of the molecule. The sum of each atoms contribution to the average number 

of delocalized electron Σ𝐷𝐼(𝐴′, 𝐴)/2 is also reported. The amount of delocalization, via both 

measures, for TS2 was found to be greatest for the iodine and bromine systems and follows the 

trend X = F < Cl < Br  I which is similar to the that for the R2 barrier energies.  Thus, even though 

the larger halogen atoms yield structures with more acute bond angles, the level of electron 

delocalization actually becomes greater which stabilizes the five-member ring.  For comparison, 

the delocalization index for the R1 reactions were also calculated.  Interestingly, there was a trend 

similar to that of the R2 series with increasing delocalization for larger halogens. The 

delocalization index for the abstractions reactions, R1, is also reported in Table 3.3.  When 

comparing the amount of delocalization between the R1 and R2 reactions it is clearly seen that the 

delocalization is greater for the exchange reaction.  This result is consistent with the greater 
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stability of TS2 compared to TS1, and is physically reasonable for a ring shaped structure 

compared to a linear geometry. 

Table 3.3 The delocalization index between the halogen and all other atoms of the molecule, as 

well as the sum over all atoms for the R1 and R2 reactions.  The EA for each halogen atom is 

reported.  The HF+HO2→F+H2O2 reaction is not reported since there is no saddlepoint on the 

M11 PES for that reaction.   
R1  R2 

Species 

Pauling 

Electronegativity ∑
𝑫𝑰(𝑨′, 𝑨)

𝟐
 

𝑫𝑰(𝑿, 𝑨)

𝟐
 

 

 

 

∑
𝑫𝑰(𝑨′, 𝑨)

𝟐
 

𝑫𝑰(𝑿, 𝑨)

𝟐
 

F 3.98 N/A N/A  3.20 0.42 

CL 3.16 3.25 0.43  3.51 0.49 

BR 2.96 3.46 0.50  3.66 0.53 

I 2.66 3.60 0.55  3.67 0.52 

 

Comparisons between and within the R1 and R2 reaction series allowed us to observe how 

changing the hydrogen donor/acceptor (i.e. the halogen) can affect the relative stability of a 

transition state as well as role of ring formation.  In particular, consider the height of the reaction 

barriers and amount of electron delocalization as functions of the electronegativity of the halogen.  

In Figure 3.6 the electron delocalization of the R1 (panel B) and R2 (panel D) versus the Pauling 

electronegativity (EA) of X is presented.  For both reaction series, there is a clear correlation with 

lower EA halogens giving more delocalization.  In panel A and C of Figure 3.6 the barrier heights 

are also seen to strongly correlate to the EA and the delocalization index, with lower barriers 

coming from the lower EA halogens.  It is possible that similar correlations may be useful in 

predicting the reactivity of multiple exchange reactions for more general series of homologous 

reactions. 
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Figure 3.6 Correlation between the total electron delocalization, barrier height and 

electronegativity.  In panels B (R1) and D (R2) the delocalization index is plotted versus EA.  In 

panels A (R1) and C (R2) the delocalization index is plotted versus the barrier height.  

 

3.3.3  Reaction Rate Constants 

 

Thermal rate constants for the R1 and R2 reactions were obtained using transition state 

theory as described in Section 2.5 with the adiabatic barrier heights presented in Table 3.2. A 

small-curvature tunneling correction was also calculated using the adiabatic reaction path which 

was calculated the M11/cc-pVTZ level of theory using the GS2 method described in Section 2.6. 

The expressions were evaluated over a temperature range of 260-1500K and were fit using a least 

squares procedure to a sum of two generalized Arrhenius forms.   

𝑘(𝑇) = 𝐴1𝑇
𝑛1 exp (−

𝐸𝐴1

𝑘𝐵𝑇
) + 𝐴2𝑇

𝑛2 exp (−
𝐸𝐴2

𝑘𝐵𝑇
) 

 

(3.3) 
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During this fitting procedure, the data was split in half and each half was fit to a single exponential 

Arrhenius form, 𝑘(𝑇) = 𝐴 exp (−
𝐸𝐴

𝑘𝐵𝑇
). The resulting fitting parameters were then used as initial 

conditions for fitting to the double exponential form with the n factor being set to 1.  

The fitting parameters are presented in Tables 3.4 for R1 and 3.5 for R2 are for the SCT 

tunneling corrected rate coefficients.  Only the primary isotope effect for the R1 reaction is 

considered, whereas for the R2 reaction deuterium labeling on both HO2 and HX is considered 

because both hydrogens are involved in the reaction process. 

Table 3.4 The least squares fitting of the rate coefficients (including SCT tunneling) for the 

abstraction reactions R1. 

The units are cm3, kcal/mol, and molecules. 

 
𝑨𝟏  𝒏𝟏  𝑬𝑨𝟏   𝑨𝟐 𝒏𝟐  𝑬𝑨𝟐  

HCl + HO2 9.71×10-19 2.00 17.35 3.94×10-20 2.48 20.79 

DCl + HO2 3.14×10-17 1.43 23.58 7.91×10-21 2.64 17.04 

HBr + HO2 9.50×10-22 2.96 7.89 1.64×10-22 3.01 6.11 

DBr + HO2 2.61×10-21 2.81 8.77 1.82×10-22 2.98 6.66 

HI + HO2 4.58×10-21 2.80 4.93 1.25×10-21 2.90 2.98 

DI + HO2 1.18×10-20 2.67 5.49 1.51×10-21 2.82 3.43 
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Table 3.5 The least squares fitting of the rate coefficients (including SCT tunneling) for the 

exchange reactions R2. 

The units are cm3, kcal/mol, and molecules. 

 
𝑨𝟏  𝒏𝟏  𝑬𝑨𝟏   𝑨𝟐 𝒏𝟐  𝑬𝑨𝟐  

HF + HO2 1.57×10-20 1.83 4.10 1.28×10-26 3.75 0.98 

DF + HO2 2.82×10-23 2.75 3.46 1.22×10-28 4.23 1.07 

HF + DO2 4.19×10-22 2.39 4.10 3.92×10-28 4.13 1.53 

HCl + HO2 3.70×10-23 2.81 2.68 1.14×10-09 -1.77 7.14 

DCl + HO2 1.03×10-17 1.28 12.50 3.04×10-21 2.20 3.48 

HCl + DO2 7.74×10-17 1.05 13.60 1.18×10-20 2.03 4.33 

HBr + HO2 4.01×10-19 1.71 7.49 2.90×10-19 1.60 1.20 

DBr + HO2 2.50×10-21 2.31 3.85 8.73×10-18 1.07 1.57 

HBr + DO2 1.94×10-20 2.07 5.55 7.14×10-18 1.14 2.35 

HI + HO2 1.29×10-18 1.57 7.77 9.52×10-19 1.44 1.38 

DI + HO2 2.25×10-21 2.31 3.86 2.17×10-18 1.27 1.08 

HI + DO2 -1.63×10-11 -0.89 7.81 1.08×10-21 2.37 0.88 

 

The results versus temperature for R1 and R2 reaction series for X=F, Cl, Br, I are 

illustrated over a wide temperature range in Figures 3.7 and 3.8 and the values for T=298 K are 

tabulated in Table 3.6.  

Table 3.6 The rate coefficients and tunneling transmission coefficients for the R1 and R2 

reactions computed at T=298 K. 

  R1  R2 

Species  𝜿𝑺𝑪𝑻 𝒌𝑻𝑺𝑻 𝜿𝑺𝑪𝑻𝒌
𝑻𝑺𝑻  𝜿𝑺𝑪𝑻 𝒌𝑻𝑺𝑻 𝜿𝑺𝑪𝑻𝒌

𝑻𝑺𝑻 

F  N/A N/A N/A  28.09 1.89×10-19 5.30×10-18 

Cl  1.80 9.62×10-27 1.73×10-26  3.69 1.07×10-18 3.94×10-18 

Br  6.00 3.22×10-20 1.93×10-19  2.21 1.55×10-16 3.42×10-16 

I  3.05 4.45×10-17 1.36×10-16  1.75 1.97×10-16 3.45×10-16 

 

In Figures 3.7 and 3.8 the role of tunneling is emphasized by plotting both the NT and SCT 

result for each case.  For the abstraction process the role of tunneling is seen to be proportional to 

the imaginary frequency of the barrier where the frequencies for X=Cl, Br and I were 1120.2 cm-
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1, 1867.6 cm-1, and 1536.3 respectively. The rates constants for the R1 reaction series were also 

found to increase for the heavier halogens due to the decreasing height of the reaction barrier.  For 

the R2 reactions, it is seen that the reactions for X=Br and I proceed at a modest rate of 3.5 x 10 -

16 cm3/sec at T=298 K. The reactions for X=Cl and F are roughly two orders of magnitude slower 

due to the higher barrier height.  However, it is worth noting that the tunneling coefficient for the 

HO2+HF case is quite large, 𝜅𝑆𝐶𝑇(𝑇)=28.09 at 298K.  At higher temperatures the exchange 

reaction becomes facile in all cases. 

 

Figure 3.7 The rate coefficient versus temperature for the abstraction reaction 

HX+H’O2→H2O2+X for X=Cl, Br, I.  The results obtained using the NT approximation, 𝜅=1, and 

the SCT approximation, 𝜅𝑆𝐶𝑇, are both shown for each case in order to emphasize the role of 

quantum tunneling. 
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Figure 3.8 The rate coefficient versus temperature for the exchange reaction 

HX+H’O2→H’X+HO2 for X=F, Cl, Br, I.  The results obtained using the NT approximation, 𝜅=1, 

and the SCT approximation, 𝜅𝑆𝐶𝑇, are both shown for each case in order to emphasize the role of 

quantum tunneling. 

 

While the lower barrier energies clearly favor the double exchange process, the less 

constrained geometry of the R1 transition state tends to enhance the abstraction process through a 

higher entropy of activation.  The normal mode frequencies for the stationary points are presented 

in Appendix C.1. When considering the X=Br case as an example, the lowest TS1 normal mode 

frequencies are 139.6, 297.5, and 350.1 cm-1 while those for TS2 are 337.8, 776.3, and 994.7 cm-

1.  In addition to TS1 being a looser transition state, the rotational constant for TS1 is also smaller 

due to the extended geometry.  Thus, there is roughly an order of magnitude difference in the pre-

exponential factors between reactions R1 and R2 due to the entropic effects.  To illustrate the 
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competition between energetic and entropic effects, the rate coefficients for R1 and R2 plotted 

together for X=I, Br, and Cl in Figure 3.9.  At low temperatures the exchange processes are 

strongly favored due to the lower transition state barrier.  However, at higher temperatures the 

entropic effects take over and abstraction reactions begin to dominate in all cases. The crossover 

temperature between when the abstraction and exchange reactions dominate is found to trend with 

the barrier height of the reaction. For example, in the case of X=I  where the reaction barriers for 

R1 and R2 are similar in magnitude the crossover temperature is much lower than that of X=Cl 

which has a large difference in the reaction barrier energies. 

 

Figure 3.9 The rate coefficients for reactions R1 and R2 for X=I, Br, and Cl. The tunneling was 

included using the SCT method in each case.  It is seen that reaction R2 dominates at low 

temperature due to its lower activation barrier, but that reaction R1 becomes progressively more 

important at higher temperatures due to entropic effects. 
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It is worth noting that although the HI+HO2 abstraction process is faster than the reactions 

of X=Cl,Br each of these reactions are slower than their hydroxide radical counterparts of OH+HX. 

Experimental estimates for the OH+HX rate constants at T=298K where X=Cl,Br, and I are 

7.86x10-13 molecule cm3 s-1, 1.1 x10-11 molecule cm3 s-1 and 7.00x10-11 molecule cm3 s-1, 

respectively.96 In the presence of OH, the chlorine and bromine abstraction reactions with HO2 are 

unlikely to play a significant role at low temperatures. However, because HO2 is more abundant 

in the troposphere than that of OH, the faster HI+HO2 abstraction process could play a small role 

as a secondary source in halide production.  Under combustion settings reactions with both radicals 

are likely to play roles in the production of halides in the presence of HX. Ultimately these reaction 

coefficients can be useful in modeling halide reactions in both atmospheric and combustion 

settings.  

 

3.3.4  Kinetic Isotope Effect 

 

Using the small-curvature rate coefficients obtained for both the abstraction and exchange 

reactions the kinetic isotope effect (KIE) from deuterium substitution was computed.  

𝐾𝐼𝐸 =
𝑘𝑆𝐶𝑇(H′X + HO2)

𝑘𝑆𝐶𝑇(DX + HO2)
 

(3.4) 

The value of the KIE for the R1 and R2 reactions are plotted versus temperature in Figures 3.10 

and 3.11, and values at T=298 K are tabulated in Table 3.7.  In the R2 reaction series, except for 

the case of X=F, the KIE is seen to be quite modest. The substitution H→D lowers the TS2 barriers 

by a small amount thus tending to decrease KIE slightly.  On the other hand, the substitution has 

a larger impact on the tunneling coefficient.  Since only for the X=F case does tunneling play a 

large role in the reaction, it is understandable that the KIE is largest for this halogen.  
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Unlike the R2 reactions, the KIE was found to be significant for each reaction of the R1 

reaction series. The largest impact from deuterium substitution on the hydrogen halide was from 

the thermal rate constants which were found to decrease due to larger reaction barriers. The 

increased barrier heights were found to decrease the thermal rate constant for each reaction by a 

factor of 2-3 with the effect increasing from X=Cl to X=I. The change in the tunneling factors for 

the R1 series were found to be small upon deuterium substation with virtually no difference 

between the effect found for X=Cl and X=Br. However, it is worth noting that due to the slowly 

increasing barrier height upon deuterium substation going from X=Cl to X=I, the iodine system 

was found to have slight increase in tunneling when substituted despite the heavier isotope.    

Table 3.7 Kinetic isotope effect at 298K for the R1 and R2 reactions. The contribution from both 

the conventional rate constant as well as the transmission coefficient are presented.  

  
R1 

 
R2 

𝑯𝑿

𝑫𝑿
 

 𝜿𝑯

𝜿𝑫
 

𝒌𝑯
𝑻𝑺𝑻

𝒌𝑫
𝑻𝑺𝑻 

𝒌𝑯
𝑺𝑪𝑻

𝒌𝑫
𝑺𝑪𝑻 

 𝜿𝑯

𝜿𝑫
 

𝒌𝑯
𝑻𝑺𝑻

𝒌𝑫
𝑻𝑺𝑻 

𝒌𝑯
𝑺𝑪𝑻

𝒌𝑫
𝑺𝑪𝑻 

F  N/A N/A N/A  2.61 1.79 4.67 

Cl  1.07 1.87 2.00  1.59 1.06 1.69 

Br  1.06 2.84 3.00  1.52 0.81 1.22 

I  0.96 2.93 2.80  1.09 0.64 0.70 
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Figure 3.10 The kinetic isotope effect (KIE) for the R1 reaction.  Each systems system exhibits a 

modest isotope effect with the effect being largest for X=I due to the increased reaction barrier.   

 

Figure 3.11 The kinetic isotope effect (KIE) for the R2 reaction.  The fluorine system exhibits the 

greatest isotope effect in the halogen series due largely to the suppression of tunneling for the 

heavier D-atom.   
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3.4  Conclusion 

 

In this work, a novel double exchange reaction between hydrogen halides and HO2 radicals 

was found and characterized.  This work shows that HO2 radicals can serve as catalysts for these 

double hydrogen exchange reactions.  This extends previous studies of da Silva30 and Karton28  

who observed similar behavior for other reaction classes.  In the present study, the concerted 

exchange reactions occur through five-member cyclic transition states and exhibited much lower 

activation barriers than the single H-atom abstraction reactions. However, the abstraction reactions 

have looser transition states and thus possess pre-exponential factors in the rate coefficients which 

are approximately an order of magnitude larger than those for the exchange reactions. As a result 

of this competition between energetic and entropic effects, the exchange rates dominate at low 

temperatures and the abstraction reactions can become larger at high temperatures. The 

stabilization of the cyclic TS2 transition state is consistent with similar effects observed in other 

multiple H-atom transfer reactions.   

One interesting effect noted was the somewhat anomalous role of ring strain.  The 

progression of exchange reactions with X=F, Cl, Br, I showed TS2 structures with more acute 

HXH bond angles.  This would naively suggest more ring strain and higher barrier heights.  

