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ABSTRACT 

THERMOCHEMISTRY AND KINETICS:  HYDROGEN ATOM ADDITION 

REACTIONS WITH ALKENES, OXIDATION OF CYCLOPENTADIENONE, 

TRIFLUOROETHENE AND TRANSPORT PROPERTIES  

by 

Suriyakit Yommee 

Thermochemical and transport properties and reaction kinetic parameters are important to 

understand and to model atmospheric chemistry, combustion and other thermal systems. 

These processes are all important to the environment. Thermochemical properties kinetic 

parameters and models for several atmospheric and combustion related chemical systems 

are determined using computational chemistry coupled with fundamentals of 

thermodynamics and statistical mechanics. Transport properties of hydrocarbon and 

oxygenated hydrocarbons which are important to the calculation of fluid dynamics of gas 

phase flow reactions and mixing needed for evaluation in the combustion and thermal 

(flow) fluid dynamic modeling. Transport properties of radicals cannot be measured so 

computational chemistry is method of choice. The dissertation determine dipole moment, 

polarizability and molecular diameters of hydrocarbon and oxygenated hydrocarbons 

needed for calculation of multicomponent viscosities, thermal conductivities, and thermal 

diffusion coefficients.  

Cyclopentadienone with cyclic five-member ring aromatic structure is an 

important intermediate in combustion systems. Thermochemical and kinetic parameters 

for the initial reactions of cyclopentadienone radicals with O2 and the thermochemical 

properties for cyclopentadienone - hydroperoxides, alcohols, alkenyl , alkoxy and peroxy 

radicals are determined by use of computational chemistry via Density Functional Theory 

(DFT) and the composite, Complete Basis Set (CBS) methods. Enthalpies of formation 



(ΔfH
o
298) with the isodesmic reaction schemes with several work reactions for each 

species are used for standard enthalpies. Entropy and heat capacity, S
o
(T) and CP

o
(T) (50 

K ≤ T ≤ 5000 K) are also determined. Chemical activation kinetics using quantum RRK 

analysis for k(E) and master equation for fall-off are used for kinetic parameters and to 

show significance of chain branching as a function of temperature and pressure. The 

cyclopentadienone vinylic carbon radicals of with molecular oxygen appear to undergo 

chain branching via reaction with O2, to a higher extent to that of vinyl and phenyl 

radicals. 

Reaction kinetics of hydrogen atom addition to primary (P), secondary (S), 

tertiary (T) vinylic (olefin) carbons  to form an alkyl radical is investigated using  Density 

Functional Theory (DFT)  and ab initio composite level methods. Results from 

calculations at different levels are compared with the experimental literature data for 

hydrogen atom addition to Ethylene, Propene, 1-Butene, E-2-Butene, Z-2-Butene, and 

Isobutene.  Activation energy and rate constants for forward and reverse paths are 

investigated and compared with available experimental data. One goal of the study is to 

determine accurate calculation method for use on large molecules. 

Chlorofluorocarbons are widely present in the environment. Thermochemical and 

kinetic properties work will aid in the understanding the chlorofluorocarbons reactions in 

combustion and atmospheric environments. Trifluoroethene (CF2=CHF) reaction in 

atmospheric and combustion environment initiated via OH radical system is investigated. 

The HF generated channel is currently not reported in any kinetic study. It is important as 

the toxic gas that can cause severe respiratory damage in humans.  
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CHAPTER 1  

INTRODUCTION 

 

Transport properties are needed for evaluation of gas phase flow studies where 

multicomponent viscosities, thermal conductivities, diffusion and thermal diffusion 

coefficients are required in combustion and other thermal flow fluid dynamics modeling.  

While there are a number of estimation methods for known stable organic molecules that 

are fuels in combustion systems, there are none that we know of for the radicals, which 

make up the majority of species in combustion reactions.  As computational fluid 

dynamic (CFD) modeling is becoming more and more available, there are needs to 

include reasonably accurate transport properties for both the molecules and the 

corresponding radical intermediates.  This study uses computational chemistry to 

calculate dipole moments, polarizability and molecular diameters, which can be related to 

Lennard Jones diameters for hydrocarbons and corresponding radicals.  Mopac
1
 

semiempirical and the B3LYP/6-31G (d,p)
2-3

 Density Functional Method are used to 

calculate the dipole moments, polarizability and molecular diameters of hydrocarbons, 

olefins, alkynes and related radicals.  Linear relationships are estimated as a function of 

carbon number and reported for use in estimation of large species hydrocarbon and 

oxygenated hydrocarbons systems along with corresponding radicals are calculated up to 

twelve carbons. 

 Kinetic models using reaction mechanisms comprised of many elementary 

chemical reaction steps, along with fundamental thermochemical and kinetic principles, 

are presently widely used and in constant process of further development by researchers 
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attempting to optimize or more fully understand a number of chemical complex systems. 

These systems include combustion, flame inhibition, ignition times, atmospheric 

pollutant reactions and smog formation, stratospheric ozone depletion, municipal and 

hazardous wastes incineration, global warming, chemical vapor deposition, 

semiconductor etching, rocket propulsion and other related fields. 

 The objective of this dissertation is to apply well-known density functional theory 

and composite computational methods to calculate thermochemical properties and 

kinetics of hydrocarbons, oxygenates, and fluorocarbon species. Calculating accurate and 

reliable thermochemical properties, including enthalpies of formation (Δ fH°298), entropies 

(S
o
(T)), heat capacities (Cp

o
(T)), and bond dissociation energies (BDEs), will aid in the 

creation of chemical kinetic models while serving as representative species for estimation 

of larger proportion on related compounds. Calculated values are compared to literature 

experimental and calculation data, where available for evaluation of accuracy of the 

calculation.  

 Thermochemical properties, standard enthalpies, entropies, and heat capacity as 

function of temperature for cyclopentadienone and cyclopentadiene-peroxides, alcohols, 

alkyl and alkylperoxy and vinylic radicals along with corresponding bond energies are 

determined by use of computational chemistry. CBS-QB3
4
 composite methods and 

B3LYP density function theory have been used to determine the enthalpies of formation 

(ΔfH
o
298) using isodesmic reaction schemes with several work reactions for each species. 

Entropy and heat capacities, S
o
(T) and CP

o
(T) (50 K ≤ T ≤ 5000 K), were determined 

using geometric parameters, internal rotor potentials, and vibration frequencies from 

mass electronic degeneracy B3LYP/6-31G (d,p)
2-3

 calculations. The standard enthalpy of 
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formation was reported for parent molecules as cyclopentadienone, and 

cyclopentadienone corresponding alcohols, and hydroperoxides, and radicals of 

cyclopentadienone: vinyl, alkoxy, peroxyl corresponding to loss of a hydrogen atom from 

the carbon and oxygen sites. The estimation of the cyclopentadienone entropy and heat 

capacity values also are reported in this study for all parent and radical molecules. The 

reactions of the cyclopentadienone vinylic carbon radicals with molecular oxygen appear 

to undergo significant chain branching via reaction with O2. Canonical transition state 

theory was used to study ring opening reactions for Cyclo-pentadienone-2yl [y(c5h3do)j2] 

and Cyclo-pentadienone-3yl [y(c5h3do)j3] radicals. The M062X
5
 and ωB97X

6
 hybrid 

density functional theory methods were used in conjugation with 6-311+G(d,p) basis set, 

and by the composite CBS-QB3
4
 level of theory. The thermochemical analysis shows 

The R• + O2 well depths are deep, on the order of 50 kcal mol
-1

 and the R
.
 + O2 reactions 

to RO + O (chain branching products) for cyclopentadienone-2-yl and 

cyclopentadienone-3-yl have unusually low reaction (∆Hrxn) enthalpies, some 20 or so 

kcal mol
-1

 below the entrance channels.  Chemical activation kinetics using quantum 

RRK analysis for k(E) and master equation for fall-off are used to show significance of 

chain branching as a function of temperature and pressure.  

Hydrogen atoms are major active radicals in the atmosphere and in fuel 

combustion systems and olefins also indicated as an important substance for the 

formation of aromatics in the combustion system. The reaction kinetics of hydrogen atom 

addition to primary (P), secondary (S), tertiary (T) vinylic (olefin) carbons to form an 

alkyl radical is investigated using computational chemistry with Density Functional 

Theory (DFT)  and ab initio composite level methods. Truhlar
5
 group functional M062X 
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with the 6-31g(d,p) and M062X/6-311+g(d,P) basis set were the DFT methods. The 

composite ab initio complete basis set methods were CBS-QB3- and CBS-APNO
7
. These 

addition barriers are relatively low, typically one to several kcal mol
-1

, a second CBS–

QB3 method was modified to incorporate the M06-2x calculated energies and structures 

for the barriers in the subsequent CBS energy calculation (CBS-QB3/M062x).  Results 

from calculations at different levels are compared with the experimental and evaluated 

(reviewed) data for hydrogen atom addition to primary, secondary, tertiary of ethylene, 

propene, 1-butene, E-2-butene, Z-2-butene, isobutene, and tetramethylethylene. 

Activation energies and rate constants for forward and reverse paths are calculated and 

compared with literature. One objective of this study is to use the data from experimental 

on H atom addition to small olefins to identify a calculation method that reproduces the 

experimental results and can be recommended for use in calculating energy barriers and 

structure for systems where data is not available. The M06-2x modified CBS-QB3 

method and the CBS-APNO show the closet agreement to the experimental data with 

CBS-QB3 next.  In general, the DFT level calculations result in higher barriers. 

Fluoro halocarbons are widely used as refrigerents and heat transfer fluids; they 

are routinely found in environmental waters and in the atmosphere, where concerns exist 

for their influence on global warming the general population health. The study is focused 

on CF2=CHF (Trifluoroethylene), that is halocarbon (CFCs and HCFCs) and would be 

considered as the potential substance concerning with the ozone depletion in atmospheric 

chemistry, this compound used as a monomer in the preparation process of fluorocarbon 

polymer industry. Knowledge of the fundamental thermochemistry kinetics and reaction 

paths leads to understanding in its reaction in atmospheric chemistry and its combustion 
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properties. The initiate reaction involves with the OH addition with subsequent, H 

transfer, F (Fluoride transfer), HF (Hydrogen Fluoride) elimination, F atom elimination, 

H atom elimination, and isomerization reactions. The thermochemistry and kinetic 

studies for reactions of the CF2=CHF -- OH adduct formation and further unimolecular 

reactions have been studied.  The reaction kinetic analysis has included both the chemical 

activated and the stabilized intermediates. Thermochemical properties and reaction 

kinetics for the reaction systems as function of both temperature and pressure and 

reaction mechanisms for combustion are developed.  
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CHAPTER 2  

COMPUTATIONAL METHODS 

 

Computational chemistry calculations for thermochemical and kinetic properties are 

presented including background and calculation procedures for gas phase combustion and 

atmospheric chemistry modeling.  

2.1 Thermochemical Properties 

Atmospheric and Combustion modeling requires accurate thermochemical property data, 

specifically enthalpies (heats) of formation (ΔfHº298), standard entropy (Sº) and heat 

capacities (Cp) as a function of temperature for reactants, intermediates, final products 

and reaction transition states. These data are used in conventional transition state theory 

for determination of the forward and reverse rate constants and evaluations of stability 

and reactivity.  

2.1.1 Computational Chemistry 

Computational chemistry uses quantum mechanics calculations to obtain thermochemical 

properties, structures and electrical properties for stable and reactive molecules and ions. 

This electronic structure theory (quantum mechanics) is used to calculate molecular 

properties such as the energy of the molecular structure (spatial arrangement of atom or 

nuclei and electrons), energies and structure of transition states, molecular geometries, 

vibrational frequencies, rotational frequencies and moments of inertia. Quantum 

mechanical energies are based on 0 K electronic structures, which give quantized values 

of the energy and partition functions. To find other properties, and properties at other 
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temperatures, statistical mechanics need to be applied to the structure, vibrations of the 

molecules. 

Schrödinger derived a wave equation and applied it to a number of problems (the 

hydrogen atom, the harmonic oscillator, the rigid rotator, the diatomic molecule, the 

hydrogen atom in an electric field)
8
. The wave equation enables to determine certain 

functions (Ψ) of the coordinates of a system and the time (Ψ = Schrödinger wave 

functions or probability amplitude functions). The wave function is a function of the 

particle’s coordinates, and from that input, the state of the system can be deduced. 

Schrödinger time independent form: 

 ĤΨ = EΨ                                                        (2.1) 

Here Ĥ is the Hamiltonian, a differential operator representing the total energy. E 

is the numerical value of the energy of the state, i.e., the energy relative to a state in 

which the constituent particles (nuclei and electrons) are infinitely separated and at rest. 

Ψ is a many-electron wave function, and it depends on the Cartesian coordinates of all 

particles and also on the spin coordinates. The square of the wave function, Ψ
2
, is the 

probability distribution of the particles within the molecule. Approximate solutions to the 

Schrödinger equation are calculated using a simpler Hamiltonian with parameters fit to 

experimental data. Higher level calculations are currently available, but semi-empirical 

methods are still practical for the analysis of very large molecules. 

The many-electron Schrodinger equation cannot be solved exactly, and 

approximations need to be introduced to provide practical methods. The Schrödinger’s 

equation can be solved exactly only for one electron atoms. The approximation of 
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separating electronic and nuclear motions is Born-Oppenheimer approximation that is 

also basic to quantum chemistry.  

The Hartree-Fock (HF) approximation is used to calculate an electron – proton 

structure; it treats electron interactions between individual electrons by interactions 

between a particular electron and the average field created by all the other electrons. The 

HF model does not include a full treatment of the effects of instantaneous electron 

corrections (electron – electron interactions), and thus leads to overestimation of the 

electron-electron repulsion energy and total energy
9
. There is a need for Electron 

correlation corrections for coupling or correction of electron motions. Lack of this in the 

HF method leads to a lessening of the electron-repulsion energy and also leads to a 

lowering of the total energy (it omits electron – electron repulsion). The correction 

energy is descripted by the difference between the Hartree-Fock energy and the 

experimental energy. There are several theoretical methods developed with electron 

correction. These are higher level theoretical methods and the calculation are highly time 

consuming - both time and computer resources in different scales independently. 

2.1.2 Theoretical Methods 

Theoretical methods are approached in several methods for determination and calculation 

for electronic structure, frequencies, and energies of target molecules. 

 Ab initio methods (from first principles): There are Hartree-Fock (Hartree-Fock, 

Restricted Open-Shell Hartree-Fock, Unrestricted Hartree-Fock), Post-Hartree-

Fock (Moler-Plesset incorrect spelling-fix) perturbation theory
10

, Configuration 

Interaction, Coupled Cluster, Quadratic Configuration Interaction), and 

Multireference Methods. This theory is concerned with predicting the properties 

of atomic and molecular systems. It is based upon the fundamental laws of 
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quantum mechanics and uses a variety of mathematical transformation and 

approximation techniques to solve the fundamental equations 

 Semi-empirical methods: are based on the Hartree Forck (HF) form, but use many 

parameters derived from experimental data to simplify the computation. They 

solve an approximate form of the Schrödinger’s equation that depends on having 

appropriate parameters available for the type of chemical system in question. 

They are highly useful for the treatment of large molecules, where even the HF 

method without parametrization is too expensive. Examples semi – empirical 

methods are AM1, PM3 and MINDO/3. 

 Density Functional Theory (DFT) methods: derives the properties of a many-

electron system by using more functions in calculation. A variety of functionals 

have been defined, generally distinguished by the way that they treat exchange 

and correlation components. Some examples are B2PLYP, B3LYP and M06-2X. 

 Quantum Chemistry Composite methods: combine methods with a high level of 

theory and a small basis set with methods that employ lower levels of theory with 

larger basis sets. Some examples are: G1, G2, G3, G3MP2B3 and CBS-QB3. 

2.1.3 Calculation Methods  

 B3LYP: combines the three parameter Becke exchange functional, B3, with Lee- 

Yang- Parr’s correlation functional, LYP
2
, it is based on the Density Functional 

Theory. 

 BMK: Boese and Martin’s
11

 τ-dependent hybrid Density Functional Theory based 

method. The method is rated highly in evaluations for both thermochemistry and 

barrier accuracy. 

 ωB97X: long-range corrected (LC) hybrid functional developed by Chai et al.
12

, 

which includes the short-range (SR) Hartree-Forck (HF) exchange. 
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 B2PLYP: based on a mixing of standard generalized gradient approximations 

(GGAs) for exchange by Becke (B) and for correlation by Lee, Yang, and Parr 

(LYP) with Hartree-Fock (HF) exchange and a perturbative second-order 

correlation part (PT2) that is obtained from the Kohn-Sham orbitals and 

eigenvalues
13

. 

 M06-2X: hybrid meta exchange correlation functional, it is a high nonlocality 

functional with double the amount of nonlocal exchange (2X), and it is 

parametrized only for nonmetals
5
. 

 CBS-QB3 (Complete Basis Set): There are multilevel chemistry model that 

predicts molecular energies with high accuracy and relatively low computational 

cost. Geometry optimization structure and frequencies is perform by 

B3LYP/CBSB7, and followed by a single point energy calculation at the 

CCSD(T)/6-31G+(d’) with CBS extrapolation. Next steps are energy calculations 

by MP4SDQ/CBSB4, MP4/CBSB, and MP2/CBSB3, respectively and along with 

additive correction at the CCSD(T) calculation. 

 CBS-APNO (Complete Basis Set):  It is based on HF/6-311G(d,p) calculations for 

the geometry optimization and frequencies, followed by a single point energy 

calculation at the QCISD/6-311G(d,p) and QCISD(T)/6-311++G(2df,p) following 

with MP2 level of theory. It includes a total energy extrapolation to the infinite 

basis-set limit using pair natural-orbital energies at the MP2/CBS-APNO level. 

All quantum chemical calculations have been performed within the Gaussian 03
14

 

and 09
15

 suit of program. 

2.1.4 Internal (intramolecular) Molecular Rotation Potentials 

Rotation of the C—C,C—H, C—OH, and O—OH  bonds in the target molecules is 

needed to determine the lowest energy conformer and the potentials of the internal rotor 
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are needed to determine energy contributions and also the entropy and heat capacity 

values versus temperature.  

Energy profiles for intramolecular internal rotations were calculated in ths study 

to determine energies of the rotational conformers and inter-conversion barriers along 

with contributions to entropy and heat capacity for the low barrier (below 4.5 kcal mol
-1

) 

rotors. The total energies as a function of the dihedral angles were computed at the 

B3LYP/6-31G(d,p) level of theory by scanning the torsion angles between 0
0
 and 360

0
 in 

steps of 10
0
, while all remaining coordinates were fully optimized. All potentials were 

rescanned when a lower energy conformer is found, relative to the initial low energy 

conformer. The total energy corresponding to the most stable molecular conformer was 

arbitrarily set to zero and used as a reference point to plot the potential barriers. The 

resulting potential energy barriers for internal rotations in the hydroperoxides, alcohols 

and peroxy radicals are shown in Appendix C along with data for the potentials.  

Vibration frequencies calculated by the Gaussian code are examined by viewing 

the vibration mode movement; the contributions from frequencies corresponding to 

internal rotations are excluded from the entropy and heat capacity and replaced with a 

more accurate estimate of S and Cp(T) from the internal rotor contributions.  

2.1.5 Work Reactions and Enthalpy of Formation (ΔfH
o
298) 

Standard enthalpies of formation are evaluated using calculated energies, zero point 

vibration energy (ZPVE), plus thermal contributions (to 298K) at the B3LYP/6-31 g(d,p) 

and CBS-QB3 levels of theory plus use of work reactions
16-17

. The calculated total energy 

at B3LYP/6-31G(d,p) is corrected by the ZPVE, which is scaled by 0.9806 for this 
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calculation method, as recommended by Scott and Radom
18

. The CBS-QB3 composite 

method starts with a geometry from B3LYP/CBSB7 calculation method.  

To more accurately evaluate the standard enthalpy of formation (ΔfH
o
298), a variety of 

homodesmic and isodesmic work reactions have been used to calculate the standard 

enthalpy of formation for both parent molecules and radicals at each level of theory. An 

isodesmic reaction is a hypothetical reaction where the number and type of bonds is 

conserved on each side of the work reaction, and a homodesmic reaction conserves 

number and type of bonds, but also conserves hybridization
19

. 

The work reactions in this work have used to calculate the ΔfH
o
298 of the target molecule 

as following: 

                               ΔrxnH
o
298 = ∑ Δ Hf (Product) - ∑ Δ Hf (Reactant)                           (2.2) 

Where the two products and one reactant are the reference molecules that are 

known, and the three evaluated ΔfH
o
298 reference species from the literature 

thermodynamic properties have been use. 

As an example the following equation is used to estimate ΔfH
o
298 for y(c5h4do) 

   y(c5h4do)   +   cdccc  → y(c5h6)    +    cdccdoc 

    ΔfH
o
298 (kcal mol

-1
):Target            -0.15      32.1     -27.40 

The standard enthalpy of formation for each species in the reaction is calculated, 

and the heat of reaction, ΔrxnH
o
298, is then calculated from the set of data on the four 

molecules in the reaction. Literature values for enthalpies of formation of the three 

reference compounds (values above in bold) are used with the ΔrxnH
o
298 to obtained the 

enthalpy of formation on the target molecule, y(C5h4dO). The values in brackets 

correspond to B3LYP/6-31 g(d,p) calculated values (1 Hatree = 627.51 kcal/mol
-1

)
15

.  

 ΔrxnH
o
298 = [(-194.012906)+(-231.147354)] –[(-268.030211)+( -157.117923)] x 627.51 
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                = -7.61 kcal mol
-1

  

Using the calculated ΔrxnH
o
298 and reference species to find ΔfH

o
298 of the target 

molecule in kcal mol
-1

 

 -7.61 kcal mol
-1

 = (-27.40) + (32.1) - (-0.15) - ΔfH
o
298 y(C5h4dO) 

 ΔfH
o
298 y(C5h4dO) = 12.46 kcal mol

-1
 

2.1.6 Bond Dissociation Enthalpies (BDE) 

The C—H bond dissociation Enthalpies are reported from the calculated ΔfH
o
298 of the 

parent molecule and the radical corresponding to loss of hydrogen atom at each carbon or 

oxygen site. The enthalpies of the parent molecule and product species are both 

calculated in this study and used with the value of 52.10 kcal mol
-1

 for the H atom
20

 to 

determine the corresponding BDE. The RO—OH bond dissociation enthalpies are from 

the calculated ΔfH
o
298 of parent hydroperoxide molecule and their alkoxy radical 

corresponding to loss of 
•
OH, where the enthalpies of parent molecule and radicals are 

calculated in this study in conjunction with the value of 8.95
21

 kcal mol
-1

 for 
•
OH at 

298.15 K. The hydroperoxide carbon bond, the RC—OOH bond dissociation enthalpies 

are reported from the calculated ΔfH
o
298 of parent hydroperoxide molecule corresponding 

to loss of 
•
OOH (ΔfH

o
298 of 2.94 kcal mol

-1
)
22

 used in the calculation. The RO—O bond 

dissociated enthalpies were calculate with the value of 59.55 kcal mol
-1

 for 
•
O at 

temperature 298.15 K
20

. 

 

2.1.7 Entropy and Heat Capacity 

Entropy and heat capacity values as a function of temperature are determined from the 

calculated structures, moments of inertia, vibration frequencies, internal rotor potentials, 
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symmetry, electron degeneracy, number of optical isomers and the known mass of each 

molecule. The calculations use standard formulas from statistical mechanics for the 

contributions of translation, vibrations and external rotation (TVR) using the SMCPS 

(Statistical Mechanics – Heat Capacity, Cp, and Entropy, S) program
23

. This program 

utilizes the rigid-rotor-harmonic oscillator approximation from the frequencies along with 

moments of inertia from the optimized B3LYP/6-31G(d,p) level. 

The entropy and heat capacity are derived from statistical mechanics principals
24

. 

The molar partition function (Q) for an assembly of identical molecules is: 

 iE RT

i

i

Q p e


   (2.3) 

where Q is the partition function, pi is the degeneracy, Ei is the energy of the i
th

 

quantum level, R is universal gas constant, and T is temperature. Thermodynamic 

properties, as related to partition function. 

 trans rot vib elecQ Q xQ xQ xQ   (2.4) 

Each of the thermodynamic properties
24

 depends on the logarithm or logarithmic 

derivative of the partition function and will thus receive additive contributions from each 

of the degrees of freedom. The entropy calculation accounts for the contribution from the 

translations (Stran), vibrations (Svib), internal rotors (Sint,rot), hindered rotors (Shind,rot), 

electronic contributions (Selec), and the contribution of the optical isomers (Sopt,iso). The 

heat of capacity calculation accounts for the contribution from the translations (Cv,tran), 

vibrations (Cv,vib), internal rotors (Cv,rot), hindered rotors (Cv,hind,rot), and the electronic 

contributions (Cv,elec). The equations for entropy and heat capacity used in SMCPS come 

from standard statistical mechanics allowing for macroscopic thermochemical properties 
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to be calculated based on molecular energies from electronic structure calculations. 

Equations are summed from the individual contributions where entropy is calculated as, 

 int, , ,tran vib rot hind rot elec opt isoS S S S S S S        (2.5) 
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 0elecS   (2.11) 

 , ln( )opt isoS R n    (2.12) 

 

The molar heat capacity at constant volume and at constant pressure with 

assumption of ideal gas behavior, are expressed as follow: 

 

 , , , , , ,p v tran v vib v rot v hind rot v elecC C C C C C R        (2.13) 

 ,

3

2
v tranC R   (2.14) 
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linear

v rotC R   (2.16) 

 ,

3

2

non linear

v rotC R    (2.17) 

 
1

,
2

D

v rot

R
C    (2.18) 

 0elecC   (2.19) 

where R is the universal gas constant, Mw is the molecular weight, T is the 

temperature, P is the pressure, kB is Boltzman’s constant, h is Planck’s constant, n is the 

number of optical isomers, I is the moment of inertia for a linear molecule about its 

center of mass, Im
3
 is the product of the three principal moments of inertia for a nonlinear 

molecule about the center of gravity, Ir is the reduced moment of inertia for the internal 

rotation,  υ is the vibrational frequency (the moments of inertia and the frequencies are 

obtained from electronic structure theory calculations), σe is the external symmetry 

number of the molecule, and σe is the symmetry of the internal rotation. 

2.1.8 Hindered Internal Rotors 

Hindered internal rotors have a significant contribution to the thermodynamic properties 

for molecular species. The, S and Cp(T) for each rotor need to be separately calculated 

and incorporated for estimation the hinder rotor contributions and not by using the 

vibration frequency for the torsion.  

Two different programs were used in this study for the determination of the 

influence of the hindered rotors for comparison: Vibir
25

 and Rotator
26

. 

Vibir: This method is best suited for rotations where the potential energy as a function of 

the angle, V(), can be expressed as: 
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     m, 1 cos
2

o m m

m

V
V V      (2.20) 

where Vm is the height of the potential barriers and m is the foldness of the 

potential energy graphs for each bond rotation. Reduced moments of inertia are 

calculated based on the optimized geometries using the mass and radius of rotation for 

the rotational groups. There are no adjustments for coupling of internal rotor motion with 

vibration and VIBIR assumes that the rotational groups are symmetrical, which is 

accurate for primary and terminal methyl group rotation, for example. Other types of 

rotational barriers are also estimated using averages of the calculated barrier heights. 

 

Rotator: The program ROTATOR uses the potential to solve the 1-D Schrödinger 

equation in θ to calculate the energy levels, and the partition function of the hindered 

rotor. The program calculates the Hamiltonian matrix in the basis of the wave function of 

free internal rotation and performs the subsequent calculation of energy levels by 

diagonalization of the Hamiltonian matrix. From the obtained partition functions, the 

contribution to entropy and heat capacity are determined according to standard 

expressions of statistical thermodynamics. Entropy and heat capacity values obtained 

from SMCPS and ROTATOR are summed with the TVR contributions above, and used 

to calculate the entropy and heat capacity of the calculated species versus temperature. 

Entropy, S
o

298, and heat capacities, Cp(T). A relaxed rotational scan is done with dihedral 

angle increments of 10
o
 using B3LYP/6-31G(d,p) and the potential obtained is fitted to a 

truncated Fourier series expansion for the calculation of the contribution of the hindered 

rotor to the entropy and heat capacity
27

. 
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The contribution to entropy and heat capacity are determined according to 

standard expressions of statistical thermodynamics from the obtained partition functions. 

Rotator
27

, accounts directly for contributions to entropy from the optical isomers. 

Coupling of the low barrier internal rotors with vibrations is not included. 

2.2 Kinetic Analysis 

The Transition State Theory (TST) describe the hypothetical transition state that occurred 

between the reactant and product in the reaction path that involved in both forward and 

reverse reactions. The reaction take place behavior will be generated and explained by 

this theory.  

2.2.1 Canonical Transition State Theory (CTST) 

The high-pressure rate constant, k(T), in 300-2000 K is calculated by Canonical transition 

state theory (CTST) where a transition state maximum energy barrier (saddle point) exists 

and connected between the reactants and products. The calculation method needs 

parameters as enthalpies, entropies, and heat capacities for the reactants and transition 

state (TS) species.  
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  (2.25)  

where kB is Boltzmann’s constant, h is Planck’s constant, T is temperature, P
0
 is 

standard pressure, R is the ideal gas constant, and ΔS
‡
, ΔH

‡
, and Δn

‡
 are the changes in 

entropy, enthalpy, and the number of molecules between the reactant and transition state, 

respectively. The rate constant is defined in nonlinear least-squares as the Arrhenius 

form: 

 
( / )n Ea RT

fk AT e    (2.26) 

Where A is the pre-exponential factor, T is the temperature (K), n is the 

temperature exponent, Ea is the activation energy, and R is the ideal gas constant. 

2.2.2 Variational Transition State Theory (VTST) 

The minimum-flux or maximum-free-energy-of –activation criteria is used to determine 

the transition state in VTST
28

. The transition state is not necessarily located at a saddle 

point, and it can be variational point which has the maximum-free-energy-of –activation 

criteria. VTST is used for determination in barrier-less reaction, no transition state 

structure, which common found in reaction O2 react (adduct) with radical species. 

The variational transition state is determined by a scan (internal rotational 

analysis) of the interested bond with incrementing the length until a limit in the maximum 

energy is reached. High-pressure rate constants are determined from the reactant to each 

of these points for the 300-2000 K temperature range. At each temperature, the distance 

that has the minimum rate constant is identified (resulting on the information of the 
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minimum rate constant at each temperature), and the variational rate constant is 

determined from the fit of these rate constants to the Arrhenius equation (Equation 2.26). 