However, the barriers actually become progressively more stabilized in this series.  To rationalize 

this behavior, the role of electron delocalization was investigated.  It was found that the electron 

delocalization index progressively increased through the series X=F, Cl, Br, I.  This delocalization 

effectively stabilized the TS2 even though the geometry was unfavorable.   The degree of electron 

delocalization was found to track well with the electronegativity of the halogen species.  It is 

possible that more general multiple exchange reactions may follow a similar pattern.  This could 

have general significance since it important to understand the factors that control barrier lowering 
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for these concerted processes. Finally, the role of tunneling was assessed using the SCT method.  

The tunneling proved to be a dominate effect only for the X=F exchange reaction where 

𝜅𝑆𝐶𝑇(298𝐾) =28.09.  Although one might expect that tunneling would be more prominent for the 

heavier species X=I or X=Br since they possess a more extreme heavy-light-heavy mass ratio, this 

effect is negated by their much wider adiabatic potential barriers.   Also, although the R1 reactions 

are slower than their counterparts of HX with OH, the HO2+HI reaction could still act as a 

secondary source of halides in the troposphere. These rate coefficients will be also useful for 

accurate modeling of atmospheric and combustion systems.   
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Chapter 4 

Abstraction and Exchange Reactions of Pyruvic Acid 

 

4.1  Introduction 

4.1.1  Pyruvic acid and OH 

Organic molecules have been found to play large roles in atmosphere chemistry, especially 

in regard to pollutants and aerosols. 116 117 118 119 120  Volatile organic compounds (VOC) are a 

specific class of organics which have been found in large concentrations in the troposphere. These 

organics have been linked to secondary organic aerosol formation (SOA) as well as smog and haze 

formation when hydroxyl radicals are available.38 39  

These organic aerosols have also been shown to be a potential health hazard to people, with 

the aerosols negatively affecting the cardiovascular and respiratory systems in humans.121 122 Many 

VOCs are removed from the atmosphere primarily through reactions involving hydroxyl radicals. 

However, there are cases where direct photolysis is the primary reaction pathway for removal of a 

VOC in the atmosphere. Photolysis typically acts as the primary path when VOC compounds have 

both a poor oxidation rate by OH as well as strong absorption features in the UV-vis region, as is 

the case for some carbonyl containing compounds.123 124 125 For these types of systems, reactions 

with OH merely act as a secondary sink. Pyruvic acid displays both of these characteristics and is 

also one of the most abundant keto-acids found in the troposphere. Pyruvic acid is formed as an 

intermediate molecule in the isoprene oxidation pathway.31 32 Isoprene is a biologically produced 

VOC, which has an estimated emission rate of 500 Tg carbon per year out of the approximate 1300 

Tg of carbon produced each year by worldwide.126 127 128 129 Pyruvic acid has been found in the 

troposphere over several different types of climates such as mid-latitude, tropical and marine 
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environments with large gas phase mixing ratios up to 100 ppt.33 34 35 36 37 It has also been found in 

several different mediums, including the gas phase, rainwater, aerosols, and snow.130 131 132 133 134 

135 136 Experimental studies on the molecule have suggested that direct photolysis is the primary 

pathway for degradation in the troposphere rather than that of OH oxidation.  Reed Harris et al. 

have obtained experimental photolysis rate coefficients for both gas and aqueous phases of the 

molecule.38 39 These authors found that the loss through OH oxidation was not competitive with 

that of photolysis and by using the experimental work by Mellouki and Mu, they suggest that loss 

through OH oxidation was up to two orders of magnitude slower than that of photolysis.40 41  

4.1.2 Pyruvic acid and HO2 

Experimental studies performed by Reed Harris et al. have suggested that the primary 

channel for the photolysis of pyruvic acid proceeds through a decarboxylation pathway forming 

methylhydroxycarbene and CO2 initiated by hydrogen transfer between the carboxylic acid and 

central carbonyl oxygen.38 39 40
 This high energy carbene product eventually leads to acetaldehyde 

through isomerization. This reaction pathway has also been studied on the ground state surface by 

da Silva and Takahashi et al. 

 Takahashi et al. studied the effect of vibrational OH overtone pumping on the formation 

of the carbene product. 137 da Silva on the other hand studied many of the possible unimolecular 

reaction pathways for pyruvic acid on the ground state. 138 Many of these unimolecular reactions 

studied by da Silva and Takahashi et al. involve hydrogen transfer. It was thought that HO2 would 

be able to mediate the hydrogen transfer process and lower the reaction barriers, similar to the 

reactions of HO2+HX (X=F, Cl, Br, and I) presented in Chapter 3 of this thesis.  
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4.2 Computational Methods 

 

The zero point and CBS limit energies were used to calculate the zero point corrected (i.e. 

adiabatic) barrier and the exo/endo-thermicity for each reaction. The CBS limit energies were 

obtained using both M11/cc-pVnZ as well as CCSD(T)/cc-pVnZ where n=(D,T,Q) with optimized 

structures and frequencies obtained using M11/cc-pVTZ.  

In order to test the validity of the methodology used to study pyruvic acid, both the 

M11/CBS and CCSD(T)/CBS methods were used to study the abstraction reactions of acetic acid. 

There are two major conformers of pyruvic acid in the gas phase, a trans-cis (Tc) conformer where 

the acid hydrogen is cis to the central carbonyl oxygen and a trans-trans (Tt) conformer where the 

hydrogen is trans to the central carbonyl oxygen. Acetic acid was chosen because it has similar 

structural characteristics with the Tt conformer of pyruvic acid, where the hydrogen of the 

carboxylic acid function group points toward the carbonyl oxygen of the acid. All three of these 

structures are presented in Figure 4.1.  

 

Figure 4.1 Stationary point structures for the trans-cis (Tc) and trans-trans (Tt) conformers of 

pyruvic acid as well as acetic acid. These structures were obtained using M11/cc-pVTZ. 
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The chemistry for both acetic acid and pyruvic acid were thought to be similar because each 

molecule has both methyl and carboxylic acid functional groups which can undergo abstractions 

by OH. Acetic acid also has multiple energetic values in the literature which the present 

methodology can be compared to. The methyl and carboxylic acid abstractions of acetic acid are 

labeled R1 and R2 respectively. The literature values used for comparison were taken from the 

papers of Rosado-Reyes et al.139 and De Smedt et al.140 and are presented in Table 1.  

  𝑅1 − 𝐴𝑐𝑒𝑡𝑖𝑐: 𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝑂𝐻 → 𝐶𝐻2𝐶𝑂𝑂𝐻 + 𝐻2𝑂 (4.1) 

𝑅2 − 𝐴𝑐𝑒𝑡𝑖𝑐: 𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝑂𝐻 → 𝐶𝐻3𝐶𝑂𝑂 + 𝐻2𝑂 (4.2) 

Table 4.1 Energetics in for the reactions of Acetic acid + OH calculated using M11/CBS and 

CCSD(T)/CBS. The units of the reported energetics are in kcal/mol. 

 CCSD(T)/CBS M11/CBS Rosado-Reyes et al.139 De Smedt et al.140 

PRC1(AA) -4.73 -4.89 -4.40 -5.10 

PRC2(AA) -6.18 -7.27 -6.50 -7.30 

TS1(AA) 3.47 3.59 4.00 4.00 

TS2(AA) 1.82 2.31 2.10 1.60 

 

The results of Table 4.1 show that both the M11 functional as well as CCSD(T) give results 

that are in relatively good agreement with values found in literature for both the pre-reactive 

complex and adiabatic barrier for both the methyl and acid abstraction reactions of acetic acid. 

Compared to the literature values for the acetic acid abstraction reaction, the M11 functional 

predicted a higher adiabatic barrier than the literature values for the acetic acid abstraction reaction, 

with a 0.71 kcal/mol increase over the value reported by De Smedt et al. and a 0.21 kcal/mol 

increase of Rosado-Reyes et al.139 140 The Minnesota functional also predicted an acid pre-reactive 

complex (PRC2) well depth closer to that of the value reported by De Smedt et al. CCSD(T) on 

the other hand predicated an adiabatic reaction barrier 0.28 kcal/mol lower than the value of 
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Rosado-Reyes et al. and 0.22 kcal/mol higher than De Smedt et al. as well as a well depth closer 

to the value reported by Rosado-Reyes et al. When comparing the methyl abstraction reaction 

energetics obtained using M11 and CCSD(T) to the previously reported literature values, both the 

Minnesota functional and CCSD(T) predict slightly lower reaction barriers when compared to the 

literature value of 4.00 kcal/mol reported by both Smedt and Rosado-Reyes with values of 3.47 

kcal/mol and 3.59 kcal/mol respectively. For the pre-reactive complex near the methyl functional 

group (PRC1), both methods also predict a well depth between those of De Smedt et al. and 

Rosado-Reyes et al. with M11 predicting a slightly lower well depth than that of CCSD(T) with 

values of -4.89 kcal/mol to -4.73 kcal/mol respectively. For the acid and methyl abstraction 

reactions the M11 functional tends to predict higher reaction barriers and deeper wells for the pre-

reactive complexes. Because neither the M11 functional or CCSD(T) appeared to have a clear 

advantage over the other method both were used to calculate the energetics of each reaction.  

4.3 Results 

4.3.1  Reaction Energetics of OH with Pyruvic Acid 

The optimized transition state structures belonging to the reactions of pyruvic acid with OH were 

obtained using M11/cc-pVTZ and are shown in Figure 4.2. There are two transition state 

conformers per type of reaction with each resembling either the Tt or Tc conformer of pyruvic 

acid.  
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Figure 4.2 Transition state structures obtained using M11/cc-pVTZ for the OH+PA reactions. TS1, 

TS3, TS5, and TS7 originate from the Tc conformer of pyruvic acid and TS2, TS4, TS6, and TS8 

originate from the Tt conformer of pyruvic acid.  

 

Reactions 1 and 2 are hydrogen abstraction reactions of the methyl group. Reactions 3 and 4 

correspond to the hydrogen abstraction of the carboxylic acid.  Reactions 5 and 6 are OH additions 

to the carboxylic acid carbon and reactions 7 and 8 are OH additions to the central carbonyl carbon.  
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 𝑅1:𝐶𝐻3𝐶𝑂𝐶𝑂𝑂𝐻 + 𝑂𝐻 → (𝐶𝐻2𝐶𝑂𝐶𝑂𝑂𝐻)𝑇𝑐 + 𝐻2𝑂 (4.3) 

 𝑅2:𝐶𝐻3𝐶𝑂𝐶𝑂𝑂𝐻 + 𝑂𝐻 → (𝐶𝐻2𝐶𝑂𝐶𝑂𝑂𝐻)𝑇𝑡 + 𝐻2𝑂 (4.4) 

𝑅3:𝐶𝐻3𝐶𝑂𝐶𝑂𝑂𝐻 + 𝑂𝐻 → (𝐶𝐻3𝐶𝑂)𝑇𝑐 + 𝐻2𝑂 + 𝐶𝑂2 (4.5) 

𝑅4:𝐶𝐻3𝐶𝑂𝐶𝑂𝑂𝐻 + 𝑂𝐻 → (𝐶𝐻3𝐶𝑂)𝑇𝑡 + 𝐻2𝑂 + 𝐶𝑂2 (4.6) 

𝑅5:𝐶𝐻3𝐶𝑂𝐶𝑂𝑂𝐻 + 𝑂𝐻 → (𝐶𝐻3𝐶𝑂𝐶𝑂(𝑂𝐻)2)𝑇𝑐         (4.7) 

𝑅6:𝐶𝐻3𝐶𝑂𝐶𝑂𝑂𝐻 + 𝑂𝐻 → 𝐶𝐻3𝐶𝑂 + 𝐻2𝐶𝑂3                (4.8) 

𝑅7:𝐶𝐻3𝐶𝑂𝐶𝑂𝑂𝐻 + 𝑂𝐻 → 𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝐻𝐶𝑂𝐻         (4.9) 

𝑅8:𝐶𝐻3𝐶𝑂𝐶𝑂𝑂𝐻 + 𝑂𝐻 → (𝐶𝐻3𝐶𝑂(𝑂𝐻)𝐶𝑂𝑂𝐻)𝑇𝑡   (4.10) 

  

The transition state structures for the odd numbered reactions have a similar structure to the Tc 

conformation of PA whereas the even numbered reactions correspond to a Tt conformation of the 

transition state. The Tc conformation of pyruvic acid was found to be lower in energy than the Tt 

conformation by 2.87 kcal/mol at the M11/CBS level and 2.64 kcal/mol at the CCSD(T)/CBS 

level. The energy difference between these two conformers is primarily caused by additional 

intramolecular hydrogen bonding between the hydrogen of the carboxylic acid and the central 

carbonyl oxygen found only in the Tc conformer.  

When looking at the transition state structures for the abstraction reactions between OH 

and pyruvic acid, it was found that there are structural similarities to the abstraction reactions 

between hydroxyl radicals and acetic acid. In both acetic acid and pyruvic acid, the methyl 

abstraction transition state has additional hydrogen bonding with a nearby carbonyl oxygen. The 

transition state structures for the abstraction of the carboxylic acid also have structural similarities, 

in both cases the hydroxyl radical hydrogen points out of the molecular plane.  
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Optimized structures for the pre-reactive complexes were obtained in order to determine if 

there was any negative temperature dependence. The optimized structures are shown in Figure 4.3. 

 

 

Figure 4.3 Pre-reactive complex structures obtained using M11/cc-pVTZ for the OH+PA 

reactions.  

Two pre-reactive complexes near the methyl functional group, PRC1 and PRC2, only differ 

in the placement of the carboxylic acid hydrogen. In these structures the hydroxyl radical is 

hydrogen bound to the central carbonyl oxygen on the side of the methyl group. Both of these 

structures are very similar to the pre-reactive complex of acetic acid, as shown in the papers of 

Rosado-Reyes et al. and Smedt et al.139 140  

In both PRC3 and PRC4, the hydroxyl radical forms a planar ring type structure between 

the carboxylic acid hydrogen and a carbonyl oxygen. The major difference between these two 

structures is which carbonyl oxygen is used in the ring formation. The pyruvic acid molecule in 

the PRC3 complex is in the Tc conformation, and thus the central carbonyl oxygen is used during 
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complex formation. On the other hand, the pyruvic acid molecule in the PRC4 complex is in the 

Tt conformation and thus the carbonyl oxygen of the carboxylic acid is used in complex formation. 

When comparing the energetics of the pre-reactive complexes, PRC3 and PRC4 were 

found to have deeper wells than PRC1 and PRC2. The increased well depth can be ascribed to the 

stabilizing effect of ring formation. The complexes for R1 and R2 were found to have a similar 

well depth, with both DFT and CCSD(T) methods predicting less than a kcal/mol difference in 

energy. This makes sense due to the similarity between the two structures, with the only major 

structural change being the position of the acid hydrogen away from the reaction. The pre-reactive 

complexes of R3 and R4 on the other hand were found to have relatively large energetic 

differences. The ring formation in the R4 reaction was found to have a greater stabilizing effect 

than that of the R3 complex with M11/CBS predicting an energy difference of 2.14 kcal/mol and 

CCSD(T)/CBS predicting a difference of 2.22 kcal/mol.  

One simple explanation for the difference in the stabilizing effect could be steric effects. 

The hydroxyl radical is constrained when trying to form a ring between the carboxylic acid and 

central carbonyl oxygen due to the shape of the Tc conformer of pyruvic acid and the size of the 

hydroxyl radical. On the other hand, the location of the hydrogen of the Tt conformer allows the 

hydroxyl radical to be less constrained in its interactions with the nearest carbonyl oxygen, which 

leads to more favorable interactions.  

The products of each reaction were also optimized, and the structures are presented in 

Figure 4.4. It was found that the intramolecular hydrogen bonding found only in the Tc 

conformation of the transition state had an impact on the final product produced by each set of 

reactions. For example, when looking at the OH addition to the acid carbon in the R5 reaction, a 

single radical product is produced due to the hydrogen bonding between the acid and carbonyl 
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functional groups. Whereas the product of the R6 reaction falls apart and forms carbonic acid and 

an acetyl radical because of the lack of intramolecular hydrogen bonding. The same effect is seen 

in the other OH addition reaction, where R7 produces pyruvic acid and a hydroxylcarbonyl radical 

and R8 produces a single radical product. In this case a different product was formed because the 

location of the hydrogen in the Tc conformation leads to less favorable interactions with the added 

OH group. 

 

Figure 4.4 Product structures obtained using M11/cc-pVTZ for the OH+PA reactions. CO2 and 

H2O products are not shown in the figure. 

 



 

 

 60 

A summary of the reaction energetics for each reaction relative to the Tc conformer are tabulated 

in Table 4.2 and the energetics for the pre-reactive complexes are presented in Table 4.3. In all 

cases except the R3 reaction, CCSD(T) predicts a lower adiabatic barrier than M11. Some of these 

changes are quite significant with R8 was lowered by nearly a factor of two, R5 was decreased by 

approximately 4 kcal/mol and R3 was increased by 2 kcal/mol. The CCSD(T)/CBS theory also 

predicts deeper wells for the methyl abstraction pre-reactive complexes and more shallow wells 

for the acid abstraction reactions. 

Table 4.2 Energetics for the reactions of PA+OH relative to the Tc conformer, which were 

calculated using M11/CBS as well as CCSD(T)/CBS//M11/cc-pVTZ in kcal/mol. The energetics 

of the reaction barriers were determined from the reactants at infinite separation. 

 

T=298K  Δ𝐸𝑇𝑆
𝑀11 Δ𝐸𝑇𝑆

𝐶𝐶𝑆𝐷(𝑇)
 𝛥𝐻𝑟𝑥𝑛

𝑀11 

R1  4.71 4.27 -24.37 

R2  6.91 6.24 -21.26 

R3  5.11 6.97 -40.26 

R4  5.93 4.64 -40.26 

R5  11.04 7.01 -3.24 

R6  13.07 11.79 -32.96 

R7  10.14 5.75 -30.46 

R8  10.63 6.29 -15.14 

 

Table 4.3 Energetics for the pre-reactive complex (PRC) energies of the reactions of PA+OH. 

These were calculated using M11/CBS as well as CCSD(T)/CBS//M11/cc-pVTZ in kcal/mol.  

 

T=298K  Δ𝐸𝑇𝑆
𝑀11 Δ𝐸𝑇𝑆

𝐶𝐶𝑆𝐷(𝑇)
 

PRC1  -2.23 -3.04 

PRC2  -0.21 -0.87 

PRC3  -4.52 -3.44 

PRC4  -3.79 -3.01 

 

Figures 4.5 and 4.6 are a graphical representation for the reaction energetics for the Tc and Tt 

conformers of the transition states respectively. The black lines are the M11/CBS energetics and 

the red lines for each barrier are from the CCSD(T) energy calculations.  
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Figure 4.5 Reaction diagram between pyruvic acid and OH radicals with the transition states 

resembling the Tc conformer. The black lines indicate the energy at the M11/CBS level of theory 

and the red lines indicate the energetics that were calculated using CCSD(T)/CBS. 

 

Figure 4.6 Reaction diagram between pyruvic acid and OH radicals with the transition states 

resembling the Tt conformer. The black lines indicate the energy at the M11/CBS level of theory 

and the red lines indicate the energetics that were calculated using CCSD(T)/CBS. 
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These figures show that CCSD(T) predicts lower adiabatic barriers for every reaction studied 

except for the R3 acid abstraction, which saw a 1.86 kcal/mol increase in barrier height. Both M11 

and CCSD(T) predict the pre-reactive complexes of the acid abstractions to be more energetically 

stable than those of the methyl abstractions, which can be ascribed to the ring formation found in 

those complexes.   

The relative abundance of each conformer at 298K were also determined based on the 

reaction exothermicity and the partition functions of the two conformers. There is a large energetic 

difference between the Tt and Tc conformers due to the additional intramolecular hydrogen 

bonding between the acid hydrogen and the central carbonyl group found in the Tc conformer.  

Because of the large change in exothermicity between these conformers it was found that the 

relative abundance of the Tt conformer at room temperature is less than 2% for both methods used 

in this study. Although CCSD(T) does indicate there is a slightly higher population of the Tt 

conformer, the exothermicity predicted by M11 and CCSD(T) are larger than those previously 

reported in literature. Reva et al. reported an endothermicity of 2.08 (±0.31) kcal/mol 

experimentally and 2.29 kcal/mol using theory.141 It is worth noting that the previous experimental 

estimate for the endothermicity by Schellenberger et al. was 2.34 (±0.32) kcal/mol, which is in 

much better agreement with the present results.142 

Table 4.4 Relative abundance of each conformer of pyruvic acid at T=298K. The abundance of 

each conformer was calculated from the ratio of their partition functions and the change in 

exothermicity. Units for the reaction enthalpy are kcal/mol. 

𝐾𝐸𝑄 =
𝑃𝐴(𝑇𝑡)

𝑃𝐴(𝑇𝑐)
=

𝑄𝑇𝑡

𝑄𝑇𝑐
𝑒

−Δ𝐻𝑟𝑥𝑛
𝑘𝐵𝑇  

 

T=298K Δ𝐻𝑟𝑥𝑛 %𝑃𝐴(𝑇𝑐) %𝑃𝐴(𝑇𝑡) 

M11 2.87 98.69 1.31 

CCSD(T) 2.64 98.09 1.91 
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4.3.2  Reaction Kinetics of OH with Pyruvic Acid  

Next the results of the M11/CBS and CCSD(T)/CBS calculations were used to calculate the rate 

coefficients of pyruvic acid with OH from 200K to 400K. The reaction path degeneracy and 

chirality for each transition state and the small curvature tunneling coefficient at T=298K are 

presented in Table 4.5. Each methyl abstraction reaction has a reaction path degeneracy of three 

and every transition state structure studied for the OH reactions had a non-superimposable mirror 

image, thus a factor of two was also applied. It was found that the small-curvature tunneling 

coefficient for most reactions is approximately between 2-3 at room temperature with the 

exception being the acid abstraction reactions where the tunneling factor is found to be quite large 

with a value of 16.65 for R3 and 10.26 for R4. The larger transmission coefficients for R3/R4 

reactions can be explained by the width of the reaction barriers for these reactions. The R3 and R4 

reactions had imaginary frequencies of 1870i cm-1 and 1720i cm-1, which were much larger than 

the barrier frequencies of the other reactions. The threshold energy of the SCT tunneling 

calculation was assumed to be that of the pre-reactive complexes. The pre-reactive complexes are 

thought to be in thermal equilibrium with the reactants due to a larger dissociation rate from the 

PRC to the reactants. The thermal rate constant itself was calculated from an equilibrium constant 

determined using the partition functions of the complexes and reactants and energy difference 

between them as well as a conventional transition state theory expression for the transition state 

barriers between the complexes and adiabatic reaction barriers as shown below. 

𝐾𝑐 =
[𝑃𝑅𝐶]

[𝑂𝐻][𝑃𝐴]
 

(4.11) 

𝑘𝑒𝑓𝑓 = 𝐾𝐶𝐾2  (4.12) 
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Table 4.5 Factors for the reaction path degeneracy (n), chirality of the transition state structures 

(m) and small-curvature tunneling coefficient for OH+PA at T=298K used in calculating the 

reaction rate constants for the reactions of PA+OH. 

T=298K 𝑛 𝑚 𝜅𝑆𝐶𝑇 

R1 3 2 2.02 

R2 3 2 2.07 

R3 1 2 16.65 

R4 1 2 10.26 

R5 1 2 2.03 

R6 1 2 2.86 

R7 1 2 1.86 

R8 1 2 1.91 

     

The rate constants for each pair of transition state conformers were calculated using the equation 

for multi-path transition state theory given in Equation 2.9. The resulting rate constants for 

M11/CBS and CCSD(T)/CBS at several different temperatures are presented in Tables 4.6 and 4.7 

respectively. The effective rate constant is simply a sum of the other rate constants for each 

reaction.  

Table 4.6 Rate constants for each transition state conformer pair studied for OH+PA calculated 

with the M11/CBS energetics at T=200K, 250K, 298K and 350K as well as the effective overall 

rate constant. Units for these rate constants are molecule cm3 s-1. 

𝑇(𝐾) 𝑘𝑅1+𝑅2 𝑘𝑅3+𝑅4 𝑘𝑅5+𝑅6 𝑘𝑅7+𝑅8 𝑘𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒  

200 6.73x10-17 1.58x10-16 4.39x10-25 4.07x10-24 2.25x10-16 

250 3.53x10-16 3.17x10-16 5.11x10-23 3.41x10-22 6.70x10-16 

298 1.21x10-15 6.16x10-16 1.30x10-21 6.74x10-21 1.83x10-15 

350 3.49x10-15 1.19x10-15 1.79x10-20 7.33x10-20 4.67x10-15 
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Table 4.7 Rate constants for each transition state conformer pair studied for PA+OH calculated 

with the CCSD(T)/CBS energetics at T=200K, 250K, 298K and 350K as well as the effective 

overall rate constant. Units for these rate constants are molecule cm3 s-1. 

𝑇(𝐾) 𝑘𝑅1+𝑅2 𝑘𝑅3+𝑅4 𝑘𝑅5+𝑅6 𝑘𝑅7+𝑅8 𝑘𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒  

200 2.00x10-16 2.32x10-16 1.07x10-20 2.48x10-19 4.33x10-16 

250 8.52x10-16 5.08x10-16 1.56x10-19 2.27x10-18 1.36x10-15 

298 2.55x10-15 9.86x10-16 1.04x10-18 1.08x10-17 3.55x10-15 

350 6.63x10-15 1.82x10-15 4.87x10-18 3.90x10-17 8.49x10-15 

 

The CCSD(T) method predicts larger effective rate constants over the temperature range 

examined. CCSD(T) also predicts an increase in the rate constant of each conformer pair. Both 

M11 and CCSD(T) predict that the OH addition reactions play an insignificant role in the overall 

rate constant. Both theories also suggest the R3/R4 conformer pair is the largest contributor to the 

effective rate constant at low temperatures which can be explained by the large tunneling 

coefficients. At higher temperatures where tunneling is less important, the R1/R2 pair becomes the 

largest contributor to the overall rate constant. The effective rate constants using CCSD(T) 

energetics were also compared to the gas phase rate constants reported by Mellouki and Mu and 

the results are presented in Figure 4.7.40  



 

 

 66 

 
Figure 4.7 Effective rate constants for OH+PA using CCSD(T)/CBS in red, as well as the effective 

rate constant from the fit reported by Mellouki  and Mu with error bars. 40  

 

It was found that at all temperatures studied the theoretical rate coefficents were much lower than 

the previously reported experimental values from Mellouki and Mu Neither theoretical method 

predicted the negative temperature dependence observed by Mellouki and Mu.40 At 298K they 

report a rate constant of 1.2(±0.4)x10-13 cm3 s-1 taken from their series of measurements at that 

temperature. This is much larger than our CCSD(T) value of 3.55x10-15 cm3 s-1. The present results 

are instead much closer to an older value by Grosjean.143 who reported a single estimated rate 

constant of less than 5.0x10-14 cm3 s-1 at 298K.  Upper and lower limits for the values in the present 

work are obtained by taking a ±20% error in the barrier heights. Only at higher temperatures does 

the lower limit of the experimental values and upper limit of the present work agree. 
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There could be both experimental and theoretical reasons for the discrepancies between the 

rate constants predicted by theory and those determined experimentally. The rate constants 

reported by Mellouki and Mu may have had errors steming from their pyruvic acid concentrations. 

Pyruvic acid is a highly oxidized molecule which has a tendancy to have significant interactions 

with the walls of reaction chambers. 41 144 These interactions can cause the actual concentrations 

in the gas phase to be much lower than what would be expected. The authors attempted to take the 

error from the concentration into account by adding an additional 15% into their uncertainty. 

However, more accurate measurements could be made by monitoring the concetration during the 

experiment by use of FTIR spectra.38 144 145 Because of its high reactivity, OH radical loss to 

byproducts or walls is another significant source of error which can produce errors in the 

experimental rate constant. 146 On the theoretical side, any errors in the stationary point structure 

energetics or vibrational frequencies could have large effects in both the magnitude of the rate 

constant as well as the temperature dependence.  

A fit of the theoretical rate constants determined for each method are also reported using a 

double expontential modified Ahrenius form and are presented in Table 4.8. 

Table 4.8 Double exponential Ahrenius fit of the effective rate constants for PA+OH from the 

two different methods used in this study. These are fit with the form 𝑘 = 𝐴1  𝑇
𝑛1   𝑒

−
𝐵1
𝑘𝐵𝑇 +

𝐴2  𝑇
𝑛2   𝑒

−
𝐵2
𝑘𝐵𝑇. Units for these fits are are molecule cm3 s-1 and kcal/mol.  

𝑇(𝐾) 𝐴1 𝑛1 𝐵1 𝐴2 𝑛2 𝐵2 

M11 3.97x10-22 3.26 2.17 3.16x10-32 6.17 -1.40 

CCSD(T) 4.52x10-22 3.25 1.82 6.13x10-28 4.79 -0.60 

 

The individual rate constants of the four abstraction reactions were also calculated separately using 

conventional transition state theory to observe if any of these reactions had negative temperature 

dependence similar to those of acetic acid. Although the overall rate constant for PA+OH was 
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found to have no negative temperature dependence, if one assumes that the R1 and R3 reactions 

originate from the Tc conformer and the R2 and R4 originate from the Tt conformer, it was found 

that the individual rate constant of the R4 reaction increased inversely with temperature. The Tt 

conformer of pyruvic acid and the abstraction process itself for the R4 reaction closely resembles 

that of acetic acid and its rate coefficients behave similarly with negative temperature dependence 

and a larger magnitude than the other three abstraction reactions. Although the R4 rate coefficients 

had larger magnitudes and showed the expected temperature dependence observed by Mellouki 

and Mu the large difference in exothermicity between the two conformers of pyruvic acid reduces 

the amount the R4 reaction contributes to the overall effective rate constant.40  

 

 
 

Figure 4.8 Individual rate constants for the the four OH+PA abstraction reactions which were 

calculated with CCSD(T)/CBS energetics and a conventional rate constant expression.  
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4.3.3  Reaction Energetics of HO2 with Pyruvic Acid 

Hydroperoxy radicals are another chemical species found in the troposphere which can play roles 

in chemical reactions. Although less reactive than OH, the decreased reactivity of these radicals 

leads to higher concentrations in the troposphere. For comparison with the OH results presented 

in Section 4.2 the reactions of several HO2 radical reactions with pyruvic acid were examined. 

Using the previous study of HO2 with hydrogen halides as a guide, similar reactions where HO2 

could act as a double hydrogen exchange mediator were found. 147 148 Once again, M11/cc-pVTZ 

was used to optimize all stationary point structures involving HO2 as well as to determine the 

molecular normal modes. The optimized transition state structures for the reactions studied are 

shown in Figure 4.8. 

 

𝑅1 − 𝐻𝑂2: 𝐶𝐻3𝐶𝑂𝐶𝑂𝑂𝐻 + 𝐻𝑂2 → (𝐶𝐻2𝐶𝑂𝐶𝑂𝑂𝐻)𝑇𝑐 + 𝐻2𝑂2 (4.13) 

𝑅2 − 𝐻𝑂2: 𝐶𝐻3𝐶𝑂𝐶𝑂𝑂𝐻 + 𝐻𝑂2 → 𝐶𝐻3𝐶𝑂 + 𝐻2𝑂2 + 𝐶𝑂2         (4.14) 

     𝑅3 − 𝐻𝑂2: 𝐶𝐻3𝐶𝑂𝐶𝑂𝑂𝐻 + 𝐻𝑂2 → (𝐶𝐻2𝐶𝑂𝐻𝐶𝑂𝑂𝐻)𝑇𝑡
𝑎 + 𝐻𝑂2      (4.15) 

    𝑅4 − 𝐻𝑂2: (𝐶𝐻3𝐶𝑂𝐶𝑂𝑂𝐻)𝑇𝑐
𝑏 + 𝐻𝑂2 → 𝐶𝐻3𝐶𝑂𝐻 + 𝐶𝑂2 + 𝐻𝑂2   (4.16) 

    𝑅5 − 𝐻𝑂2: 𝐶𝐻3𝐶𝑂𝐶𝑂𝑂𝐻 + 𝐻𝑂2 → 𝐶𝐻3𝐶𝑂𝐻 + 𝐶𝑂2 + 𝐻𝑂2           (4.17) 

𝑅6 − 𝐻𝑂2: 𝐶𝐻3𝐶𝑂𝐶𝑂𝑂𝐻 + 𝐻𝑂2 → 𝐶𝐻3𝐶𝑂𝐻𝐶𝑂𝑂 + 𝐻𝑂2           (4.18) 
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Figure 4.9 Transition state structures obtained using M11/cc-pVTZ for the HO2+PA reactions. 

TS1, TS2, TS5, and TS6 originate from the trans-cis conformer of pyruvic acid and TS3, TS4, 

originate from the trans-trans conformer of pyruvic acid.  