2.2.3 Chemical Activation Reaction 

Unimolecular reactions which involve a molecular collision reaction, where a new bond 

is formed, and the molecule now contains a large excess of energy from the newly 

formed bond; i.e., results in an ‘energized adduct*’ from the bond formation. This 

situation may produce a non-equilibrium situation in which molecules acquire energies 

far in excess of the average thermal energy and this presence of excess energy in the 

energized adduct allows reactions to occur that would not normally be feasible in a 

thermal molecule. These chemical activation reactions are important in combustion and 

in some atmospheric processes. The energized adduct can undergo unimolecular 

reactions such as photon emission, isomerization, dissociation, reverse reaction back to 

the original reactants, and deactivation through collisional stabilization. The energy 

dependence of the rate constant, k(E), must also be considered to correctly account for 

product distributions, because chemical activation also compete with both pressure-and 

temperature dependence. Sheng, et al.
29

 has provided more complete descriptions and 

utilized modelling details for chemical activation and unimolecular dissociation reactions. 

2.2.4 Quantum Rice-Ramsperger-Kassel (QRRK)  

Multi frequency quantum Rice Ramsperger-Kassel (QRRK) analysis is used for k(E)
30-32

 

and master equation analysis
33-35

 is used  for  falloff. The QRRK analysis is described by 

Chang et al
30

. The calculation of  k(E) cis based on statistical assumptions for the number 

of ways in which energy can be distributed among the vibrational degrees of freedom in a 
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molecule. The thermochemical properties along with the forward and reverse rate 

constants (high-pressure limit) are calculated for each elementary reaction step.   

The computer program CHEMASTER, based on the QRRK theory outlined as 

above. It allows calculation of unimolecular dissociation and chemical activation reaction 

systems. The formalism in these codes is carried out in all unimolecular and chemical 

activation reactions involved in this thesis.  

The input parameters for CHEMASTER are: (1) High-pressure limit rate 

constants (Arrhenius A factor and activation energy Ea) for each reaction included for 

analysis; (2) A reduced set of three vibration frequencies and their associated degeneracy 

Reduced sets of three vibration frequencies and their associated degeneracies are 

computed from fits to heat capacity data, as described by Ritter and Bozzelli et al.
36-37

 

These have been shown by Ritter to accurately reproduce molecular heat capacities, 

Cp(T), and by Bozzelli et al.
36

 to yield accurate ratios of density of states to partition 

coefficient, ()/Q; (3) Lennard-Jones transport parameters, (s (Angstroms) and e/k 

(Kelvin)), and (4) molecular weight of well species. 

Although more accurate models exist, such as Rice-Ramsperger-Kassel-Marcus 

(RRKM), higher demands for specific details about the transition state species are 

necessary. With uncertainty and questionable accuracy of geometrical structure and 

modes of vibration in some of these transition state structures, QRRK provides 

acceptable analysis with fewer input parameters. 
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CHAPTER 3  

DIPOLE MOMENTS, POLARIZABILITY AND LENNARD JONES 

DIAMETERS OF OXY-HYDROCARBONS: ALCOHOLS, ETHERS, 

ALDEHYDES, KETONES, AND RADICALS CORRESPONDING TO LOSS OF 

H ATOMS, FOR ESTIMATION OF TRANSPORT PROPERTIES: A 

THEORETICAL STUDY  

3.1 Overview 

Polarizabilities are important properties for use in estimating transport properties of 

organic molecules. There are some estimation methods for polarizability such as the  ab-

initio structure calculations used by Stout and Dykstra
38

 to find polarizabilities of over 30 

organic molecules, and then used to showthat polarizabilities can be divided into 

transferable atomic contributions. They also demonstrated the important implications of 

near-additivity of atomic contributions to modeling polarization arising from 

intermolecular interactions. Maroulis et al.
39 

compared ab initio and density functional 

theory calculations for polarizability of small silicon clusters of Si3 to Si7 and concluded 

both calculation methods yielded distinctly different polarizability values of the silicon 

clusters. The ab initio methods provided higher predictive capability while density 

function theory resulted in more reliable values of mean polarizability. Rigorous  ab 

initio methods are expensive in use of computation time and density function theory is 

not always sufficiently accurate for properties of large molecules, Das and  Dudis
40

 

proposed a simplified and approximate ab initio method for calculation of benzene and 

polyenes of various sizes. A benchmark for dipole moment and polarizability data by 

calculation has been recently reported by Hickey and Rowley
41

. They compare 

calculation values with experimental data on a set of 46 molecules using the hybid 

density functional methods (M06, B3PLYP, B2PYLYP) with the aug-cc-pVTZ basis set. 
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They report small, systematic errors of ± 0.13 Debye for dipole moments and ±0.38 (A
o
)
3
 

for polariizability. 

Limited compulations on experimental dipole moments are available in the 

literarture. Muller et al.
42 

proposed an estimation method based on structural information 

of each molecule as well as data found from literature to estimate dipole moments of 

molecules of high value of and also hydrocarbons of small yet finite dipole moments. 

Halpern et al.
43

 
 
used an Monte Carlo intergration of electron density distribution of 

HF/6-31 G* structures with the keywords Standard Volume, to estimate molecular 

volumes thus obtain the resulting of diameters of both nonpolar and polar molecule 

species. These were compared with Lennard Jones diameter data in the literature. 

The use of Dipole moments, Polarizability and Lennard Jones diameter 

parameters to the determination of transport properties is described below. Viscosities, 

diffusion coefficients, and thermal conductivities are required to characterize the 

molecular transport of species in a multicomponent gaseous mixture. The viscosities of 

single component are given by the standard kinetic theory
44

 as following equation. 

𝜂𝑘 =
5

16

√𝜋𝑚𝑘𝑘𝐵𝑇

𝜋𝜎𝑘
2𝛺(2,2)∗

 
(3.1) 

Where mk is the molecular mass, kB is the Boltzmann constant, and T is the 

temperature. σk is the Lennard-Jones collision diameter, which is related to molecular 

diameter (d) which can be calculates from molecular volumes. Ω
(2,2)*

  is the collision 

integral which depends on the reduced temperature given by formula 3.2, and the reduced 

dipole moment is calculated by the expression of formula 3.3. 

𝑇𝑘
∗ =

𝑘𝐵𝑇

𝜖𝑘
 

(3.2) 
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δ𝑘
∗ =

1

2

𝜇𝑘
2

𝜖𝑘𝜎𝑘
3 

(3.2) 

 

(3.3) 

Here the term ϵk is the Lennard-Jones potential well depth and μk is the dipole 

moment. The binary diffusion coefficients
44

 are given in terms of pressure and 

temperature. 

  

𝐷𝑗𝑘 =
3

16

√2𝜋𝑘𝐵
3𝑇3/𝑚𝑗𝑘

𝑃𝜋𝜎𝑗𝑘
2 𝛺(1,1)∗

 

(3.4) 

Where mjk is the reduced molecular mass for the (j,k) species pair is express in 

equation 3.5, and σjk is the reduced collision diameter. 𝛺(1,1)∗ is the collision integral 

which ( based on stockmayer potentials) depends on the reduced temperature, Tjk*, which 

in turn may depend on the species dipole moments μk, and polarizabilities αk. According 

to whether the collision partners are polar or nonpolar, two cases are considered in 

computing the reduced quantities. For the case that the partners are either both polar or 

both nonpolar, equations in 3.5 below are applied. 

𝑚𝑗𝑘 =
𝑚𝑗𝑚𝑘

𝑚𝑗 + 𝑚𝑘
 

(3.5) 

𝜖𝑗𝑘

𝑘𝐵
= √

𝜖𝑗

𝑘𝐵

𝜖𝑘

𝑘𝐵
 

(3.6) 

𝜎𝑗𝑘 =
1

2
(𝜎𝑗 + 𝜎𝑘) 

(3.7) 

𝜇𝑗𝑘
2 = 𝜇𝑗𝜇𝑘 (3.8) 

For the case of a polar molecule interacting with a nonpolar molecule, equations 

3.9 to 3.11 are used.   
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𝜖𝑛𝑝

𝑘𝐵
= 𝜉2√

𝜖𝑛

𝑘𝐵

𝜖𝑝

𝑘𝐵
 

(3.9) 

𝜎𝑛𝑝 =
1

2
(𝜎𝑛 + 𝜎𝑝)𝜉−

1
6 

(3.10) 

𝜇𝑛𝑝
2 = 0 (3.11) 

Epsilon can be calculated by equation 3.12, 3.13, and 3.14 give 𝛼𝑛
∗  value 

calculation as the reduced polarizability for the nonpolar molecule and μp* as the reduced 

dipole moment for the polar molecule.  

ξ = 1 +
1

4
𝛼𝑛

∗ 𝛽𝑛
∗√

𝜖𝑝

𝜖𝑛
 

(3.12) 

𝛼𝑛
∗ =

𝛼𝑛

𝜎𝑛
3 

(3.13) 

𝜇𝑝
∗ =

𝜇𝑝

√𝜖𝑝𝜎𝑝
3

 
(3.14) 

3.2 Dipole Moments 

Electric dipole moment represents the arrangement of charges of a molecule with an 

electric dipole.  The moment consists of two electric charges q and –q separated by a 

distance R. The moment points from the negative charge to the positive charge. The 

magnitudes of dipole moments are commonly reported in the non-SI unit Debye, D, 

where 1 D = 3.33564E-30 Coulomb meter and for reference 1 electron e- is 1.6E-19 

coulombs. 

A method to estimate polarizability and Lennard-Jones parameters was proposed 

by Joback and Reid
45

 in 1987 based on the assumption that individual Benson type 
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groups could be assigned representing partial contributions to the value of a molecule. 

Then the contributions could be summed to the total value of each parameter to represent 

that value of a molecule. This method has the limitation that there is a limited set of data 

points from experiments that can be used to estimate the group contribution values.  

Mopac
1
 using the semiempirical methods PM3 and PM6  along with two modern 

Density Functional Methods:  BMK
11

 and the B3LYP
2-3

 were used in this study to 

calculate the dipole moments, polarizability and molecular diameters of the oxy-

hydrocarbons in this study. The largest basis set, used with the DFT calculations, in this 

study is the 6-311+G(d,p)  with the tight command. It was used to calculate the dipole 

electric field induced the Dipole Moments of the alcohol, aldehyde, ether and ketone 

parent molecules and radicals corresponding to loss of hydrogen atom from the respective 

carbon atoms.  Dipole Moments are reported in units of Debye. The B3LYP DFT method 

is chosen because it is known to yield accurate geometries. The B3LYP functional is 

widely used to calibrate and evaluate lower level semi-empirical calculations, where the 

semi-empirical method is needed for larger molecule systems
46-48

.  

3.2.1 Results Alcohols  

Tables 3.1, 3.2 and 3.3 show the dipole moment calculation values of target molecule and 

corresponding radical species of the C1 to C10 alcohols in this study. Figures 3.1, 3.2, 

and 3.3 illustrate the consistency with number of carbons and the trends versus number of 

carbons. 
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Table 3.1  Calculated Dipole Moment of Alcohols with Comparison to Literature 

Name Molecules 

Dipole Moments (Debye) 

PM6 B3LYP/ 

6-31G(d,p) 

B3LYP/ 

6-311+G(d,p) 

BMK/ 

6-31G(d,p) 
Ref. 

methanol coh 2.05 1.66 1.89 1.74 1.70
a,b

 

Ethanol ccoh 1.84 1.50 1.73 1.57 
1.44

a
 

1.69
b
 

1-propanol cccoh 1.79 1.60 1.71 1.65 
1.55

a
 

1.68
b
 

1-pentanol cccccoh 1.96 1.44 1.62 1.49 NA 

1-heptanol cccccccoh 1.80 1.43 1.61 1.48 NA 

1-decanol ccccccccccoh 1.14 1.29 1.30 1.33 NA 
Note: NA = Not Available, Source: 

a
[49] , 

b
[50]  

 

 

Figure 3.1  Trends in dipole moment versus carbon number for alcohols and extending 

equations. 
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Table 3.2  Calculated Dipole Moment of Alcohol Primary Radicals 

Molecules 
Dipole moments (Debye) 

PM6 
# b3lyp/ 

6-31G(d,p) 

# b3lyp/ 

6-311+G(d,p) 

# bmk/ 

6-31G(d,p) 

cjoh 1.49 1.53 1.63 1.59 

cjcoh 2.26 1.49 1.71 1.55 

cjccoh 1.85 1.74 1.89 1.80 

cjccccoh 1.52 1.37 1.49 1.43 

cjccccccoh 1.52 1.36 1.48 1.42 

cjcccccccccoh 2.19 1.60 1.85 1.65 
Note: J = radical sites  

 

 

 

Figure 3.2  Dipole moment of alcohol primary radical species and extending equations. 

 

 

Table 3.3  Calculated Dipole Moment of Alcohol Secondary Radicals 
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Dipole moments (Debye) 

PM6 
# b3lyp/ 
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6311+G(d,p) 

# bmk/ 
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Figure 3.3  Dipole moment of alcohol secondary radicals and trends with carbon number. 

 

A summary of recommended linear equations in for calculating a dipole moment 

of a normal alcohol using group estimation in Debye unit is present in Table 3.4. The 

equations were selected from the B3LYP/6-31G(d,p) calculation method values, which 

showed the best agreement with the available dipole moments data from experiment.  

Table 3.1 also shows the average ratio of experimental values to calculated values for this 

method.  The scaling factor correction (0.98) is applied to the equation for estimation of 

the alcohol and alcohol radical dipole moments. Calculated dipole moments with scaling 

are within ± 0.1 Debyle of experimental data. 

 

Table 3.4  Equations to Estimate Dipole Moment of Alcohols and Alcohol Radicals 

Species Equations (N= carbons number) 

Alcohol Dipole = (-3.63E-2*N + 1.66) * 0.98 

Alcohol Primary Radicals  Dipole = (-5.3E-3*N + 1.54)  * 0.98 

Alcohol Secondary Radicals  Dipole = (1.26E-2*N + 1.48 ) * 0.98 
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3.2.2 Results Aldehydes  

Tables 3.5, 3.6 and 3.7 show the dipole moment calculation values of target molecule and 

corresponding radical species of the C1 to C10 aldehydes in this study. Figures 3.4, 3.5, 

and 3.6 illustrate the consistency with number of carbons and the trends versus number of 

carbons. 

 

Table 3.5  Calculated Dipole Moment of Aldehydes with Comparison to Literature 

Name Molecules 

Dipole moments (Debye) 

PM6 
# b3lyp/ 

6-31G(d,p) 

# b3lyp/ 

6-311+G(d,p) 

# bmk/ 

6-31G(d,p) 
Ref. 

acetaldehyde cc*o 3.21 2.65 2.95 2.75 2.69
a,b

 

propanal ccc*o 3.27 2.75 3.07 2.83 2.52
 a,b

 

pentanal ccccc*o 3.37 2.88 3.21 3.00 NA 

heptanal ccccccc*o 3.39 2.95 3.27 3.07 NA 
Note: * = double bond, NA = Not Available, Source: 

a
[49] ,

b
[50] 

 

 

Figure 3.4  Dipole moment of aldehyde vs. carbon number. 
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Table 3.6  Calculated Dipole Moment of Aldehyde Primary Radical Species  

Molecules 
Dipole moments (Debye) 

PM6 
# b3lyp/ 

6-31g(d,p) 

# b3lyp/ 

6-311+g(d,p) 

# bmk/ 

6-31g(d,p) 

cjc*o 2.92 2.80 3.12 2.94 

cjcc*o 2.65 2.47 2.73 2.59 

cjcccc*o 2.78 2.79 3.07 2.70 

cjcccccc*o 2.80 2.72 2.96 2.81 
Note: * = double bond, j = radical site 

 

 

Figure 3.5  Dipole moment of aldehyde primary radical species vs. carbon number. 

 

 

Table 3.7  Calculated Dipole Moment of Aldehyde Secondary Radical Species 

Molecules 
Dipole moments (Debye) 

PM6 
# b3lyp/ 

6-31g(d,p) 

# b3lyp/ 

6-311+g(d,p) 

# bmk/ 

6-31g(d,p) 

ccjc*o 4.37 3.46 3.87 3.58 

cccjcc*o 2.93 2.88 3.26 2.93 

ccccjccc*o 3.72 3.09 3.44 3.23 
Note: * = double bond, j = radical site 
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Figure 3.6  Dipole moment of aldehyde secondary radical species vs. carbon number. 

 

A Summary linear equations for dipole moments estimation of aldehydes and 

corresponding radical species is presented in Table 3.8 via equations obtained from 

B3LYP with basis set 6-31G(d,p). The average ratio between reference experimental data 

to the calculation values is 0.97, and this scaling factor is applied to the equation for 

estimated Aldehyde and Aldehyde radical species dipole moments calculation. Calculated 

dipole moments with scaling are within ± 0.3 Debyle of experimental data for Aldehydes. 

 

Table 3.8  Equations to Estimate Dipole Moment of Aldehydes and Aldehydes Radicals 

Species Equations ( N= carbon number) 

Aldehyde Dipole = (6 E-2*N + 2.55) * 0.97 

Aldehyde Primary Radicals  Dipole = (1.22E-2*N + 2.64) * 0.97 

Aldehyde Secondary Radicals Dipole = (-9.37E-2*N + 3.61) * 0.97 
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3.2.3 Results Ethers  

Tables 3.9, 3.10 and 3.11 show the dipole moment calculation values of target ether 

molecules and corresponding radicals of C1 to C10 ethers in this study. Figures illustrate 

the consistency with number of carbons and the trends versus number of carbons. 

 

Table 3.9  Calculated Dipole Moment of Ethers with Comparisons to Literature  

Name Molecules 

Dipole moments (Debye) 

PM6 
# b3lyp/ 

6-31g(d,p) 

# b3lyp/ 

6-311+g(d,p) 

# bmk/ 

6-31g(d,p) 
Ref. 

dimethyl ether coc 1.83 1.28 1.45 1.33 1.30
a,b

 

ethyl methyl ether cocc 1.85 1.28 1.47 1.31 1.23
a,b

 

methyl propyl ether coccc 1.74 1.26 1.45 1.29 NA 

diethyl ether ccocc 1.66 1.15 1.35 1.17 1.15
a,b

 

buthyl methyl ether cocccc 1.80 1.20 1.34 1.23 NA 

Note: NA = Not Available, Source: 
a
[49] , 

b
[50] 

 

 

Figure 3.7  Dipole moment of ethers vs. carbon number. 
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Table 3.10  Calculated Dipole Moment of Ether Primary Radical Species 

Molecules 
Dipole moments (Debye) 

PM6 
# b3lyp/ 

6-31g(d,p) 

# b3lyp/ 

6-311+g(d,p) 

# bmk/ 

6-31g(d,p) 

cocj 1.78 1.35 1.51 1.39 

coccj 1.68 1.19 1.35 1.21 

cocccj 2.13 1.42 1.64 1.44 

ccoccj 1.50 1.06 1.24 1.07 

coccccj 1.51 1.09 1.22 1.10 
Note: j = radical site 

 

 

Figure 3.8  Dipole moment of ether primary radicals species vs. carbon number.  

 

Table 3.11  Calculated Dipole Moment of Ether Secondary Radical Species 

Molecules 
Dipole moments (Debye) 

PM6 

# b3lyp/ 

6-31g(d,p)  

 # b3lyp/ 

6-311+g(d,p) 

# bmk/ 

6-31g(d,p) 

coccjc 1.53 1.16 1.33 1.16 

coccjcc 1.46 1.23 1.36 1.11 

cocccjc 2.15 1.37 1.57 1.43 
Note: j = radical site 
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Figure 3.9  Dipole moment of ether secondary radicals species vs. carbon number. 

 

 

Linear equations for dipole moment estimation of ethers and corresponding 

radicals in Table 3.12 are obtained from the B3LYP/6-31G(d,p) level of  calculation. The 

comparison between available experimental dipole moments data
49

 and calculation in this 

work as shown in Table 3.9. The ratio between reference experimental data to the 

calculation values is 0.99. This scaling factor is applied to the equation for estimated 

Ether and Ether radical species dipole moments calculation. Calculated dipole moments 

with scaling are within ± 0.1 Debyle of experimental data. 

 

Table 3.12  Equations to Estimate Dipole Moment for Ethers and Ethers Radicals 

Species Equations ( N= carbon number) 

Ether Dipole = (-2.52E-2 * N + 1.34) * 0.99 

Ether primary radicals Dipole = (-5.43E-2 * N + 1.45) * 0.99 

Ether secondary radicals Dipole = (1.39E-1*N + 0.61) * 0.99 
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3.2.4 Results Ketones 

Tables 3.13, 3.14 and 3.15 show the dipole moment calculation values of target ketones 

and corresponding radical species of the C1 to C10 ketones. Figures illustrate the 

consistency with number of carbons and the trends versus number of carbons. 

 

Table 3.13  Calculated Dipole Moment of Ketones with Comparison to Literature 

Name Molecules 

Dipole moments (Debye) 

PM6 
# b3lyp/ 

6-31g(d,p) 

# b3lyp/ 

6-311+g(d,p) 

# bmk/ 

6-31g(d,p) 
Ref. 

Acetone cc*oc 3.43 2.75 3.08 2.84 2.88
a,b

 

butanone cc*occ 3.48 2.70 2.99 2.77 2.78
a
 

2-heptanone cc*occccc 3.36 2.60 3.13 2.67 NA 

2-decanone cc*occcccccc 3.27 2.64 2.92 2.72 NA 
Note: * = double bond, NA = Not Available, Source: 

a
[49] , 

b
[50] 

 

 

Figure 3.10  Dipole moment of ketone vs. carbon number. 
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Table 3.14  Calculated Dipole Moment of Ketone Primary Radical Species 

Molecules 
Dipole moments (Debye) 

PM6 
# b3lyp/ 

6-31g(d,p) 

# b3lyp/ 

6-311+g(d,p) 

# bmk/ 

6-31g(d,p) 

cjc*oc 3.30 2.58 2.83 2.68 

cjc*occ 3.09 2.77 3.08 2.87 

cjc*occccc 3.18 2.66 2.93 2.76 

cjc*occcccccc 3.11 2.69 3.00 2.79 
Note: * = double bond, j = radical site 

 

 

Figure 3.11  Dipole moment of ketone primary radical species vs. carbon number. 

 

Table 3.15 Calculated Dipole Moment of Ketone Secondary Radical Species 

Molecules 
Dipole moments (Debye) 

PM6 
# b3lyp/ 

6-31g(d,p) 

# b3lyp/ 

6-311+g(d,p) 

# bmk/ 

6-31g(d,p) 

cc*ocjc 3.41 2.90 3.24 2.99 

cc*occccjc 3.63 2.76 3.08 2.82 

cc*ocjccccccc 3.55 2.90 3.14 2.96 

cc*occcccccjc 2.90 2.48 2.68 2.57 
Note: * = double bond, j = radical site 
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Figure 3.12  Dipole moment of ketone secondary radical species vs. carbon number.  

 

Summary linear equations for estimating the dipole moments of the ketones and 

corresponding radical species in Table 3.16 are obtained from B3LYP/6-31G(d,p) level 

of  calculation. The comparison between available experimental dipole moments data
49

 

and calculation in this work as shown in Table 3.13. The ratio between reference 

experimental data to the calculation values 1.04. This scaling factor is applied to the 

equation for estimated ketones and ketone radical species dipole moments calculation. 

Calculated dipole moments with scaling are within ± 0.1 Debyle of ketone experimental 

data. 

 

Table 3.16  Equations to Estimate Dipole Moment for Ketone and Ketones Radicals 

Species Equations ( N = number of carbons) 

Ketone Dipole = (-1.67E-2*N + 2.77) * 1.04 

Ketone Primary Radicals  Dipole = (5.4E-3*N + 2.64) * 1.04 

Ketone Secondary Radicals  Dipole = (-3.44E-2*N + 3.02) * 1.04 
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3.3 Polarizability 

Polarizability, (α: alpha), is a constant of proportionality of induced dipole moment, µ*, 

which is caused by applying electric field resulting in molecular distortion and alignment 

of its permanent electric dipole moment. The expression of induced dipole moment is as 

follows, 

 µ*=αE                                                   (3.15) 

Where E is field strength. The greater the polarizability, the larger is the induced 

dipole moment for a given applied field. The unit of polarizability is C
2
m

2
J

-1
. The 

expression of polarizability volume, α’, is introduced as follows, 

                                                                    α′ =
𝛼

4𝜋𝜀0
                                            (3.16) 

The ε0 is the vacuum permittivity. Polarizability volumes are similar in magnitude 

to actual molecular volumes (of the order of 10
-30

, 1 A
3
). Polarizability volumes correlate 

with the HOMO-LUMO separations in atoms and molecules. Polarizability is large if 

LUMO lies close to the HOMO in energy so that electron distribution can be distorted 

readily, and it is low if LUMO lies high above the HOMO so that electron distribution 

cannot be perturbed significantly by an applied field
51

. 

The DFT B3LYP/6-31g(d,p) computational chemistry method with the tight 

command is used to calculate the dipole electric field induced Polarizability of the 

alcohol, aldehyde, ether and ketone parent molecules, and  carbon radicals corresponding 

to loss of hydrogen atom from the primary and secondary carbon sites and. The isotropic 

polarizability is reported in units of Bohr
3
 in the Gaussian 09 code, one Bohr is 0.529 

Angstroms (A
o
) 

46-48
. Units reported in this study are in (A

o
)
3
. Values reported as the 

isotropic polarizability α (A
o
)
3
.  
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3.3.1 Results Alcohols  

Tables 3.17, 3.18 and 3.19 show the polarizability calculation values of target molecule 

and corresponding radicals of the C1 to C10 alcohols in this study. Figures illustrate the 

consistency with number of carbons and the trends versus number of carbons. 

 

Table 3.17  Calculated Polarizability for Alcohols with Comparison to Literature 

Name Molecules 

 Polarizabiblty (A
o
)
3
 

PM6 
# b3lyp/ 

6-31g(d,p) 

# b3lyp/ 

6-311+g(d,p) 

# bmk/ 

6-31g(d,p) 
Joback Ref. 

methanol coh 3.25 2.37 2.77 2.35 2.60 

3.08
a 

3.26
b
 

3.20
c
 

3.23
d
 

ethanol ccoh 5.04 3.91 4.54 3.91 4.40 

5.11
a 

5.07
b
 

4.94
c
 

1-propanol cccoh 8.64 7.11 8.10 7.13 6.20 NA 

1-pentanol cccccoh 10.51 8.76 9.91 8.78 9.8 NA 

1-heptanol cccccccoh 14.14 12.04 13.54 12.08 13.40 NA 

1-decanol cccccccccoh 19.66 17.02 19.04 17.18 18.80 NA 
Note: NA = Not Available, Source: 

a
[49], 

b
[52] , 

c
[53] , 

d
[54]  

 

Table 3.18  Calculated Polarizability for Alcohol Primary Radical Species 

Molecules 
Polarizabiblty (A

o
)
3
 

PM6 
# b3lyp/ 

6-31g(d,p) 

# b3lyp/ 

6-311+g(d,p) 

# bmk/ 

6-31g(d,p) 

cjoh 3.36 2.07 2.71 2.04 

cjcoh 5.92 3.67 4.51 3.63 

cjccoh 6.98 5.25 6.30 5.22 

cjccccoh 10.72 8.43 9.79 8.45 

cjccccccoh 14.38 11.71 13.42 11.78 

cjccccccccccoh 19.88 16.70 18.92 16.83 
Note: j = radical site 
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Figure 3.13  Polarizability of alcohols vs. carbon number. 

 

 

Figure 3.14  Polarizability of alcohol primary radical species vs. carbon number. 
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Table 3.19  Calculated Polarizability for Alcohol Secondary Radical Species 

Molecules 
Polarizabiblty (A

o
)
3
 

PM6 

# b3lyp/ 

6-31g(d,p)  

 # b3lyp/ 

6-311+g(d,p) 

# bmk/ 

6-31g(d,p) 

ccjccoh 11.08 8.66 10.29 8.63 

ccccjcccoh 14.80 11.89 13.56 11.91 

cccccjcccccoh 20.35 16.88 19.07 16.91 
Note: j = radical site 

 

 

Figure 3.15  Polarizability of alcohol secondary radical species vs. carbon number. 

 

Linear equations for estimation of Polarizability (alpha) vs carbon number are 

listed in Table 3.20. They are obtained from PM6 calculations which show the best 

agreement with the reference experimental data when compared to the other calculation 

results from DFT method. PM6 result calculation is almost identical to the reference data 

from experiment.  
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Table 3.20  Equations to Estimate Polarizability for Alcohol and Alcohol Radicals 

Species Equations ( N= carbon number) 

Alcohol alpha = 1.77*N + 1.94 

Alcohol Primary Radicals  alpha = 1.80*N + 1.79 

Alcohol Secondary Radicals  alpha = 1.55*N + 4.59 

 

3.3.2 Results Aldehydes 

Tables 3.21, 3.22, 3.23 and 3.24 are presented polarizability calculation values for 

aldehydes and corresponding aldehydes radical, respectively. 

 

Table 3.21  Calculated Polarizability for Aldehydes with Comparison to Literature 

Name Molecules 
 Polarizabiblty (A

o
)
3
 

PM6 # b3lyp
a
 # b3lyp

b
 # bmk 

a
 Joback Ref. 

Formaldehyde c*o 2.69 1.96 2.29 1.95 2.60 
2.77

c 

2.45
d
 

acetaldehyde cc*o 4.58 3.56 4.20 3.55 4.40 
4.28

c 

4.59
d
 

propanal ccc*o 6.42 5.13 5.93 5.09 6.20 NA 

pentanal ccccc*o 10.04 8.32 9.46 8.32 9.80 NA 

heptanal ccccccc*o 13.69 11.59 13.09 11.60 13.40 NA 

Note: * = double bond, NA = Not Available, 
a
 = 6-31g(d,p), 

b
 = 6-311+g(d,p), Source: 

c
[49], 

d
[55]  

 

Table 3.22  Calculated Polarizability for Aldehydes Primary Radicals Species 

Molecules 
Polarizabiblty (A

o
)
3
 

PM6 

# b3lyp/ 

6-31g(d,p) 

# b3lyp/ 

6-311+g(d,p) 

# bmk/ 

6-31g(d,p) 

cj*o 2.53 1.78 2.20 1.77 

cjc*o - 3.39 4.13 3.35 

cjcc*o 6.55 5.03 6.05 4.94 

cjcccc*o 10.24 8.02 9.39 7.99 

cjcccccc*o 13.89 11.38 13.12 11.35 
Note: * = double bond, j = radical site 

 



44 

 

  

 

Figure 3.16  Polarizability of aldehydes vs. carbon number. 

 

 

Figure 3.17  Polarizability of aldehydes primary radicals species vs. carbon number. 
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Table 3.23 Calculated Polarizability of Aldehydes Secondary Radicals Species 

Molecules 
Polarizabiblty (A

o
)
3
 

PM6 

# b3lyp/ 

6-31g(d,p)  

 # b3lyp/ 

6-311+g(d,p) 

# bmk/ 

6-31g(d,p) 

ccjc*o - 5.20 6.11 5.15 

cccjcc*o 10.84 8.44 9.77 8.31 

ccccjccc*o 14.45 11.52 13.19 11.51 
Note: * = double bond, j = radical site 

 

 

 

Figure 3.18  Polarizability of aldehydes secondary radicals species vs. carbon number. 

 

The comparison between the calculated polarizability of Aldehyde and 

corresponding radical species in this work and the experimental data is presented in Table 

3.21.  Summary linear equations in carbon number for estimation of Aldehyde group 

Polarizability (alpha) in A
3
 is in table 3.24 obtained from PM6 calculation which values 

are closest to the experimental data.  
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Table 3.24  Equations to Estimated Polarizability of Aldehydes and Aldehydes Radicals 

Species Equations ( N= carbon number) 

Aldehyde alpha= 1.83*N + 0.90 

Aldehyde Primary Radicals  alpha = 1.89*N + 0.75 

Aldehyde Secondary Radicals alpha = 1.80*N + 1083 

3.3.3 Results Ethers 

Tables 3.25, 3.26, 3.27 and 3.28 list the polarizability calculated values for ethers and 

corresponding ethers radical, respectively. 

 

Table 3.25  Calculated Polarizability for Ethers Group with Comparison to Literature 

Name Molecules 

 Polarizabiblty (A
o
)
3
 

PM6 
# b3lyp/ 

6-31g(d,p) 

# b3lyp/ 

6-311+g(d,p) 

# bmk/ 

6-31g(d,p) 
Joback Ref. 

dimethyl 

ether 
coc 5.16 4.00 4.60 3.99 5.20 5.16

a
 

ethyl methyl 

ether 
cocc 6.98 5.56 6.36 5.54 7.00 NA 

methyl 

propyl ether 
coccc 8.78 7.10 8.11 7.10 8.80 

8.86
b
 

8.64
c
 

diethyl ether ccocc 8.83 7.22 8.21 7.20 8.80 8.73
d
 

buthyl 

methyl ether 
cocccc 10.58 8.71 9.90 8.71 10.6 NA 

Note:  NA = Not Available, Source: 
a
[49], 

b
[52], 

c
[53], 

d
[54]  

 

Table 3.26  Calculated Polarizability for Ethers Primary Radicals Species 

Molecules 
Polarizabiblty (A

o
)
3
 

PM6 
# b3lyp/ 

6-31g(d,p) 

# b3lyp/ 

6-311+g(d,p) 

# bmk/ 

6-31g(d,p) 

cocj 5.42 4.00 4.66 3.72 

coccj - 5.27 6.23 5.23 

cocccj 8.92 6.81 8.04 6.77 

ccoccj - 6.94 8.10 6.89 

coccccj 10.85 8.41 9.83 8.39 
Note: j = radical site 
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Figure 3.19  Polarizability of ethers vs. carbon number. 

 

 

Figure 3.20  Polarizability of ethers primary radicals species vs. carbon number. 

 

 

 

 

 

 



48 

 

  

Table 3.27  Calculated Polarizability for Ethers Secondary Radicals Species 

Molecules 
Polarizabiblty (A

o
)
3
 

PM6 
# b3lyp/ 

6-31g(d,p) 

# b3lyp/ 

6-311+g(d,p) 

# bmk/ 

6-31g(d,p) 

coccjc 9.54 6.92 8.07 6.89 

coccjcc 12.80 8.52 9.91 8.52 

cocccjc 11.01 8.55 9.91 8.51 
Note: J = radical site 

 

 

 

Figure 3.21  Polarizability of ethers secondary radicals species vs. carbon number. 

 

 Table 3.28 is presents a summary linear equations for estimation of polarizability 

of the ethers and corresponding radicals obtained from PM6 method calculations. The 

comparison between available experimental data and calculation in this work is in Table 

3.25 and shows good agreement between experimental data and the calculation values 

from PM6. 
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Table 3.28  Equations to Estimate Polarizability of Ethers and Ethers Radicals 

Species Equations ( N= carbon number) 

Ether alpha = 1.81 * N + 1.55 

Ether primary radicals alpha = 1.80 * N + 1.80 

Ether secondary radicals alpha = 2.36*N + 0.11 

 

3.3.4 Results Ketones 

Tables 3.29, 3.30, 3.31 and 3.32 present the polarizability calculation values for Ketone 

and corresponding ketone radicals. 

 

Table 3.29  Calculated Polarizability for Ketones with Comparison to Literature 

Name Molecules 
  Polarizabiblty (A

o
)
3
 

PM6 # b3lyp
a
 # b3lyp

b
 # bmk

a
 Joback Ref. 

Acetone cc*oc 6.39 5.06 5.95 5.08 6.20 

6.1
c 

6.40
d
 

6.33
e
 

6.39
f
 

Butanone cc*occ 8.22 6.63 7.64 6.66 8.00 
8.19

c
 

8.13
e
 

2-heptanone cc*occccc 13.69 11.52 13.13 11.59 13.40 NA 

2-decanone cc*occcccccc 19.17 16.49 18.55 16.61 18.80 NA 

Note: NA = Not Available, 
a
 = 6-31g(d,p), 

b
 = 6-311+g(d,p), Source: 

 c
[49], 

d
[52], 

e
[54], 

f
[55] 

 

Table 3.30  Calculated Polarizability for Ketone Primary Radicals Species 

Molecules 
Polarizabiblty (A

o
)
3
 

# b3lyp/6-

31g(d,p)  

 # b3lyp/6-

311+g(d,P) 

# bmk/6-

31g(d,p) 

cjc*oc 4.80 5.81 4.75 

cjc*occ 6.48 7.58 6.47 

cjc*occccc 11.39 13.02 11.43 

cjc*occcccccc 16.37 18.52 16.48 
Note: * = double bond, j = radical site 
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Figure 3.22  Polarizability of ketones vs. carbon number. 

 

 

Figure 3.23  Polarizability of ketone primary radicals species vs. carbon number. 
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Table 3.31  Calculated Polarizability for Ketone Secondary Radicals Species 

Molecules 
Polarizabiblty (A

o
)
3
 

# b3lyp/6-

31g(d,p)  

 # b3lyp/6-

311+g(d,p) 

# bmk/6-

31g(d,p) 

cc*ocjc 6.65 7.76 6.65 

cc*ocjccc 11.73 13.43 11.61 

cc*occccjc 11.35 13.04 11.38 

cc*ocjccccccc 16.77 19.03 16.76 

cc*occcccccjc 16.32 18.55 16.41 
Note: * = double bond, j = radical site 

 

 

Figure 3.24  Polarizability of ketone secondary radicals species vs. carbon number. 

 

Table 3.2 is show the comparison between experimental data and the calculation 

values in this study. The results from the PM6 calculation method show the best 

agreement with experimental data. Unfortunately, PM6 unable performed the 

polarizability calculation for the Ketone primary and secondary radical species. 

Therefore, the linear equation in Table 3.32 for Ketone stable molecules are obtained 

from PM6 calculation, and the Ketone primary and secondary radical species are obtain 
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the linear equation from B3LYP/6-311+G(d,p) level of calculation that has result close to 

the PM6 calculation. The scaling factor 1.05 from ratio between the reference data and 

B3LYP/6-311+G(d,p) values is applied to the linear equation in Table 3.32. 

 

Table 3.32  Equations to Estimate Polarizability for Ketones and Ketones Radicals 

Species Equations ( N= carbon number) 

Ketone alpha = 1.83*N + 0.91 

Ketone Primary Radicals  alpha = (1.82*N + 0.33) * 1.05 

Ketone Secondary Radicals  alpha = (1.84*N + 0.37) * 1.05 

 

3.4 Lennard Jones Diameters () 

The data presented in this section are molecular diameters that are calculated from 

molecular volumes.  In continuing work we will validate the relationship between 

molecular diameter and Lennard Jones Diameter as a function of class of molecule. In 

this study we utilized the “Volume” command in Mopac 2009 to calculate molar 

volumes.  In comparisons of methods for calculations of volumes with literature data we 

observed that the Mopac2009 calculation data was closer to literature than the Density 

functional (B3LYP) calculations. From the volume, we calculated a dvol (molecular 

diameter computed from the volume) which has been shown to be closely related to the 

Lennard-Jones collision parameter σo. the Mopac PM6 method is used for volumes and 

found to be more consistent than the calculated volumes from Gaussian Code calculations 

of volume at the B3LYP/6-311+ level, where standard deviations were on the order of 

30%. 
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3.4.1 Results Alcohols 

Tables 3.33, 3.34, 3.35 and 3.36 present the Lennard Jones diameters calculation values 

for Alcohola and corresponding alcohol radicals with comparison to literature. 

 

Table 3.33 Calculated L. J. Diameters for Alcohols with Comparison to Literature  

Name Molecules 
L J diameter (A/mol) 

PM6 Joback Ref. 

methanol coh 4.51 3.88 

3.63
a
 

3.80
b
 

3.66c 

3.48
d
 

ethanol ccoh 5.10 4.45 

4.53
a
 

4.37
b
 

4.32
c
 

1-propanol cccoh 5.99 4.90 4.82
b
 

1-pentanol cccccoh 6.36 5.61 NA 

1-heptanol cccccccoh 6.99 6.18 NA 

1-decanol cccccccccoh 7.76 6.88 NA 
Note: NA = Not Avialable, Sourcr: 

 a
[56],

 b
[57],

 c
[58], 

d
[59]  

 

 

Figure 3.25  L J diameters for alcohols vs. carbon number. 
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Table 3.34  Calculated L J Diameters for Alcohol Primary Radicals Species 

Molecules L J diameter (A/mol) 

cjoh 4.43 

cjcoh 5.03 

cjccoh 5.54 

cjccccoh 6.34 

cjccccccoh 6.97 

cjccccccccccoh 7.76 
Note: j = radical site 

 

 

Figure 3.26  L J diameters for alcohol primary radicals vs. carbon number. 

 

Table 3.35  Calculated L J Diameters for Alcohol Secondary Radicals Species 

Molecules L J diameter (A/mol) 

ccjccoh 6.32 

ccccjcccoh 6.94 

cccccjcccccoh 7.73 

ccccccccccjoh 7.72 
Note: j = radical site 
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Figure 3.27  L J diameters for alcohol secondary radicals vs. carbon number. 

 

Linear equations in carbon number for estimation of L. J. diameters () in A/mol 

for Alcohol and corresponding radical species are obtained from MOPAC2009 (PM6). 

The average ratio of the experiental data (Svehla, 1962
56

) to the the calculation values in 

this work is 0.85. This scaling factor is applied to correct the estimated linear equation in 

Table 3.36. 

 

Table 3.36  Equations to Estimate L. J Diameters for Alcohols and Alcohols Radicals 

Species Equations ( N= carbon number) 

Alcohol L J diameter = (3.45E-1*N + 4.51) * 0.85 

Alcohol Primary Radicals  L J diameter = (3.64E-1*N + 4.31) * 0.85 

Alcohol Secondary Radicals  L J diameter = (3.29E-1*n + 4.53) * 0.85 
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3.4.2 Results Aldehydes 

Lennard Jones diameters calculation values for Aldehyde and corresponding Aldehyde 

radicalspecies are shown in Tables 3.37, 3.38, 3.39 and 3.40, respectively with 

comparison with literature values.  

 

Table 3.37  Calculated L. J. Diameters for Aldehydes with Comparison to Literature 

Name Molecules 
L J diameter (A/mol) 

PM6 Joback Ref. 

Formaldehyde c*o 4.33 3.75 3.35
a
 

acetaldehyde cc*o 4.94 4.43 4.86
b
 

propanal ccc*o 5.46 4.89 NA 

pentanal ccccc*o 6.26 5.60 NA 

heptanal ccccccc*o 6.91 6.17 NA 

Note: * = double bond , Source: 
a
[59] , 

b
[43] 

 

 

 

Figure 3.28  L J diameters for aldehydes vs. carbon number. 
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Table 3.38  Calculated L. J. Diameters for Aldehyde Primary Radicals Species 

Molecules L J diameter (A/mol) 

cj*o 4.28 

cjcc*o 5.41 

cjcccc*o 6.23 

cjcccccc*o 6.88 
Note: * = double bond, j = radical site 

 

 

Figure 3.29  L. J. diameters for aldehyde primary radicals vs. carbon number. 

 

Table 3.39  Calculated L J Diameters for Aldehyde Secondary Radicals Species 

Molecules L J diameter (A/mol) 

ccjc*o 5.4 

cccjcc*o 6.19 

ccccjccc*o 6.87 
Note: * = double bond, j = radical site 
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Figure 3.30  L. J. diameters for aldehyde secondary radical vs. carbon number. 

 

 Lennard Jones parameter reference data are presented in Table 3.37. They show 

lower values compared to values from volume calculations in this study. The average 

ratio of reference data to this study is 0.88.  This scaling factor is used in the linear 

equation for estimation Lennard Jones parameters of Aldehydes and corresponding 

radicals. 

 

Table 3.40 Equations to Estimate L. J. Diameters for Aldehydes and Aldehydes Radicals 

 

Species Equations ( N= carbon number) 

Aldehyde L J diameter= (4.23E-1*N + 4.06) * 0.88 

Aldehyde Primary Radicals  L J diameter= (4.31E-1*N + 3.98) * 0.88 

Aldehyde Secondary Radicals L J diameter= (3.67E-1*N + 4.32) * 0.88 

 

3.4.3 Results Ethers 

Lennard Jones Diameters calculation values for Ether and corresponding Ether radicals 

along with literature values are presented in Tables 3.41, 3.42, 3.43 and 3.44, 

respectively. 
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Table 3.41 Calculated L J Diameters for Ether group with Comparison to Literature 

Name Molecules 
L J diameter (A/mol) 

PM6 Joback Ref. 

dimethyl ether coc 5.15 4.44 

4.31
a
 

4.23
b
 

4.75
c
 

ethyl methyl ether cocc 5.61 4.89 NA 

diethyl ether coccc 6.02 5.27 NA 

methyl propyl ether cocccc 6.39 5.61 NA 

buthyl methyl ether ccocc 6.00 5.27 
5.68

a
 

5.55
b
 

Note: NA = Not Available, Source:
 a
[56], 

b
[58], 

c
[43]  

 

 

 

Figure 3.31  L J diameters for ethers vs. carbon number. 
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Figure 3.32  L J diameters for ether primary radicals vs. carbon number. 

 

Table 3.42  Calculated L. J. Diameters for Ether Primary Radicals Species 

Molecules L J diameter (A/mol) 

cocj 5.07 

coccj 5.56 

cocccj 5.95 

ccoccj 5.98 

coccccj 6.34 
Note: j = radical site 

 

Table 3.43  Calculated L. J. Diameters for Ether Secondary Radicals Species 

Molecules L J diameter (A/mol) 

cocjcc 5.93 

coccjc 5.94 

coccjcc 6.32 
Note: j = radical site 

 

 



61 

 

  

 

Figure 3.33  L J diameters for ether secondary radicals vs. carbon number. 

 

Table 3.41 shows a comparison of values from PM6 calculation to literature 

data
56

. The PM6 calculation values over estimate the diameters, they show a factor 0.89 

for the ratio of the experimental to PM6 calculation. The recommended values for 

Lennard Jones diameters of Ethers and corresponding radicals in the reported equations 

are corrected by this factor.  

 

Table 3.44  Equations to Estimate L. J. Diameters for Ethers and Ethers Radicals 

Species Equations ( N= carbon number) 

Ether L J diameter = (0.41*N + 4.34) * 0.89 

Ether primary radicals L J diameter = (0.42*N + 4.25) * 0.89 

Ether secondary radicals L J diameter = (0.38*N + 4.42) * 0.89 
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3.4.4 Results Ketones 

Tables 3.45, 3.46, 3.47 and 3.48  present Lennard Jones Diameters calculation values for 

Ketone and corresponding Ketone radicals, respectively. 

Table 3.45  Calculated L. J. Diameters for Ketones with Comparison to Literature 

Name Molecules 
L J crosssection (A/mol) 

PM6 Joback Ref. 

acetone cc*oc 5.44 4.80 
4.60

a,b 

4.76
c
 

butanone cc*occ 5.89 5.20 NA 

2-heptanone cc*occccc 6.90 6.12 NA 

2-decanone cc*occcccccc 7.69 6.83 NA 

Note: * = double bond, Source: 
 a
[56], 

b
[58], 

c
[56] 

 

Table 3.46  Calculated L J Diameters for Ketone Primary Radicals Species 

Molecules L J diameter (A/mol) 

cjc*oc 5.39 

cjc*occ 5.82 

cjc*occccc 6.86 

cjc*occcccccc 7.66 
Note: * = double bond, j = radical site 

 

 

Figure 3.34  L J diameters for Ketones vs. carbon number. 
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Figure 3.35  L J diameters for ketone primary radicals vs. carbon number. 

 

 

Figure 3.36  L J diameters for ketone secondary radicals vs. carbon number. 
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Table 3.47  Calculated L. J. Diameters for Ketone Secondary Radicals 

Molecules L J diameter (A/mol) 

cc*ocjc 5.83 

cc*ocjccc 6.86 

cc*occccjc 6.87 

cc*ocjccccccc 7.66 

cc*occcccccjc 7.66 
Note: * = double bond, j = radical site 

 

Table 3.48  Equations to Estimate L. J. Diameters for Ketones and Ketones Radicals 

Species Equations ( N= carbon number) 

Ketone L J diameter = (0.32*N + 4.57) * 0.84 

Ketone Primary Radicals  L J diameter = (0.32*N + 4.49) * 0.84 

Ketone Secondary Radicals  L J diameter = (0.3*N + 4.7) * 0.84 

 

3.5 Summary 

Parameters for estimation of dipole moment, polarizability and Lennard-Jones diameters 

needed to calculate transport properties of alcohols, aldehydes, ethers, and ketones and 

corresponding radicals are calculated.  Linear relationships vs. carbon number are shown 

and linear equations with a scaling factor for individual parameters and molecule species 

are presented. 

Dipole moment calculation values from B3LYP/6-31G(d,p) show better 

agreement with the experimental data when compared to the other calculation methods in 

this study. BMK/6-31G(d,p) also has a good potential in an efficiency dipole moment 

calculation and can compete with B3LYP/6-31G9(d,p) in some cases of this study. The 

dipole moments do not show consistent increasing values with the number of carbon 

atoms in the compound. 
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PM6 method has the significant capability for calculation the molecular 

polarizability of alcohols, aldehydes, ethers, and ketones group of species. Polarizability 

(Alpha) and Lennard Jones diameter (Sigma) increase near linearly with the number of 

carbon atoms in compounds (more carbon atoms, higher polarizability and larger L. J. 

diameters) for all stable molecules, Primary radicals, and secondary radicals species of 

Alcohol, Aldehyde, Ethers, and Ketones group.  

Diameters from PM6 Volumes multiplied by factors of ~ 0.86 provide good 

results compared to literature data and are recommended. 
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CHAPTER 4  

CYCLOPENTADIENONE OXIDATION REACTION KINETICS AND 

THERMOCHEMISTRY FOR THE ALCOHOLS, HYDROPEROXIDES, 

VINYLIC, ALKOXY AND ALKYLPEROXY RADICALS 

4.1 Overview 

Cyclopentadienone has a 4n + 2 pi electron configuration similar to that of benzene and 

furans and reactions of the ring radical sites appear to undergo chain branching to a more 

significant extent than vinyl radicals or phenyl radicals
60-61

.  Evaluation of its 

thermochemistry shows the effect of the carbonyl group on the electronegative carbonyl 

oxygen moiety; its thermochemistry and the effects of alcohol and hydroperoxy groups 

on C-H bond dissociation energies are to understand its reactions under thermal and 

combustion conditions. To our knowledge no one has studied the extensive 

thermochemistry or kinetics of these oxygenated derivatives and corresponding radicals. 

Thermal decomposition studies on methoxy and dimethoxy benzenes, methoxy phenols, 

and di-phenols have been shown to form cyclopentadienone as an important 

intermediate.
62-65

  Cyclopentadienone (C5H4O) has also been considered an oxidation 

product of cyclopentadiene (C5H6), and a decomposition product of mono aromatics and 

benzoquinones. Experimental oxidation studies are however inconclusive as to formation 

of cyclopentadienone as a stable intermediate from reactions of cyclopentadiene.
61, 66

  

Da Costa et al.
60

 reported that cyclopentadienone is one of the main products from 

the thermal decomposition benzoquinone (C6H4O2) as a result of CO elimination, where 

it further reacts to unsaturated non-cyclic products of acetylene and vinylacetylene 
64

.  

Alzueta et al.
67

 have constructed a detail kinetic reaction model of benzene oxidation 

forming cyclopentadienone (C5H4O) as a major product but they needed rapid 
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dimerization and radical addition reactions to convert their calculated cyclopentadienone 

intermediate to new products, in order to describe its lack of buildup and observation in 

their experimental results.  Schraa et al.
68

 reported  results from thermal decomposition of 

two cyclopentadienone precursors,  orthobenzoquinone, and dihydro-benzodioxin. They 

proposed that cyclopentadienone was formed, but not observed due to rapid consumption 

at temperatures between 850-1100 K and low radical concentrations. They suggested that 

it was lost to a fast dimerization product with a reaction rate of 4.0*10
11

 cm
3 

mol
-1

s
-1 

at 

850 K via observation the cyclopentadienone dimer.  Dejong et al.
69

 studied thermal 

reactions of phenylene sulfite which was indicated to decompose to form 

cyclopentadienone.  They also reported the need for rapid conversion or dimerization of 

the initially formed cyclopentadienone to explain the formation of the observed product 

dimer.  

Butler and Glassman
66

 conducted experiments to investigate the formation of 

cyclopentadienone from oxidation studies of cyclopentadiene from 1100 to 1200 K. They 

considered that the ketone would be a significant intermediate in C5 ring oxidation 

processes under combustion conditions; but cyclopentadienone was not detected under 

their high temperature oxidation conditions. Because of the lack of observation of 

cyclopentadienone in the experiments, Wang and Brezinsky
61

 studied its unimolecular 

decomposition to determine stability relative to the formation of cyclobutadiene (C4H4) 

via elimination of CO. They reported a several step mechanism with overall barrier of 59 

kcal mol
-
1. Cyclopentadienones are considered important products in the thermal 

oxidation of aromatic species (Sebbar et al.
70

) where a phenyl radical reacts with O2 to 

form a peroxy radical and the peroxy radical reacts to insert an oxygen atom into the ring, 
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forming a seven membered cyclic radical. This seven member cyclic radical undergoes 

ring opening and then a ring closing to form a new 5 member  - 2-formyl-

cyclopentadienone -3-yl radical , which loses the HC•O group to form 

cyclopentadienone. The intermediate was identified by work of Kirk et al.
71

 in their 

experiment.  As noted above dissociation reaction of cyclopentadienone involves loss CO 

to form cyclobutadiene  with a barrier of 59 kcal mol
-1

 or formation of two acetylenes 

plus CO
72

, where the reaction is 78 kcal mol
-1

 endothermic.  

In 2014, Ormand et al.
73

 used flash pyrolysis of o-phenylene sulfite (C6H4O2SO) 

to provide a molecular beam of cyclopentadienone (for collection by matrix isolation. 

They confirmed  products via photo-ionization mass spectroscopy (PIMS) and infrared. 

They reported  symmetry and frequencies, which were further validated with 

calculations. Scheer et al.
64

 reported that cyclopentadienone is detected and confirmed by 

IR spectroscopy as an intermediate in a unimolecular decomposition of methoxyphenols. 

Sirjean et al.
74

 used theoretical chemistry to evaluate pathways leading to 

cyclopentadienone with both Density Function Theory (DFT) methods and Coupled 

Cluster Theory. They reported the thermal deposition pathways leading to 

cyclopentadienone from phenylperoxy radical, similar to that of Sebbar et al.
70

.  Battin-

Leclerc reported that the kinetics and thermochemistry of cyclopentadienone (C5H4O), 

along with its peroxy radicals and alkoxy aromatic group needed to be investigated in 

order to have a full understanding of the chemistry for C5 oxygenated compounds
75

.  

In an early study Zhong and Bozzelli
76

 carried out the study thermochemistry and 

kinetic analysis with thermochemical known reactants, intermediates, and product species 

with evaluations based on literature data and  group additivity contributions with 
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available hydrogen bond increments; they estimated ΔfH
o
298 of cyclopentadienone at 7.4 

kcal mol
-1

. The  ΔfH
o
298 of cyclopentadienone was subsequently calculated by Wang and 

Brezinsky
1 

at 13.2 kcal mol
-1

 using ab initio molecular orbital calculations at the 

G2(MP2,SVP) and G2(B3LYP/MP2,SVP) levels of theory and with the use of isodesmic 

reactions. In a separate study the heat of formation data of cyclopentadienone (12.75 kcal 

mol
-1

) was calculated by Robinson and Lindstedt in 2011
77

, where the kinetic and 

thermochemical parameters were calculated using  G4/G4MP2 and G3B3 composite  

methods.  Linstedt also obtained the equilibrium structure from B3LYP with the 6-31G 

(2df,p) basis set and determined the thermochemical data relative to the oxidation 

reactions of the cyclopentadiene and oxygenated cyclopentadienyl intermediates. 

Under combustion conditions, cyclopentadienone  can react to form radicals from 

loss (abstraction) of the ring hydrogen atoms, and the formed alken-yl radicals will react 

with O2 to form peroxy and alkoxy radicals at the different sites on the ring.  The radicals 

can also undergo unimolecular beta scission reactions leading to ring opening and 

formation of reactive, unsaturated non-cyclic species. Thermochemical properties: 

formation enthalpies (ΔfH
o
298), entropies (S

o
), heat capacities (CP

o
(T)), and bond 

dissociation enthalpies (BDEs) for the vinylic carbon radicals, hydroperoxides, peroxy 

radicals, alcohols and alkoxy radicals of cyclopentadienone are needed to understand 

reaction paths and to assist in developing the chemical kinetic mechanisms.  Ab initio 

composite and Density Functional Theory methods were used with work reactions to 

calculate the thermochemical properties for of these target molecules and radical 

intermediates and kinetic parameters for ring opening reactions of the vinylic radicals and 

the R + O2 initial reaction steps. 
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Results show the R
.
 + O2 association reactions to have an unusually deep well 

(~50 kcal mol
-1

) relative to ~ 46 in vinyl and phenyl + O2 systems and the chemical 

activation reactions of R• + O2 to RO• + O atom (chain branching) for the 

cyclopentadienone -2-yl and 3-yl carbon radicals have reaction enthalpies which are well 

below the entrance channel.  The kinetic analysis in this study suggests that the R + O2 

chain branching reaction to RO + O is an important path in the cyclopentadienone vinyl 

radical reactions with molecular oxygen under combustion conditions and to some extent 

under atmospheric conditions. 

 

 

 

 

Figure 4.1 Nomenclature for radical and functional group sites. 

 

4.2 Thermochemical Properties 

The structures of cyclopentadienone and alcohols and hydroperoxides, the radicals 

corresponding to the loss of H atoms, plus standard enthalpies of formation for the 

parents and radicals have been calculated using B3LYP hybrid density functional theory 

in conjunction with the 6-31G(d,p)
2-3

 basis set and the composite CBS-QB3 level of 

theory
4
. The B3LYP method combines the three-parameter Becke exchange functional, 
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B3, with Lee-Yang-Parr correlation functional as LYP. CBS-QB3 is a multilevel model 

chemistry that combines the results of several ab initio and density functional theory 

(DFT) individual methods and empirical correction terms to predict molecular energies 

with high accuracy and reasonably low computational cost. All quantum chemical 

calculation has been performed within the Gaussian 03 suite of programs
14

. 

4.2.1 Uncertainty and Confidence Limits  

The uncertainty is determined from comparison of calculated ΔHrxn with the literature 

ΔHrxn , on a set of twelve work reactions involving species with known, standard 

enthalpies of formation.  Table 4.1 lists the 12 reference reactions using known 

thermochemical values and our calculated ∆H reaction energies. Overall of Root Mean 

Square (RMS) deviation values for the twelve reaction set are 0.48 kcal mol
-1

 for CBS-

QB3 and 0.98 kcal mol
-1

 for B3LYP/6-31G(d,p).  Table 4.2 lists the confidence limit 

obtained from this data for different numbers of work reactions, as to use of different 

numbers of work reactions for have been use in several target species. The uncertainty in 

enthalpy values of each reference species in each of the work reactions for our target 

molecules and radicals is also incorporated into the error analysis.  Further calculation 

details for uncertainties include error limits for the reference species and are included in 

the appendix material. The set of isodesmic reactions for each target molecule can be 

observed in Table 4.1, which also includes the 95% confidence limits. 
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Table 4.1   Comparison of Experiment ΔfH
o
298 with Values from CBS-QB3 and B3LYP/ 

6-31G(d,p) Calculation (kcal mol
-1

) 

 

Reaction Experiment CBS-QB3 B3LYP/6-31G(d,p) 

coh + ccc → ccoh + cc -3.07 -2.95 -3.86 

ccoh + ccc → cccoh + cc 0.22 -0.01 -0.15 

cccoh + cc → ccoh + ccc -0.22 0.01 0.15 

cdcc + cc → cdc + ccc 2.78 2.72 3.89 

cj + cdcc → i-c4h9 -22.88 -22.21 -21.34 

cdcj + cj → cdcc -101.32 -101.32 -102.05 

y(c4h4o) + cdccdc → y(c5h6) + y(c3h4do) 18.20 18.77 18.55 

Phenol + cc → y(c6h6) + ccoh 6.66 6.18 8.20 

y(c6h5)oh + ccj → y(c6h5)j + ccoh 19.42 19.92 19.09 

cdcc + cdcdo → cdc + y(c3h4do) 22.91 23.67 23.86 

y(c4h6) + cccoh → Phenol + ccc -6.88 -6.17 -8.05 

cdcoh + Benzene  → Phenol  + cdc -0.49 0.05 0.70 

RMS  0.48 0.98 

Note: y = cyclic, d = double bond,  j = radical 

 

Table 4.2  Confidence Limits (95% ) for Each of the Work Reaction Sets 

  

Number of Work Reactions  CBS-QB3 B3LYP/6-31G(d,p) 

7 0.44 0.90 

5 0.59 1.21 

4 0.76 1.54 

3 1.18 2.42 

4.2.2 Standard Enthalpies of Formation (ΔfH
o
298) 

Standard enthalpies of formation (ΔfH
o
298) were determined using calculated energies, 

zero point vibration energy (ZPVE), plus thermal contributions (to 298K) at the 

B3LYP/6-31 g(d,p) and CBS-QB3 levels of theory plus use of work reactions
16-17

. The 

calculated total energy at B3LYP/6-31 g(d,p) is corrected by the ZPVE, which is scaled 

by 0.9806 , as recommended by Scott and Radom
18

. The CBS-QB3 uses geometry from 

B3LYP/CBSB7 calculations. To more accurately evaluate the standard enthalpy of 

formation (ΔfH
o
298), a number of homodesmic and isodesmic work reactions have been 
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used to calculate the standard enthalpy of formation for both parent molecules and 

radicals at each level of theory. An isodesmic reaction is a hypothetical reaction where 

the number and type of bonds is conserved on each side of the work reaction, and a 

homodesmic reaction conserves number and type of bonds, but also conserves 

hybridization
19

.  The thermal enthalpy of each species in the work reaction is determined, 

which allows calculation of ΔfH
o
298  reaction. The known ΔfH

o
298 values of the three 

reference molecules are used with the calculated ΔfH
o
298  reaction to determine the 

standard enthalpies of formation.  The use of similar structural components on both sides 

of the work reaction provide a cancellation of systematic errors that may exist in the 

calculation of ΔfH
o
298  for each species and allows for an increase in accuracy for the 

standard enthalpy analysis. 