 

Similar to the reactions of pyruvic acid with OH, an abstraction reaction for both the methyl (R1-

HO2) and the carboxylic acid (R2-HO2) were found. There were also several double hydrogen 

exchange reactions located, namely R3-HO2 through R6-HO2. Reactions 4 and 5 lead to the same 

carbene product produced from the direct photolysis of the pyruvic acid molecule. The R6-HO2 

reaction yields an alpha lactone product where one oxygen of the carboxylic acid is bound to the 

central carbonyl carbon. The various products produced by these reactions are presented in Figure 

4.10. 
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Figure 4.10 Product structures obtained using M11/cc-pVTZ for the HO2+PA reactions. The 

products H2O2, HO2 and CO2 are not shown. 

 

Reactions 1 and 2 yield similar products to the reactions of pyruvic acid with hydroxyl radicals. 

However, because H2O2 is a higher energy product, the overall enthalpy change of these reactions 

are much higher than those of OH with pyruvic acid. The relative exo/endo-thermicties between 
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HO2 and OH were 9.35 compared to -24.37 kcal/mol for the methyl abstraction and -6.54 compared 

to -40.25 kcal/mol for the acid abstraction. A schematic showing the energetics of the various 

pathways is shown in Figure 4.11 and the results are tabulated in Table 4.9. 

 
 

Figure 4.11 Energetics for the reactions of PA+HO2 calculated using M11/CBS in kcal/mol. 

 

The R3-HO2 reaction is a hydrogen transfer reaction between the methyl and central carbonyl 

oxygen. This channel leads to the same methylhydroxycarbene product as the R5-HO2 reaction. 

However, the R3-HO2 reaction is a two-step process which must first proceed through a 

conformational change with a rearrangement of the carboxlic acid. This new conformer can then 

donate a hydrogen back to the methyl group and the transition state of this process is TS4. R5-HO2 

is a more direct path to the carbene and is a transfer reaction between the acid functional group 

and the central carbonyl oxygen. The R6-HO2 lactone reaction is also a hydrogen transfer between 

the acid and central carbonyl but instead of undergoing decarboxylation, an oxygen of the acid 

group binds to the central carbon. 
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Table 4.9 Energetics for the reactions of PA+HO2 calculated using M11/CBS in kcal/mol. 

 Δ𝐸𝑇𝑆
𝑀11 Δ𝐻𝑟𝑥𝑛

𝑀11 

R1-HO2 20.98 9.35 

R2-HO2 27.91 -6.54 

R3-HO2 25.63 10.68 

R4-HO2 32.45 41.54 

R5-HO2 30.65 41.54 

R6-HO2 16.93 28.38 

 

It was found that many of the reactions of pyruvic acid with HO2 are largely endothermic. Only 

the R2-HO2 reaction was exothermic with a modest value of -6.54 kcal/mol. This is in stark 

contrast to the OH reactions, all of which who were exothermic by over 15 kcal/mol or more.  

In order to observe how well HO2 mediates hydrogen atom exchange with pyruvic acid, 

the values in this study were compared to literature values of the unimolecular process.  In Table 

4.10 the literature values of the enthalpy change and adiabatic barriers for the unimolecular 

decomposition of pyruvic acid reported by Takahashi et al and as well as da Silva are presented 

for comparison.137 138 

Table 4.10 Energetics for the reactions of unimolecular decomposition of PA in kcal/mol 

reported by da Silva (a) and Takahashi (b) et al. 137 138 Units for the reported energetics are in 

kcal/mol. 

 Δ𝐸𝑇𝑆 Δ𝐻𝑟𝑥𝑛 

R3a 50.70 N/A 

R4a 60.00 43.00 

R5a 40.60 43.00 

R5b 38.28 40.63 

R6a 35.60 28.70 

 

The energy change predicated by M11/CBS are in good agreement with both literature sources. 

The endothermicity of the R5-HO2 reaction and the value reported by da Silva had the greatest 

difference at 1.46 kcal/mol. All other reactions studied had a difference less than 1 kcal/mol. When 

comparing the barriers of the present work with the unimolecular barriers it becomes clear that 
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similar to the hydrogen halide study, HO2 is able to act as a hydrogen transfer meditator and have 

a barrier lowering effect on the exchange reactions. This is especially true in reactions R3-HO2, 

R4-HO2, and R6-HO2 where each reaction barrier decreased approximately by a factor of 2 when 

HO2 was present. Reaction 5 on the other hand saw a much smaller catalytic effect, only decreasing 

40.6 to 30.65 kcal/mol.  

Although HO2 was seen to have a catalytic effect for these reactions, this effect is offset by 

the fact that each of these reactions are still largely endothermic. The two major products of the 

exchange reactions had endothermicities of 41.54 kcal/mol and 28.38 kcal/mol. Because of the 

relatively unstable products formed by these reactions, the catalytic effect of HO2 simply created 

submerged barriers in many of these reactions which will diminish any significant effect this 

barrier lowering would have on the thermal rate constants of these reactions. 

4.3.4  Reaction Kinetics of HO2 with Pyruvic Acid 

Similar to the OH reactions, the HO2 rate constants were obtained using multi-path 

transition state theory given in Equation 2.9. However, unlike the reactions involving OH, there 

was only a single conformer of the transition state for each reaction. The reaction path degeneracy 

and transition state chirality are again considered for each reaction when determining the rate 

constants, which are tabulated in Table 4.11.  
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Table 4.11 Factors for the reaction path degeneracy (n), transition state chirality (m) and small-

curvature tunneling coefficient for HO2+PA at T=298K used when determining the rate 

coefficients. 

T=298K 𝑛 𝑚 𝜅𝑆𝐶𝑇 

R1-HO2 3 2 51.11 

R2-HO2 1 2 12603.35 

R3-HO2 3 2 95.67 

R5-HO2 1 1 1.01 

R6-HO2 1 2 1.00 

 

The R1-HO2, R2-HO2 and R3-HO2 reactions were all found to have significant tunneling at 

T=298K. Each of these reactions possessed very narrow barriers and large barrier frequencies for 

example R1/R3-HO2 had barrier frequencies of 2334.2 cm-1 and 1557.00 cm-1 respectively. The 

R2-HO2 reaction had an extremely large transmission coefficient due to its narrow barrier at 298K. 

It was found that the R2-HO2 reaction had a large barrier frequency of 4896.9 cm-1. The rate 

constants calculated using the M11/CBS energetics are presented in Table 4.12. The only rate 

coefficients that contribute significantly to the overall rate constant are reactions R1-HO2 and R6-

HO2. Both of these reactions had the lowest reaction barriers for the reaction studied. All the other 

reactions studied were orders of magnitude smaller than that of the R1/R6-HO2 reactions and 

played virtually no role in the rate constant.  It’s worth noting that the rate constants for the R6-

HO2 reaction were obtained from a submerged barrier, which causes the reported effective rate 

constant to be an upper limit.   
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Table 4.12 Rate constants for each reaction of HO2+PA studied calculated with the M11/CBS 

energetics at T=200K, 250K, 298K and 350K as well as the effective overall rate constant. Units 

for these rate constants are molecule cm3 s-1. 

𝑇(𝐾) 𝑘𝑅1 𝑘𝑅2 𝑘𝑅3 𝑘𝑅4 𝑘𝑘6 𝑘𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒  

200 1.20x10-33 2.36x10-37 1.04x10-38 2.03x10-46 1.94x10-33 3.14x10-33 

250 4.61x10-30 2.76x10-33 1.50x10-34 1.57x10-40 1.05x10-29 1.51x10-29 

298 1.18x10-27 1.40x10-30 8.70x10-32 4.78x10-36 2.83x10-27 4.02x10-27 

350 1.03x10-25 2.05x10-28 1.44x10-29 1.52x10-32 2.23x10-25 3.27 x10-25 

 

Similar to the OH+PA reaction, a fit was generated from these upper limit estimates of the rate 

coefficients with a double exponential Ahrenius form, which is presented in Table 4.13. 

 

Table 4.13 Double exponential Ahrenius fit of the effective rate constants for PA+HO2 using 

M11/CBS. These are fit with the form 𝑘 = 𝐴1  𝑇
𝑛1  𝑒

−
𝐵1
𝑘𝐵𝑇 + 𝐴2  𝑇

𝑛2   𝑒
−

𝐵2
𝑘𝐵𝑇. Units for this fit are 

molecule cm3 s-1 and kcal/mol.  

𝑇(𝐾) 𝐴1 𝑛1 𝐵1 𝐴2 𝑛2 𝐵2 

M11 1.14x10-23 3.20 7.80x103 2.49x10-20 9.72x10-3 6.63x103 

 

The effective overall rate coefficients of the HO2+PA reaction are presented graphically in 

Figure 4.12 with a comparison to the previously determined effective rate constants from the OH 

reactions using both CCSD(T)/CBS and M11/CBS. 
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Figure 4.12 Effective rate constants for the reaction of PA+HO2 from the results with M11/CBS, 

as well as the rate constants of OH with pyruvic from both methods used. 

 

Despite the catalytic effect HO2 plays on the reaction barriers with pyruvic acid, the effective 

overall rate constant is much smaller than that of pyruvic acid with hydroxyl radicals. This can be 

explained by the large adiabatic barriers of the HO2 reactions compared to those of the OH 

reactions. The individual rate constants for each reaction are presented in Figure 4.13, however as 

mentioned earlier, the rate constants of the submerged reactions R5 and R6 should only be 

considered as upper limits, because it is the rate constant for going into a post-reactive complex. 
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Figure 4.13 Individual rate constants for the reactions of PA+HO2 calculated using M11/CBS. 

 

Again the fastest reactions were the methyl abstraction reaction R1-HO2 and the lactone reaction 

R6-HO2. 

4.3.5  Comparison of Photolysis of PA to that of OH Oxidation 

 

Photolysis has been known to be the primary source of removal for pyruvic acid in the atmosphere, 

with hydroxyl radical reactions only playing a role as secondary sinks.40 144 Photolysis is the 

dominant degradation pathway due to the slow oxidation by hydroxyl radicals and the ability to 

absorb in the UV-vis region. 40 143 Reed Harris et al. have performed photolysis experiments on 

gas phase pyruvic acid and have reported gas phase photolysis rate constants as a function of bath 

pressure.38  

The last thing presented is a comparison between the gas phase photolysis rate constants 

of pyruvic acid at various bath pressures taken from the work by Reed Harris et al. and psuedo 

first order rate constants obtained from the CCSD(T) fit. The pseudo first order rate were 
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determined from approximate OH concentrations calculated from mixing ratios at various 

atmospheric pressures taken from Aeronomy of the Middle Atmosphere by Guy Brasseur and Susan 

Soloman. 149 The gas phase photolysis rate constants reported by Reed Harris et al. were obtained 

from two pressures of pyruvic acid at various bath pressures of air. This comparison is presented 

graphically in Figure 4.14, with the data used to create this figure tabulated in Tables 4.12 and 

4.13. 

 

Figure 4.14 Gas phase photolysis rate constants at various pressures compared to pseudo first order 

rate constants for OH+PA. The photolysis rate constants were obtained for pyruvic acid with 

pressures of 0.05 torr and 0.3 torr, taken from the work by Reed Harris et al. The pseudo first order 

rate constants were calculated from OH concentrations reported in Aeronomy of the Middle 

Atmosphere and the rate constants determined from the CCSD(T) fit.38 149 
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Table 4.14 Pseudo first order rate constants for PA+OH. These were obtained from OH 

concentrations reported in Aeronomy of the Middle Atmosphere and the rate constants 

determined from the CCSD(T) energetics.149  

P (Torr) T (K) OH (molecule cm-3) 𝑘(𝑇) (cm3 s-1) 𝑘(𝑃) (s-1) 

759.80 288.0 1500000 3.51x10-15 
5.26x10-9 

406.53 259.3 1500000 1.65x10-15 2.47x10-9 

201.77 229.7 348500 8.63x10-16 3.01x10-10 

91.51 212.6 147000 5.81x10-16 8.55x10-11 

41.25 215.5 270000 6.22x10-16 1.68x10-10 

18.75 218.6 788500 6.69x10-16 5.27x10-10 

 

Table 4.15 Photolysis rate constants of pyruvic acid obtained from the work by Reed Harris et al. 
38 The gas phase photolysis rate coefficients have units of s-1. 

Pressure (Torr) 𝐽𝑃𝐴 (0.05 Torr) 𝐽𝑃𝐴 (0.1 Torr) 

30 1.30x10-4 1.40x10-4 

100 7.40x10-5 7.30x10-5 

200 5.70x10-5 6.10x10-5 

400 N/A 4.50x10-5 

600 4.10x10-5 3.90x10-5 

 

It was found that at every appreciable pressure the gas phase photolysis rate constants are much 

larger than those the OH+PA reactions. Even at higher pressures when photolysis is slowest the 

values reported by Reed Harris are approximately 4 orders of magnitude larger than that of the OH 

reaction. This result is in agreement with previous estimates of a slow oxidation rate of pyruvic 

acid with OH in the atmosphere, and the primary source of destruction for the molecule in the 

Earth’s atmosphere being photolysis. 

4.4  Conclusion  

 

In this work the CCSD(T) theoretical rate constant for the OH+PA reaction determined 

using transition state theory with small-curvature tunneling was found to be approximately 34 

times smaller than the value reported by Mellouki and Mu at room temperature.  It is possible that 

this discrepancy may be either theoretical or experimental in nature. In order to rule out major 

errors produced by the methodology used in this study, the same methods were used to obtain the 
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energetics of the acid abstraction reaction of acetic acid which were then compared to literature. It 

was found that the acetic acid values calculated using the methodology in this study compared well 

to literature with the CCSD(T) energetics falling between the two theoretical values reported in 

literature. It is worth noting that the R4 acid abstraction energetics were also found to be similar 

to those of the acetic acid abstraction, and the individual R4 rate constant displayed similar 

negative temperature dependence.  

Hydroperoxy radical reactions with pyruvic acid were also studied and compared to those 

of OH. The R2-HO2 acid abstraction reaction was found to have larger tunneling coefficients than 

that of the R1-HO2 reaction, which is consistent with the abstraction reactions of OH. However, 

the R2-HO2 reaction was found to have a very large tunneling coefficient, with a value of 

approximately 13000 at T=298K. This extremely large tunneling factor can be ascribed to the 

extremely narrow width of the reaction barrier. The transition state structure was found to have a 

large imaginary frequency of 4896 cm-1 from the M11/cc-pVTZ calculation. Despite the larger 

tunneling coefficients for the R1/R2 reactions, the rate coefficients for these abstractions by HO2 

were much smaller than those with OH due to an increased in the height of the reaction barriers. 

The HO2 radical was found to have a barrier lowering effect when compared to the unimolecular 

reaction barriers. Due to the large exothermicity of these reactions the barrier lowering effect 

created submerged barriers and any rate constant created from these barriers could only be an 

estimated upper limit. The upper limit for the HO2+PA rate constant was also found to be 

approximately 10 orders of magnitude smaller than that of the OH+PA rate constant. Thus even 

though HO2 can be found in much greater abundance in the troposphere, any reactions with pyruvic 

acid would be negligible when compared to both photolysis and OH oxidation. 
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Chapter 5  

Conclusion 

 

 

In this thesis both the abstraction and exchange reactions of HO2 radicals with hydrogen 

halides as well as the abstraction reactions of HO2 and OH with pyruvic acid. The abstraction and 

exchange reactions of the HO2 with HX (X=F, Cl, Br, I) provided a simple model system to study 

the catalytic effect HO2 can have when acting as a hydrogen transfer mediator. For each halide 

studied, the exchange reactions for the halogen series were found to have lower adiabatic barriers 

than the corresponding abstraction reaction. The lower reaction barrier can be explained by the 

stability of the highly structured transition state, which can be characterized as a five membered 

planar ring. Although this ring formation can lower the adiabatic barrier, the highly structured 

transition state was found to have a higher entropy of activation than that of the abstraction 

reaction. This competition between entropic and enthalpic effects lead to the abstraction reaction 

dominating at high temperatures and the exchange reaction to dominating at low temperatures.  

Both the abstraction and exchange reaction barriers were also found to decrease with 

increasing halogen size. The abstraction reaction transition state energies can be explained by 

simply looking at the relative bond strength of the HX bond, where weaker hydrogen halide bonds 

lead to lower abstraction barriers. The exchange energetics were not as easily explained due to the 

fact that an HX bond is both broken and formed when passing through the saddlepoint. Similarly, 

when looking at the ring structures of the R2 transition states, the H···X···H bond angles were 

found to become more strained with an increase in size of the halogen. Typically, a larger amount 

of ring strain would result in less stable structures and thus higher reaction barriers, which was the 

opposite from the observed trend. To explain this discrepancy QTAIM was used to calculate the 

delocalization index of the transition state structures for both the abstraction and exchange 
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reactions. It was found that for each halide the delocalization of the exchange reaction was greater 

than that of the corresponding abstraction reaction. When comparing the R2 series, the electron 

delocalization of the ring structures was found to be greatest for the heavier halogens. This helped 

explain the trend in the barrier heights where despite the more acute H···X···H bond angle, the 

increased delocalization stabilizes the ring structure leading to lower reaction barriers.  