The work reactions in this work have used to calculate the ΔfH
o
298 of the target 

molecule as following: 

 

                                  ΔrxnH
o
298 = ∑ Δ Hf (Product) - ∑ Δ Hf (Reactant)                        (4.1) 

 

Where the two products and one reactant are the reference molecules that are known, and 

the three evaluated ΔfH
o
298 reference species from the literature thermodynamic 

properties have been use. 

 The standard enthalpies of formation at 298.15 K of the reference species used in 

the reactions are summarized in Table 4.3. 

As an example the following equation is used to estimate ΔfH
o
298 for y(c5h4do) 
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y(c5h4do)   +   cdccc  → y(c5h6)    +    cdccdoc 

    ΔfH
o
298 (kcal mol

-1
): Target   -0.15       32.1      -27.40 

The standard enthalpy of formation for each species in the reaction is calculated, 

and the heat of reaction, ΔrxnH
o
298, is calculated. Literature values for enthalpies of 

formation of the three reference compounds (values above in bold) are used with the 

ΔrxnH
o
298 to obtained the enthalpy of formation on the target molecule, y(C5h4dO). The 

values in brackets correspond to B3LYP/6-31 g(d,p) calculated values. 

ΔrxnH
o
298 = [(-194.012906)+( -231.147354)] –[( -268.030211)+( -157.117923)] x 627.51   

              = -7.61 kcal mol
-1

 

Using the calculated ΔrxnH
o
298 and reference species to find ΔfH

o
298 of the target 

molecule in kcal mol
-1

 as follow: 

 -7.61 kcal mol
-1

 = (-27.40) + (32.1) - (-0.15) - ΔfH
o
298 y(C5h4dO) 

 ΔfH
o
298 y(C5h4dO) = 12.46 kcal mol

-1
 

The target molecule and radical structure corresponding abbreviated nomenclature 

are presented in Figures 4.2 and 4.3, respectively. Calculation of the standard enthalpies 

of formation and for the stable parent molecules of cyclopentadienone, hydroxyl 

cyclopentadienones and cyclopentadienone-hydroperoxides are listed in Table 4.5. 
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y(c5h4do) 

cyclopentadienone 

y(c5h3do)oh2 

2-hydroxyl 

cyclopentadienone 

y(c5h3do)oh3 

3-hydroxyl 

cyclopentadienone 

  

 

y(c5h3do)q2 

2-hydroperoxy 

cyclopentadienone 

y(c5h3do)q3 

3- hydroperoxy 

cyclopentadienone 

 

 

Figure 4.2  Structure and abbreviated nomenclature of the target molecules. 

 

The calculated standard enthalpies of formation and work reactions for each of 

these target parent molecules, with the corresponding uncertainty value including 

standard deviation are listed in Table 4.5. The calculated values from CBS-QB3, which 

shows the lowest standard deviation and is the highest level calculation method in this 

work are recommended. Evaluation of accuracy for enthalpy of formation, we calculate 

ΔfH
o
298 of the target cyclopentadienone y(c5h4do) using seven work reactions as shown in 

Table 4.4, resulted in  13.0 ± 1.88 kcal mol
-1

 for ΔfH
o
298. This value is in agreement with 

the literature data (13.2 kcal mol
-1

) by Wang and Brezinsky
61

 and by Burcat and Ruscic
20

, 

the data is 0.25 kcal mol
-1

 higher than work of Robinson and Lindstedt
77

 (12.75 kcal mol
-

1
).  Five isodesmic reactions schemes are used for evaluation the ΔfH

o
298 values on the 

cyclopentadienone-alcohols, y(c5h3do)oh2 and y(c5h3do)oh3, where values show a 2.2 
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kcal mol
-1

 higher enthalpy for the 2 position alcohol relative to the 3 position, -31.3 ± 

2.67 and -33.5 ± 2.67 kcal mol
-1

, respectively.   

Enthalpies of formation of two parent cyclopentadienone hydroperoxides, 

y(c5h3do)q2 and y(c5h3do)q3, were calculated with five isodesmic reactions. The 

enthalpies determined show that  y(c5h3do)q2 is five kcal mol
-1 

higher in enthalpy at -8.2 

± 2.41 kcal mol
-1

, versus the lower enthalpy of y(c5h3do)q3 at -13.2 ± 2.41 kcal mol
-1

. 

Table 4.3  Standard Enthalpies of Formation at 298.15 K of Reference Species Used in 

Work Reactions 

 

Species ΔfH
o
298 

kcal mol
-1

 

reference Species ΔfH
o
298 

kcal mol
-1

 

reference 

cdcc  4.78 ± 0.19 78 cdcj 71 ± 1.0 79 

y(c5h6) 32.1 ± 0.36 78 y(c6h5)j 81 ± 2.0 79 

cdccdo -16.7 ± 1.0 80 Cdcjc 58.89 ± 0.12 81 

cdccc -0.15 ± 0.19 82 y(c4h4o) -8.3 ± 0.2 83 

cdccdoc -27.4 ± 2.6 84 y(c4h3o)j2 61.67 ± 0.3 85 

y(c6h8) 25.00 ± 0.15 86 cdccdc 26.00 ± 0.19 82 

y(c6h6do) -4.4 ± 2.4 87 cdcjcdc 75 ± 1
 a
 88 

y(c6h12) -29.43 ± 0.19 89 cdccjdo 21.9 ± 1
 a
 88 

y(c6h10do) -55.23 ± 0.21 90 cdccdcj 85.4 ± 1
 a
 91 

y(c4h6) 38.53± 0.4 92 y(c4h3o)j3 61.80 ± 0.3 85 

y(c4h4do) 10.32
 
± 1.0 93 coh -48.16 ± 0.07 78 

y(c6h10) -1.03 ± 0.2 94 ccoh -56.21 ± 0.1 78 

y(c5h8) 8.10 ± 0.33 78 cccoh -60.97 ± 0.12 78 

cdc 12.54 ± 0.1 78 coj 5.02 ± 0.5 95 

cdcoh -29.8 ± 2.0 96 ccoj -3.1 ± 0.31 97 

Benzene 19.8 ± 0.2 98 cccoj -7.91 ± 0.33 97 

Phenol -23.03 ± 0.14 99 cq -30.93 ± 0.21 97 

ccohdc -42.1 ± 1
 a
 100 ccq -39.9 ± 1.5 101 

y(c6h6do)2 -6.0 ± 2.4 87 cccq -44.37 ± 0.2 102 

cdcq -10.87 ± 1
 a
 103 cooj 2.91 ± 0.21 97 

y(c6h5)q -2.68 ± 0.49 81 ccooj -6.8 ± 2.3 104 

cc -20.04 ± 0.07 105 cccooj -10.53 ± 0.26 97 

ccc -25.02 ± 0.12 105 cj 35.1 ± 0.2 79 

i-c4h9 17 ± 0.5 79 y(c4h4o) -8.3 ± 0.2 106 

y(c3h4do) 3.8 ± 1.0 107 cdcdo -11.35 ± 0.38 78 

Note: 
a Error not provided (error ± 1 assigned),  y= cyclic,  d= double bond,   j= radical,  q= OOH group 
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y(c5h3do)j2 y(c5h3do)j3 y(c5h3do)oj2 

   

y(c5h3do)oj3 y(c5h3do)ooj2 y(c5h3do)ooj3 

   

y(c5h3do)oh2-3j y(c5h3do)oh2-4j y(c5h3do)oh2-5j 

   

y(c5h3do)oh3-2j y(c5h3do)oh3-4j y(c5h3do)oh3-5j 

   

y(c5h3do)q2-3j y(c5h3do)q2-4j y(c5h3do)q2-5j 

   

y(c5h3do)q3-2j y(c5h3do)q3-4j y(c5h3do)q3-5j 

 

Figure 4.3  Structure and abbreviated nomenclature of the cyclopentadienone radical 

corresponding to the loss of a hydrogen atom from the parent molecules. 
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Table 4.4  Name and Nomenclature of Radical Species 

Cyclopentadienone, hydroxyl-, and hydroperoxyl- cyclopentadienone  

vinyl radicals 

Cyclo-pentadienone-2yl: (y(c5h3do)j2 

Cyclo-pentadienone-3yl: y(c5h3do)j3 

Cyclo-pentadienone-2-hydroxyl-3-yl: y(c5h3do)oh2-3j 

Cyclo-pentadienone-2-hydroxyl-4-yl: y(c5h3do)oh2-4j 

Cyclo-pentadienone-2-hydroxyl-5-yl: y(c5h3do)oh2-5j 

Cyclo-pentadienone-3-hydroxyl-2-yl: y(c5h3do)oh3-2j 

Cyclo-pentadienone-3-hydroxyl-4-yl: y(c5h3do)oh3-4j 

Cyclo-pentadienone-3-hydroxyl-5-yl: y(c5h3do)oh3-5j 

Cyclo-pentadienone-2-hydroperoxyl-3-yl: y(c5h3do)q2-3j 

Cyclo-pentadienone-2-hydroperoxyl-4-yl: y(c5h3do)q2-4j 

Cyclo-pentadienone-2-hydroperoxyl-5-yl: y(c5h3do)q2-5j 

Cyclo-pentadienone-3-hydroperoxyl-2-yl: y(c5h3do)q3-2j 

Cyclo-pentadienone-3-hydroperoxyl-4-yl: y(c5h3do)q3-4j 

Cyclo-pentadienone-3-hydroperoxyl-5-yl: y(c5h3do)q3-5j 

O—H bond dissociation energies for cyclopentadienone to form an alkoxy radical 

Cyclo-pentadienone-alkoxyl-2-yl: (y(c5h4do)oj2 

Cyclo-pentadienone-alkoxyl-3-yl: y(c5h4do)oj3 

OO-H bond dissociation energies for cyclopentadienone to form a peroxy radical 

Cyclo-pentadienone-peroxyl-2-yl (y(c5h3do)ooj2 

Cyclo-pentadienone-peroxyl-3-yl: y(c5h3do)ooj3 

Note : Nomenclature – carbon site adjacent to the C=O group is 1, secondary vinyl carbon is 2, q is OOH 

group, structures of radical species are illustrated in the figure 4.3 
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Table 4.5  Evaluated Enthalpies of Formation at 298 K of Target Molecules 

 

Work Reactions 

ΔfH
o
298 kcal mol

-1
 

CBS-QB3 
B3LYP/ 

6-31G(d,p) 
Literature 

y(c5h4do)    

y(c5h4do) + cdcc → y(c5h6)+ cdccdo 12.34 ± 1.17 12.01 ± 1.41 13.2
61

 

y(c5h4do) + cdccc → y(c5h6) + cdccdoc 12.79 ± 2.67 12.46 ± 2.78 12.75
77

 

y(c5h4do) + y(c6h8) → y(c5h6) + y(c6h6do) 13.65 ± 2.47 15.58 ± 2.59 13.20
20

 

y(c5h4do) + y(c6h12) → y(c5h6) + y(c6h10do) 13.02 ± 0.64 12.24 ± 1.01  

y(c5h4do) + y(c4h6) → y(c5h6) + y(c4h4do) 13.84 ± 1.22 13.81 ± 1.45  

y(c5h4do) + y(c6h10) → y(c5h8) + y(c6h6do) 12.53 ± 2.47 15.12 ± 2.59  

y(c5h4do) + y(c5h8) → y(c4h6) + y(c6h6do) 12.99 ± 2.49 16.33 ± 2.62  

Average  ΔfH
o
298 13.02 ± 1.88 13.94 ± 2.06  

                               Standard Deviation 0.55 1.76  

y(c5h3do)oh2    

y(c5h3do)oh2 + cdc → y(c5h4do) + cdcoh -30.91 ± 2.80 -31.87 ± 3.00  

y(c5h3do)oh2 + benzene → y(c5h4do) + 

phenol 

-31.45 ± 1.98 -33.06 ± 2.24  

y(c5h3do)oh2 + cdcc → y(c5h4do) + ccohdc -32.29 ± 2.21 -34.41 ± 2.45  

y(c5h3do)oh2 + cdcc → y(c6h6do) + cdcoh -30.94 ± 3.18 -30.88 ± 3.36  

y(c5h3do)oh2 + cdcc → y(c6h6do)2 + cdcoh -30.98 ± 3.18 -31.61 ± 3.36  

Average  ΔfH
o
298 -31.32 ± 2.67 -32.37 ± 2.88  

                               Standard Deviation 0.59 1.39  

y(c5h3do)oh3    

y(c5h3do)oh3 + cdc → y(c5h4do) + cdcoh -33.12 ± 2.80 -33.32 ± 3.00  

y(c5h3do)oh3 + benzene → y(c5h4do) + phenol -33.66 ± 1.98 -34.51 ± 2.24  

y(c5h3do)oh3 + cdcc → y(c5h4do) + ccohdc -34.50 ± 2.21 -35.86 ± 2.45  

y(c5h3do)oh3 + cdcc → y(c6h6do) + cdcoh -33.15 ± 3.18 -32.33 ± 3.36  

y(c5h3do)oh3+ cdcc → y(c6h6do)2 + cdcoh -33.18 ± 3.18 -33.05 ± 3.36  

Average  ΔfH
o
298 -33.52 ± 2.67 -33.81 ± 2.88  

                               Standard Deviation 0.59 1.39  

y(c5h3do)q2    

y(c5h3do)q2 + cdc → y(c5h4do) + cdcq -8.25 ± 2.20 -8.90 ± 2.44  

y(c5h3do)q2 + benzene → y(c5h4do) + y(c6h5)q -8.37 ± 2.03 -9.55 ± 2.29  

y(c5h3do)q2 + cc → y(c5h4do) + ccq -7.93 ± 2.47 -10.74 ± 2.69  

y(c5h3do)q2 + cdcc → y(c6h6do) + cdcq -8.27 ± 2.67 -7.91 ± 2.87  

y(c5h3do)q2 + cdcc → y(c6h6do)2 + cdcq -8.30 ± 2.67 -8.64 ± 2.87  

Average  ΔfH
o
298 -8.22 ± 2.41 -9.15 ± 2.63  

                               Standard Deviation 0.17 1.07  
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Table 4.5  Evaluated Enthalpies of Formation at 298 K of Target Molecules 

(Continued) 
 

Work Reactions 

ΔfH
o
298 kcal mol

-1
 

CBS-QB3 
B3LYP/ 

6-31G(d,p) 
Literature 

y(c5h3do)q3    

y(c5h3do)q3 + cdc → y(c5h4do) + cdcq -13.26 ± 2.20 -13.14 ± 2.44  

y(c5h3do)q3 + benzene → y(c5h4do) + y(c6h5)q -13.38 ± 2.03 -13.78 ± 2.29  

y(c5h3do)q3 + cc → y(c5h4do) + ccq -12.94 ± 2.47 -14.97 ± 2.69  

y(c5h3do)q3 + cdcc → y(c6h6do) + cdcq -13.28 ± 2.67 -12.14 ± 2.87  

y(c5h3do)q3 + cdcc → y(c6h6do)2 + cdcq -13.32 ± 2.67 -12.87 ± 2.87  

Average  ΔfH
o
298 -13.24 ± 2.41 -13.38 ± 2.63  

                               Standard Deviation 0.17 1.07  

Note:  y = cyclic, d = double bond,   j = radical, q = OOH group,  2 is carbon beta to carbonyl. CBS-QB3 

values recommended, standard deviation is for the method work reaction sets. 

 

 

Table 4.6  Enthalpies of Formation at 298 K and Bond Dissociation Enthalpy (BDE) for 

Radicals 

 

Work Reactions 

ΔfH
o
298 kcal mol

-1
 

CBS-QB3 
B3LYP/ 

6-31g(d,p) 

 y(c5h3do)j2   

y(c5h3do)j2 + cdc → y(c5h4do) + cdcj 78.62 ± 2.17 75.55 ± 2.31 

y(c5h3do)j2 + benzene → y(c5h4do) + y(c6h5)j 76.51 ± 2.78 80.12 ± 2.89 

y(c5h3do)j2 + cdcc → y(c5h4do) + cdcjc 77.31 ± 1.93 78.70 ± 2.09 

y(c5h3do)j2 + y(c4h4o) → y(c5h4do) + y(c4h3o)j 78.92 ± 1.95 79.80 ± 2.11 

y(c5h3do)j2 + cdccdc → y(c5h4do) + cdcjcdc 79.34 ± 2.17 82.11 ± 2.31 

y(c5h3do)j2 + cdccdo → y(c5h4do) + cdccjdo 78.76 ± 2.39 81.12 ± 2.51 

y(c5h3do)j2 + cdccdc → y(c5h4do) + cdccdcj 78.63 ± 2.17 78.62 ± 2.31 

Average  ΔfH
o

298 78.30 ± 2.22 79.43 ± 2.36 

Standard Deviation 1.01 2.12 

BDE 117.38 118.51 

y(c5h3do)j3   

y(c5h3do)j3 + cdc → y(c5h4do) + cdcj 75.06 ± 2.17 71.81 ± 2.31 

y(c5h3do)j3 + benzene → y(c5h4do) + y(c6h5)j 72.95 ± 2.78 76.37 ± 2.89 

y(c5h3do)j3 + cdcc → y(c5h4do) + cdcjc 73.75 ± 1.93 74.95 ± 2.09 

y(c5h3do)j3 + y(c4h4o) → y(c5h4do) + y(c4h3o)j2 75.26 ± 1.95 76.18 ± 2.11 

y(c5h3do)j3 + cdccdc → y(c5h4do) + cdcjcdc 75.78 ± 2.17 78.37 ± 2.31 

y(c5h3do)j3 + cdccdo → y(c5h4do) + cdccjdo 75.20 ± 2.39 77.38 ± 2.51 

y(c5h3do)j3 + cdccdc → y(c5h4do) + cdccdcj 75.07 ± 2.17 74.88 ± 2.31 

Average  ΔfH
o

298 74.72 ± 2.22 75.71 ± 2.36 

Standard Deviation 1.01 2.12 

BDE 113.80 114.79 
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Table 4.6  Enthalpies of Formation at 298 K and Bond Dissociation Enthalpy (BDE) 

for Radicals (Continued) 

 

Work Reactions 

ΔfH
o
298 kcal mol

-1
 

CBS-QB3 
B3LYP/ 

6-31g(d,p) 

y(c5h4do)oj2   

y(c5h3do)oj2 + coh → y(c5h3do)oh + coj -9.38 ± 3.07 -6.22 ± 3.73 

y(c5h3do)oj2 + ccoh → y(c5h3do)oh + ccoj -9.36 ± 3.05 -6.10 ± 3.71 

y(c5h3do)oj2 + cccoh → y(c5h3do)oh + cccoj -9.34 ± 3.05 -6.08 ± 3.71 

Average  ΔfH
o

298 -9.36 ± 3.06 -6.13 ± 3.72 

Standard Deviation 0.02 0.08 

BDE 74.06 77.29 

y(c5h3do)oj3   

y(c5h3do)oj3 + coh → y(c5h3do)oh2 + coj -6.67 ± 3.07 -3.81 ± 3.73 

y(c5h3do)oj3+ ccoh → y(c5h3do)oh2 + ccoj -6.65 ± 3.05 -3.69 ± 3.71 

y(c5h3do)oj3 + cccoh → y(c5h3do)oh2 + cccoj -6.64 ± 3.05 -3.67 ± 3.71 

Average  ΔfH
o

298 -6.65 ± 3.06 -3.72 ± 3.72 

Standard Deviation 0.02 0.08 

BDE 78.97 81.90 

y(c5h3do)ooj2   

y(c5h3do)ooj2 + cooh → y(c5h3do)q + cooj 27.67 ± 2.70 28.75 ± 3.43 

y(c5h3do)ooj2 + ccooh → y(c5h3do)q + ccooj 27.56 ± 3.84 28.56 ± 4.38 

y(c5h3do)ooj2 + cccooh → y(c5h3do)q + cccooj 28.15 ± 2.70 29.27 ± 3.43 

Average  ΔfH
o

298 27.79 ± 3.08 28.86 ± 3.75 

Standard Deviation 0.31 0.37 

BDE 88.11 89.18 

y(c5h3do)ooj3   

y(c5h3do)ooj3 + cooh → y(c5h3do)q2 + cooj 23.86 ± 2.70 24.60 ± 3.43 

y(c5h3do)ooj3 + ccooh → y(c5h3do)q2+ ccooj 23.75 ± 3.84 24.41 ± 4.38 

y(c5h3do)ooj3 + cccooh → y(c5h3do)q2 + cccooj 24.34 ± 2.70 25.12 ± 3.43 

Average  ΔfH
o

298 23.98 ± 3.08 24.71 ± 3.75 

Standard Deviation 0.31 0.37 

BDE 89.32 90.05 

y(c5h3do)oh2-3j   

y(c5h3do)oh2-3j + cdc → y(c5h3do)oh + cdcj 33.66 ± 3.06 30.86 ± 3.35 

y(c5h3do)oh2-3j + cdccdo → y(c5h3do)oh+ cdccjdo 33.81 ± 3.22 36.42 ± 3.49 

y(c5h3do)oh2-3j + cdccdc → y(c5h3do)oh + cdcjcdc 34.39 ± 3.07 37.41 ± 3.35 

y(c5h3do)oh2-3j + cdccdc → y(c5h3do)oh + cdccdcj 33.68 ± 3.07 33.93 ± 3.35 

Average  ΔfH
o

298 33.88 ± 3.12 34.66 ± 3.40 

Standard Deviation 0.34 2.93 

BDE 117.30 118.08 
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Table 4.6  Enthalpies of Formation at 298 K and Bond Dissociation Enthalpy (BDE) 

for Radicals (Continued) 

 

Work Reactions 

ΔfH
o
298 kcal mol

-1
 

CBS-QB3 
B3LYP/ 

6-31g(d,p) 

y(c5h3do)oh2-4j   

y(c5h3do)oh2-4j + cdc → y(c5h3do)oh + cdcj 30.24 ± 3.06 27.00 ± 3.35 

y(c5h3do)oh2-4j + cdccdo → y(c5h3do)oh+ cdccjdo 30.38 ± 3.22 32.56 ± 3.49 

y(c5h3do)oh2-4j + cdccdc → y(c5h3do)oh + cdcjcdc 30.96 ± 3.07 33.55 ± 3.35 

y(c5h3do)oh2-4j + cdccdc → y(c5h3do)oh + cdccdcj 30.26 ± 3.07 30.07 ± 3.35 

Average  ΔfH
o

298 30.46 ± 3.12 30.79 ± 3.40 

Standard Deviation 0.34 2.93 

BDE 113.88 114.22 

y(c5h3do)oh2-5j   

y(c5h3do)oh2-5j + cdc → y(c5h3do)oh + cdcj 34.63 ± 3.06 31.95 ± 3.35 

y(c5h3do)oh2-5j + cdccdo → y(c5h3do)oh+ cdccjdo 34.78 ± 3.22 37.52 ± 3.49 

y(c5h3do)oh2-5j + cdccdc → y(c5h3do)oh + cdcjcdc 35.36 ± 3.07 38.51 ± 3.35 

y(c5h3do)oh2-5j + cdccdc → y(c5h3do)oh + cdccdcj 34.65 ± 3.07 35.02 ± 3.35 

Average  ΔfH
o

298 34.86 ± 3.12 35.75 ± 3.40 

Standard Deviation 0.34 2.93 

BDE 118.27 119.17 

y(c5h3do)oh3-2j   

y(c5h3do)oh3-2j + cdc → y(c5h3do)oh2 + cdcj 33.93 ± 3.06 30.94 ± 3.35 

y(c5h3do)oh3-2j + cdccdo → y(c5h3do)oh2+ cdccjdo 34.07 ± 3.22 36.51 ± 3.49 

y(c5h3do)oh3-2j + cdccdc → y(c5h3do)oh2 + cdcjcdc 34.65 ± 3.07 37.50 ± 3.35 

y(c5h3do)oh3-2j + cdccdc → y(c5h3do)oh2 + cdccdcj 33.94 ± 3.07 34.01 ± 3.35 

Average  ΔfH
o

298 34.15 ± 3.12 34.74 ± 3.40 

Standard Deviation 0.34 2.93 

BDE 119.77 120.36 

y(c5h3do)oh3-4j   

y(c5h3do)oh3-4j + cdc → y(c5h3do)oh2 + cdcj 30.16 ± 3.06 26.42 ± 3.35 

y(c5h3do)oh3-4j + cdccdo → y(c5h3do)oh2+ cdccjdo 30.30 ± 3.22 31.99 ± 3.49 

y(c5h3do)oh3-4j + cdccdc → y(c5h3do)oh2 + cdcjcdc 30.88 ± 3.07 32.97 ± 3.35 

y(c5h3do)oh3-4j + cdccdc → y(c5h3do)oh2 + cdccdcj 30.18 ± 3.07 29.49 ± 3.35 

Average  ΔfH
o

298 30.38 ± 3.12 30.22 ± 3.40 

Standard Deviation 0.34 2.93 

BDE 116.00 115.84 
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Table 4.6  Enthalpies of Formation at 298 K and Bond Dissociation Enthalpy (BDE) 

for Radicals (Continued) 

 

Work Reactions 

ΔfH
o
298 kcal mol

-1
 

CBS-QB3 
B3LYP/ 

6-31g(d,p) 

y(c5h3do)oh3-5j   

y(c5h3do)oh3-5j + cdc → y(c5h3do)oh2 + cdcj 31.74 ± 3.06 28.28 ± 3.35 

y(c5h3do)oh3-5j + cdccdo → y(c5h3do)oh2+ cdccjdo 31.88 ± 3.22 33.85 ± 3.49 

y(c5h3do)oh3-5j + cdccdc → y(c5h3do)oh2 + cdcjcdc 32.46 ± 3.07 34.84 ± 3.35 

y(c5h3do)oh3-5j + cdccdc → y(c5h3do)oh2 + cdccdcj 31.75 ± 3.07 31.35 ± 3.35 

Average  ΔfH
o

298 31.96 ± 3.12 32.08 ± 3.40 

Standard Deviation 0.34 2.93 

BDE 117.58 117.70 

   y(c5h3do)q2-3j   

y(c5h3do)q2-3j + cdc → y(c5h3do)q + cdcj 56.83 ± 2.72 53.55 ± 3.04 

y(c5h3do)q2-3j + cdccdo → y(c5h3do)q+ cdccjdo 56.98 ± 2.90 59.11 ± 3.20 

y(c5h3do)q2-3j + cdccdc → y(c5h3do)q + cdcjcdc 57.56 ± 2.75 60.10 ± 3.06 

y(c5h3do)q2-3j + cdccdc → y(c5h3do)q + cdccdcj 56.85 ± 2.72 56.61 ± 3.07 

Average  ΔfH
o

298 57.06 ± 2.79 57.34 ± 3.10 

Standard Deviation 0.34 2.93 

BDE 117.38 117.66 

y(c5h3do)q2-4j   

y(c5h3do)q2-4j + cdc → y(c5h3do)q + cdcj 53.76 ± 2.72 50.32 ± 3.04 

y(c5h3do)q2-4j + cdccdo → y(c5h3do)q+ cdccjdo 53.91 ± 2.90 55.89 ± 3.20 

y(c5h3do)q2-4j + cdccdc → y(c5h3do)q + cdcjcdc 54.49 ± 2.75 56.88 ± 3.06 

y(c5h3do)q2-4j + cdccdc → y(c5h3do)q + cdccdcj 53.78 ± 2.72 53.39± 3.07 

Average  ΔfH
o

298 53.98 ± 2.79 54.12 ± 3.10 

Standard Deviation 0.34 2.93 

BDE 114.30 144.40 

y(c5h3do)q2-5j   

y(c5h3do)q2-5j + cdc → y(c5h3do)q + cdcj 57.45 ± 2.72 53.94 ± 3.04 

y(c5h3do)q2-5j + cdccdo → y(c5h3do)q+ cdccjdo 57.60 ± 2.90 59.51 ± 3.20 

y(c5h3do)q2-5j + cdccdc → y(c5h3do)q + cdcjcdc 58.18 ± 2.75 60.50 ± 3.06 

y(c5h3do)q2-5j + cdccdc → y(c5h3do)q + cdccdcj 57.47 ± 2.72 57.01± 3.07 

Average  ΔfH
o

298 57.67 ± 2.79 57.74 ± 3.10 

Standard Deviation 0.34 2.93 

BDE 117.99 118.06 
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Table 4.6  Enthalpies of Formation at 298 K and Bond Dissociation Enthalpy (BDE) 

for Radicals (Continued) 

 

Work Reactions 

ΔfH
o
298 kcal mol

-1
 

CBS-QB3 
B3LYP/ 

6-31g(d,p) 

y(c5h3do)q3-2j   

y(c5h3do)q3-2j + cdc → y(c5h3do)q2 + cdcj 55.17 ± 2.72 52.14 ± 3.04 

y(c5h3do)q3-2j + cdccdo → y(c5h3do)q2+ cdccjdo 55.32 ± 2.90 57.70 ± 3.20 

y(c5h3do)q3-2j + cdccdc → y(c5h3do)q2 + cdcjcdc 55.90 ± 2.75 58.69 ± 3.06 

y(c5h3do)q3-2j + cdccdc → y(c5h3do)q2 + cdccdcj 55.19 ± 2.72 55.20± 3.07 

Average  ΔfH
o

298 55.40 ± 2.79 55.93 ± 3.10 

Standard Deviation 0.34 2.93 

BDE 120.74 121.27 

y(c5h3do)q3-4j   

y(c5h3do)q3-4j + cdc → y(c5h3do)q2 + cdcj 50.28 ± 2.72 46.69 ± 3.04 

y(c5h3do)q3-4j + cdccdo → y(c5h3do)q2+ cdccjdo 50.43 ± 2.90 52.26 ± 3.20 

y(c5h3do)q3-4j + cdccdc → y(c5h3do)q2 + cdcjcdc 51.01 ± 2.75 53.25 ± 3.06 

y(c5h3do)q3-4j + cdccdc → y(c5h3do)q2 + cdccdcj 50.30 ± 2.72 49.76± 3.07 

Average  ΔfH
o

298 50.50 ± 2.79 50.49 ± 3.10 

Standard Deviation 0.34 2.93 

BDE 115.84 115.83 

y(c5h3do)q3-5j   

y(c5h3do)q3-5j + cdc → y(c5h3do)q2 + cdcj 51.82 ± 2.72 48.53 ± 3.04 

y(c5h3do)q3-5j + cdccdo → y(c5h3do)q2+ cdccjdo 51.97 ± 2.90 54.10 ± 3.20 

y(c5h3do)q3-5j + cdccdc → y(c5h3do)q2 + cdcjcdc 52.55 ± 2.75 55.09 ± 3.06 

y(c5h3do)q3-5j + cdccdc → y(c5h3do)q2 + cdccdcj 51.84 ± 2.72 51.60± 3.07 

Average  ΔfH
o

298 52.04 ± 2.79 52.33 ± 3.10 

Standard Deviation 0.34 2.93 

BDE 117.38 117.67 
Note: y = cyclic, d = double bond, j = radical, q = OOH group, BDE = Bond Dissociation Enthalpy, CBS-

QB3 values are recommended, standard deviation is for the method work reaction sets. 

 

4.2.3 Internal Rotation Potentials  

The C—C,C—H, C—OH, and O—OH  bonds in the target molecules are needed to 

determine the lowest energy conformer and internal rotor energy contributions to entropy 

and heat capacity versus temperature. The resulting potential energy barriers for internal 

rotations in the hydroperoxides, alcohols and peroxy radicals are shown in Appendix C 

along with data for the potentials. 
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4.2.4 Entropy and Heat Capacity 

Entropy and heat capacityy values as a function of temperature are determined from the 

calculated structures, moments of inertia, vibration frequencies, internal rotor potentials, 

symmetry, electron degeneracy, number of optical isomers and the known mass of each 

molecule. The calculations use standard formulas from statistical mechanics for the 

contributions of translation, vibrations and external rotation (TVR) using the SMCPS 

(Statistical Mechanics – Heat Capacity, Cp, and Entropy, S) program
23

. This program 

utilizes the rigid-rotor-harmonic oscillator approximation from the frequencies along with 

moments of inertia from the optimized B3LYP/6-31G(d,p) level.  

Entropy and heat capacity contributions from lower frequency vibrational modes 

that represent torsions around single bonds were calculated as hindered internal rotors, 

with this data substituted for the torsion frequencies. Energy profiles for internal rotations 

were calculated to determine energies of the rotational conformers and inter-conversion 

barriers along with contributions to entropy and heat capacity for the low barrier rotors. 

All internal:  (R--OH) and hydroperoxide rotors (R--OOH)  and (R-O--OH), were treated 

as hindered rotors. Coupling of the low barrier internal rotors with vibrations is not 

included. For hindered rotors, a relaxed rotational scan was done with dihedral angle 

increments of 10
o
 using B3LYP/6-31G(d,p) and the potential obtained was fitted to a 

truncated Fourier series expansion of the form: 

 (4.2) 

 
(4.3) 
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Table 4.7 Ideal Gas-Phase Thermochemical Properties
a
 vs. Temperature (

o
K) 

Species 
S

o
 

(298K) 

Cp
o
(T) 

300K 400K 500K 600K 800K 1000K 1500K 

y(c5h4do) 69.27 19.58 25.35 30.08 33.82 39.23 42.93 48.34 

y(c5h3do)oh2 75.91 24.06 30.40 35.64 39.83 45.78 49.57 54.54 

y(c5h3do)oh3 76.05 24.70 31.21 36.28 40.15 45.51 49.00 53.92 

y(c5h3do)q2 86.12 29.01 35.72 41.18 45.41 51.13 54.65 59.35 

y(c5h3do)q3 86.06 29.09 35.69 40.76 44.64 50.08 53.68 58.80 

y(c5h3do)j2 72.07 19.26 24.35 28.45 31.67 36.28 39.38 43.84 

y(c5h3do)j3 71.82 19.33 24.46 28.56 31.77 36.34 39.42 43.85 

y(c5h3do)oj2 72.08 19.26 24.35 28.45 31.67 36.28 39.38 43.84 

y(c5h3do)oj3 71.82 19.33 24.46 28.56 31.77 36.35 39.42 43.85 

y(c5h3do)ooj2 83.63 26.85 33.70 38.94 42.77 47.76 51.07 55.81 

y(c5h3do)ooj3 83.42 26.94 33.09 38.02 41.85 47.17 50.57 55.13 

y(c5h3do)oh2-3j 77.74 24.06 29.87 34.49 38.00 42.69 45.57 49.46 

y(c5h3do)oh2-4j 77.33 23.94 29.71 34.38 38.04 43.03 46.08 49.92 

y(c5h3do)oh2-5j 78.75 23.89 29.56 34.25 37.96 43.03 46.07 49.86 

y(c5h3do)oh3-2j 78.65 23.85 29.81 34.50 38.02 42.69 45.56 49.44 

y(c5h3do)oh3-4j 78.64 23.70 29.28 33.68 37.10 41.88 44.98 49.24 

y(c5h3do)oh3-5j 77.99 24.69 30.31 34.58 37.82 42.29 45.18 49.23 

y(c5h3do)q2-3j 87.10 29.95 36.07 40.62 43.92 48.20 50.85 54.55 

y(c5h3do)q2-4j 88.04 28.76 34.92 39.74 43.35 48.07 50.91 54.67 

y(c5h3do)q2-5j 87.19 29.32 35.57 40.29 43.76 48.28 51.01 54.68 

y(c5h3do)q3-2j 88.29 28.51 34.32 38.73 42.10 46.79 49.85 54.12 

y(c5h3do)q3-4j 87.45 28.66 34.50 38.96 42.37 47.12 50.19 54.39 

y(c5h3do)q3-5j 87.63 28.85 34.78 39.21 42.56 47.19 50.18 54.32 

Note: 
a 
Units: kcal mol

-1
, S = entropy, Cp = heat capacity 
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4.3 Bond Dissociation Enthalpies (BDE)  

The C—H bond dissociation Enthalpies are reported from the calculated ΔfH
o
298 of the 

parent molecule and the radical corresponding to loss of hydrogen atom at each carbon or 

oxygen site. The enthalpies of the parent molecule and product species are both 

calculated in this study and used with the value of 52.10 kcal mol
-1

 for the H atom
20

 to 

determine the corresponding BDE.  The individual BDE values computed from isodesmic 

work reaction enthalpies of formation with the corresponding error limits (sum of 

calculated standard deviation and reported error of all species) are listed in Tables 4.6. 

The standard enthalpy for cyclopentadienone -1yl radical ( 117.4) 3.6 kcal mole-1 

stronger than the  C—H bond on cyclopentadienone-2yl radical (113.8).  The 2-yl C—h 

bond is similar to that on benzene
50

 (113.5 kcal mol
-1

); but the -1yl bond is significantly 

stronger.  The presence of alcohol, hydroperoxide or peroxy group on a carbon adjacent 

to the C-H bond increase bond dissociation enthalpy somewhat; the data show an average 

of 0.5 kcal mol
-1

 here. Table 4.8 provides a comparison of the C—H, O—H, OO--H bond 

dissociation enthalpies for cyclopentadienone related species and literature value for 

cyclic and linear compounds. 

The C—H bond dissociation enthalpies are important properties that relate the 

respective reactivity / stability at specific carbon sites.  Table 6 shows and compares BDE 

values of this study with that of the literature, where data are available. 

 C—H bond dissociation enthalpies for the carbonyl-vinyl site [y(c5h3do)j2]  is 

117.4 kcal mol
-1

.  This is lower than the corresponding bond on furan 1-3 kcal 

mol
-1

 and higher than on benzene by ~ 4 kcal mol
-1

. 
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 C—H bond dissociation enthalpies for secondary vinyl-3-yl site [y(c5h3do)j3]  

is 113.8  kcal mol
-1

 , similar to that on benzene.  

 C—H bond dissociation enthalpies for 2-hydroxyl-3-yl and 2-hydroperoxyl-3-

yl sites [y(c5h3do)oh2-3j and y(c5h3do)q-2j] are 117.2 and 117.4 kcal mol
-1

 .  

 C—H bond dissociation enthalpies for 2-hydroxyl-4-yl and 2-hydroperoxyl-4-

yl sites [y(c5h3do)oh2-4j and y(c5h3do)q-3j] are 113.9 and 114.3 kcal mol
-1

, 

respectively.   

 C—H bond dissociation enthalpies for 2-hydroxyl-5-yl and 2-hydroperoxyl-5-

yl sites [(y(c5h3do)oh2-5j and y(c5h3do)q-3j] are 118.3 and 118.0 kcal mol
-1

, 

respectively.  

 C—H bond dissociation enthalpies for 3-hydroxyl-2-yl sites [(y(c5h3do)oh3-

2j] is 119.8 kcal mol
-1 

, similar to that on furans. 

 C—H bond dissociation enthalpies for 3-hydroxyl-4-yl and 3-hydroperoxyl-4-

yl sites [(y(c5h3do)oh3-4j and y(c5h3do)q3-4j] are 116. 0 and 115.8 kcal mol
-1

, 

respectively.  

 C—H bond dissociation enthalpies for 3-hydroxyl-5-yl and 3-hydroperoxyl-5-

yl sites [(y(c5h3do)oh3-5j and y(c5h3do)q3-5j] are 117.6 and 117.4 kcal mol
-1

 

about 2 kcal mol
-1

 weaker than the C—H  bond on furans.  

C—H bond dissociation enthalpies for cyclopentadienone with a peroxy or a 

hydroperoxy group at the respective one similar radical site vary by less than 1 kcal mol
-1

 

(between 0.2-0.9 kcal mol
-1

).  
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Table 4.8  Comparison of C—H, O—H, and OO—H Bond Dissociation Enthalpies 

C—H Bond Dissociation Enthalpies (kcal mol
-1

) Values for comparison 

O O

.
+ H

      117.38 

O

.
+ H

             120.60
85

 

 

(cdcjcq + H) 110.17
108

 

(cdcjc + H) 106.28
81

 

 
H CH3

.
+ H

             118.70
109

 

(ccjdcc + H) 108.6
110

 

(cdcjcdo + H) 112.82
111

 

O O

.
+ H

        113.80 

O

.
+ H

             120.70
85

 

 

O

OH

O

OH

.
+ H

    117.23 
O

OOH

O

OOH

.
+ H

    117.38 

 

O

.

O CH3

+ H
         120.45

112
 

 

O

OH

O

OH

.
+ H

    113.88 
O

OOH

O

OOH

. + H      114.30 

O

.

O CH3

+ H
          119.22

112
 

 

 

O

OH

O

OH.
+ H

  118.27 
O

OOH

O

OOH .

+ H      117.99 

O

. O CH3

+ H        120.80
112

 

 

O

OH

O

OH

.
+ H

   119.77 
O

OOH

O

OOH

.
+ H

   120.74 

O

O

.

CH3

+ H

          120.51
112
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Table 4.8  Comparison of C—H, O—H, and OO—H Bond Dissociation Enthalpies 

(Continued) 

 

C—H Bond Dissociation Enthalpies (kcal mol
-1

) Values for comparison 

O

OH

O

OH
.

+ H

     116.00 
O

OOH

O

OOH
.

+ H

   115.84 

O

O
.

CH3

+ H

        120.97
112

 

 

O

OH

O

OH

.
+ H

    117.58 
O

OOH

O

OOH

.
+ H

   117.38 

O

O

.

CH3

+ H

      119.05
112

 

 

O—H Bond Dissociation Enthalpies (kcal mol
-1

) 

O

OH

O

O.
+ H   74.06 

O.
+ H          73.5

61
 

O
.

+ H
             89.10

81
 

 

(cdccoj + H) 105.9
110

   

alkoxy radical
 

 

(cdcoj + H) 86.4
110

       

vinoxy radical 

O

OH

O

O.
+ H

     78.97 O.
+ H

            83.2
61

 

OO—H Bond Dissociation Enthalpies (kcal mol
-1

) 

O

OOH

O

OO.
+ H

  88.11 

OO.

+ H
             85.66

113 

H OO.

+ H
             85.04

113 

OO .

+ H
            86.06

81
 

 

(cdcc(ooj) + H)   86.61
108

 

(c(ooj)cdo + H)   87.28
114

 

(cdc(ooj)c + H)   84.81
81

 

(ccdc(ooj)c + H) 85.52
81

 

Peroxy radical 

O

OOH

O

OO.
+ H

   89.32 

Note: • and j = radical site, d = double bond,  q = OOH group 

 



91 

 

  

Alkoxy and Peroxide bonds  

The O—H bond dissociation enthalpies for different alcohols forming an alkoxy 

radical site on the ring. 

 O—H bond dissociation enthalpies at alkoxyl-2-yl site [y(c5h3do)oj2] is 74.1 

kcal mol
-1

 that close to the 1,3-c5h5o reference species from Wang and 

Brezinsky
61

 (73.5 kcal mol
-1

), and lower than a phenol -  phenoxy radical by 

more than 10 kcal mol
-1

.    

 O—H bond dissociation enthalpies at alkoxyl -3-yl site [y(c5h3do)oj3] is 79.0 

kcal mol
-1

 .  

The O—OH bond dissociation enthalpies are from the calculated ΔfH
o
298 of parent 

hydroperoxide molecule and their alkoxy radical corresponding to loss of 
•
OH, where the 

enthalpies of parent molecule and radicals are calculated in this study in conjunction with 

the value of 8.95
21

 kcal mol
-1

 for 
•
OH at 298.15 K. The hydroperoxide carbon bond, the 

RC—OOH bond dissociation enthalpies are report from the calculated ΔfH
o
298 of parent 

hydroperoxide molecule corresponding to loss of 
•
OOH (ΔfH

o
298 of 2.94

22
 kcal mol

-1
) 

used in the calculation. The RO—O bond dissociated enthalpies were calculate with the 

value of 59.55
20

 kcal mol
-1

 for 
•
O at 298.15 K. Table 5 provides the C—OOH, RO—OH, 

and RO—O bond dissociations enthalpies from this study. 

Bond dissociation enthalpies for peroxy radical sites  ROO—H on the ring. 

 OO—H bond dissociation enthalpies at peroxyl-2-yl site [y(c5h3do)ooj2] is 88.1 

kcal mol
-1

, which is stronger linear alkyl peroxides by 2-3 kcal mol
-1

. 

 OO—H bond dissociation enthalpies at peroxyl-3-yl site [y(c5h3do)ooj3] is 89.3 

kcal mol
-1

 .  
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Table 4.9  Comparison of R—OH, R—OOH, RO—OH, RO--O Bond Dissociation 

Enthalpies  (kcal mol
-1

) 

 

Bond Dissociated C—OH Bond dissociation enthalpies 

O

OH

O

+
.

OH.
 

118.52 

O

OH

O

+
.

OH.
 

117.14 

 C—OOH Bond dissociation enthalpies 

O

OOH

O

+
.
OOH

.

 

89.46 

O

OOH

O

.
OOH+

.  

90.90 

Bond Dissociated RO—OH Bond dissociation enthalpies 

O

OOH

O

O.
+

.
OH

 

7.76 

Hydroperoxide not stable 

O

OOH

O

O.

.
OH+

 

15.49 

Bond Dissociated RO—O Bond dissociation enthalpies 

O

OO

+

.
O

O .
O

.
 

22.40 

O

OO

+
.

O

O.
O

.

 

28.92 

Note: • = radical site 
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4.4 Kinetic Properties 

4.4.1 Ring Opening Reactions of Cyclopentdienone Vinyl Radicals 

Canonical transition state theory was used to calculate the ring opening kinetic 

parameters for Cyclo-pentadienone-2yl [y(c5h3do)j2] and Cyclo-pentadienone-3yl 

[y(c5h3do)j3] radicals. The M062X
5
 and ѡB97X

6
 hybrid density functional theory 

methods were used with the 6-311+G(d,p) basis set, along with the composite CBS-QB3
4
 

level of theory. There are two paths, both beta scissions for ring opening reaction of 

Cyclo-pentadienone-2yl radical; one is to transition state (TS3) at 35.6 kcal mol
-1

 as 

shown in Table 8 forming C≡C-C(=O)C=C•.  A second is TS1 to form C•=C--C=C=C=O 

with a barrier of 30.7, both barriers at the CBS-QB3 level.  

A lower barrier exists for the y(c5h3do)j3 radical at 23.7 kcal mol
-1

 for the ring 

opening, beta scission  reaction to form C≡CC=C-C•=O from the Cyclo-pentadienone-

3yl radical. High pressure limit Rate parameter expressions in table 4.10 is calculated 

based on B3LYP/CBSB7 structure.   

 

Table 4.10 High Pressure-Limit Rate Parameters for Ring Opening Reactions 

Reactions 

k = A(T)
n
exp(−Ea/RT) cm

3
/mol

.
s 

A n Ea (kcal mol
-1

) 

y(c5h3do) j2 → TS1 1.03 x 10
11

 0.93 30.7 

y(c5h3do) j3 → TS2 3.61 x 10
10

 1.15 23.7 

y(c5h3do) j3 → TS3 1.07 x 10
10

 1.30 35.6 
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Table 4.11 Ring Opening Reactions of Cyclo-Pentadienone-2yl and Cyclo-Pentadienone-

3yl Radicals. Enthalpies of Reactants, Transition State Structures and Products 

 

Methods Reactant TS Product  

 

 

 

 

 

 

 

 

 

 

 

y(c5h3do)j2 

 

 

 

 

 

TS1 

 

 

 

 

 

cj=c--c=c=c=o 

 

 

Ea 

 

 

M062X/ 

6-311+G(d,p) 
78.30 110.43 98.21 32.13 

ώB97X/ 

6-311+G(d,p) 
78.30 112.02 101.03 33.72 

CBS-QB3 78.30 108.97 102.14 30.67 

     

 

 

 

 

 

 

 

 

y(c5h3do)j3 

 

 

 

 

TS2 

 

 

 

 

c≡c-c=c-cj=o 

 

M062X/ 

6-311+G(d,p) 
74.72 97.98 69.14 23.26 

ώB97X/ 

6-311+G(d,p) 
74.72 100.94 70.52 26.22 

CBS-QB3 74.72 98.44 72.42 23.72 

     

  

 

 

 

y(c5h3do)j2 

 

 

 

 

TS3 

 

 

 

 

c≡c-c(=o)c=cj 

 

M062X/ 

6-311+G(d,p) 
78.30 116.27 100.30 37.97 

ώB97X/ 

6-311+G(d,p) 
78.30 117.63 102.99 39.33 

CBS-QB3 78.30 113.89 102.27 35.59 

Note: unit is kcal mol
-1

, y= cyclic ring, TS = transition state 
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4.4.2 R • + O2 Potential Energy Surface and Chemical Activation Reactions 

Figures 4.4 and 4.5 show potential energy diagrams for the chemical activation reactions 

of O2 addition with the 2 and 3 carbon radical sites on cyclopentadienone and the further 

reactions involving: stabilization to ROO•,  RO• + O (chain branching), intramolecular H 

atom transfers from the carbon atom sites to the peroxy radical, and intramolecular 

peroxy radical additions to the sp2 carbons.   

The C2 and C3 carbon radical sites on the ring have deep R• + O2 → ROO• 

reaction well depths of 50.5 and 50.8 kcal mol
-1

,
 
respectively.  The Enthalpy of Reaction 

(ΔH
o
RXN) for the chain branching reaction to cleave the RO—O bond is only 22.4 and 29 

kcal mol
-1

 for the C2 and C3 peroxy sites as shown in figures 3 and 4 and Table 5. The 

reverse reactions of the peroxy radicals back to parent radical + O2, which often dominate 

over the branching reactions in conventional alkyl peroxy radicals, each have an 

endothermicity (barrier) of slightly over 50 kcal mol
-1

 and will not be competitive.  

Reactions involving intramolecular hydrogen transfer from the carbon sites on the 

ring to the peroxy radical sites are also illustrated.  The activation enthalpy (Ea) for these 

reactions is 10 kcal mol
-1

 or more above that of the RO + O branching channel for the H 

transfer reaction of y(c5h3do)ooj2 to y(c5h3do)q2-3j.  The intramolecular transfer reaction 

of the y(c5h3do)ooj3 peroxy radical can abstract a hydrogen atom from two sites, forming 

products y(c5h3do)q3-2j and y(c5h3do)q3-4j,  where the barriers to these H atom transfers 

are more than 13 kcal mol
-1

 above the branching path. There is one low energy reaction 

path that competes with the chain branching reactions in the cyclopentadienone 2 and 3 

peroxy radical systems: this is the ipso addition of the peroxy radical to the ring forming 

a dio-oxirane ring, which occurs for both the C2 and C3 peroxy radicals.  The peroxy 
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radical adds to the carbon site of the peroxide group (ipso addition) forming 

cyclopentadienone-2-dioxirane [ycpdo-2-y(oo)] and Cyclopentadienone-3-dioxirane 

[ycpdo-3-y(oo)].  The respective barriers are 22.8 and 24.4 kcal mol
-1

, respectively. The 

low barriers make these product channels competitive with the chain branching reaction 

(RO + O) in the Potential Energy (PE) diagrams, figure 3 and 4, but also have somewhat 

tighter transition state structures. 

The intramolecular peroxy radical addition reactions that result in a four member 

ring shown in Figures 4.4 and 4.5 have barriers that are near 10 kcal mol
-1

 higher than the 

chain branching and dioxirane paths.   

  The R• + O2 reactions to RO• + O chain branching reactions will be important 

paths when the cyclopentadienone carbon radicals are formed in combustion systems.  

The thermochemical properties along with the forward and reverse rate constants (high-

pressure limit) are calculated for each elementary reaction step.  Multi frequency 

quantum Rice Ramsperger-Kassel (QRRK) analysis is used for k(E)
30-32

 with master 

equation analysis
33-35

 used  for  falloff. The QRRK analysis is described by Chang et al.
30

. 

Tables 4.12 and 4.13 list the high pressure-limit, elementary rate parameters used as input 

data to the QRRK calculations.   

The chemical activation reaction kinetic results versus temperature and pressure 

are presented in Figures 4.6 to 4.13for the Cyclo-pentadienone-2-yl radical and Cyclo-

pentadienone-3-yl radical systems, respectively. 
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Figure 4.4  Reactions of cyclo-pentadienone-2-yl (TS=Transition State). 
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Figure 4.5  Reactions of cyclo-pentadienone-3-yl (TS=Transition State). 
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Table 4.12 High Pressure-Limit Rate Parameters for Cyclo-Pentadienone-2-yl Radical 

Reactions 

 

Reactions 
k = A(T)

n
exp(−Ea/RT) 

A n Ea (kcal mol
-1

) 

y(c5h3do)j2 + o2 → y(c5h3do)ooj2 1.6 x 10
7
 1.84 0.00 

y(c5h3do)ooj2 → y(c5h3do)j2 + o2 3.22 x 10
18

 -1.17 50.50 

y(c5h3do)ooj2 → y(c5h3do)oj2 + o 5.66 x 10
12

 0.26 28.22 

y(c5h3do)ooj2 → y(c5h3do)q2-3j 1.97 x 10
11

 0.49 40.20 

y(c5h3do)ooj2 →ycpdo-4,5-y(cooc) 2.59 x 10
12

 -0.06 38.66 

y(c5h3do)ooj2 → ycpdo-2-y(oo) 3.07 x 10
12

 0.06 23.25 

 

Results from the QRRK / Master Equation analysis show the important channels 

are the competitive of chain branching (RO• + O), product from intramolecular peroxy 

addition (cyclopentadienone-2-dioxirane) and products from intramolecular transfer to 

the peroxy radical.  Figure 4.6 shows stabilization (Cyclo-pentadienone-peroxyl-2-yl), is 

the most important channel up to 400 K. at 1 atm pressure, with the di-oxirane ring 

(cyclopentadienone-2-dioxirane) and the chain branching RO + O (y(c5k3do)oj+o) 

slightly lower.  Above 400 K the stabilization shows falloff and the dioxirane and the 

RO• + O channels dominate, with the dioxirane slightly between 400 and 1000K and 

chain branching dominates above 1000K.  At 50 atm. pressure, Figure 4.7 shows that 

stabilization (Cyclo-pentadienone-peroxyl-2-yl) is the most important product up to 1000 

K.  Near 1000 K stabilization, chain branching and dioxirane formation are similar. 

Above 1000K chain branching dominates slightly over dioxirane formation through the 

higher temperatures, while stabilization shows rapid falloff.  The intramolecular 

hydrogen atom transfer reactions to form a hydroperoxide and alkenyl radical are several 

orders of magnitude lower. 
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Figures 4.6  Rate constants (log k) vs temperature (1000/T) at 1 atm for of cyclo-

pentadienone-2-yl system. 

 

 

 
 

Figures 4.7  Rate constants (log k) vs temperature (1000/T) at 50 atm of cyclo-

pentadienone-2-yl system. 
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Figures 4.8  Rate constants (log k) vs tressure (log P) at 298 K of cyclo-pentadienone-2-

yl system. 

 

 

 
 

Figures 4.9  Rate constants (log k) vs pressure (log P) at 1000 K of cyclo-pentadienone-

2-yl system. 
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Figure 4.8 illustrates the rate constants as a function of pressure at 298K.  At 

pressures of 1 Atm and above the stabilized Cyclo-pentadienone-peroxyl-2-yl is the 

dominant channel and  cyclopentadienone-2-dioxirane and y(c5k3do)oj+o  products are 

lower.  Below 1 Atm., stabilization starts to falloff rapidly with decreasing pressure. The 

cyclopentadienone-2-dioxirane and the chain branching reaction [y(c5k3do)oj+o] are the 

dominate reactions below 1Atm pressure.  Figure 4.9 shows rate constants versus 

pressure at 1000 K. Cyclopentadienone-2-dioxirane, and the chain branching channel are 

near equal and dominate over the entire pressure range with stabilization only 

approaching these two main channels at 100 Atm. Intramolecular hydrogen atom transfer 

reactions are considered not important 

Figures 4.10 and 4.11 illustrate the rate constants for the cyclo-pentadienone-3-yl 

radical reactions with 
3
O2 versus temperature at 1 and 50 atmospheres. 

Table 4.13  High Pressure-Limit Rate Parameters for Cyclo-Pentadienone-3-yl Radical 

Reactions 

 

Reactions 
k = A(T)

n
exp(−Ea/RT) 

A n Ea (kcal mol
-1

) 

y(c5h3do)j3+ o2 → y(c5h3do)ooj3 2.40 x 10
6
 2.04 0.00 

y(c5h3do)ooj3 → y(c5h3do)j3 + o2 4.94 x 10
17

 -0.91 50.70 

y(c5h3do)ooj3 → y(c5h3do)oj3 + o 5.10 x 10
12

 0.45 32.09 

y(c5h3do)ooj3 → y(c5h3do)q3-2j 2.47 x 10
11

 0.50 46.11 

y(c5h3do)ooj3 → y(c5h3do)q3-4j 1.39 x 10
11

 0.54 46.91 

y(c5h3do)ooj3 →ycpdo-4,5-y(cooc) 3.75 x 10
11

 0.28 41.90 

y(c5h3do)ooj3 →ycpdo-3,4-y(cooc) 2.00 x 10
11

 0.34 43.49 

y(c5h3do)ooj3→ ycpdo-3-y(oo) 4.55 x 10
12

 0.34 24.63 
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Figures 4.10  Rate constants (log k) vs temperature (1000/T) at 1 atm of cyclo-

pentadienone-3-yl system. 

 

 

Figures 4.11  Rate constants (log k) vs temperature (1000/T) at 50 atm of cyclo-

pentadienone-3-yl system. 
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Figures 4.12  Rate constants (log k) vs pressure (log P) at 298 K of cyclo-pentadienone-

3-yl system. 

 

 

Figures 4.13  Rate constants (log k) vs pressure (log P) at 1000 K of cyclo-pentadienone-

3-yl system. 
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The cyclo-pentadienone-3-yl radical reaction with 
3
O2 shows similar results to the 

cyclo-pentadienone-2-yl radical reactions with 
3
O2. Figures 4.10 and 4.11 show rates 

constants vs temperature, where stabilization dominates at temperatures below 500 K at 

1Atm, and below 1000 K at 50 Atm. The chain branching (RO• + O) and the 

intramolecular peroxy ipso addition (cyclopentadienone-3-dioxirane) are dominant at 

higher temperatures with the chain branching channel [y(c5h3do)oj3+o]  being higher. 

Figures 4.12 and 4.13 show the rate constants for cyclo-pentadienone-3-yl radical 

reactions with 
3
O2  at temperatures of 298 and 1000K  versus log pressure.  The results 

are similar to the cyclo-pentadienone-2-yl radical system, where at 1000 K chain 

branching dominates over the entire pressure range and stabilization only approaches the 

high pressure limit at 100 Atm. The dioxirane ring formation is slightly lower than the 

RO• + O branching channel. At 298 K the stabilization is the major product channel 

above 0.1 Atm, and the branching and dioxirane ring channels dominate at pressures 

below 0.1 Atm. 

Overall, the cyclopentadienone radical, chemical activation oxidation reactions 

show a major fraction of the reaction to chain branching (RO• + O) and to a dioxirane 

ring radical products in temperature and pressure regions important to internal 

combustion engines. The products of the dioxirane reaction paths and products need to be 

further evaluated. 
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Figures 4.14  Rate constants (log k) vs. temperature (1000/T) at 1 atm. for cyclo-

pentadienone-2-yl dissociation. 

 

 

Figures 4.15  Rate constants (log k) vs. temperature (1000/T) at 50 atm. for cyclo-

pentadienone-2-yl dissociation. 