In the second study of this work the reactions of pyruvic acid with HO2 and OH radicals 

were examined and compared. Pyruvic acid is a keto-acid intermediate found in the troposphere 

and is formed at part of the oxidation pathway of isoprene.  Many volatile organics in the 

troposphere, such as isoprene, are decomposed primarily from reactions with OH. Pyruvic acid is 

slightly unique because it is primarily decomposed from direct photolysis, with OH reactions only 

acting as a secondary sink. This is caused by slow OH oxidation reactions, as well as the ability of 

the molecule to absorb well in the UV-vis region. The work performed by Reed Harris et al. have 

suggested that the primary pathway during photolysis was a decarboxylation reaction forming CO2 

and methyhydroxycarbene. This reaction is initiated by hydrogen transfer between the carboxylic 

acid and the central carbonyl oxygen. Similar to the work in the first study, HO2 was examined as 

a potential hydrogen transfer mediator for this reaction on the ground state surface. The DFT 

energetic calculations did predict a catalytic effect for hydrogen transfer by HO2 with some of the 

reaction barriers being decreased by approximately a factor of two. However, unlike the exchange 

reactions of the first study many of the exchange reactions involving pyruvic acid were largely 

endothermic due to unstable product formation. These high energy products made the catalytic 

effect on any potential rate constant negligible.  

The rate coefficients for the reactions of OH with pyruvic acid were also calculated for 

comparison to the experimental values reported by Mellouki and Mu as well as the HO2 reactions. 
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Although slow compared to photolysis, the rate coefficients for the reactions of OH with pyruvic 

acid were found orders of magnitude greater than the reactions with HO2. Once again this can be 

ascribed to the high energy products produced from the HO2 reactions.  When comparing our 

predicted rate constants for the OH reactions to experimental values reported by Mellouki and Mu 

it was found that both the M11 functional as well as CCSD(T) predicted lower rate coefficients 

than the experimental values. The experimental values by Mellouki and Mu also showed a negative 

temperature dependence which was not predicted by either DFT or CCSD(T). Possible causes for 

the discrepancy could be ascribed to errors in the predicted barrier heights, although the validity 

of each theoretical method was tested using acetic acid which has similar chemical properties to 

that of pyruvic. The gas phase photolysis rate constants reported by Reed Harris et al. were also 

compared to the effective rate constants predicted by theory as a function of bath pressure. As 

expected, it was confirmed that photolysis dominated the reaction with OH at all pressures and 

temperatures studied in this work, which were modeled after tropospheric conditions.  
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Appendix A 

 

 

A.1 Hydrogen Halide with HO2 

 

A.1.1 M11/cc-pVQZ-PP and M11/cc-pVQZ Stationary Point Structures 

 

HO2 

 O             -6.4685080345   4.5063745743   0.3206236584 

 H             -5.5206127040   4.5967157962   0.5012099459 

 O             -6.5658860405   3.8052029970  -0.7755478186 

 

H2O2 

 O             -6.0520594317   2.4500899137   0.1461284320 

 H             -5.7473860194   2.3612603950   1.0535417207 

 O             -4.8913841903   2.0943114202  -0.5879027833 

 H             -4.6636950961   2.9257641346  -1.0132927263 

 

 

HF 

 H             -1.5022166238  -0.6349206300   0.0000000000 

 F             -2.4215927562  -0.6349206300   0.0000000000 

HCl 

 H             -1.3217999598  -0.6349206300   0.0000000000 

 Cl            -2.6020094202  -0.6349206300   0.0000000000 

 

HBr 

 H             -1.2504938167  -0.6349206300   0.0000000000 

 Br            -2.6733155633  -0.6349206300   0.0000000000 

 

HI 

 H             -1.1561272170  -0.6349206300   0.0000000000 

 I             -2.7676821630  -0.6349206300   0.0000000000 
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Intermediate (F) 

 O             1.6233619118   0.4827674302   0.2742217450 

 H             2.5562975243   0.7558036116   0.3925101465 

 O             1.6676967455  -0.7323710005  -0.1819806639 

 H             3.4549072744  -0.8310094269  -0.1892405775 

 F             4.1687966917  -0.2622237868   0.0368868882 

Intermediate (Cl) 

 O              1.5102026166   0.5287712382   0.2896814945 

 H              2.4504028547   0.7786866962   0.3993174507 

 O              1.5068711805  -0.6862812346  -0.1674390336 

 H              3.4662289007  -0.9448203853  -0.2314581651 

 Cl             4.5373545952  -0.2633894869   0.0422957917 

 

Intermediate (Br) 

 O              1.4781180216   0.5351122006   0.2913862706 

 H              2.4186914024   0.7851596973   0.4015252828 

 O              1.4722853220  -0.6793856277  -0.1656926786 

 H              3.4345851921  -0.9617862384  -0.2378054982 

 Br             4.6673802095  -0.2661332042   0.0429841617 

 

Intermediate (I) 

 O              1.4172117966   0.5632559998   0.3033897687 

 H              2.3631515410   0.7896317316   0.4060185789 

 O              1.3746221088  -0.6493975539  -0.1590983964 

 H              3.4618266577  -1.0336654206  -0.2691259500 

 I              4.8542480437  -0.2568579293   0.0512135370 

 

TS1 (Cl) 

 O             -2.3996197608   1.0284724485   0.3178436399 

 H             -2.7849492431   0.8350026697  -0.5462832188 

 O             -1.5421996704   0.0011809904   0.5209431973 

 H             -0.6133963099   0.4447814643   0.7660841450 

 Cl             0.8114739841   0.9482024271   0.0669922366 
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TS1 (Br) 

 O             -2.4523684333   1.0211067541   0.3255088332 

 H             -2.8279966611   0.8313278589  -0.5458486918 

 O             -1.6237978012   0.0037006435   0.5638955428 

 H             -0.5571972974   0.4384804545   0.6649629096 

 Br             0.9326691929   0.9630242890   0.1170614062 

 

TS1 (I) 

 O             -2.5406811698   1.0009257037   0.3421515973 

 H             -2.8348466336   0.8472846053  -0.5678773321 

 O             -1.7237085117  -0.0036502050   0.6206447059 

 H             -0.5222568558   0.4176507318   0.5928313329 

 I              1.0928021707   0.9954291642   0.1378296960 

 

TS2 (F) 

 O              1.7667036916   0.4343720250   0.2721341717 

 H              2.8974850762   0.5897544654   0.3419743540 

 O              1.8492603818  -0.7697706385  -0.1933269124 

 H              2.9924715365  -0.7961279398  -0.1937136351 

 F              3.9651394614  -0.0452610846   0.1053295601 

TS2 (Cl) 

 O              1.6947382028   0.4249236459   0.2677889239 

 H              2.7766263211   0.6568474076   0.3669495310 

 O              1.7761563115  -0.7679698507  -0.1933238556 

 H              2.8812824699  -0.8764650962  -0.2257303765 

 Cl             4.3422568423  -0.0243692791   0.1167133154 

 

TS2 (Br) 

 O              1.6678680668   0.4224185776   0.2665588636 

 H              2.7371376734   0.6734873325   0.3730706447 

 O              1.7488682010  -0.7686743215  -0.1938569953 

 H              2.8424483121  -0.8984183403  -0.2345475337 

 Br             4.4747378943  -0.0158464208   0.1211725589 
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TS2 (I) 

 O              1.5966372305   0.4223649228   0.2658230672 

 H              2.5844394046   0.7315371958   0.3938537195 

 O              1.7169980617  -0.7652036926  -0.1924800381 

 H              2.9142170172  -0.8724039838  -0.2238031103 

 I              4.6587684336  -0.1033276147   0.0890038999 

 

C2v intermediate 

 O              1.6512532091   0.4175418398   0.2646291698 

 H              2.7155130202   0.6577088821   0.3666902516 

 O              1.6927158232  -0.7732307228  -0.1959090149 

 H              2.7712438297  -0.9547456318  -0.2569202730 

 I              4.6537489142  -0.0954795602   0.0920904774 

 

 

A.1.2 M11/cc-pVTZ-PP and M11/cc-pVTZ Stationary Point Structures 

 

HO2 

 

 O             -6.4697119641   4.5072956095   0.3220075188 

 H             -5.5196814935   4.5965233406   0.5009493743 

 O             -6.5656133214   3.8044744174  -0.7766711074 

 

HCl 

 

 H            -1.3215017355  -0.6349206300   0.0000000000 

 Cl           -2.6023076445  -0.6349206300   0.0000000000 

 

HBr 

 

 H             -1.2504959619  -0.6349206300   0.0000000000 

 Br            -2.6733134181  -0.6349206300   0.0000000000 

 

 

HI 

 

H             -1.1551520905  -0.6349206300   0.0000000000 

I             -2.7686572895  -0.6349206300   0.0000000000 
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TS1 (Cl) 

 

 O             -2.4006499395   1.0284189673   0.3200332362 

 H             -2.7784696985   0.8374454891  -0.5496971148 

 O             -1.5388025769  -0.0024169673   0.5192711646 

 H             -0.6185073681   0.4444608947   0.7764753745 

 Cl             0.8077385830   0.9497316161   0.0594973394 

 

 

TS1 (Br) 

 

 O             -2.4483362796   1.0244561202   0.3241072460 

 H             -2.8311933154   0.8293241742  -0.5448362269 

 O             -1.6186822208   0.0023487430   0.5578452961 

 H             -0.5626867065   0.4392426977   0.6744643978 

 Br             0.9322075222   0.9622682649   0.1139992871 

 

TS1 (I) 

 

 O             -2.5364034442   1.0046011290   0.3410821131 

 H             -2.8401898253   0.8449784995  -0.5666815379 

 O             -1.7200757045  -0.0049137236   0.6160227619 

 H             -0.5253807201   0.4178218695   0.5973167460 

 I              1.0933586940   0.9951522257   0.1378399169 

 

 

TS2 (F)  

 O              1.7619619340   0.4353749411   0.2724706203 

 H              2.9052494026   0.5860219313   0.3406092688 

 O              1.8446955555  -0.7713007332  -0.1939531195 

 H              2.9996858046  -0.7915306723  -0.1918730666 

 F              3.9594674508  -0.0455986394   0.1051438352 

 

TS2 (Cl) 

 O              1.6927880805   0.4258040921   0.2681073454 

 H              2.7804773926   0.6554406120   0.3664472525 

 O              1.7743392492  -0.7690725499  -0.1937661558 

 H              2.8849240752  -0.8746396186  -0.2249876601 

 Cl             4.3385313501  -0.0245657080   0.1165967561 
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TS2 (Br) 

 O              1.6665144105   0.4233563151   0.2669048918 

 H              2.7381117774   0.6732268028   0.3729860640 

 O              1.7479575039  -0.7696530048  -0.1942459164 

 H              2.8450429852  -0.8971825684  -0.2340409795 

 Br             4.4734334706  -0.0167807171   0.1207934783 

 

TS2 (I) 

 O              1.5979306065   0.4232861644   0.2663333298 

 H              2.5906126116   0.7289779051   0.3931331503 

 O              1.7158351761  -0.7662182276  -0.1930563989 

 H              2.9102917250  -0.8741784171  -0.2247188285 

 I               4.6563900284  -0.0989005974   0.0907062854 

 

 

A.1.3 M06-2X/DZP Stationary Point Structures 

 

TS1 (Cl) 

 

 O             -2.4037839224   1.0333115568   0.3231980888 

 H             -2.7965519769   0.8309014201  -0.5489273266 

 O             -1.5370828126  -0.0026590542   0.5100276425 

 H             -0.6158830349   0.4523644922   0.7741837346 

 Cl             0.8246107467   0.9437215851   0.0670978606 

 

TS1 (Br) 

 

 O             -2.4457147051   1.0293800873   0.3270599036 

 H             -2.8386590823   0.8269165000  -0.5470166244 

 O             -1.6127322146  -0.0009212038   0.5512997030 

 H             -0.5529892032   0.4460747520   0.6761647317 

 Br             0.9214042052   0.9561898644   0.1180722861 

 

TS1 (I) 

 

 O             -2.5283320988   1.0130674630   0.3348154990 

 H             -2.8837081207   0.8362553954  -0.5620107174 

 O             -1.7132773801  -0.0079125003   0.5811698656 

 H             -0.4954468650   0.4361609325   0.6306513031 

 I              1.0920734644   0.9800687094   0.1409540496 
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TS2 (F) 

 

 O              1.7599572453   0.4370378495   0.2731131386 

 H              2.9158302354   0.5801508768   0.3384231843 

 O              1.8429372958  -0.7731573137  -0.1947190760 

 H              3.0094006055  -0.7845369822  -0.1890450816 

 F              3.9429347655  -0.0465276029   0.1046253728 

 

TS2 (Cl) 

 

 O              1.6880869490   0.4266598558   0.2684017927 

 H              2.7914937093   0.6552041042   0.3664437214 

 O              1.7697973192  -0.7704289509  -0.1943312643 

 H              2.8959070798  -0.8731258973  -0.2243105468 

 Cl             4.3257750903  -0.0253422843   0.1161938353 

 

TS2 (Br) 

 

 O              1.6608546722   0.4241107515   0.2671787866 

 H              2.7486519049   0.6795528687   0.3754839868 

 O              1.7423977100  -0.7709984283  -0.1948051269 

 H              2.8565121811  -0.9022816974  -0.2359424181 

 Br             4.4626436793  -0.0174166670   0.1204823098 

 

TS2 (I) 

 

 O              1.6431827295   0.4190854983   0.2651800013 

 H              2.7355152090   0.6628014641   0.3687984751 

 O              1.6843137181  -0.7753621707  -0.1967853306 

 H              2.7890715028  -0.9598117560  -0.2587617618 

 I               4.6323916369  -0.0949182285   0.0921492269 
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A.2 Pyruvic Acid with OH and HO2 

 

A.2.1 M11/cc-pVTZ Stationary Point Structures 

 

 

Pyruvic Tc 

 

 O           -7.4171756547   3.6308370738   0.0627590448 

 C           -6.2854358284   3.9549140548   0.2631553398 

 C           -5.5117647498   3.5369042851   1.5393389477 

 O           -5.5480941741   4.6975046100  -0.5527965856 

 C           -6.2580159127   2.6988433023   2.5187194669 

 O           -4.3729137409   3.9147377657   1.6490876477 

 H           -4.6752466560   4.8008752618  -0.1373159851 

 H           -7.1610697064   3.2313080827   2.8265517510 

 H           -5.6273333129   2.4662704066   3.3732552236 

 H           -6.5988502643   1.7884851571   2.0197051491 

 

Pyruvic Tt 

 

 O           -7.3212778587   4.2104856937   0.7501268297 

 C           -6.1640441834   3.9957019723   0.5190487672 

 C           -5.3123398470   3.0197670683   1.3664112083 

 O           -5.4716398584   4.5523679041  -0.4717488310 

 C           -6.0598005364   2.3710375195   2.4908943046 

 O           -4.1604865818   2.8405797913   1.0965837454 

 H           -6.9159852133   1.8241023934   2.0896116383 

 H           -6.4684059302   3.1420265651   3.1479474760 

 H           -5.3937596048   1.7066021515   3.0360581594 

 H           -6.0651003861   5.1443389409  -0.9523232979 

 

HO2 

 

 O           -7.9326186490   4.1390193675  -0.0142449704 

 O           -6.6273235565   4.2092115394   0.0248247072 

 H           -8.2560377945   4.8233890931   0.5936802632 

 

OH 

 

 H          -10.0538643661   4.4156700000   0.0000000000 

 O           -9.0822356339   4.4156700000   0.0000000000 
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H2O2 

 

 H           -3.1350235978   4.8236904559   1.0958536006 

 O           -3.2285273478   3.3100182073  -0.0003463994 

 O           -2.6800326657   4.5918793347   0.2792744727 

 H           -3.7270863888   3.4838120021  -0.8058116739 

 

H2O 

 

 O           -6.5206146622   0.7016656493  -0.0094960259 

 H           -5.5629215781   0.6879393910   0.0197578260 

 H           -6.8093637597   0.3135549598   0.8176581999 

 

CO2 

 

 C           -8.7514965771   5.2097140269   0.0000000000 

 O           -7.6025773059   5.0832787365   0.0000000000 

 O           -9.9004161169   5.3361472366  -0.0000000000 

 

P1 

 