 

 

-25

-20

-15

-10

-5

0

5

10

0 1 2 3 4

lo
g

 k
 (

1
/s

e
c)

 

1000/T 

1 atm 

y(c5h3do)j2+o2

y(c5h3do)oj2+o

y(c5h3do)q2-3j

cpdo-4,5-y(cooc)

cpdo-2-y(oo)

-25

-20

-15

-10

-5

0

5

10

0 1 2 3 4

lo
g
 k

 (
1
/s

e
c)

 

1000/T 

50 atm 

y(c5h3do)j2+o2

y(c5h3do)oj2+o

y(c5h3do)q2-3j

cpdo-4,5-y(cooc)

cpdo-2-y(oo)



106 

 

  

 

Figures 4.16  Rate constants (log k) vs. pressure (log P) at 298 K for cyclo-pentadienone-

2-yl dissociation. 

 

 

Figures 4.17  Rate constants (log k) vs. pressure (log P) at 1000 K for cyclo-

pentadienone-2-yl dissociation. 
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4.4.3 Unimolecular Dissociation Reactions 

Unimolecular Dissociation of Cyclo-pentadienone-2-yl and Cyclo-pentadienone-3-yl 

peroxy radicals Plots of rate constant versus 1000/T for dissociation of the stabilized 

peroxy adduct y(c5h3do)ooj2 at 1 and 50 atm pressure are illustrated in Figures 4.14 and 

4.15. The intramolecular peroxy ipso addition (cyclopentadienone-2-dioxirane) and the 

chain branching (RO• + O) reactions are the dominant unimolecular dissociation reaction 

channels under all conditions.  At temperatures below 1000K the cyclic dioxirane adduct 

dominates the chain branching, and at temperatures above 1000K, the chain branching 

and dioxirane ring are similar at both pressures. Plots of rate constant versus log pressure 

at 298 and 1000 K are illustrated in Figure 4.16 and 4.17 at 1 and 50 atm, respectively.  

At 298 K this cyclo-pentadienone-2-yl peroxy radical dissociates to the dioxirane ring 

adduct at several molecules per day over the entire pressure range.  At 1000 K the 

dioxirane ring dominates the chain branching at pressures above 5 atm the two channels 

are competitive.    

The rate constant for the cyclo-pentadienone-3-yl peroxy radical dissociation 

reaction at 1 and 50 atm are shown in Figure 4.18 and 4.19. The dominant unimolecular 

reaction paths are similar to that of the cyclo-pentadienone-2-yl peroxy, dioxirane ring 

and chain branching paths, with the reaction paths being about one order of magnitude 

lower than those of the cyclo-pentadienone-2-yl peroxy radical adduct. At pressures 

above 10 atm at 1000 K the cyclopentadienone-3-dioxirane formation reaction is the 

dominant path with a smaller fraction to the chain branching.   
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Figures 4.18  Rate constants (log k) vs. temperature (1000/T) at 1 atm. for cyclo-

pentadienone-3-yl dissociation. 

 

 

 

Figures 4.19  Rate constants (log k) vs. temperature (1000/T) at 50 atm. for cyclo-

pentadienone-3-yl dissociation. 
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Figures 4.20  Rate constants (log k) vs. pressure (log P) at 298 K for cyclo-pentadienone-

3-yl dissociation. 

 

 

Figures 4.21  Rate constants (log k) vs. pressure (log P) at 1000 K for cyclo-

pentadienone-3-yl dissociation. 
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Table 4.14  High Pressure-Limit Elementary Rate Parameter for Important Paths In 

Cyclo-Pentadienone-2-yl and Cyclo-Pentadienone-3-yl Peroxy Radical System versus 

Pressure 

 

Reactions 
Pressure k = A(T)

n
exp(−Ea/RT) 

(atm) A n Ea (kcal mol
-1

) 

y(c5h3do)ooj2  → y(c5h3do)oj2+o 0.1 8.68 x 10
49

 -12.05 37.5 

 1 6.98 x 10
41

 -9.22 36.05 

 10 8.75 x 10
34

 -6.88 34.6 

 50 1.87 x 10
29

 -5.02 33.1 

y(c5h3do)ooj2  → cpdo-2-y(oo) 0.1 7.27 x 10
42

 -9.89 31.2 

 1 2.24 x 10
35

 -7.35 29.5 

 10 4.90 x 10
29

 -5.46 28.2 

 50 1.63 x 10
25

 -4 27.0 

y(c5h3do)ooj3  → y(c5h3do)oj3+o 0.1 2.26 x 10
55

 -13.59 43.0 

 1 2.97 x 10
45

 -10.18 41.1 

 10 3.81 x 10
37

 -7.52 39.3 

 50 3.59 x 10
31

 -5.56 37.7 

y(c5h3do)ooj3  → cpdo-3-y(oo) 0.1 1.69 x 10
43

 -9.92 33.2 

 1 6.32 x 10
34

 -7.12 31.15 

 10 6.56 x 10
28

 -5.15 29.7 

 50 2.87 x 10
24

 -3.74 28.4 

Note: j = radical site, y = cyclic ring 

 

The high pressure-limit rate parameters versus pressure of chain branching and 

dioxirane formation reactions for Cyclo-pentadienone-2-yl and Cyclo-pentadienone-3-yl  

peroxy radical system are tabulated in Table 4.14 Chemical activation and unimolecular 

dissociation reaction rate parameters at pressures from 0.001 to 100 atm. and 

temperatures to 2000 K are in the appendix section.  
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4.5 Summary 

Thermochemical properties of cyclopentadienone and cyclo-pentadienone- alcohols, 

hydroperoxides, vinylic radicals, alkoxy radicals and peroxy radicals are determined 

using Density Functional Theory B3LYP/6-31G(d,p) and the CBS-QB3 higher level 

composite calculation method with use of isodesmic work reactions. Thermochemical 

properties, standard enthalpy of formation (ΔfH
o

298), entropy (S
o
298) and heat capacity 

(CP
o
(T)) for cyclopentadienone and corresponding 2-hydroxyl cyclopentadienone, 3-

hydroxyl cyclopentadienone, 2-hydroperoxy cyclopentadienone, and 3- hydroperoxy 

cyclopentadienone and related radical species are reported. Entropy and heat capacity 

values versus temperature were also determined.  

The computed standard enthalpy of formation for the lowest energy conformer of 

cyclopentadienone from this study is 13.0 ± 1.88 kcal mol
-1

 in agreement with data in the 

literature. The standard enthalpy of formation for the 2-hydroxyl cyclopentadienone, 3-

hydroxyl cyclopentadienone, 2-hydroperoxy cyclopentadienone, and 3- hydroperoxy 

cyclopentadienone are -31.3 ± 2.67 kcal mol
-1

, -33.5 ± 2.67 kcal mol
-1

, -8.2 ± 2.41 kcal 

mol
-1

, and -13.2 ± 2.41 kcal mol
-1

, respectively. Bond dissociation enthalpies for C—H, 

O—H, OO—H, C—OOH, R—OH, R—OOH, RO—OH, and RO—O bonds on 

cyclopentadienone and the cyclopentadienone alcohols and hydroperoxides were also 

determined. The vinylic C—H bond dissociation energy for parent cyclopentadienone are 

113.8 and 117.4 kcal mol
-1

 for the cyclo-pentadienone-2, and -3-yl peroxy radcials, 

respectively.  The RO—OH bond dissociation energies on the cyclopentadienone via 

y(c5h3do)oj2—OH and y(c5h3do)oj3—OH bond are the weak bond at 7.8 and 15.5 kcal 

mol
-1

, respectively and the RO—O bonds of y(c5h3do)oj2—O and y(c5h3do)oj—O are 
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also low at 22.4 and 29.0 kcal mol
-1

, respectively.  The R—OO bond dissociation 

energies of y(c5h3do) j2—OO and y(c5h3do)j3—OO system are at 50 kcal mol
-1

 that 

stronger than corresponding bonds on phenyl systems
70

 at 44.9 kcal mol
-1

 .  

The chemical activation oxidation reactions, of the two vinylic radicals in 

cyclopentadienone, with oxygen show significant chain branching forming cyclo-

pentadienone-2 and -3-yl alkoxy radicals (RO•)  + oxygen atom ( O) products, on the 

order of 50 %  in several important temperature and pressure ranges.  The other major 

product from the oxidation reaction product is formation of a dioxirane ring on the carbon 

of a cyclopentennone radical. 
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CHAPTER 5  

KINETICS OF HYDROGEN ADDITION REACTION AT PRIMARY, 

SECONDARY AND TERTIARY SITES IN SMALL OLEFINS:  

COMPARISONS WITH EXPERIMENTAL DATA 

5.1 Overview 

Addition of Hydrogen atom to alkenes (olefins) and the reverse reaction – the β scission 

elimination of H atoms from alkane carbon radicals, have been investigated 

experimentally, primarily for smaller olefin systems. The studies usually involve 

monitoring the H atom loss and it is often difficult for the experimentalist to identify the 

products, that is - the addition site, when the olefin is not symmetrical.  Both the forward 

and the reverse reactions are important in combustion systems: (i.) the reverse where a 

radical is formed on a alkyl carbon by an abstraction reaction and then there is 

competition between reaction of the radical with O2 or the beta-scission elimination 

reaction of which one step is H atom loss and (ii.) where H atoms are present and they 

can add to the unsaturated bond with low energies of activation. 

 Olefins are also important reaction species in the formation of aromatics in 

combustion systems
115

 where aromatics are strongly linked with soot formation. Under 

low temperature – atmospheric conditions, olefins are consumed by radical-addition, and 

loss of  hydrogen via abstraction reactions. Under combustion conditions olefins are 

consumed by simple dissociation, abstraction and less frequently by addition reactions. 

The addition reactions occur, but at the higher temperatures of combustion systems, the 

reverse (beta scission is also fast).  As an example, in combustion processes the ethyl 

(C2H5) radical play an important role, as it is formed from hydrogen atom addition to 

stable olefins. Here the reaction energies are relatively small, and these radicals are 
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formed and also tend to dissociate rapidly in the primary reaction zones of premixed 

flames
116

.  

H atoms are very important in combustion systems as they are the key specie in 

the chain branching reaction of H atoms with O2, where reaction of one radical results in 

formation of two radicals:  H + O2 = OH + O.  

In 2002, Turányi et al.
117

 investigated the kinetic and thermodynamic 

uncertainties of the methane flame, and indicated that hydrogen radical is the most active 

chain carrier (involved in chain-propagating reactions) in hydrocarbon combustion 

system. 

One goal of this work is to use the data from experiments on hydrogen atom 

addition to small olefins at the primary (p), secondary (s), and tertiary (t) sites to identify 

a reasonably high level calculation method that reproduces the experimental result. The 

calculation method can then be recommended for use in calculating activation enthalpy 

(barrier), structure, and kinetic data for the H atom addition to different types of olefins 

and the reverse beta scission barriers and rate constants, where experimental data is not 

available.  A second objective in this work is to identify a lower cost (faster) density 

functional method (DFT) that can be recommended for kinetic and thermochemical 

parameters on much larger molecules. 

  The hydrogen atom addition reactions with  ethylene (C2H4), propene (C3H6), 1-

butene (C4H8), E-2-butene (trans- C4H8), Z-2-butene (cis- C4H8), isobutene (iso- C4H8) 

and 2,3-dimethy-2-butene (C6H12: c2c=cc2) as following Table 5.1 are evaluated in this  

study. The hydrogen reactions with smaller olefins have been investigated in a number of 

experimental and in some theoretical studies
118-141

. Activation Energy (Ea) and rate 
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constant for the addition reaction (forward reaction) and alkyl radical β-scission reaction 

(reverse reaction) as a function of structure in the olefin carbons are studied with several 

higher level calculation methods and with several lower level but much less time 

consuming DFT methods. Several methods are recommended.  

5.2 Thermochemical Properties 

5.2.1 Standard Enthalphy of Formation and Transition State 

Standard enthalpies of formation at 298 K for reference species used in this study are 

summarized in Table 5.2 .Structural parameters including vibration frequencies, zero-

point vibrational, thermal energies, and transition state structure and energies for this set 

of compounds were initially obtained using the density functional theory (DFT) M062X 

level of theory as proposed by Truhlar group
142

 along with the standard basis sets 6-

31G(d,p) and 6-311+G(d,p), and also using composite methods CBS-QB3
4
 and CBS-

APNO
7
. CBS-QB3 and CBS-APNO are multilevel model chemistry methods that 

combines the results of several ab initio and density functional theory (DFT) individual 

methods and empirical correction terms to predict molecular energies with high accuracy 

and reasonably low computational cost. A second CBS–QB3 method was modified to 

incorporate the M062X calculated energies and structures in the subsequent CBS energy 

calculation (CBS-QB3//M062X), where the geometries and zero-point vibration energies 

from M062X/6-311+G(d,p) calculation. All quantum chemical calculation has been 

performed within the Gaussian 09 suite of programs. 
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Table 5.1  The Mechanism of Hydrogen Additional Reaction in This Study 

Reactions Additional sites 

c=c + h ↔ ccj 

 
Primary 

c=cc + h ↔ cjcc Secondary 

c=cc + h ↔ ccjc Primary 

c=ccc + h ↔ cjccc Secondary 

cis-cc=cc + h ↔ ccjcc Secondary 

tran-cc=cc + h ↔ ccjcc Secondary 

c=cc2 + h ↔ c3cj (tert-c4h9) Primary 

c=cc2 + h ↔ c2ccj (iso-c4h9) Tertiary 

c2c=cc2 + h ↔ c2cjcc2 Tertiary 

 Note: j = radical site, equa sign (=) is double bond 

 

Table 5.2  Standard Enthalpies of Formation at 298.15 K of Reference Species  

 

Species ΔfH
o
298 kcal mol

-1
 Species ΔfH

o
298 kcal mol

-1
 

h 52.10 ± 0.003
a
 ccj 28.4 ± 0.5

c
 

c=c 12.54 ± 0.1
b
 cjcc 23.9 ± 0.5

c
 

c=cc 4.78 ± 0.19
b
 ccjc 22 ± 0.5

c
 

c=ccc 0.02 ± 0.22
b
 cjccc 19.34 ± 0.53

d
 

c=cc2 -4.04 ± 0.2
b
 ccjcc 16 ± 0.5

c
 

c2c=cc2 -16.30 ± 0.26
b
 iso-c4h9 17 ± 0.5

c
 

cis-cc=cc -1.7 ± 0.24
b
 tert-c4h9 11 ± 0.7

c
 

tran-cc=cc -2.72 ± 0.24
b
 c2cjcc2 0.99

e
 

Note: j = radical site, Source:   
a
[143], 

b
[78], 

c
[79], 

d
[144] , 

e
 This work.  
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Table 5.3  Thermodynamic Properties vs Temperature 

 

Species 
S

o
(298K)  

Cal mol
-1

 K
-1

 

Cp
o
(T) (Cal mol

-1
 K

-1
) 

300K 400K 500K 600K 800K 1000K 1500K 

h 27.39 4.97 4.97 4.97 4.97 4.97 4.97 4.97 

c=c 55.04 10.04 12.32 14.52 16.44 19.56 21.96 25.88 

c=cc 63.70 15.17 18.79 22.21 25.22 30.74 30.10 39.87 

c=ccc 77.31 20.89 25.51 30.03 34.05 40.63 45.67 53.78 

c=cc2 70.11 20.58 25.52 30.10 34.14 40.69 45.72 53.81 

c2c=cc2 87.21 28.39 36.22 43.70 50.30 60.95 69.00 81.62 

cis-cc=cc 71.74 19.02 23.99 28.81 33.08 39.99 45.25 53.60 

tran-cc=cc 70.83 20.54 25.22 29.76 33.83 40.48 45.58 53.77 

ccj 59.29 12.24 14.65 16.99 19.08 22.56 25.31 29.88 

cjcc 69.66 17.30 21.32 25.03 28.25 33.47 37.49 44.03 

ccjc 69.34 17.24 21.15 24.81 28.04 33.31 37.41 44.03 

cjccc 79.37 22.55 28.05 33.11 37.44 44.36 49.63 58.11 

ccjcc 81.03 21.76 26.84 31.80 36.21 43.41 48.94 57.79 

iso-c4h9 76.52 22.87 28.48 33.50 37.78 44.58 49.77 58.17 

tert-c4h9 76.21 21.44 26.21 31.10 35.57 42.93 48.61 57.65 

c2cjcc2 67.01 23.42 31.94 40.04 47.15 58.58 67.18 80.61 

 

5.2.2 Entropy and Heat Capacities Data 

Entropy and heat capacity calculation were performed using CBS-QB3//M062X 

determined geometries and harmonic frequencies are summarized in Table 5.3.   

5.3 Kinetics 

The potential energy surface and thermochemical properties are calculated with forward 

and reverse rate constants (high-pressure limit) for each elementary reaction step 

determined. Multifrequency quantum Rice Ramsperger-Kassel (QRRK) analysis is used 

for k(E)
30, 145-146

 with master equation analysis
33-35

 used for falloff. The QRRK analysis is 

described by Chang et al.
30

. It is shown to yield reasonable results and provides a 
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framework by which the effects of temperature and pressure can be evaluated in complex 

reaction systems. The QRRK code utilizes a reduced set of three vibration frequencies for 

densities of states which accurately reproduce the molecules’ (adduct) heat capacity
36-37

 

and include one external rotation in calculation in the density states. Comparisons of 

ratios of these ρ(E)/Q (partition function Q) with direct count ρ(E)/Q are shown to be in 

good agreement
147

. Nonlinear Arrhenius effects resulting from changes in the 

thermochemical properties of the respective transition state relative to the adduct with 

temperature are incorporated using a two-parameter Arrhenius pre-exponential factor (A, 

n) in AT
n
 (where T is the temperature). 

5.3.1 Activation Energy (Ea) 

Canonical transition state theory is used to determine the transition state (TS) and 

calculated the Activation Energy (Ea) as kinetic parameters. The computational method 

used in this study included the density functional theory (DFT); M06-2X/6-31G(d,p) and 

M06-2X/6-311+G(d,p), and the composite method; CBS-QB3 and CBS-APNO level of 

theory. A second CBS–QB3 method was modified to incorporate the M06-2X/6-

311+G(d,p) calculated energies and structures for the barriers in the subsequent CBS 

energy calculation (CBS-QB3//M062x). Results from calculations at different levels are 

compared with the experimental data and reviewed data for hydrogen atom addition to 

Ethylene (c=c), Propene (c=cc), 1-Butene (c=ccc), E-2-Butene (tran-cc=cc), Z-2-Butene 

(cis-cc=cc), and Isobutene (iso-c4h8: c=cc2). Table 5.3 presents the comparison of 

calculated activation energy from several computational methods for hydrogen additional 

reactions to the small olefins (forward reactions) with the experimental and review data. 
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 Calculated Activation Energy (Ea) of forward reactions for hydrogen additional 

reactions are presented in Table 5.4. The Ea for hydrogen addition reactions from  

literature data are used to compare with the value from 5 calculation methods in this 

study (M06-2x/6-31G(d,p), M06-2X/6-311+G(d,p), M06-2X/6-311+g(d,p)//CBS_QB3, 

CBS-QB3, and CBS-APNO). All Ea values from experimental and calculation data show 

the low values for the forward reaction energy barrier, between 1 to 3 kcal mol
-1

. An Ea  

for hydrogen addition to 2, 3-Dimethyl-2-butene (c2c=cc2) at the tertiary carbon site 

could not be found. The comparisons show a good agreement for Ea’s  from the complete 

basis set methods which include the modified method, viz., M06-2X//CBS-QB3 method, 

CBS-QB3 could not find a transition state (TS) structure in the reactions of Propene 

(c=cc) and Isobutene (iso-c4h8: c=cc2), where zero values are shown in Table 5.4. The 

M06-2x modified CBS-QB3 method and the CBS-APNO show the closet agreement to 

the experimental data with CBS-QB3 next most accurate. The DFT methods all show a 

somewhat higher, i.e., over-estimation, of barriers in all the systems studied. 

 Table 5.5 shows a comparison of the barrier (Ea) for hydrogen elimination 

reaction (reverse reaction of hydrogen addition) values for calculations in this study vs. 

experimental data and reviewed literature. The energy barriers for hydrogen elimination 

from primary, secondary and tertiary carbon sites  range from literature range from 30 to 

39 kcal mol
-1

, with no reference data for hydrogen elimination from 2,3-Dimethyl-2-

butene (c2c=cc2) at tertiary carbon site.  These barriers all include the endothermicity of 

the reaction, that is, the energy needed to cleave the carbon – hydrogen bond, minus the 

energy gained from forming a carbon – carbon Π bond. The calculated Ea values from 

M06-2x modified CBS-QB3 method and the CBS-APNO show good agreement with the 
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experimental and reviewed literature data.  The values from CBS-QB3 are next in 

accuracy. 

 

Table 5.4  Activation Energy (Ea) of Hydrogen Additional Reactions  

Reactions 
Add’n 

Site 

M06-2X M06-2X 

CBS-QB3 

CBS 
Literature 

BS1 BS2 QB3 APNO 

c=c + h ↔ ccj P 4.11 3.41 1.17 -0.15 1.45 
1.29

a
 

2.05
b
 

c=cc + h ↔ ccjc P 4.83 4.05 1.44 0.00 2.14 
1.30

c
 

1.11
d
 

c=cc2 + h ↔ tert-c4h9 P 2.13 1.22 -1.38 0.00 -0.69 
1.37

e
 

1.41
f
 

c=cc + h ↔ cjcc S 4.89 4.31 1.90 1.45 2.55 
2.93

g
 

2.53
h
 

cis-cc=cc + h ↔ ccjcc S 4.20 2.82 1.40 0.89 1.86 1.92
i
 

tran-cc=cc + h ↔ ccjcc S 4.07 3.36 1.73 0.59 1.65 2.09
k
 

c=ccc + h ↔ cjccc S 5.23 4.47 2.22 1.78 2.80 2.62
l
 

c=cc2 + h ↔ iso-c4h9 T 5.23 4.78 2.60 2.28 3.12 2.62
l
 

c2c=cc2 + h ↔ c2cjcc2 T 3.63 2.73 0.73 0.20 1.25 NA 

Note: j=radical site, BS1=6-31G(d,p), BS2=6-311+G(d,p), a,c,e,g,i,and k are values from average or 

reviewed literature, b, d, f, h and l are values from average or experimental data; Source:  
a
 [119, 121, 123, 

134, 141, 148], 
b
[129, 135-136, 149-150], 

c
[121, 124, 139-141] , 

d 
[127, 151-152], 

e
[121, 124], 

f
[120, 128, 

153-156], 
g
[121, 124, 139-141], 

h
[152, 157], 

i
[128], 

k
[123, 128], 

l
[121]. 
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Table 5.5  Activation Energy (Ea) of Hydrogen Elimination Reactions  

Reactions 
E 

site 

M06-2X M06-2X 

CBS-QB3 

CBS 
Literature 

BS1 BS2 QB3 APNO 

ccj ↔ c=c + h   P 40.36 39.65 37.41 36.09 37.69 
36.42

a
 

38.01
b
 

ccjc ↔ c=cc + h   P 39.71 38.93 36.32 0.00 37.02 
37.10

c
 

37.26
d
 

tert-c4h9 ↔ c=cc2 + h   P 39.19 38.28 35.68 0.00 36.37 
37.36

e
 

39.10
f
 

cjcc ↔ c=cc + h   S 37.87 37.29 34.88 34.43 35.53 
36.49

g
 

33.45
h
 

ccjcc ↔ cis-cc=cc + h S 38.60 37.22 35.80 35.29 36.26 34.78
i
 

ccjcc ↔ tran-cc=cc + h S 37.45 36.74 35.11 33.97 35.03 33.98
i
 

cjccc ↔ c=ccc + h   S 38.01 37.25 35.00 34.56 35.58 
35.71

k
 

39.15
l
 

iso-c4h9 ↔ c=cc2 + h   T 36.29 35.84 33.66 33.34 34.18 
33.68

k
 

30.60
m
 

c2cjcc2 ↔ c2c=cc2 + h   T 38.44 37.54 35.54 35.01 36.06 NA 

Note: j=radical site, E=Elimination, BS1=6-31G(d,p), BS2=6-311+G(d,p); a,c,e,g,i,and k are values from 

average or reviewed literature; b, d, f, h and k are values from average or experimental data; Sauces: 
a
[119, 

121, 141, 148, 158], 
b
[130, 158-161], 

c
[121, 141, 162], 

d
[125, 137, 151, 163-167], 

e
[121, 138], 

f
[120, 137, 

156, 168], 
g
[121, 141], 

h
[125, 164, 169], 

i
[137], 

k
[121], 

l
[130, 164], 

m
[133]. 

5.3.2 Rate Constant (k) 

Tables 5.6 and 5.7 provide high pressure-limit rate constants in for hydrogen addition 

reaction (forward reaction) and hydrogen elimination reaction  (reverse reaction), 

respectively with two-parameter of Arrhenius pre-exponential factors (A, n) in AT
n
  

format, where T is the temperature in K, from our calculations and literature data for 

comparison 
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 The high pressure limit rate parameter expressions in table 5.6 and 5.7 are 

calculated based on structure from M06-2X//CBS-QB3 method. For comparison rate 

constants (k) in this study, the calculated rate constant at 298 K are provided and 

compared with experimental data and reviewed literature data at the same temperature. 

The high pressure-limit rate constants (k) at 298K for hydrogen additional reactions to 

olefins have low Ea barriers, on the order of 0.5 to 3 kcal mol-1,  as shown in Table 5.6, 

and are therefore relatively high rate constants.  The low value of activation energy (Ea) 

for these addition reactions make them highly favorable under atmospheric and low 

temperature combustion conditions. The forward reactions are also exothermic forming 

lower energy products. 

The majority of the calculated rate constants at 298K in the present study show 

good agreement with both experimental and reviewed literature. The calculated H atom 

addition to iso – butene (iso-c4h8: c=cc2) shows good agreement at the xx site with the 

literature and the elimination reaction is calculated to be lower than the values reported in 

the literature, but there is a wide near 2 order of magnitude difference in the reference 

data.  

Rate constants at 298K in Table 5.7 for hydrogen elimination (beta scission) 

reactions show the rate constant values in the range of 10
-10

-10
-15

 sec
-1

,  which results 

from their endothermicity,  i.e., the high activation barrier range (~30-40 kcal mol
-1

) as 

listed in table 5.5. The calculated  rate constants are in accord with rate constants from 

experimental and reviewed literature except the reaction that involve to the hydrogen beta 

scission elimination from isobutene (iso-c4h9 ↔ c=cc2 + h) which has a slightly lower 

calculated rate constant compared to the reference data. 
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Table 5.6  High Pressure-Limit Rate Parameter for Hydrogen Additional Reaction  

Reactions 
Add’n 

Site 
A n Ea 

k 

 at 298
o
K 

Literature 

c=c + h ↔ ccj P 6.07E+08 1.46 1.43 4.55E+11 
7.03E+11

a
 

7.19E+11
b
 

c=cc + h ↔ ccjc P 1.85E+07 1.96 1.19 1.81E+11 
9.63E+11

c
 

7.60E+11
d
 

c=cc2 + h ↔ tert-c4h9 P 2.18E+08 1.76 -1.42 5.43E+13 
2.44E+12

e
 

2.50E+12
f
 

c=cc + h ↔ cjcc S 3.84E+06 1.99 1.60 2.19E+10 
5.18E+10

g
 

4.80E+10
h
 

cis-cc=cc + h ↔ ccjcc S 6.57E+07 1.79 1.47 2.97E+11 
4.54E+11

i 

5.70E+11
k
 

tran-cc=cc + h ↔ ccjcc S 7.99E+08 1.49 1.60 5.44E+11 
5.56E+11

l 

6.58E+11
m
 

c=ccc + h ↔ cjccc S 1.18E+06 2.21 2.05 1.12E+10 5.24E+10
c
 

c=cc2 + h ↔ iso-c4h9 T 1.51E+07 1.92 2.41 1.50E+10 1.32E+11
c
 

c2c=cc2 + h ↔ c2cjcc2 T 1.39E+09 1.37 1.03 1.26E+12 
7.76E+11

n
 

5.57E=11
p
 

Note: unit of k = cm
3
/mol-sec, j=radical site, a,c,e,g,i,l and n are values from average or reviewed 

literature; b, d, f, h, k, m and p are values from average or experimental data; Source: 
a
[119, 121, 129, 134],

 

b
[129, 135-136, 150, 170], 

c
[121, 124], 

d
[151-152, 171],

 e
[121, 124], 

f
[128, 154, 156], 

g
[121, 140-141], 

h
[152, 157], 

i
[124, 141], 

k
[128, 132, 172], 

l
[124, 141], 

m
[123, 128], 

n
[124], 

p
[132, 173] 

 

5.3.3 Hydrogen Adidition to Propene and Furthur Interaction 

The kinetics and thermochemistry of intra molecular hydrogen transfer reactions (cjcc → 

ccjc, cjcc → cccj ) and the beta scission elimination  of a methyl (CH3) radical (cjcc → 

c=c + ch3) which are reactions that result from the addition of hydrogen atom with 1 and 
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2 butene are also studied. High pressure-limit parameters in Table 5.8 are used in QRRK 

analysis for dependent rate constant and fall off analysis (Figure 4.21).  

Table 5.7  High Pressure-Limit Rate Parameter for Hydrogen Elimination Reactions  

Reactions 
E 

Site 
A n Ea 

k  

at 298
o
K 

Literature 

ccj ↔ c=c + h   P 1.21E+11 0.80 37.70 4.01E-15 
5.01E-15

a
 

1.78E-15
b
 

ccjc ↔ c=cc + h   P 1.79E+12 0.30 37.40 5.74E-15 
5.58E-14

c
 

1.25E-14
d
 

tert-c4h9 ↔ c=cc2 + h   P 3.79E+12 0.22 26.77 2.20E-14 
2.73E-14

e
 

4.15E-14
f
 

cjcc ↔ c=cc + h   S 3.57E+12 0.21 36.10 5.99E-14 
6.07 E-14

g
 

6.70E-16
h
 

ccjcc ↔ cis-cc=cc + h S 5.44E+12 0.26 36.58 5.45E-14 1.30E-13
i 

ccjcc ↔ tran-cc=cc + h S 2.38E+14 -0.19 36.77 1.30E-13 5.49E-13
i 

cjccc ↔ c=ccc + h   S 1.81E+12 0.27 36.07 4.33E-14 
7.13E-14

k 

4.00E-15
l
 

iso-c4h9 ↔ c=cc2 + h   T 5.88E+12 0.15 34.89 5.28E-13 
6.76E-12

k
 

3.60E-10
m
 

c2cjcc2 ↔ c2c=cc2 + h   T 1.90E+11 0.75 35.89 9.91E-14 5.14E-13
n
 

Note: unit of k = s
-1

, j=radical site, a,c,e,g,and k are values from average or reviewed literature; b, d, f, h, i, 

l,m, and n are values from average or experimental data; Source: 
a
[141, 158],

 b
[160-161], 

c
[121, 162], 

d
[137, 

151, 164],
 e
[121, 137-138, 156], 

f
[137, 156], 

g
[121, 141], 

h
[164], 

i
[137], 

k
[121], 

l
[131, 137], 

m
[133], 

n
[174]. 

 

 The high pressure-limit rate constant from Curran
121

 (Curran, HP-06), 

Tsang
139

(Tsang,HP-91), and Warnatz
141

 (Warnatz,HP-84) are compared for hydrogen 

addition to butene of this work (NJIT-HP) in Table 5.8 and in Figure 5.1 and presented as 

log rate constant  (log k) versus 1000/T. The high pressure limit rate constants in this 
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study show the same trendency, where rate constants increase with the increase of 

temperature, as in the literature data.  

 

Table 5.8 High Pressure-Limit Rate Parameters for Hydrogrn Additional to Propene 

 

Reactions 
k = A(T)

n
exp(−Ea/RT) 

A n Ea (kcal mol
-1

) 

c=cc + h → cjcc 3.84E+10 1.84 1.60 

cjcc → c=cc + h 3.48E+08 1.34 34.68 

cjcc → ccjc 1.79E+11 0.11 38.52 

cjcc → cccj 1.72E+10 1.35 39.55 

cjcc → c=c + ch3 9.5E+14 0.00 31.65 

Note: j = radical site 

 

 
Figures 5.1  Rate constants (log k) vs. 1000/T at 1 atm for c=cc + h. 

 

 

The n-propyl radical formation is the dominant product at low temperature. The 

channel starts to falloff above 500 K while the ethene plus methyl radical channel 

becomes more important.  
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5.3.4 Hydrogen Addition to Isobutene and Furthur Interaction 

High pressure-limit rate constants for hydrogen additional reactions to the isobutene are 

shown in Table 5.9.  There are two different sites here a primary site which is addition to 

a CH2 carbon and a tertiary site which is addition to a CH32C carbon.  The rate constant 

parameters of intramolecular hydrogen transfer (iso-c4h9 → tert-c4h9) and beta scission 

elimination reactions (iso-c4h9 → c=cc + ch3 and iso-c4h9 → c=cc2 + h) are also 

presented. 

 

Table 5.9 High Pressure-Limit Rate Parameters for for Hydrogrn Additional to iso-

butene  

 

Reactions 
k = A(T)

n
exp(−Ea/RT) 

A n Ea (kcal mol
-1

) 

c=cc2 + h → iso-c4h9 1.51E+07 1.92 2.41 

iso-c4h9 → tert-c4h9 5.36E+12 0.88 34.60 

iso-c4h9 → c=cc + ch3 7.71E+13 0.77 30.71 

iso-c4h9 → c=cc2 + h 5.88E+12 0.15 34.86 

Note: j = radical site 

 

 Figure 5.2 shows rate constant as a function of temperature at pressure 1 atm. for 

this  H atom plus isobutene and compares the (NJIT-HP) data to work of Curran(Curran, 

HP-06)
121

 – this includes comparisons falloff analysis.  The high pressure-limit rate 

constant from this study shows a lower value at low temperature when compared to 

Curran’s work, with the calculation data being similar at higher temperatures about 1500-

2000K. Iso-c4h9 is the most important species at low temperature and begins to falloff at 

about 500K, showing a decreasing rate constant with increasing of temperature range. 
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The rate of c=cc + ch3 methyl group elimination reaction increases with temperature and 

is dominant at the high temperatures. 

 

 

Figures 5.2  Rate constants (log k) vs. 1000/T at 1 atm for c=cc2 + h. 

 

5.4 Summary  

Activation Activation energies (Ea), thermochemistry and reaction kinetics for  hydrogen 

atom addition to primary (P), secondary (S), tertiary (T), vinylic (olefin) carbons to form 

an alkyl radical are evaluated along with the reverse, beta scission reactions were studied 

by use of computational chemistry.  Calculations used the Density Functional Theory 

(DFT) methods: (M06-2X/6-31g(d,p) and M06-2X/6-311+g(d,P)  and the  ab initio 

complete basis set methods (CBS-QB3- and CBS-APNO).  

In addition the CBS–QB3 method was modified to incorporate the M06-2X 

(CBS//M06-2X).  Activation energies and rate constants for forward and reverse paths of 
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hydrogen atom addition to Primary, Secondary, Tertiary carbons of Ethylene, Propene, 1-

Butene, E-2-Butene, Z-2-Butene, Isobutene, and tetra-methyl ethylene are reported and 

compared with literature.  

One objective of this study was to use the data from experiments on H atom 

addition to small olefins to identify calculation methods that reproduce the experimental 

results and therefore can be recommended for use in calculating energy barriers and 

structure for systems where data is not available. The higher level calculations - M06-2x 

modified CBS-QB3 method and the CBS-APNO show the closest agreement to the 

experimental data with CBS-QB3 next.  Among the Density functional Methods the 

M06-2X/6-311+G(d,p) method showed the best agreement, where the barriers for H 

addition and for beta scission were high by about 3 kcal mol
-1

 on average. In general, the 

DFT level calculations result in higher barriers. Falloff in the stabilization channels 

occurs the higher temperatures studied hydrogen addition to olefins.   
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CHAPTER 6  

THERMOCHEMICAL AND KINETICS OF THE CHEMICAL ACTIVATION 

REACTIONS OF OH RADICAL ADDITION (INITIATION) WITH 

TRIFLUOROETHENE (1,1,2 TRIFLUOROETHENE)  

6.1 Overview 

The The oxidation reaction of an unsaturated fluorinated hydrocarbon in the atmosphere 

and in combustion processes is studied to understand the overall flammability and final 

reaction products: the focus is on Trifluoroethylene (CHF=CF2) because it is being 

considered as a possible heat transfer fluid in air conditioning and refrigeration 

applications. Fluoro- halocarbons are widely used as refrigerants and heat transfer fluids; 

the partially oxidized products of these chemicals are now being routinely found in 

environmental waters, soils and in the atmosphere. There is also a concern that they will 

amplify global warming and they may be harmful to health. This fluorocarbon is also 

used as the monomer in the preparation process in fluorocarbon industry
175

; the 

atmospheric and combustion chemistry reactions have not been evaluated.  

Thermochemical properties and reaction kinetic paths as a function of temperature and 

pressure will aid in the understanding the reactions and products of fluorocarbons in 

combustion and in the atmospheric, aqueous and terrestrial environments.  

Trifluoroethene (CF2=CHF) reaction in atmospheric and combustion 

environments is initiated by addition of the OH radical to the unsaturated ᴫ bond (double 

bond) system.    

This study starts with the initiation reaction of OH addition to each of the two 

different carbon sites of trifluorethylene and then considers the unimolecular reactions of 

each carbon site radical (adducts).   Unimolecular reactions of each adduct include 
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Hydrogen Atom Transfer (HAT), Fluoride atom transfer, Hydrogen Fluoride (HF) 

molecular elimination, F atom elimination, H atom elimination.  The reaction kinetic 

modeling also considers all of the reverse reaction paths.  

Thermochemical properties are calculated for parent molecules and all 

intermediate radicals, new products and transition states.  Kinetic parameters are 

developed and reaction modeling is performed.  

One channel, hydrogen fluoride (HF) elimination is currently not reported in any 

previous kinetic study on the OH adduct intermediates to the best of our knowledge.  The 

HF moiety is a highly reactive and toxic gas that can cause severe respiratory damage in 

humans. It is hoped the understanding of the reaction processes and products will be 

helpful to evaluating the safety of using the trifluoroethene as a refrigerant and heat 

transfer fluid.  

6.2 Thermochemical Properties 

Target molecules and their corresponding abbreviated nomenclature are presented in 

Figure 6.1 The standard enthalpies of formation at 298 K for reference species used in 

these reactions are summarized in Table 6.1. The enthalpies of formation of the target 

molecules obtained from the use of the reaction schemes are shown in Table 6.2.  The 

reaction of OH + CHF=CF2 results in the following active radical intermediates: 
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CJHFCF2OH 

1,1,2 trifluoro ethanol-2yl 
COJF2CH2F 

1,1,2 trifluoro ethoxy radical 
CJF2CHFOH 

1,2,2 trifluoro ethanol-2yl 

 
 

 

CJHOHCF3 

2,2,2 trifluoro ethanol-1yl 
CJFOHCHF2 

1,2,2 trifluoro ethanol-1yl 
COJHFCHF2 

1,2,2 trifluoro ethoxy radical 

Figure 6.1  Geometries of lowest energy conformer of target molecules in the 

trifluoroethene + OH system. 

 

The master equation analysis considers a Boltzmann distribution of energy levels 

of each adduct and uses an exponential-down model for the energy transfer function with 

(E°down) 900 cal mol
-1

 for N2 as the third body. Rate constants, k(E), were evaluated 

using 1.0 kcal mol
-1

 energy increments up to 65 kcal mol
-1

 above the highest barrier. 

Lennard-Jones parameters, σ (Å), and ε/κ (K) are obtained from tabulations and from an 

estimation method based on molar volumes and compressibility; σ = 5.07 Å and ε/kb = 

399 K. Table 6.3 presents high-pressure-limit elementary rate parameters used as input 

data to the QRRK calculations. 
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Table 6.1  Standard Enthalpies of Formation at 298 K for Reference Species 

Species ΔfH
o
298 kcal mol

-1
 Species ΔfH

o
298 kcal mol

-1
 

ch3ch2f -65.18a
 chfcf2 -117.21 ± 0.6

78
 

cis-chfdchf -73.8
176

 cjhfch3 -18.2
176

 

ch2fch2oh -100
a
 cjhfchf2 -110.6

176
 

ch3chfoh -113.7
a
 ch2fchf2 -161.1

176
 

ch3f -56.5
176

 ccoj -3.61
95

 

ch2foh -102.1
a
 ccjdo -2.3 ± 0.1

110
 

tran-chfdchf -74.5
176

 cccdo -44.36 ± 0.2
78

 

cf2dchf -117.21 ± 2.0
78

 cjccdo 6.6 ± 0.9
110

 

 cf2dch2 -80.06 ± 1.08
78

 chf2cdof -190.7
176

 

ccc -25.02 ± 0.12
78

 cjh2ch2f -14.1
176

 

cf3ch2ch3 -184.76
a
 chf2cdoh -130.4

176
 

ccdo -39.7 ± 0.12
78

 cc -20.03 ± 0.1
78

 

ch3cf3 -179.79
a
 chf2chf2 -211.17

a
 

ch4 -17.78 ± 0.1
78

 ccj 28.4 ± 0.5
79

 

chf3 -165.99
a
 ccoh -56.21 ± 0.09

78
 

cf2hch2ch3 -125.34
a
 cjcoh -5.9 ± 0.4

110
 

ccdof -106.4 ± 0.5
99

 ccjoh -13.34 ± 0.3
101

 

ch3chf2 -120.39
a
 coh -48

177
 

cf2h2 

 

-107.59
a
 coj 5.02

95
 

cjhfoh -55.7
a
 cccjdo -6.9 ± 0.9

110
 

cjf2ch3 -71.9
176

 cccoh -60.97 ± 0.1
78

 

cf3ch2oh -213.63
b
 cccoj -7.91

97
 

ch2fcdof -143.6
176

 cjcdo 3.51
178

 

Note: j=radical site, d=double bond, 
a
Wang and Bozzelli (personal communication, May 2015), 

b
this work 

 

 

 

 

 

 



133 

 

  

Table 6.2  Evaluated Enthalpies of Formation At 298 K for Trifluoroethene + OH 

Reaction System Intermediates and Products
 

 

Work Reactions 

fH
o
298 kcal mol

-1
 

B2P
a
 M06

b
 

M06
c
// CBS-

QB3 CBS 

cjhfcf2oh 
    

cjhfcf2oh + ch2foh → ch2fcf2oh + cjhfoh -163.27 -163.29 -163.09 -163.82 

cjhfcf2oh + ch2fch2oh → ch2fcf2oh + cjhfch2oh -163.34 -163.92 -161.94 -163.55 

cjhfcf2oh + ch3ch2f → cjhfch3 + ch2fcf2oh -163.67 -163.96 -160.38 -163.76 

Average 
-163.43 

± 0.22 

-163.72 

± 0.37 

-161.80 

± 1.34 

-163.71 

± 0.14
d
 

cojf2ch2f 
    

cojf2ch2f + coh → coj + ch2fcf2oh -148.83 -149.62 -148.31 -149.44 

cojf2ch2f + ccoh → ccoj + ch2fcf2oh -148.47 -149.78 -148.09 -149.77 

cojf2ch2f + cccoh → cccoj + ch2fcf2oh -148.5 -149.18 -148.07 -149.24 

Average 
-148.60 

± 0.20 

-149.53 

± 0.31 

-148.16 

± 0.13 

-149.48 

± 0.73 

cjf2chfoh 
    

cjf2chfoh + ch2foh → chf2chfoh + cjhfoh -156.43 -156.12 -155.22 -156.52 

cjf2chfoh + ch2fch2oh → chf2chfoh + cjh2chfoh -156.27 -155.56 -153.93 -155.45 

cjf2chfoh + ch3chf2 → chf2chfoh + cjf2ch3 -156.98 -156.62 -155.55 -156.85 

Average 
-156.56 

± 0.38 

-156.10 

± 0.53 

-154.90 

± 0.86 

-156.27 

± 0.73 

cjhohcf3 
    

cjhohcf3 + ch2foh → cf3ch2oh + cjhfoh -168.03 -168.60 -167.24 -168.96 

cjhohcf3 + ch2fch2oh → cf3ch2oh + cjh2chfoh -167.87 -168.04 -165.94 -167.89 

cjhohcf3 + ch3chfoh → cf3ch2oh + cjh2chfoh -168.35 -169.80 -166.72 -168.64 

Average 
-168.08 

± 0.24 

-168.82 

± 0.90 

-166.63 

± 0.65 

-168.50 

± 0.54 

cjfohchf2 
    

cjfohchf2 + ch2foh → chf2chfoh + cjhfoh -158.75 -158.62 -158.32 -159.65 

cjfohchf2 + ch2fch2oh → chf2chfoh + cjh2chfoh -158.6 -158.05 -157.02 -158.58 

cjfohchf2 + ch3chfoh → chf2chfoh + cjfohch3 -159.07 -159.33 -158.59 -159.91 

Average 
-158.81 

± 0.25 

-158.67 

± 0.64 

-156.75 

± 0.84 

-159.38 

± 0.70 

cojhfchf2 
    

cojhfchf2 + coh → chf2chfoh + coj -150.68 -150.85 -149.86 -151.19 

cojhfchf2 + ccoh → chf2chfoh + ccoj -150.32 -151.01 -149.65 -151.52 

cojhfchf2 + cccoh → chf2chfoh + cccoj -150.35 -150.40 -149.63 -150.99 

Average 
-150.45 

± 0.20 

-151.23 

± 0.31 

-149.71 

± 0.13 

-151.23 

± 0.26 

Note: d = double bond, j = radical, 
aB2PLYP/6-311+G(2d,d,p), 

bM062X/6-31G(d,p), 
cM062X/311+G(d,p)//CBS-QB3, 

d
Standard deviation is for the work reaction sets. 
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6.3 Reactions and Kinetics   

Table 6.3 High-Pressure-Limit Elementary Rate Parameters for Reactions in The 

Trifluoroethene + OH Reaction System 

Reaction 
k = A(T/K)

n
 exp(-Ea/RT) 

A n Ea (kcal mol
-1

) 

 

Overall:   CHF=CF2 + OH → C(OH)F2C•HF → Products         Reaction System  

 

CHF=CF2 + OH => CJHFCF2OH 1.82E+04  2.3 -3.45 

CJHFCF2OH => CHF=CF2 + OH 1.20E+08 2.5 54.02 

CJHFCF2OH => COJF2CH2F 2.44E+07 2.2 37.47 

CJHFCF2OH => CHFDCFOH + F 4.30E+08 2.1 64.22 

CJHFCF2OH => CJHFCDOF + HF 2.26E+07 2.4 35.05 

COJF2CH2F => CJHFCF2OH 6.86E+09 1.3 26.72 

COJF2CH2F => CF2DO + CJH2F  1.83E+11 1.1 7.66 

       

Overall:  CHF=CF2 + OH → C•F2CHF(OH) → Products         Reaction System  

 

CHF=CF2 + OH => CJF2CHFOH 3.52E+04 2.3 -2.51 

CJF2CHFOH => CHF=CF2 + OH 3.11E+07 2.8 46.80 

CJF2CHFOH => CJHOHCF3 9.65E+06 2.4 35.20 

CJF2CHFOH => CJFOHCF2H 6.85E+08 1.7 57.11 

CJF2CHFOH => COJHFCHF2 5.35E+05 2.8 37.93 

CJF2CHFOH => CF2DCFOH + H 8.61E+04 3.3 49.25 

CJF2CHFOH => CJF2CDOH + HF 1.15E+07 2.6 36.50 

CJHOHCF3 => CJF2CHFOH 1.73E+08 2.2 49.97 

CJHOHCF3 => CF3CDOH + H 8.86E+08 2 44.51 

CJHOHCF3 => CJF2CDOH + HF 6.34E+07 2.2 36.47 

CJFOHCF2H => CJF2CHFOH 8.02E+08 1.7 59.6 

CJFOHCF2H => CF2HCDOF + H 1.62E+08 2 32.91 

CJFOHCF2H => CF2DCFOH + H 1.27E+05 3.4 52.41 

CJFOHCF2H => CJDOCF2H + HF 1.42E+09 1.6 43.29 

CJFOHCF2H => CJHFCDOF + HF 2.09E+06 2.6 27.64 

CJFOHCF2H => CHFDCFOH + F 1.60E+08 2.5 59.54 

COJHFCHF2 => CJF2CHFOH 1.01E+09 1.6 35.71 

COJHFCHF2 => CHFDO + CJF2H 7.77E+11 1.1 9.84 
Note: d = double bond,   J = radical.  
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6.3.1 C2F3H + OH Reaction System  

Hydrofluoro-olefins Hydrofluoro-olefins are primarily removed in the troposphere by 

reaction with the OH radical. 

CHF=CF2 + OH  C(OH)F2C•HF  (a) 

CHF=CF2 + OH  C•F2CHF(OH)  (b) 

Reaction (a) and reaction (b) proceed via OH radical addition to the  bond 

(double bond) of the olefin to form energized hydroxylfluoroalkyl radicals 

(HO)CF2C•HF* and C•F2CHF(OH)* adducts (* indicates an energetically excited 

adduct). The bond strengths for the OH-Olefin adducts formed in reactions (a) and (b) are 

55.4 and 47.8 kcal mol
-1

, respectively.  

Potential energy diagrams for the chemical activation calculation of the C2F3H + 

OH to products via the C(OH)F2C•HF adduct are shown in Figures 6.2a and Figure 6.2b 

for reaction system via C•F2CHF(OH) (2,2 difluoro ethanol – 2yl) adduct. The enthalpy 

values for intermediates and products are from the calculations as listed in Table 6.2. The 

formation of reactant complexes when OH addition to each of the carbon sites forming 

energized (HO)CF2C•HF* and C•F2CHF(OH)* adducts (* indicates an energized adduct 

resulting from the new bond formed).  

 

Reactions of the C•F2CHF(OH) (2,2 difluoro ethanol – 2yl) adduct 

The C(OH)F2C•HF* adduct shown in Figure 6.2a can dissociate back to 

reactants, stabilize to C(OH)F2C•HF adduct, or undergo intramolecular H-transfer via 

four-member ring transition state with 35.8 kcal mol
-1

 barrier forming fluorohydroxy 

radical; CF2O•CFH2. The energized adduct can also proceed to Fluorine atom (F) 

elimination with an endothermicity of 11.6 kcal mol
-1

 above the entrance channel, which 
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makes this dissociation reaction un-important in these system. The negative energy of 

activation due to a hydrogen bonding intermediate on the path is, however very 

interesting. The HF elimination reaction occurs from the (C(OH)F2C•HF adduct (both 

chemically activated and stabilized) and reacts to C•HFC(=O)F + HF], has an energy 

barrier 35.9 kcal mol
-1 

relative to the stabilized adduct. 

+ F

+ HF

+

TS

TS

TS
TS

TS

-108.31
-111.47

-163.72

-110.37
-96.72

-127.86

-159.49

-125.43

-147.18

-149.53

-152.11

+ OH

 

Figure 6.2a Potential energy diagram for the CHF=CF2 + OH  C(OH)F2C•HF  

products system. 
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Reactions of  C•F2CHF(OH)* adduct 

Figure 6.2b below shows the reaction paths of C•F2CHF(OH) adduct which are 

similar to the C(OH)F2C•HF and include: dissociation back to reactants, stabilization to 

the C•F2CHF(OH) adduct, intramolecular H and F atom transfer reactions, and H atom 

and HF elimination reactions. Isomerization of C•F2CHF(OH) adduct yields two 

hydrofluoroalkyl radicals with a 33.9 kcal mol
-1

 barrier for F atom-transfer forming 

CF3C•H(OH), and a 55.5 kcal mol
-1

 barrier for H-transfer forming the CHF2C•(OH)H 

adduct. A second H-atom transfer is from the hydroxyl group forming 1,2,  trifluoro 

ethoxy radical with a 37.2 kcal mol
-1

 barrier. There are two HF elimination reaction 

paths, and both of them yield 2,2 difluoroethene – oxy radical + HF. This radical is a 

resonance isomer of 2,2 difluoro acetaldehyde (C•F2-CH(=O) + HF . These reactions are 

shown to be important reaction paths at several conditions studied in this system. The 

activation energy for reastion to the difluoroethene – oxy radical from C•F2CHF(OH) 

adduct is 35.4 kcal mol
-1

.  The second reaction path involves a F atom transfer prior to 

the HF elimination, see Figure 6.2b,  and has a barrier  and 35.3 kcal mol
-1

 from the 

fluorine atom transfer isomer CF3C•H(OH). 

6.3.2 Chemical Activation Results for Kinetics of CF2CHF + OH  (HO)CF2C•HF 

to Products System 

The CF2CHF + OH The CF2CHF + OH chemical activation reaction kinetics show 

product distributions versus temperature for the C2F3H + OH  (HO)CF2C•HF reaction 

systems at 1.0 atm and 100.0 atm in Figures 6.3a and 6.3b, respectively. At atmospheric 

pressure, the HF molecular elimination channel is dominant above 300 K with the 

(HO)CF2C•HF stabilization adduct dominant at lower temperature. A second important 
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reaction channel is the dissociation reaction to form carbonyl fluoride and alkyl radical 

[CF2O + C•F2H]. The reverse dissociation back to C2F3H + OH increases at higher 

temperature but is not as important as the HF elimination or dissociation reaction path 

[(HO)CF2C•HF → CF2(=O) + C•H2F] (difluoromethanal [commonly named 

difluorocarbonyl] plus fluoro-methyl radical. At high pressure; 100.0 atm, the major 

reaction channels follow the same trend as observed for the 1.0 atm reaction conditon. 

The (HO)CF2C•HF stabilization adduct is the dominant path up to a higher temperature 

than at 1.0 atm. The Stabilized adduct becomes important below 600 K at 100.0 atm. 

compare to 300 K from 1.0 atm. 

Plots of calculated rate constants for C2F3H + OH  (HO)CF2C•HF  products 

system versus log pressure (atm) at 298 K and 2000 K are shown in Figure 6.4a and 6.4b, 

respectively. At 298 K, the (HO)CF2C•HF stabilization adduct is the dominant path 

above 1.0 atm. The HF elimination channel is an important one above 1.0 atm. The 

reverse reaction back to C2F3H + OH is lower by 4 orders of magnitude. Dissociation to 

(HO)CF=CHF + F has an endothermicity of 11.6 kcal mol
-1

 above the reactant channel 

and the rate constant at low temperature is not significant compared to the other reaction 

channels in the system.  

At high temperature; 1000 K, the HF elimination channel dominates all of the 

pressure studied followed by dissociation reaction to Carbonyl fluoride (C(=O)F2) and 

fluoromethyl radical (C•H2F). Both reaction channels are independent to the pressure at 

this high temperature. 
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Figure 6.3a  Rate constants versus 1000/T (K) at 1.0 atm for the chemical activation 

reaction of  C2F3H + OH  (HO)CF2C•HF*  products system. 

 

 

 

Figure 6.3b  Rate constants versus 1000/T (K) at 100.0 atm for the chemical activation 

reaction of C2F3H + OH  (HO)CF2C•HF*  products system. 

 

0

2

4

6

8

10

12

14

0 1 2 3 4

lo
g

 k
 (

cm
3
/m

o
l-

s)
 

1000/T (K) 

CJHFCF2OH

CF2CHF + OH

CHFDCFOH + F

CJHFCDOF + HF

COJF2CH2F

CF2DO + CJH2

0

2

4

6

8

10

12

14

0 1 2 3 4

lo
g

 k
 (

cm
3
/m

o
l-

s)
 

1000/T (K) 

CJHFCF2OH

CF2CHF + OH

CHFDCFOH + F

CJHFCDOF + HF

COJF2CH2F

CF2DO + CJH2



141 

 

  

 

Figure 6.4a  Rate constants versus log pressure (atm) at 298 K for chemical activation 

reactions of C2F3H + OH  (HO)CF2C•HF*  products system. 

 

 

Figure 6.4b  Rate constants versus log pressure (atm) at 1000 K for chemical activation 

reaction of C2F3H + OH  (HO)CF2C•HF*  products system.  
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6.3.3 Unimolecular Dissociation of the (HO)CF2C•HF Stabilization Adduct  

 Figures 6.5a and 6.5b show plots of the (HO)CF2C•HF stabilized adduct dissociation at 

298 K and 500 K, respectively. Plots of unimolecular dissociation rate constants for the 

(HO)CF2C•HF stabilization adduct versus 1000/T (K) at 1 atm are shown in Figure 6.6. 

Results show the important forward reactions are HF molecular elimination. This product 

channel is important over the range temperature and pressure studied, the next important 

path is isomerization to CO•F2-CH2F from H atom intramolecular transfer reaction. Both 

reaction channels are independent of the pressure at room temperature. The F elimination 

reaction channels are the least important in this system due to the strong C—F bonding. 

 

Figure 6.5a  Rate constants versus log pressure (atm) at 298 K for the chemical 

dissociation  reaction of  (HO)CF2C•HF*   C2F3H + OH, and  products system. 
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Figure 6.5b  Rate constants versus log pressure (atm) at 500 K for the chemical 

dissociation  reaction of  (HO)CF2C•HF*   C2F3H + OH, and  products system. 

 

 

Figure 6.6  Rate constants versus 1000/T at 1.0 atm  for the chemical dissociation  

reaction of  (HO)CF2C•HF*   C2F3H + OH, and  products system. 
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6.3.4 Chemical Activation Results for Kinetics of C2F3H + OH  C•F2-CHF(OH) to  

Products System 

Plots of calculated rate constants versus 1000/T (K) from chemical activation for C2F3H 

+ OH  C•F2-CHF(OH)  products at 1 atm and 100 atm are shown in Figure 6.7a and 

6.7b, respectively. Stabilization to adduct C•F2CHFOH channel is the most important 

reaction path at low temperature fluorocarbon oxidation; below 400 K. As temperature is 

increased, the rate through other channels also increases, while the stabilization rate 

decreases. At the higher temperatures, there is sufficient reaction of the energized adducts 

over the barriers and dissociate before stabilization. Important forward reactions go to HF 

molecular elimination; C•F2CH(=O) + HF. Other important product channels are H-

elimination; F2C=CH(OH) + H and beta scission; CHF(=O) + C•HF2, reaction channels. 

At high pressure; 100.0 atm, the major reaction channels follow the same trend as at 1.0 

atm. 

 

Figure 6.7a  Rate constants versus 1000/T (K) at 1.0 atm for the chemical activation 

reaction of  C2F3H + OH  C•F2CHF(OH)*  products system. 
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Figure 6.7b  Rate constants versus 1000/T (K) at 100.0 atm for the chemical activation 

reaction of  C2F3H + OH  C•F2CHF(OH)*  products system. 

 

 

Figure 6.8a Rate constants versus log pressure (atm) at 298 K for the chemical activation 

reaction of  C2F3H + OH  C•F2CHF(OH)*  products system. 
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Figure 6.8b  Rate constants versus log pressure (atm) at 1000 K for the chemical 

activation reaction of  C2F3H + OH  C•F2CHF(OH)*  products system. 
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Figure 6.9  Rate constants versus 1000/T at 1.0 atm  for the chemical dissociation  

reaction of  C•F2CHF(OH)*   C2F3H + OH , and  products system. 

 

 

Figure 6.10a  Rate constants versus log pressure (atm) at 298 K  for the chemical 

dissociation  reaction of  C•F2CHF(OH)*   C2F3H + OH,  and  products system. 
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Figure 6.10b  Rate constants versus log pressure (atm) at 1000 K  for the chemical 

dissociation  reaction of  C•F2CHF(OH)*   C2F3H + OH, and  products system. 
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6.4 Summary 

Thermochemical properties of intermediate radicals and transition state structures for the 

C2F3H + OH reaction systems are calculated using density functional and ab initio 

methods with enthalpies of formation (H°f298) for several hydrofluoroalkyl radicals are 

determined. Well depths for C2F3H + OH forming C(OH)F2C•HF adduct is 55.4 kcal 

mol
-1

 and 47.8 kcal mol
-1

 for forming C•F2CHF(OH) adduct. The values are important for 

the determination of the kinetic properties, since small changes in the activation energies 

will cause larger changes in the rate constants especially at the lower temperatures.  

Under conditions of atmospheric pressure and temperature, both of the addition 

paths for the C2F3H + OH reactions proceed primarily to stabilization adduct at low 

temperature. The major new products are from HF elimination reactions path which yield 

2,2 difluoroethanol-2yl + HF from the C•F2CHF(OH) adduct and yield 1,2 

difluoroethoxy radical from the C(OH)F2C•HF adduct system. The major dissociation 

reaction path is HF elimination reactions. 
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APPENDIX A 

ERROR ANALYSIS: UNCERTAINTY 

 

  

The comparisons of experimental rxnH
o
298 with values determined using CBS-QB3 and 

B3LYP/6-31G(d,p) in this study (kcal mol
-1

) for standard enthalpies of eormation at 298 

K of reference species. 