 O           -4.4274147983   3.4525541219   0.0072643842 

 C           -4.5163876175   3.5849124296   1.1915500595 

 C           -5.8328172060   3.3606856649   1.9662387288 

 O           -3.5217732172   3.9353996519   1.9952186490 

 C           -6.9732478899   2.9798937208   1.2045003813 

 O           -5.8180165737   3.5221313915   3.1779228632 

 H           -3.8803520786   3.9644932557   2.8989841125 

 H           -7.9116840290   2.8147720136   1.7167022323 

 H           -6.8846544898   2.8623830600   0.1329257493 

 

P2 

 

 O           -4.4867442317   3.4460061941  -0.0487936380 

 C           -4.5333944827   3.5894779407   1.1419848951 

 C           -5.8172121507   3.3696965278   1.9671586241 

 O           -3.5020117256   3.9513960634   1.8996926795 

 C           -6.9627329921   2.9784206804   1.2076571174 

 O           -5.8105484065   3.5284126136   3.1708958949 

 H           -2.7376348749   4.0709195273   1.3210206784 

 H           -7.8917329666   2.8102918310   1.7355913243 

 H           -6.8939270494   2.8561524416   0.1356406942 
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P3/P4 

 

 C           -5.5300596636   3.7870603101   1.7928104515 

 C           -6.1919123287   2.5829360226   2.4184245944 

 O           -4.6675970000   4.4551890585   2.2250190403 

 H           -7.2599393053   2.7852822802   2.5044237391 

 H           -5.7555407324   2.3701258364   3.3962109731 

 H           -6.0685809699   1.7350464921   1.7440012016 

 

P5 

 C            1.2201464300   0.9709028816   1.8258037883 

 C            1.0057707463  -0.2557061413   1.0031727726 

 C            0.9499440688  -0.0593008152  -0.5331399689 

 O            0.8458761477  -1.3689255671   1.4316653640 

 O           -0.1904177016   0.6545379632  -0.8858688919 

 O            0.8065424303  -1.2708989613  -1.1628274009 

 H            0.4822129037   1.7251205126   1.5399044241 

 H            2.2056170640   1.3796504615   1.5912379406 

 H            1.1403793360   0.7337325409   2.8840635088 

 H            0.6994635353  -1.9353245662  -0.4610701370 

 H            2.0789328848   0.7321137487  -1.8631835102 

 O            2.0832337547   0.6379252025  -0.9038610394 

 

P6 

 

 C            0.8892274779   0.0952143658  -1.0894979772 

 O            0.1800252321   1.0577309050  -0.9911680858 

 O            0.4710883463  -1.1513157103  -1.3138262070 

 H           -0.4895634865  -1.1203448808  -1.3790196844 

 H            2.4856640245   1.0155765410  -0.8301469069 

 O            2.2194394257   0.1039586293  -0.9917111287 

 

P7 

 

 C            0.1701925370  -1.5561175530   0.8701305901 

 O           -0.6062209631  -2.2759275514   1.3724080240 

 O            1.2232303480  -1.8909504419   0.1210710605 

 H            1.6830106880  -1.0925501336  -0.1567373347 
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P7 (acetic) 

 

 C            1.0680562406  -0.9031861628  -0.0000027826 

 C            0.0013001752   0.1518289183   0.0000071864 

 O            0.1790414513   1.3379488951   0.0000517217 

 O           -1.2379694048  -0.3877730531  -0.0000348977 

 H            2.0456119185  -0.4287541113  -0.0000372460 

 H            0.9501435908  -1.5358657563   0.8807856189 

 H            0.9500951527  -1.5359135428  -0.8807505198 

 H           -1.8670501243   0.3446538129  -0.0000190808 

 

 

P6 

 

 C            1.0868302636   0.6174508317  -0.6300358181 

 C            0.7299212461  -0.6196573603   0.2619722843 

 O            1.9495900445   0.1157069414  -1.5357080813 

 O           -0.3038518545  -1.2107106177   0.2459682934 

 O            1.7696425126  -0.9211276510   1.0545597398 

 H            1.5302053355  -1.6876007986   1.5919936802 

 H            2.4502272498   1.3367679972   0.5380764565 

 O            1.6111441965   1.6363466448   0.1740128543 

 C           -0.1745500806   1.1361193802  -1.3177934407 

 H           -0.6444291650   0.3270554449  -1.8716342067 

 H            0.1088925580   1.9497645265  -1.9837537710 

 H           -0.8516145265   1.5056916610  -0.5486156908 

 

PRC1 

 

 C            1.9079966494  -0.0459001499  -1.3758434127 

 C            1.2023540665   0.1642129360  -0.0859217436 

 C           -0.3240227385  -0.1017291799  -0.0786689120 

 O            1.7051431258   0.5218772352   0.9553254202 

 O           -0.9102173375  -0.4569475924  -1.0552152023 

 O           -0.8754847004   0.1084005260   1.1091933341 

 H            2.9700555574   0.1674055261  -1.2735736797 

 H            1.4433896151   0.5890463023  -2.1346596368 

 H            1.7361474033  -1.0745178468  -1.7033874697 

 H           -0.1734465927   0.3892196483   1.7183795865 

 H            3.6569810863   0.8524794987   0.9176411411 

 O            4.5650135949   0.9176522087   0.5602132377 

 

 

 

 

 



 

 

 109 

PRC2 

 

 C            1.8982732725  -0.0258970819  -1.4160787044 

 C            1.2305316854   0.0741878594  -0.0845421512 

 C           -0.2767172897  -0.2722335298  -0.0895724223 

 O            1.7583831546   0.3915137905   0.9479064097 

 O           -0.8563065110  -0.5933621615  -1.0879111856 

 O           -0.8264341835  -0.1707975902   1.1165467510 

 H            2.9515792692   0.2327642315  -1.3281895122 

 H            1.3860954862   0.6330757936  -2.1213488600 

 H            1.7705173187  -1.0398971694  -1.8027508663 

 H           -1.7622617311  -0.3996885188   1.0405110408 

 H            3.6554965948   0.8102913982   0.8683490058 

 O            4.5588030989   0.9494064933   0.5161547599 

 

PRC3 

 

 C           -1.1133873545  -1.4706988969   1.3894928073 

 C           -0.1735852275  -0.6802443882   0.5447073600 

 C           -0.8218320981   0.4809914980  -0.2553747856 

 O            1.0115248495  -0.8873604950   0.4545933433 

 O           -1.9975133124   0.6861698905  -0.1650076951 

 O           -0.0019562077   1.1891867407  -1.0085943525 

 H           -0.5749512969  -2.2574484407   1.9121728055 

 H           -1.9014248675  -1.8823314392   0.7546271382 

 H           -1.6140197239  -0.7980118695   2.0896673565 

 H            0.9278549039   0.8902263214  -0.9695569877 

 H            2.6426202887  -0.1520640670  -0.5002957916 

 O            2.7866082347   0.5829627221  -1.1287475666 

 

PRC4 

 

 C            1.8982732725  -0.0258970819  -1.4160787044 

 C            1.2305316854   0.0741878594  -0.0845421512 

 C           -0.2767172897  -0.2722335298  -0.0895724223 

 O            1.7583831546   0.3915137905   0.9479064097 

 O           -0.8563065110  -0.5933621615  -1.0879111856 

 O           -0.8264341835  -0.1707975902   1.1165467510 

 H            2.9515792692   0.2327642315  -1.3281895122 

 H            1.3860954862   0.6330757936  -2.1213488600 

 H            1.7705173187  -1.0398971694  -1.8027508663 

 H           -1.7622617311  -0.3996885188   1.0405110408 

 H            3.6554965948   0.8102913982   0.8683490058 

 O            4.5588030989   0.9494064933   0.5161547599 
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TS1-OH 

 

 C            1.9934433597   0.1390248443  -1.2242512679 

 C            1.1248008050   0.3937565276  -0.0534461495 

 C           -0.2246609613  -0.3648674585   0.0251589403 

 O            1.3976499989   1.1461064217   0.8524282512 

 O           -0.5735360070  -1.1416652852  -0.8105730786 

 O           -0.9180228911  -0.0456581285   1.1091100333 

 H            3.1095225493  -0.0097979976  -0.7623221911 

 H            2.0905370861   1.0263566166  -1.8493641299 

 H            1.7240184089  -0.7498987410  -1.7880940010 

 H           -0.3965415583   0.5994500925   1.6147531238 

 H            3.7173753178   0.8614987666   0.6083884193 

 O            4.1297030821   0.2121183316   0.0150589700 

 

TS2-OH 

 

 C            2.0198469199   0.1019823055  -1.2097596081 

 C            1.1699511440   0.3036890777  -0.0026165285 

 C           -0.2123128834  -0.3906233646  -0.0382195814 

 O            1.4900511582   0.9512245701   0.9557070470 

 O           -0.5576258653  -1.0957782173  -0.9434612388 

 O           -0.9434435999  -0.1104216771   1.0355546175 

 H            3.1729490294   0.0921916575  -0.8018410772 

 H            1.9800943100   0.9686958108  -1.8703438804 

 H            1.8224635036  -0.8248802621  -1.7419496695 

 H           -1.7879600218  -0.5729707636   0.9528283188 

 H            3.6979578856   0.8780825608   0.6236371939 

 O            4.1808736397   0.3879902122  -0.0627302432 

 

TS3-OH 

 

 C           -1.0637381210  -1.4280696629   1.3793962956 

 C           -0.1033847239  -0.6586259727   0.5322576920 

 C           -0.7743294600   0.5289622797  -0.3368417182 

 O            1.0672327564  -0.9215285224   0.4823460954 

 O           -1.9704609128   0.6076215937  -0.2164780201 

 O            0.0482210690   1.1886285320  -1.0302393027 

 H           -0.5522063895  -2.2076755963   1.9377811986 

 H           -1.8362178262  -1.8327454330   0.7225494468 

 H           -1.5698748277  -0.7169523222   2.0355541845 

 H            1.2409684260   0.9024259608  -0.8797516156 

 H            2.5580248207  -0.1880601748  -1.1543559030 

 O            2.3032485190   0.5590412081  -0.5990260733 
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TS4-OH 

 

 C           -1.0965904673  -1.3741378245   1.3216794859 

 C            0.0449450790  -0.7366440965   0.5922234277 

 C           -0.3587518812   0.2714453006  -0.5324560179 

 O            1.2046116668  -0.9318648741   0.7909654319 

 O           -1.5729572879   0.3769861372  -0.8004125901 

 O            0.5464935587   0.9193559645  -1.1136056693 

 H           -0.7139948962  -2.0507435677   2.0821818588 

 H           -1.7285231135  -1.9058767982   0.6066123530 

 H           -1.7195588240  -0.5957580369   1.7685921527 

 H           -0.1785344787   1.5545060043  -1.8508611334 

 H           -1.6273437828   1.3072390227  -2.8847490733 

 O           -1.2604253931   1.9343715887  -2.2480898060 

 

TS5-OH 

 

 C            1.1277099457   0.9718041032   1.8258064577 

 C            1.0097200877  -0.2725481833   1.0166299189 

 C            0.6903703975  -0.0797184120  -0.4915341728 

 O            1.1307373171  -1.4017290807   1.4107049409 

 O            0.2176627546   0.9906564361  -0.9223423147 

 O            0.4781562430  -1.2327433742  -1.1210296218 

 H            0.1716308432   1.5002530217   1.7966548352 

 H            1.8622995133   1.6258070408   1.3513595987 

 H            1.4077590041   0.7302251981   2.8482213238 

 H            0.7401950333  -1.9428404831  -0.5120169475 

 H            2.1992078940   0.7041451217  -1.8677828974 

 O            2.3292412364   0.5046634317  -0.9270728911 

 

TS6-OH 

 

 C            1.1381396536   1.0080617839   1.6981153951 

 C            1.0949881856  -0.2635906801   0.9081589829 

 C            0.5976901344  -0.0349798392  -0.6297112295 

 O            1.2412282813  -1.3702443691   1.2894450013 

 O            0.1472543004   1.0335038542  -0.9669943135 

 O            0.3420838113  -1.1959415785  -1.2254638813 

 H            0.1124838381   1.3572490631   1.8371089758 

 H            1.6751225562   1.7700122188   1.1365802742 

 H            1.6060884057   0.8138692029   2.6606954168 

 H           -0.1435363393  -1.0116363587  -2.0391175912 

 H            2.4983629775   1.0676995957  -1.1239853704 

 O            2.5336488251   0.1588893168  -0.7877580803 
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TS7-OH 

 

 C            0.9778368268   0.4304686384  -0.7963012308 

 C            0.7025413164  -0.6136735747   0.3148310394 

 O            2.0918283930   0.3594919201  -1.3619381633 

 O           -0.3616188135  -0.7550805427   0.8310682909 

 O            1.7944372716  -1.3162300688   0.6194676022 

 H            2.4837554917  -1.0661160679  -0.0184371762 

 H            2.4495094958   1.4749958652   0.5781636170 

 O            1.5853258747   1.7837698333   0.2581849906 

 C           -0.2228165445   1.0669823018  -1.4188145715 

 H           -0.6868740092   0.3301425485  -2.0791134197 

 H            0.0897747450   1.9340247493  -1.9972018036 

 H           -0.9406890979   1.3373824977  -0.6465959150 

 

TS8-OH 

 

 C            0.9865200445   0.3977641816  -0.8142656631 

 C            0.6825660380  -0.6314250533   0.2923282854 

 O            2.0644265517   0.3095123474  -1.4221396433 

 O           -0.4205880313  -1.0118776893   0.5560103803 

 O            1.7965725668  -1.0562262154   0.9007973424 

 H            1.5414666355  -1.7023438600   1.5718193936 

 H            2.5210593253   1.2864550791   0.5380839621 

 O            1.6955645060   1.7150730928   0.2539138495 

 C           -0.2245792552   1.0753342459  -1.3842227951 

 H           -0.7678618369   0.3446586205  -1.9876899021 

 H            0.1005519846   1.9052743245  -2.0080900223 

 H           -0.8827092990   1.4140509362  -0.5857491075 

 

P3a-HO2 

 

 O           -7.3581444454   3.9205070385   0.2449362862 

 C           -6.1742306212   3.9556428156   0.4388492862 

 C           -5.4723998558   3.1330229336   1.4783001807 

 O           -5.3367532114   4.7379020264  -0.2537995329 

 C           -6.1776079970   2.3122154286   2.2411556364 

 O           -4.1338586086   3.3352047442   1.5179461352 

 H           -7.2468707051   2.2583370627   2.0913760513 

 H           -5.7120927781   1.6993480878   3.0044590853 

 H           -3.7423496085   2.7833696779   2.1996163160 

 H           -5.8708594488   5.2258894047  -0.8932587443 
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P3b-HO2 

 

 C            0.7782804957  -0.0756797878  -0.0326958674 

 C           -0.7336864045  -0.0566499911   0.0195789666 

 O            1.3549554916   1.1134217912  -0.2960965503 

 H            0.6911401296   1.7520347034  -0.5733493174 

 O            1.4178887599  -1.0593873947   0.1625484444 

 O           -1.2420675211  -1.2650353532  -0.2830107394 

 C           -1.4271235279   1.0181260309   0.3779604511 

 H           -2.5087713307   0.9957704976   0.4478004658 

 H           -0.9273961614   1.9305711172   0.6741693375 

 H           -2.1931987914  -1.2715796536  -0.1461536009 

 

 

P5-HO2 

 

 C           -0.8875152161  -0.0347619111   0.0100008405 

 O           -1.9534994040   0.1880172900  -0.7226782297 

 C           -1.3367914082  -0.3146632089   1.4032188428 

 H           -0.8334377495   0.4014133037   2.0599054082 

 H           -2.4202464933  -0.2818232971   1.5516227117 

 H           -1.6739653889   0.3700004315  -1.6263984005 

 H           -0.9365943400  -1.2933826082   1.6851788271 

 

 

P6-HO2 

 

 C           -7.7502652290   4.1903153202   0.7217822119 

 C           -6.3425501479   3.6933260098   0.6914633378 

 C           -5.3616930482   3.9403481823   1.7321179475 

 O           -5.9912962176   3.2073014003  -0.5248094420 

 O           -5.9790189501   2.7814570420   1.8793200024 

 O           -4.4987119562   4.5542951469   2.2638487528 

 H           -5.0426271720   3.0625648439  -0.5863409016 

 H           -7.8405111640   5.0511195884   0.0582861380 

 H           -8.0340289293   4.4758816211   1.7327856812 

 H           -8.4087364998   3.3979919791   0.3613385408 
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TS1-HO2 

 

 O           -4.3224488055   2.9643504776   0.2706314156 

 C           -4.5106756697   3.4226383402   1.3568721930 

 C           -5.8988957059   3.4174001283   2.0368785366 

 O           -3.5841694255   3.9899554433   2.1173310836 

 C           -6.9726762627   2.7519663155   1.3268378311 

 O           -5.9904248592   3.9018294088   3.1492493593 

 H           -4.0175129446   4.2682167157   2.9413917809 

 H           -7.9781697602   3.0070348025   1.6436925513 

 H           -6.8219435582   1.5300872563   1.9320798195 

 H           -6.7982986691   2.5237523950   0.2810540183 

 O           -6.6515537174   0.6519149373   2.6710375621 

 O           -5.5288797637   0.9940015339   3.3696143849 

 H           -5.8665600883   1.4242263354   4.1684913738 

 

TS2-HO2 

 

 O           -7.4474078260   4.3397033262   0.4923062883 

 C           -6.2695944065   4.2044243547   0.2832263193 

 C           -5.5265082031   3.7532469895   1.7206655914 

 O           -5.5057735259   4.3783467189  -0.6819466911 

 C           -6.2001781863   2.6159761624   2.4216434935 

 O           -4.6559251509   4.4352510976   2.1662369080 

 H           -3.4391917156   4.9944504682   0.8809366632 

 O           -3.3153350079   3.4407459539  -0.1413690222 

 O           -2.7293721214   4.5383726960   0.3748577461 

 H           -4.2756912391   3.7809924885  -0.4468370968 

 H           -7.2612577805   2.8546051222   2.5014276498 

 H           -5.7438704777   2.4601925551   3.3970478538 

 H           -6.1067350892   1.7230118269   1.7992043466 
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TS3-HO2 

 

 O           -7.3531525411   4.0253250235   0.3667697736 

 C           -6.1600950597   3.9907768424   0.4436699628 

 C           -5.4335131874   3.1674947418   1.5038365401 

 O           -5.3182113365   4.6423177622  -0.3528883222 

 C           -6.1649399270   2.3453353142   2.3619482257 

 O           -4.1834208817   3.3601736914   1.5995828896 

 H           -7.2338299102   2.3193716945   2.1990811390 

 H           -5.7026134675   2.8193410679   3.5043839833 

 H           -5.6849562731   1.3896306407   2.5759140427 

 O           -3.6705819014   2.5845304905   3.8605909458 

 O           -4.7586564700   2.9681961387   4.4508235760 

 H           -3.8345200818   2.8978452002   2.5385092974 

 H           -5.8381786425   5.1358116222  -1.0010819239 

 

TS4-HO2 

 

 C            0.8299703649   0.0215799518   0.0359153113 

 C           -0.7075821396  -0.0298404919   0.0042683982 

 O            1.3394394070   1.0342101600  -0.5379028122 

 H            0.6493067159   1.7524026417  -1.2914975022 

 O            1.3406991698  -0.8776445300   0.6595488183 

 O           -1.2073529578  -1.1032293902  -0.5092518478 

 C           -1.4715768337   1.0487808244   0.4659119311 

 H           -2.5284454489   0.8699874476   0.6541189035 

 H           -0.9632060183   1.6656503003   1.2034335633 

 H           -2.1720281867  -1.1357285310  -0.4394218130 

 O            0.0778192437   2.4475776560  -2.0486785080 

 O           -1.1480549002   2.6363258891  -1.6810364466 

 H           -1.3733706060   1.7827460820  -0.5431350558 

 

TS5-HO2 

 C            1.5648055819  -0.1959505781  -0.1155360310 

 C           -0.8719081617  -0.0801656807  -0.0820428792 

 O            1.6525963928  -0.3566258451   1.0292032042 

 O            1.8234794806  -0.0535862855  -1.2518431676 

 O           -1.8586611783   0.0803753719  -0.8952512782 

 C           -1.3487437993  -0.2481927261   1.3138110696 

 H           -0.8647533243   0.5207191640   1.9246169793 

 H           -2.4347567367  -0.2106789661   1.4210802579 

 H           -1.5205894975   0.1898084304  -1.8134907526 

 H           -0.9468538332  -1.1942338516   1.6905792237 

 O           -0.8260755482   0.3717982555  -3.3953259090 

 O            0.4576602657   0.3319158570  -3.5786048339 

 H            0.8824635483   0.1905758344  -2.6998929333 
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TS6-HO2 

 

 C           -7.7766910874   4.1057179926   0.6675813481 

 C           -6.3284879729   3.7887065731   0.6175974982 

 C           -5.4280344295   3.8743822717   1.7777770502 

 O           -5.8704682367   3.3408475204  -0.5100598855 

 O           -5.9520237420   2.7787108002   2.1076384133 

 O           -4.5189582030   4.5741692409   2.1825354450 

 H           -3.3330191881   4.8100114738   1.1185978036 

 O           -3.2376999110   3.9311706753  -0.5040733174 

 O           -2.6868786375   4.7329835138   0.3517845911 

 H           -4.8829553681   3.4144544917  -0.5340374351 

 H           -7.9401225707   5.0165091347   0.0856310931 

 H           -8.1073487451   4.2573207310   1.6916753540 

 H           -8.3384211079   3.2956794307   0.2002560614 
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Appendix B 

 

 

B.1  CBS Energetics for HO2+HX 

 

Table B.1 Energetics of Reactants and Products for HO2+HX. These were calculated from 

M11/cc-pVXZ where X=D,T,Q as well as the CBS energies determined from a power fit. 

M11/cc-pVXZ cc-pVDZ cc-pVTZ cc-pVQZ CBS 

F -99.699370 -99.745437 -99.752471 -99.761834 

Cl -460.117998 -460.141965 -460.146519 -460.151138 

Br -416.863216 -416.891403 -416.893562 -416.899897 

I -295.545024 -295.558608 -295.561723 -295.564190 

HO2 -150.856613 -150.922488 -150.934028 -150.947000 

H2O2 -151.495247 -151.567690 -151.581747 -151.595626 

HF -100.411896 -100.468262 -100.480966 -100.491266 

HCl -460.780720 -460.811001 -460.816929 -460.822716 

HBr -417.506849 -417.538698 -417.541693 -417.548694 

HI -296.166842 -296.183951 -296.188122 -296.191159 

 

Table B.2 Energetics of Pre-Reactive Complexes HO2+HX. These were calculated from M11/cc-

pVXZ where X=D,T,Q as well as the CBS energies determined from a power fit. 

M11/cc-pVXZ cc-pVDZ cc-pVTZ cc-pVQZ CBS 

Intermediate (F) -251.291044 -251.406753 -251.429181 -251.451355 

Intermediate (Cl) -611.650269 -611.742859 -611.759900 -611.777900 

Intermediate (Br) -568.374949 -568.469809 -568.483921 -568.503307 

Intermediate (I) -447.032747 -447.113658 -447.128508 -447.144249 

 

Table B.3 Energetics of Transition State Structures HO2+HX. These were calculated from 

M11/cc-pVXZ where X=D,T,Q as well as the CBS energies determined from a power fit. 

M11/pVXZ cc-pVDZ cc-pVTZ cc-pVQZ CBS 

TS1 (Cl) -611.614526 -611.706163 -611.723207 -611.740971 

TS1 (Br) -568.352095 -568.446625 -568.460444 -568.479831 

TS1 (I) -447.017825 -447.098446 -447.112902 -447.128683 

TS2 (F) -251.272726 -251.383448 -251.405120 -251.426279 

TS2 (Cl) -611.639526 -611.727476 -611.744024 -611.761020 

TS2 (Br) -568.368735 -568.460386 -568.473785 -568.492582 

TS2 (I) -447.029085 -447.106450 -447.120492 -447.135587 

C2V (I) -447.029120 -447.106708 -447.120823 -447.135953 
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B.2  CBS Energetics for HO2+PA and OH+PA 

 

B.2.1  M11/CBS 

 

B.2.1.1  PA+OH 

 

Table B.4 Energetics of Reactants and Products of PA+OH Reactions using M11/cc-pVXZ. Here 

X=D,T,Q as well as the CBS energies determined from a power fit. 

 

M11/cc-pVXZ cc-pVDZ cc-pVTZ cc-pVQZ CBS 

Pyruvic Tc -342.277101 -342.410035 -342.438282 -342.463056 

Pyruvic Tt -342.272515 -342.405301 -342.433291 -342.458102 

OH -75.700976 -75.738395 -75.745247 -75.752531 

H2O -76.392270 -76.436922 -76.447129 -76.455248 

CO2 -188.525342 -188.601646 -188.615492 -188.630381 

P1 -341.616883 -341.747445 -341.774971 -341.799365 

P2 -341.611892 -341.742229 -341.769490 -341.793903 

P3/P4 -153.105009 -153.166370 -153.178660 -153.190307 

P5 -417.997520 -418.160744 -418.194757 -418.225366 

P6 -264.927924 -265.037255 -265.060034 -265.080538 

P7 -189.033474 -189.110605 -189.125937 -189.140611 

P7 (acetic) -228.994860 -229.088824 -229.108566 -229.126141 

P8 -418.015395 -418.179700 -418.214001 -418.244795 

 

 

Table B.5 Energetics of Pre-Reactive Complexes of PA+OH Reactions using M11/cc-pVXZ. 

Here X=D,T,Q as well as the CBS energies determined from a power fit. 

M11/cc-pVXZ cc-pVDZ cc-pVTZ cc-pVQZ CBS 

PRC1 -417.991011 -418.156149 -418.190667 -418.221605 

PRC2 -417.987855 -418.152843 -418.187210 -418.218153 

PRC3 -417.994393 -418.159475 -418.193628 -418.224655 

PRC4 -417.996217 -418.159777 -418.193303 -418.224133 
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Table B.6 Energetics of Transition State Structures of PA+OH Reactions using M11/cc-pVXZ. 

Here X=D,T,Q as well as the CBS energies determined from a power fit. 

 

M11/cc-pVXZ cc-pVDZ cc-pVTZ cc-pVQZ CBS 

TS1 -417.973088 -418.140103 -418.174691 -418.206072 

TS2 -417.969579 -418.136284 -418.170781 -418.202111 

TS3 -417.975491 -418.140765 -418.174637 -418.205792 

TS4 -417.978437 -418.141661 -418.174543 -418.205472 

TS5 -417.970475 -418.135636 -418.169598 -418.200699 

TS6 -417.962676 -418.130186 -418.164656 -418.196192 

TS7 -417.971367 -418.137266 -418.171387 -418.202624 

TS8 -417.970811 -418.136548 -418.170414 -418.201684 

 

 

B.2.1.2  PA+HO2 

 

Table B.7 Energetics of Reactants and Products of PA+HO2 Reactions. This table neglects any 

reactants and products that were also produced by PA+OH. These were calculated from M11/cc-

pVXZ where X=D,T,Q as well as the CBS energies determined from a power fit. 

M11/cc-pVXZ cc-pVDZ cc-pVTZ cc-pVQZ CBS 

HO2 -150.856648 -150.922499 -150.934018 -150.946989 

H2O2 -151.495316 -151.567704 -151.581733 -151.595606 

P3a-HO2 -342.258237 -342.392802 -342.421519 -342.446562 

P3b-HO2 -342.247125 -342.383175 -342.412330 -342.437616 

P4/P5-HO2 -153.673339 -153.736279 -153.750209 -153.761782 

P6-HO2 -342.229370 -342.364028 -342.392012 -342.417286 

 

Table B.8 Energetics of Transition State Structures of PA+HO2 Reactions. These were calculated 

from M11/cc-pVXZ where X=D,T,Q as well as the CBS energies determined from a power fit. 

M11/cc-pVXZ cc-pVDZ cc-pVTZ cc-pVQZ CBS 

TS1-HO2 -493.101401 -493.297078 -493.336380 -493.373491 

TS2-HO2 -493.090756 -493.286108 -493.324804 -493.362006 

TS3-HO2 -493.102138 -493.291872 -493.330100 -493.366050 

TS4-HO2 -493.083829 -493.278062 -493.317261 -493.354046 

TS5-HO2 -493.089043 -493.284925 -493.322899 -493.360435 

TS6-HO2 -493.114273 -493.309076 -493.347772 -493.384839 
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B.2.2  CCSD(T)/CBS 

 

Table B.9 Energetics of Reactants and Products of PA+OH Reactions Using CCSD(T). These 

were calculated from CCSD(T)/cc-pVXZ//M11/cc-pVTZ where X=D,T,Q as well as the CBS 

energies determined from a power fit. 

CCSD(T)/cc-pVXZ cc-pVDZ cc-pVTZ cc-pVQZ CBS 

pyruvic Tc -341.563309 -341.905005 -342.010520 -342.064906 

pyruvic Tt -341.559959 -341.900760 -342.006104 -342.060318 

OH -75.559271 -75.637684 -75.661590 -75.674158 

 

 

Table B.9 Energetics of Pre-Reactive Complexes of PA+OH Reactions Using CCSD(T). These 

were calculated from CCSD(T)/cc-pVXZ//M11/cc-pVTZ where X=D,T,Q as well as the CBS 

energies determined from a power fit. 

 

CCSD(T)/cc-pVXZ cc-pVDZ cc-pVTZ cc-pVQZ CBS 

PRC1 -417.130695 -417.549828 -417.679813 -417.746366 

PRC2 -417.128535 -417.546970 -417.676038 -417.742679 

PRC3 -417.125742 -417.545541 -417.681329 -417.746408 

PRC4 -417.128147 -417.546352 -417.681504 -417.746370 

 

Table B.10 Energetics of Transition State Structures of PA+OH Reactions Using CCSD(T). 

These were calculated from CCSD(T)/cc-pVXZ//M11/cc-pVTZ where X=D,T,Q as well as the 

CBS energies determined from a power fit. 

 

CCSD(T)/cc-pVXZ cc-pVDZ cc-pVTZ cc-pVQZ CBS 

TS1 -417.111068 -417.533196 -417.662853 -417.730237 

TS2 -417.108523 -417.529866 -417.659441 -417.726655 

TS3 -417.107658 -417.528991 -417.659300 -417.726305 

TS4 -417.114942 -417.534265 -417.664460 -417.731001 

TS5 -417.111071 -417.533399 -417.663197 -417.730591 

TS6 -417.102769 -417.524494 -417.654537 -417.721714 

TS7 -417.113766 -417.536072 -417.665643 -417.733096 

TS8 -417.114076 -417.535382 -417.664841 -417.732079 
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Appendix C 

 

C.1 Vibrational Frequencies for HO2+HX 

 

Table C.1 Harmonic Frequncies of HO2+HF systems determined from the M11/cc-pVQZ 

stationary point structure. 

HF 3976.8 
        

DF 2883.0 
        

Intermediate 

(HF+HO2) 

215.2 275.3 526.9 601.1 743.5 1252.7 1482.9 3442.1 3561.2i 

Intermediate 

(HF+DO2) 

208.4 269.6 388.7 599.6 743.0 1098.6 1256.4 2514.9 3548.7i 

Intermediate 

(DF+HO2) 

214.4 262.7 435.1 529.3 554.3 1252.6 1480.2 2573.0 3456.4i 

Intermediate 

(DF+DO2) 

207.8 257.7 388.6 435.9 552.9 1095.1 1256.4 2505.5 2584.0i 

TS2(HF+HO2) 657.6 744.8 1103.6 1120.8 1292.3 1654.0 1852.9 2164.8 1403.7i 

TS2(HF+DO2) 656.0 743.6 809.2 1112.9 1279.5 1395.2 1437.9 2036.0 1184.3i 

TS2(DF+HO2) 656.0 743.6 809.7 1112.3 1279.5 1394.0 1438.5 2037.6 1183.9i 

TS2(DF+DO2) 654.1 742.5 796.8 822.8 1168.1 1316.3 1333.1 1542.5 1007.0i 

 

Table C.2 Harmonic Frequncies of HO2+HCl systems determined from the M11/cc-pVQZ 

stationary point structure. 

HCl 2877.0 
        

DCl 2063.4 
        

Intermediate (HCl+HO2) 152.9 214.2 379.9 423.8 487.6 1247.6 1464.1 2657.0 3438.4 

Intermediate (HCl+DO2) 150.8 205.4 311.0 380.6 486.5 1083.4 1250.9 2499.0 2662.3 

Intermediate (DCl+HO2) 151.9 202.4 276.5 368.9 423.7 1247.4 1463.2 1907.0 3437.6 

Intermediate (DCl+DO2) 149.9 195.2 274.8 313.1 365.6 1082.6 1250.8 1906.2 2504.0 

TS1(HCl+HO2) 153.1 294.1 371.9 1059.2 1216.6 1427.5 1683.0 3658.4 1120.2𝑖 

TS1(HCl+DO2) 146.6 279.8 295.5 1017.4 1060.6 1262.4 1679.8 2666.2 1118.4𝑖 

TS1(DCl+HO2) 137.2 275.8 348.5 620.6 816.1 1119.8 1410.8 3627.8 1369.1𝑖 

TS1(DCl+DO2) 144.5 275.8 287.1 876.5 970.6 1078.4 1298.7 2665.0 835.9𝑖 

TS2(HCl+HO2) 428.1 851.4 889.7 1026.2 1326.1 1599.3 1790.1 2069.9 503.5𝑖 

TS2(HCl+DO2) 425.1 661.6 844.8 962.8 1276.0 1327.3 1500.2 1938.1 433.9𝑖 

TS2(DCl+HO2) 425.1 662.3 844.9 961.7 1276.1 1327.3 1499.9 1937.8 434.0𝑖 

TS2(DCl+DO2) 421.5 611.3 759.3 823.9 1136.1 1290.5 1329.3 1498.7 385.1𝑖 
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Table C.3 Harmonic Frequncies of HO2+HBr systems determined from the M11/cc-pVQZ-PP 

stationary point structure. 

HBr 2545.4 
        

DBr 1811.9 
        

Intermediate (HBr+HO2) 119.2 197.1 346.0 405.6 462.6 1247.5 1458.8 2337.3 3426.5 

Intermediate (HBr+DO2) 117.7 188.1 292.5 352.9 460.9 1079.8 1250.7 2333.2 2499.8 

Intermediate (DBr+HO2) 118.7 185.3 252.5 350.9 403.7 1247.1 1457.6 1665.6 3425.9 

Intermediate (DBr+DO2) 117.3 178.2 248.8 301.1 347.0 1079.4 1250.3 1664.4 2495.5 

TS1(HBR+HO) 139.6 297.5 350.1 821.8 1099.3 1144.4 1415.3 3628.2 1867.6𝑖 

TS1(HBR+DO2) 133.9 257.1 303.9 820.7 1019.8 1126.6 1148.8 2643.4 1866.7𝑖 

TS1(DBr+HO2) 137.2 275.8 348.5 620.6 816.1 1119.8 1410.8 3627.8 1369.1𝑖 

TS1(DBr+DO2) 131.8 255.3 282.5 619.6 810.4 1048.4 1123.1 2642.8 1367.9𝑖 

TS2(HBr+HO2) 337.8 776.3 994.7 1062.6 1331.2 1574.4 1780.7 2105.8 126.2𝑖 

TS2(HBr+DO2) 334.6 611.7 920.4 950.3 1264.3 1331.1 1518.9 1961.6 113.3𝑖 

TS2(DBr+HO2) 334.8 610.1 923.1 954.5 1261.9 1331.3 1520.0 1952.1 113.3𝑖 

TS2(DBr+DO2) 331.0 556.4 737.5 915.7 1116.1 1281.8 1332.4 1529.3 103.6𝑖 

 

Table C.4 Harmonic Frequncies of HO2+HI systems determined from the M11/cc-pVQZ-PP 

stationary point structure. 

HI 2269.7         

DI 1611.8 
        

Intermediate  

(HI+HO2) 

98.1 170.9 249.6 333.1 344.2 1241.5 1445.0 2150.6 3442.9 

Intermediate  

(HI+DO2) 

96.9 163.5 237.6 265.2 331.0 1069.4 1245.4 2149.7 2508.6 

Intermediate  

(DI+HO2) 

97.9 153.7 183.9 262.4 343.3 1241.1 1443.7 1529.0 3442.6 

Intermediate  

(DI+DO2) 

96.7 149.2 181.7 254.1 257.3 1069.2 1245.0 1527.7 2507.6 

C2v intermediate (HI+HO2) 235.7 291.6 704.6 961.7 1212.2 1336.2 1532.2 1774.6 2138.1 

C2v intermediate (HI+DO2) 216.4 288.8 560.3 882.8 1034.7 1260.0 1336.0 1517.2 1981.9 

C2v intermediate (DI+HO2) 216.4 289.0 560.2 883.1 1035.9 1260.2 1336.0 1517.5 1978.9 

C2v intermediate (DI+DO2) 201.6 285.0 505.1 714.6 1002.1 1085.4 1275.4 1336.2 1555.0 

TS1(HI+HO2) 122.6 276.7 352.7 570.9 931.4 1166.5 1409.4 3609.6 1536.3𝑖 

TS1(HI+DO2) 118.2 228.8 318.1 570.1 929.2 1042.4 1172.1 2629.6 1535.4𝑖 

TS1(DI+HO2) 120.1 242.7 339.5 467.6 686.5 1142.5 1408.6 3609.5 1137.2𝑖 

TS1(DI+DO2) 116.0 219.5 279.7 467.0 685.4 1040.0 1148.3 2629.3 1136.0𝑖 

TS2(HI+HO2) 293.2 495.2 671.4 918.2 1329.0 1492.9 1529.3 2512.6 649.6𝑖 

TS2(HI+DO2) 289.6 481.2 519.0 871.5 1148.7 1330.9 1490.5 1849.9 619.8𝑖 

TS2(DI+HO2) 284.2 484.6 553.7 809.0 1080.3 1329.0 1512.2 2496.2 486.8𝑖 

TS2(DI+DO2) 280.4 471.3 482.6 680.7 1064.4 1148.0 1330.6 1826.7 468.9𝑖 
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C.2 Vibrational Frequencies for HO2+PA and OH+PA 

 

Table C.5 Harmonic Frequncies of PA+OH Reactants and Products determined from the 

M11/cc-pVTZ stationary point structures. 

OH 3767.36 
       

H2O 1600.51 3853.60 3955.13 
     

CO2 684.26 686.82 1401.86 2439.26 
    

Pyruvic Tc 

100.98 130.19 260.17 397.57 400.14 532.55 613.37 706.68 

743.56 783.18 979.02 1038.68 1171.91 1251.40 1374.91 1415.53 

1443.33 1445.87 1839.00 1893.35 3062.93 3131.92 3188.57 3685.08 

pyruvic Tt 

55.04 143.46 251.14 380.39 388.40 521.77 598.07 620.69 

744.79 751.80 972.29 1041.44 1153.83 1221.47 1372.59 1413.77 

1447.04 1450.40 1846.65 1868.14 3062.98 3133.90 3186.57 3793.07 

P1 

109.27 276.86 379.62 404.80 456.64 537.56 612.56 724.72 

765.64 792.83 878.91 1011.02 1192.00 1281.50 1405.76 1466.44 

1688.77 1889.47 3179.12 3306.66 3675.63 
   

P2 

61.41 266.48 371.64 399.02 439.57 526.92 592.31 637.90 

761.58 762.16 870.42 1005.97 1167.17 1249.63 1403.14 1461.14 

1702.68 1843.77 3180.66 3308.08 3794.54 
   

P3/P4 
100.47 470.08 859.01 946.47 1047.41 1337.95 1446.80 1449.02 

1985.70 3053.72 3155.95 3156.85 
    

P5 

67.00 124.64 216.66 255.71 259.40 327.72 395.64 478.47 

511.42 547.17 613.50 635.92 743.73 970.99 1010.32 1032.81 

1115.61 1186.90 1218.33 1295.38 1378.69 1443.53 1455.06 1463.62 

1847.73 3059.34 3132.28 3184.37 3666.85 3816.22 
  

P6 
541.31 554.32 594.66 611.19 821.86 998.73 1162.52 1279.69 

1477.75 1859.76 3839.27 3843.51 
    

P7 546.28 634.20 1115.60 1232.82 1964.11 3851.47 
  

P7 (acetic) 

78.32 421.03 544.34 592.64 670.78 872.41 998.17 1069.67 

1210.25 1336.29 1404.08 1462.15 1468.11 1858.71 3074.03 3150.32 

3193.13 3799.32 
      

P8 

56.36 192.18 207.93 236.00 318.94 338.72 384.88 432.26 

522.11 570.43 621.81 731.25 780.13 896.79 946.55 1041.20 

1080.99 1157.15 1209.69 1328.53 1339.93 1377.85 1463.76 1472.99 

1874.13 3081.35 3175.85 3195.03 3790.13 3836.33 
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Table C.6 Harmonic Frequncies of PA+OH Pre-Reactive Complexes determined from the 

M11/cc-pVTZ stationary point structures. 

 

PRC1 

37.46 86.33 98.94 132.42 144.13 272.74 375.19 408.91 

416.19 514.05 539.49 622.94 688.05 739.64 785.87 985.20 

1040.79 1178.93 1255.00 1376.80 1413.45 1444.09 1446.69 1818.12 

1896.28 3058.80 3127.43 3185.22 3655.33 3707.19   

PRC2 

38.48 52.51 87.01 146.00 149.06 270.14 378.93 401.66 

428.95 529.51 545.72 610.89 622.40 746.16 757.76 980.69 

1043.65 1162.42 1228.32 1378.23 1418.83 1448.05 1452.24 1844.48 

1855.75 3059.70 3130.51 3183.84 3626.08 3791.72   

PRC3 

55.07 83.69 132.46 143.26 164.57 261.47 268.58 389.57 

399.55 481.98 531.66 624.14 685.56 745.61 798.58 978.05 

1035.77 1178.32 1227.82 1366.13 1403.98 1440.85 1443.25 1834.32 

1870.64 3064.31 3134.10 3189.06 3555.79 3692.17   

PRC4 

53.25 65.08 139.91 142.15 188.23 288.94 381.73 400.31 

409.30 529.21 615.62 633.57 707.93 787.04 791.67 974.92 

1042.38 1176.05 1300.86 1379.04 1446.13 1451.15 1456.73 1797.81 

1870.63 3063.02 3133.80 3186.93 3494.94 3582.45   
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Table C.7 Harmonic Frequncies of PA+OH Transition States determined from the M11/cc-pVTZ 

stationary point structures. 

TS1 

25.85 90.62 134.44 245.07 292.82 329.44 390.94 422.16 

534.83 591.16 680.66 712.62 766.84 826.44 896.59 1013.54 

1044.81 1181.03 1208.63 1254.49 1398.36 1436.90 1490.87 1807.03 

1893.22 3115.01 3208.94 3698.02 3749.90 1533.60i   

TS2 

23.13 50.54 140.03 234.38 275.61 367.07 374.72 401.38 

524.20 581.45 618.22 702.20 743.89 807.00 903.01 1019.05 

1026.94 1169.35 1197.80 1231.57 1399.79 1431.82 1488.58 1837.95 

1850.05 3109.55 3201.19 3738.61 3791.07 1566.92i   

TS3 

67.13 94.89 143.64 248.16 292.79 395.60 398.21 459.14 

496.54 584.62 628.88 649.38 744.35 869.45 978.64 1016.18 

1153.41 1307.99 1360.26 1435.16 1438.82 1485.48 1505.36 1739.70 

1873.17 3069.72 3145.20 3197.04 3828.35 1870.58i   

TS4 

39.80 108.96 151.05 193.16 331.66 380.68 429.87 493.18 

531.30 574.77 645.03 679.06 742.70 889.87 977.92 1043.14 

1183.92 1377.66 1420.64 1446.53 1448.75 1452.13 1707.89 1724.76 

1876.15 3061.13 3133.02 3185.87 3820.68 1720.18i   

TS5 

92.10 133.15 199.37 246.34 274.31 310.64 397.00 465.42 

534.49 606.97 629.70 652.36 767.24 945.34 978.47 1038.48 

1157.62 1244.42 1366.77 1403.73 1445.05 1450.07 1549.82 1848.85 

3064.53 3138.17 3189.05 3694.46 3761.67 781.92i   

TS6 

59.20 119.34 152.60 213.54 280.50 324.76 350.78 386.27 

468.37 534.45 563.76 595.09 683.44 800.65 959.01 1027.96 

1112.32 1159.42 1323.67 1368.57 1443.56 1451.83 1726.89 1904.74 

3073.80 3159.60 3195.80 3765.45 3803.44 1034.71i   

TS7 

96.93 162.32 187.33 246.39 258.76 308.50 396.36 438.17 

548.33 605.29 721.16 753.74 782.49 905.31 975.50 1017.26 

1160.70 1244.17 1376.51 1397.88 1448.64 1457.14 1560.22 1905.27 

3069.16 3155.17 3192.04 3681.98 3751.95 704.77i   

TS8 

67.40 175.43 196.94 241.69 278.76 369.18 381.88 412.41 

541.08 583.33 595.41 755.25 774.16 915.03 972.15 1016.88 

1146.11 1224.35 1373.31 1399.18 1448.39 1459.55 1588.24 1863.53 

3070.83 3155.87 3189.27 3742.71 3796.45 709.55i    
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Table C.8 Harmonic Frequncies of PA+HO2 Reactants and Products determined from the 

M11/cc-pVTZ stationary point structures. Any similar products formed from the PA+OH 

reaction are neglected. 

HO2 1247.19 1449.23 3691.67      
H2O2 380.94 1034.80 1349.62 1460.53 3816.78 3818.58   
P3-HO2 70.09 282.28 371.04 411.98 429.30 532.27 587.90 636.75 

 745.39 799.83 825.87 921.99 981.56 1163.92 1182.70 1322.61 

 1416.62 1453.88 1739.81 1843.82 3171.28 3283.00 3801.39 3858.37 

p3b-HO2 84.05 281.70 351.63 410.41 423.67 540.17 558.61 626.96 

 738.18 805.87 815.19 887.31 993.46 1143.63 1192.92 1297.89 

 1425.33 1445.71 1720.36 1900.19 3167.91 3264.69 3845.65 3854.04 

P4/P5-HO2 56.23 519.19 738.22 918.89 969.13 1064.52 1323.49 1330.13 

 1368.59 1438.41 1463.64 3022.83 3109.50 3120.68 3804.16  
P6-HO2 169.28 176.54 310.22 354.43 390.17 448.88 584.49 629.74 

 720.13 808.25 1006.48 1040.86 1152.63 1218.77 1318.46 1378.70 

 1426.28 1468.63 1480.67 2019.57 3069.38 3151.89 3176.27 3843.13 
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Table C.9 Harmonic Frequncies of PA+HO2 Transition State Structures determined from the 

M11/cc-pVTZ stationary point structures. 

 

TS1-HO2 27.33 70.95 84.95 132.93 248.14 276.87 402.07 415.29 

 472.32 515.72 535.91 609.08 625.43 705.58 789.67 816.62 

 995.55 1016.40 1061.81 1112.54 1187.12 1261.58 1400.56 1415.41 

 1440.32 1454.20 1744.23 1892.98 3148.13 3262.10 3692.01 3747.27 

 2334.24i        
TS2-HO2 39.27 55.40 91.52 154.85 189.41 203.10 248.58 278.01 

 320.68 461.80 513.44 575.02 641.36 740.60 816.40 959.86 

 1022.84 1129.84 1204.58 1222.94 1352.01 1443.02 1449.24 1471.23 

 1577.65 1651.82 1823.82 1953.95 3065.94 3150.71 3187.76 3362.41 

 4896.87i        
TS3-HO2 47.76 90.46 145.76 192.50 298.21 337.87 446.23 499.31 

 536.75 601.35 635.96 653.02 726.37 776.95 832.49 937.17 

 1044.57 1171.49 1198.31 1279.25 1290.17 1331.48 1376.08 1468.12 

 1483.16 1640.10 1672.87 1826.14 1862.13 3108.15 3249.99 3791.69 

 1556.98i        
TS4-HO2 29.97 73.95 108.03 188.56 257.49 262.19 368.57 455.77 

 550.84 597.41 637.02 673.45 713.91 810.46 875.49 942.20 

 1035.66 1161.03 1185.97 1301.79 1333.93 1373.96 1399.47 1441.95 

 1491.04 1520.24 1646.08 1681.80 1846.22 3109.16 3204.41 3757.48 

 1110.95i        
TS5-HO2 39.87 40.67 92.07 96.31 119.29 161.26 184.44 199.54 

 255.30 293.07 532.70 550.13 587.26 680.85 851.50 932.89 

 1075.28 1113.69 1322.15 1345.42 1352.39 1403.05 1435.30 1473.64 

 1500.64 1535.55 2329.71 3032.86 3106.33 3138.31 3363.49 3465.34 

 210.40i        
TS6-HO2 47.90 96.54 142.47 161.87 184.95 238.36 308.24 351.61 

 381.67 492.19 612.93 742.49 763.11 857.15 902.83 999.38 

 1046.01 1205.92 1332.40 1377.40 1389.61 1438.58 1468.63 1494.39 

 1525.71 1605.46 1876.66 3037.70 3065.45 3141.80 3192.27 3301.75 

 174.68i        
 