 

Table A.1  Root Mean Square for B3LYP and CBS-QB3 Methods   
 

Reactions Exp. 
CBS-

QB3 
B3LYP 

coh + ccc --> ccoh + cc -3.07 -2.96 -3.86 

ccoh + ccc --> cccoh + cc 0.22 -0.01 -0.15 

cccoh + cc --> ccoh + ccc -0.22 0.01 0.15 

cdcc + cc --> cdc + ccc 2.78 2.72 3.89 

cj + cdcc --> i-c4h9 

  

-22.88 -22.21 -21.34 

cdcj + cj --> cdcc 

  

-101.32 -101.32 -102.05 

y(c4h40) + cdccdc --> y(c5h6) + y(c3h4do) 18.2 18.77 18.55 

y(c6h5)oh + cc --> y(c6h6) + ccoh 6.66 6.18 8.2 

y(c6h5)oh + ccj --> y(c6h5)j + ccoh 19.42 19.92 19.09 

cdcc + cdcdo --> cdc + y(c3h4do) 22.91 23.67 23.86 

y(c6h6) + cccoh --> y(c6h5)oh + ccc -6.88 -6.17 -8.05 

cdcoh + y(c6h6) --> y(c6h5)oh + cdc -0.49 0.05 0.7 

       

RMS 0.48 0.97 

 

The uncertainty calculation for computational method 

𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 =  �̅�  ± [ 𝑡 ∗ (
𝑠

√𝑛
)] 

Where; 

�̅� = mean of sample, n = number of sample; here n = number of work reactions for each 

molecule at 95% confidential limit, t = Degree of Freedom for n-1, s = RMS for each 

method 
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Table A.2  95% Confidential Limit for Each of the Work Reaction Sets 

 

Number of Work Reactions  CBS-QB3 B3LYP/6-31G(d,p) 

7 0.44 0.9 

5 0.59 1.21 

4 0.76 1.54 

3 1.18 2.42 

 

Example calculation for 95% confidential Limit for 7 work reactions 

Where; t (degree of freedom for n -1) = 2.447 with CBS-QB3 method (RMS = 0.48) 

= [(2.447*0.48) / (7)
0.5

]  

= 0.44 
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APPENDIX B 

RESULTING RATE CONSTANTS IN QRRK CALCULATION OF CYCLO-

PENTADIENONE-2-YL AND CYCLO-PENTADIENONE-3-YL  

RADICAL SYSTEM 

 

 

Tables B.1 and B.2 were the result from QRRK calculations for O2 addition to 

cyclopentadienone-2-yl and cyclopentadienone-3-yl reactions.  

Table B.1  Calculated Reaction Parameters, K = A(T/K)
N
 Exp(-Ea/RT) (300 < T/K< 

2000), for Cyclo-Pentadienone-2-yl Radical System  

 

Reactions A n 
Ea 

(cal/mol) 
Pressure 

(atm) 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)OOJ2        1.36E+51 -17.92 5858 0.001 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)OOJ2        8.02E+75 -24.57 11441 0.01 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)OOJ2        5.14E+91 -27.98 16772 0.1 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)OOJ2        1.42E+97 -28.21 21948 1 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)OOJ2        4.25E+88 -24.57 22569 10 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)OOJ2        2.77E+76 -20.35 20211 50 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)OOJ2        2.06E+70 -18.32 18721 100 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)J2 + O2     2.29E-01 3.92 3647 0.001 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)J2 + O2     2.62E-01 3.91 3680 0.01 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)J2 + O2     8.30E-01 3.76 3967 0.1 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)J2 + O2     2.04E+02 3.08 5417 1 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)J2 + O2     1.61E+05 2.28 7856 10 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)J2 + O2     2.03E+04 2.6 8731 50 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)J2 + O2     7.59E+02 3.05 8723 100 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)OJ2 + O     1.64E+06 2.1 186 0.001 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)OJ2 + O     1.69E+06 2.1 193 0.01 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)OJ2 + O     2.90E+06 2.03 326 0.1 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)OJ2 + O     1.03E+09 1.3 1856 1 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)OJ2 + O     1.79E+11 0.71 4174 10 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)OJ2 + O     1.34E+09 1.39 4613 50 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)OJ2 + O     1.45E+07 1.99 4399 100 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)Q2-3J        2.04E-04 4.55 445 0.001 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)Q2-3J        2.32E-04 4.53 477 0.01 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)Q2-3J        8.26E-04 4.37 795 0.1 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)Q2-3J        4.10E-01 3.6 2463 1 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)Q2-3J        9.36E+01 2.97 4811 10 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)Q2-3J        1.81E+00 3.53 5399 50 

Y(C5H3DO)J2 + O2   => Y(C5H3DO)Q2-3J        3.18E-02 4.07 5265 100 
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Table B.1  Calculated Reaction Parameters, K = A(T/K)
N
 Exp(-Ea/RT) (300 < T/K< 

2000), for Cyclo-Pentadienone-2-yl Radical System (Continued) 

 

Reactions A n 
Ea 

(cal/mol) 
Pressure 

(atm) 

Y(C5H3DO)J2 + O2   => YCPDO-4,5-Y(COOC)       3.01E-02 3.72 302 0.001 

Y(C5H3DO)J2 + O2   => YCPDO-4,5-Y(COOC)       3.38E-02 3.71 331 0.01 

Y(C5H3DO)J2 + O2   => YCPDO-4,5-Y(COOC)       1.10E-01 3.56 629 0.1 

Y(C5H3DO)J2 + O2   => YCPDO-4,5-Y(COOC)       5.20E+01 2.8 2286 1 

Y(C5H3DO)J2 + O2   => YCPDO-4,5-Y(COOC)       1.03E+04 2.18 4616 10 

Y(C5H3DO)J2 + O2   => YCPDO-4,5-Y(COOC)       1.64E+02 2.77 5173 50 

Y(C5H3DO)J2 + O2   => YCPDO-4,5-Y(COOC)       2.65E+00 3.32 5024 100 

Y(C5H3DO)J2 + O2   => YCPDO-2-Y(OO)       2.41E+09 1.01 426 0.001 

Y(C5H3DO)J2 + O2   => YCPDO-2-Y(OO)       2.38E+09 1.01 423 0.01 

Y(C5H3DO)J2 + O2   => YCPDO-2-Y(OO)       2.78E+09 0.99 453 0.1 

Y(C5H3DO)J2 + O2   => YCPDO-2-Y(OO)       9.36E+11 0.27 1906 1 

Y(C5H3DO)J2 + O2   => YCPDO-2-Y(OO)       2.69E+14 -0.39 4299 10 

Y(C5H3DO)J2 + O2   => YCPDO-2-Y(OO)       1.95E+12 0.3 4741 50 

Y(C5H3DO)J2 + O2   => YCPDO-2-Y(OO)       1.92E+10 0.91 4512 100 

Y(C5H3DO)OOJ2      => Y(C5H3DO)J2 + O2  2.09E+41 -14.03 50782 0.001 

Y(C5H3DO)OOJ2      => Y(C5H3DO)J2 + O2  5.82E+54 -17.14 52674 0.01 

Y(C5H3DO)OOJ2      => Y(C5H3DO)J2 + O2  1.77E+71 -20.78 58118 0.1 

Y(C5H3DO)OOJ2      => Y(C5H3DO)J2 + O2  5.77E+72 -19.83 61817 1 

Y(C5H3DO)OOJ2      => Y(C5H3DO)J2 + O2  1.76E+66 -16.87 62859 10 

Y(C5H3DO)OOJ2      => Y(C5H3DO)J2 + O2  1.20E+56 -13.32 61011 50 

Y(C5H3DO)OOJ2      => Y(C5H3DO)J2 + O2  9.82E+50 -11.62 59803 100 

Y(C5H3DO)OOJ2      => Y(C5H3DO)OJ2 + O  1.25E+47 -12.13 33353 0.001 

Y(C5H3DO)OOJ2      => Y(C5H3DO)OJ2 + O  3.15E+50 -12.66 36079 0.01 

Y(C5H3DO)OOJ2      => Y(C5H3DO)OJ2 + O  8.68E+49 -12.05 37461 0.1 

Y(C5H3DO)OOJ2      => Y(C5H3DO)OJ2 + O  6.98E+41 -9.22 36015 1 

Y(C5H3DO)OOJ2      => Y(C5H3DO)OJ2 + O  8.75E+34 -6.88 34571 10 

Y(C5H3DO)OOJ2      => Y(C5H3DO)OJ2 + O  1.87E+29 -5.02 33091 50 

Y(C5H3DO)OOJ2      => Y(C5H3DO)OJ2 + O  6.01E+26 -4.21 32396 100 

Y(C5H3DO)OOJ2      => Y(C5H3DO)Q2-3J     1.11E+41 -12.68 41394 0.001 

Y(C5H3DO)OOJ2      => Y(C5H3DO)Q2-3J     6.30E+53 -15.58 45469 0.01 

Y(C5H3DO)OOJ2      => Y(C5H3DO)Q2-3J     8.48E+60 -16.72 50072 0.1 

Y(C5H3DO)OOJ2      => Y(C5H3DO)Q2-3J     1.72E+55 -14.15 50823 1 

Y(C5H3DO)OOJ2      => Y(C5H3DO)Q2-3J     7.56E+46 -11.06 49956 10 

Y(C5H3DO)OOJ2      => Y(C5H3DO)Q2-3J     2.55E+38 -8.22 48017 50 

Y(C5H3DO)OOJ2      => Y(C5H3DO)Q2-3J     3.17E+34 -6.94 46999 100 
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Table B.1  Calculated Reaction Parameters, K = A(T/K)
N
 Exp(-Ea/RT) (300 < T/K< 

2000), for Cyclo-Pentadienone-2-yl Radical System (Continued) 

 

Reactions A n 
Ea 

(cal/mol) 
Pressure 

(atm) 

Y(C5H3DO)OOJ2      => YCPDO-4,5-Y(COOC)    1.35E+43 -13.24 39946 0.001 

Y(C5H3DO)OOJ2      => YCPDO-4,5-Y(COOC)    1.08E+55 -15.9 44339 0.01 

Y(C5H3DO)OOJ2      => YCPDO-4,5-Y(COOC)    5.63E+60 -16.7 48585 0.1 

Y(C5H3DO)OOJ2      => YCPDO-4,5-Y(COOC)    2.70E+54 -14.01 48950 1 

Y(C5H3DO)OOJ2      => YCPDO-4,5-Y(COOC)    1.19E+46 -10.98 47914 10 

Y(C5H3DO)OOJ2      => YCPDO-4,5-Y(COOC)    8.64E+37 -8.25 46009 50 

Y(C5H3DO)OOJ2      => YCPDO-4,5-Y(COOC)    1.65E+34 -7.04 45029 100 

Y(C5H3DO)OOJ2      => YCPDO-2-Y(OO)    3.97E+43 -10.7 29288 0.001 

Y(C5H3DO)OOJ2      => YCPDO-2-Y(OO)    5.18E+44 -10.73 30796 0.01 

Y(C5H3DO)OOJ2      => YCPDO-2-Y(OO)    7.27E+42 -9.89 31206 0.1 

Y(C5H3DO)OOJ2      => YCPDO-2-Y(OO)    2.24E+35 -7.35 29537 1 

Y(C5H3DO)OOJ2      => YCPDO-2-Y(OO)    4.90E+29 -5.46 28228 10 

Y(C5H3DO)OOJ2      => YCPDO-2-Y(OO)    1.63E+25 -4 27019 50 

Y(C5H3DO)OOJ2      => YCPDO-2-Y(OO)    1.82E+23 -3.37 26465 100 

 

 

Table B.2  Calculated Reaction Parameters, K = A(T/K)
N
 Exp(-Ea/RT) (300 < T/K< 

2000), for Cyclo-Pentadienone-3-yl Radical System  

 

Reactions A n 
Ea 

(cal/mol) 
Pressure 

(atm) 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)OOJ22    5.08E+65 -22.11 9089 0.001 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)OOJ22    4.52E+83 -26.44 13292 0.01 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)OOJ22    1.38E+97 -29.07 19847 0.1 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)OOJ22    1.27E+96 -27.51 23199 1 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)OOJ22    9.34E+83 -22.98 22030 10 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)OOJ22    4.86E+71 -18.84 19284 50 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)OOJ22    7.34E+65 -16.92 17791 100 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)J3 + O2 1.02E-02 4.23 2959 0.001 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)J3 + O2 1.54E-02 4.18 3060 0.01 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)J3 + O2 2.83E-01 3.82 3778 0.1 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)J3 + O2 1.12E+03 2.79 6034 1 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)J3 + O2 2.23E+05 2.18 8479 10 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)J3 + O2 5.00E+03 2.73 9117 50 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)J3 + O2 1.15E+02 3.23 9036 100 
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Table B.2  Calculated Reaction Parameters, K = A(T/K)
N
 Exp(-Ea/RT) (300 < T/K< 

2000), for Cyclo-Pentadienone-3-yl Radical System (Continued) 

 

Reactions A n 
Ea 

(cal/mol) 
Pressure 

(atm) 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)OJ3 + O 1.47E+05 2.39 241 0.001 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)OJ3 + O 1.73E+05 2.37 281 0.01 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)OJ3 + O 2.49E+06 2.04 938 0.1 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)OJ3 + O 1.10E+10 1.01 3356 1 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)OJ3 + O 4.96E+10 0.89 5295 10 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)OJ3 + O 3.45E+07 1.88 5365 50 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)OJ3 + O 2.06E+05 2.56 5051 100 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)Q3-2J    1.86E-07 5.26 1114 0.001 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)Q3-2J    2.99E-07 5.2 1229 0.01 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)Q3-2J    8.74E-06 4.78 2069 0.1 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)Q3-2J    4.70E-02 3.72 4474 1 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)Q3-2J    2.58E+00 3.28 6765 10 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)Q3-2J    1.85E-02 3.97 7220 50 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)Q3-2J    2.78E-04 4.53 7067 100 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)Q3-4J    3.82E-08 5.41 1326 0.001 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)Q3-4J    6.23E-08 5.35 1445 0.01 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)Q3-4J    1.82E-06 4.93 2284 0.1 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)Q3-4J    9.81E-03 3.87 4678 1 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)Q3-4J    6.67E-01 3.4 6996 10 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)Q3-4J    5.73E-03 4.07 7481 50 

Y(C5H3DO)J3 + O2  =>  Y(C5H3DO)Q3-4J    9.23E-05 4.62 7340 100 

Y(C5H3DO)J3 + O2  =>  YCPDO-4,5-Y(COOC)    1.22E-04 4.34 311 0.001 

Y(C5H3DO)J3 + O2  =>  YCPDO-4,5-Y(COOC)    1.88E-04 4.29 417 0.01 

Y(C5H3DO)J3 + O2  =>  YCPDO-4,5-Y(COOC)    5.55E-03 3.87 1264 0.1 

Y(C5H3DO)J3 + O2  =>  YCPDO-4,5-Y(COOC)    2.81E+01 2.82 3702 1 

Y(C5H3DO)J3 + O2  =>  YCPDO-4,5-Y(COOC)    5.55E+02 2.51 5855 10 

Y(C5H3DO)J3 + O2  =>  YCPDO-4,5-Y(COOC)    1.66E+00 3.31 6168 50 

Y(C5H3DO)J3 + O2  =>  YCPDO-4,5-Y(COOC)    1.80E-02 3.91 5958 100 

Y(C5H3DO)J3 + O2  =>  YCPDO-3,4-Y(COOC)    5.38E-06 4.69 543 0.001 

Y(C5H3DO)J3 + O2  =>  YCPDO-3,4-Y(COOC)    8.44E-06 4.63 654 0.01 

Y(C5H3DO)J3 + O2  =>  YCPDO-3,4-Y(COOC)    2.54E-04 4.21 1504 0.1 

Y(C5H3DO)J3 + O2  =>  YCPDO-3,4-Y(COOC)    1.33E+00 3.15 3936 1 

Y(C5H3DO)J3 + O2  =>  YCPDO-3,4-Y(COOC)    3.79E+01 2.8 6139 10 

Y(C5H3DO)J3 + O2  =>  YCPDO-3,4-Y(COOC)    1.55E-01 3.56 6503 50 

Y(C5H3DO)J3 + O2  =>  YCPDO-3,4-Y(COOC)    1.89E-03 4.15 6314 100 
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Table B.2  Calculated Reaction Parameters, K = A(T/K)
N
 Exp(-Ea/RT) (300 < T/K< 

2000), for Cyclo-Pentadienone-3-yl Radical System (Continued) 

 

Reactions A n 
Ea 

(cal/mol) 
Pressure 

(atm) 

Y(C5H3DO)J3 + O2  =>  YCPDO-3-Y(OO)   1.44E+10 0.68 798 0.001 

Y(C5H3DO)J3 + O2  =>  YCPDO-3-Y(OO)   1.37E+10 0.69 784 0.01 

Y(C5H3DO)J3 + O2  =>  YCPDO-3-Y(OO)   9.53E+10 0.45 1229 0.1 

Y(C5H3DO)J3 + O2  =>  YCPDO-3-Y(OO)   6.14E+14 -0.64 3668 1 

Y(C5H3DO)J3 + O2  =>  YCPDO-3-Y(OO)   2.13E+15 -0.72 5575 10 

Y(C5H3DO)J3 + O2  =>  YCPDO-3-Y(OO)   7.64E+11 0.36 5536 50 

Y(C5H3DO)J3 + O2  =>  YCPDO-3-Y(OO)   3.26E+09 1.08 5166 100 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)J3 + O2  9.51E+47 -15.73 51362 0.001 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)J3 + O2  2.00E+64 -19.53 55122 0.01 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)J3 + O2  4.74E+79 -22.78 62194 0.1 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)J3 + O2  5.22E+74 -20.04 64069 1 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)J3 + O2  9.08E+64 -16.3 63447 10 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)J3 + O2  1.00E+55 -12.92 61316 50 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)J3 + O2  1.93E+50 -11.36 60128 100 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)OJ3 + O  3.79E+53 -14.22 38607 0.001 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)OJ3 + O  3.46E+56 -14.45 41642 0.01 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)OJ3 + O  2.26E+55 -13.59 43042 0.1 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)OJ3 + O  2.97E+45 -10.18 41098 1 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)OJ3 + O  3.81E+37 -7.52 39327 10 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)OJ3 + O  3.59E+31 -5.56 37718 50 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)OJ3 + O  8.72E+28 -4.72 36981 100 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)Q3-2J     1.50E+45 -14.57 47684 0.001 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)Q3-2J     9.28E+60 -18.21 52563 0.01 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)Q3-2J     5.10E+70 -19.92 58469 0.1 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)Q3-2J     9.38E+62 -16.6 58916 1 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)Q3-2J     9.66E+52 -12.97 57652 10 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)Q3-2J     7.62E+43 -9.92 55542 50 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)Q3-2J     4.86E+39 -8.55 54443 100 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)Q3-4J     1.25E+44 -14.43 47738 0.001 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)Q3-4J     1.23E+60 -18.12 52650 0.01 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)Q3-4J     2.88E+70 -20 58803 0.1 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)Q3-4J     1.32E+63 -16.75 59513 1 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)Q3-4J     1.34E+53 -13.09 58345 10 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)Q3-4J     7.35E+43 -9.98 56224 50 

Y(C5H3DO)OOJ22     =>  Y(C5H3DO)Q3-4J     3.80E+39 -8.58 55109 100 
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Table B.2  Calculated Reaction Parameters, K = A(T/K)
N
 Exp(-Ea/RT) (300 < T/K< 

2000), for Cyclo-Pentadienone-3-yl Radical System (Continued) 

 

Reactions A n 
Ea 

(cal/mol) 
Pressure 

(atm) 

Y(C5H3DO)OOJ22     =>  YCPDO-4,5-Y(COOC)     4.14E+48 -15.01 44095 0.001 

Y(C5H3DO)OOJ22     =>  YCPDO-4,5-Y(COOC)     2.97E+61 -17.8 49598 0.01 

Y(C5H3DO)OOJ22     =>  YCPDO-4,5-Y(COOC)     1.66E+66 -18.24 54001 0.1 

Y(C5H3DO)OOJ22     =>  YCPDO-4,5-Y(COOC)     9.13E+56 -14.67 53416 1 

Y(C5H3DO)OOJ22     =>  YCPDO-4,5-Y(COOC)     1.74E+47 -11.25 51796 10 

Y(C5H3DO)OOJ22     =>  YCPDO-4,5-Y(COOC)     1.04E+39 -8.52 49781 50 

Y(C5H3DO)OOJ22     =>  YCPDO-4,5-Y(COOC)     2.00E+35 -7.31 48782 100 

Y(C5H3DO)OOJ22     =>  YCPDO-3,4-Y(COOC)     7.65E+46 -14.81 45615 0.001 

Y(C5H3DO)OOJ22     =>  YCPDO-3,4-Y(COOC)     5.35E+61 -18.17 51074 0.01 

Y(C5H3DO)OOJ22     =>  YCPDO-3,4-Y(COOC)     2.28E+68 -19.08 56046 0.1 

Y(C5H3DO)OOJ22     =>  YCPDO-3,4-Y(COOC)     3.58E+59 -15.57 55798 1 

Y(C5H3DO)OOJ22     =>  YCPDO-3,4-Y(COOC)     4.78E+49 -12.06 54285 10 

Y(C5H3DO)OOJ22     =>  YCPDO-3,4-Y(COOC)     1.30E+41 -9.21 52227 50 

Y(C5H3DO)OOJ22     =>  YCPDO-3,4-Y(COOC)     1.65E+37 -7.94 51188 100 

Y(C5H3DO)OOJ22     =>  YCPDO-3-Y(OO)    1.78E+46 -11.44 31952 0.001 

Y(C5H3DO)OOJ22     =>  YCPDO-3-Y(OO)    5.82E+45 -10.96 33058 0.01 

Y(C5H3DO)OOJ22     =>  YCPDO-3-Y(OO)    1.69E+43 -9.92 33201 0.1 

Y(C5H3DO)OOJ22     =>  YCPDO-3-Y(OO)    6.32E+34 -7.12 31152 1 

Y(C5H3DO)OOJ22     =>  YCPDO-3-Y(OO)    6.56E+28 -5.15 29657 10 

Y(C5H3DO)OOJ22     =>  YCPDO-3-Y(OO)    2.87E+24 -3.74 28444 50 

Y(C5H3DO)OOJ22     =>  YCPDO-3-Y(OO)    4.08E+22 -3.14 27911 100 
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APPENDIX C 

POTENTIAL ENERGY PROFILES FOR INTERNAL ROTATIONS  

OF CYCLO-PENTADIENONE-2-YL AND CYCLO-PENTADIENONE-3-YL  

RADICAL SYSTEM 

 

Potential energy surface for clopentadienone and related radical species are investigated 

in this study. 

 

 

   

 

 

 

 

 

 

 

 

 

Figure C.1  Potential energy profiles for internal rotations in y(c5h3do)oh2. 

 

Figure C.2  Potential energy profiles for internal rotations in y(c5h3do)oh3. 
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Figure C.3  Potential energy profiles for internal rotations in y(c5h3do)ooh2. 

 

Figure C.4  Potential energy profiles for internal rotations in y(c5h3do)ooh3. 

 

Figure C.5  Potential energy profiles for internal rotations in y(c5h3do)oh2-3j. 
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(Note: other potential energy profiles of –oh rotor in y(c5h3do)oh2-4j and y(c5h3do)oh2-

5j also have the same trend. The highest barrier energy for y(c5h3do)oh2-4j and 

y(c5h3do)oh2-5j are 9.0 and 8.19 kcal/mol, respectively). 

 

Figure C.6  Potential energy profiles for internal rotations in y(c5h3do)oh3-2j. 

(Note: other potential energy profiles of –oh rotor in y(c5h3do)oh3-4j and y(c5h3do)oh3-

5j also have the same trend. The highest barrier energy for y(c5h3do)oh3-4j and 

y(c5h3do)oh3-5j are 7.49 and 7.39 kcal/mol, respectively). 

 

 

Figure C.7  Potential energy profiles for internal rotations in y(c5h3do)ooh2-3j. 
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Figure C.8  Potential energy profiles for internal rotations in y(c5h3do)ooh2-4j. 

 

Figure C.9  Potential energy profiles for internal rotations in y(c5h3do)ooh2-5j. 
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Figure C.10  Potential energy profiles for internal rotations in y(c5h3do)ooh3-2j. 

 

Figure C.11  Potential energy profiles for internal rotations in y(c5h3do)ooh3-4j. 

 

Figure C.12  Potential energy profiles for internal rotations in y(c5h3do)ooh3-5j. 
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APPENDIX D 

GEOMETRY COORDINATES AT CBS-QB3 COMPOSITE,  

VIZ B3LYP/CBSB7 LEVEL  

Numbering of atoms follows figure above each table presenting the z-matrix according to 

the cyclopentadienone and related radical species. 

 

Table D.1  Geometry Parameters of y(c5h4do) 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( o ) degree ( o ) 

R(1,2)  1.51 A(2,1,5)    105.63 D(5,1,2,3)  -0.01 

R(1,5)  1.51 A(2,1,6)    127.18 D(5,1,2,7)  180.00 

R(1,6)  1.21 A(5,1,6)    127.18 D(6,1,2,3)  -179.99 

R(2,3)  1.34 A(1,2,3)    107.40 D(6,1,2,7)  0.01 

R(2,7)  1.08 A(1,2,7)    123.49 D(2,1,5,4)  0.01 

R(3,4)  1.50 A(3,2,7)    129.11 D(2,1,5,10) -180.00 

R(3,8)  1.08 A(2,3,4)    109.79 D(6,1,5,4)  179.99 

R(4,5)  1.34 A(2,3,8)    126.93 D(6,1,5,10) -0.01 

R(4,9)  1.08 A(4,3,8)    123.28 D(1,2,3,4)  0.00 

R(5,10) 1.08 A(3,4,5)    109.79 D(1,2,3,8)  -180.00 

  

A(3,4,9)    123.28 D(7,2,3,4)  -180.00 

  

A(5,4,9)    126.93 D(7,2,3,8)  0.00 

  

A(1,5,4)    107.40 D(2,3,4,5)  0.00 

  

A(1,5,10)   123.49 D(2,3,4,9)  180.00 

  

A(4,5,10)   129.11 D(8,3,4,5)  -180.00 

    

D(8,3,4,9)  0.00 

    

D(3,4,5,1)  -0.01 

    

D(3,4,5,10) 180.00 

    

D(9,4,5,1)  180.00 

    

D(9,4,5,10) 0.00 
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Table D.2  Geometry Parameters of y(c5h3do)oh2 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)  1.48 A(2,1,5)   132.44 D(5,1,2,3)   -179.98 

R(1,5)  1.21 A(2,1,9)   105.77 D(5,1,2,6)   0.03 

R(1,9)  1.54 A(5,1,9)   121.80 D(9,1,2,3)   -0.02 

R(2,3)  1.35 A(1,2,3)   106.01 D(9,1,2,6)   179.99 

R(2,6)  1.08 A(1,2,6)   125.17 D(2,1,9,4)   0.02 

R(3,4)  1.49 A(3,2,6)   128.82 D(2,1,9,10)  180.01 

R(3,7)  1.08 A(2,3,4)   112.90 D(5,1,9,4)   -180.02 

R(4,8)  1.08 A(2,3,7)   125.08 D(5,1,9,10)  -0.02 

R(4,9)  1.34 A(4,3,7)   122.02 D(1,2,3,4)   0.01 

R(9,10) 1.33 A(3,4,8)   124.89 D(1,2,3,7)   180.01 

R(10,11) 0.97 A(3,4,9)   106.72 D(6,2,3,4)   -179.99 

  

A(8,4,9)   128.39 D(6,2,3,7)   0.00 

  

A(1,9,4)   108.60 D(2,3,4,8)   -180.01 

  

A(1,9,10)  118.91 D(2,3,4,9)   0.00 

  

A(4,9,10)  132.49 D(7,3,4,8)   0.00 

  

A(9,10,11) 106.31 D(7,3,4,9)   -180.00 

    

D(3,4,9,1)   -0.01 

    

D(3,4,9,10)  180.00 

    

D(8,4,9,1)   180.00 

    

D(8,4,9,10)  0.00 

    D(1,9,10,11) 0.00 

    D(4,9,10,11) -180.01 
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Table D.3  Geometry Parameters of y(c5h3do)oh3 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)   1.53 A(2,1,5)    125.43  D(5,1,2,3)    -180.00 

R(1,5)   1.21 A(2,1,8)    106.23  D(5,1,2,6)    0.00 

R(1,8)   1.48 A(5,1,8)    128.34  D(8,1,2,3)    0.00 

R(2,3)   1.33 A(1,2,3)    107.67  D(8,1,2,6)    180.00 

R(2,6)   1.08 A(1,2,6)    123.25  D(2,1,8,4)    0.00 

R(3,4)   1.50 A(3,2,6)    129.08  D(2,1,8,9)    -180.00 

R(3,7)   1.08 A(2,3,4)    108.43  D(5,1,8,4)    179.99 

R(4,8)   1.35 A(2,3,7)    129.10  D(5,1,8,9)    0.00 

R(4,10)  1.34 A(4,3,7)    122.47  D(1,2,3,4)    0.00 

R(8,9)   1.08 A(3,4,8)    111.21  D(1,2,3,7)    180.00 

R(10,11) 0.97 A(3,4,10)   117.36  D(6,2,3,4)    -180.00 

  

A(8,4,10)   131.43  D(6,2,3,7)    0.00 

  

A(1,8,4)    106.46  D(2,3,4,8)    -0.01 

  

A(1,8,9)    124.28  D(2,3,4,10)   -180.00 

  

A(4,8,9)    129.26  D(7,3,4,8)    180.00 

  

A(4,10,11)  109.67  D(7,3,4,10)   0.00 

    

 D(3,4,8,1)    0.01 

    

 D(3,4,8,9)    180.00 

    

 D(10,4,8,1)   180.00 

    

 D(10,4,8,9)   0.00 

    D(3,4,10,11)  180.00 

    D(8,4,10,11)  0.00 
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Table D.4  Geometry Parameters of y(c5h3do)q2 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)       1.49  A(2,1,5)    129.85  D(5,1,2,3)     -175.69 

R(1,5)       1.21  A(2,1,9)    105.14  D(5,1,2,6)     6.65 

R(1,9)       1.54  A(5,1,9)    124.95  D(9,1,2,3)     1.66 

R(2,3)       1.34  A(1,2,3)    106.92  D(9,1,2,6)     -175.99 

R(2,6)       1.08  A(1,2,6)    124.16  D(2,1,9,4)     -2.47 

R(3,4)       1.49  A(3,2,6)    128.87  D(2,1,9,10)    -171.69 

R(3,7)       1.08  A(2,3,4)    111.84  D(5,1,9,4)     175.06 

R(4,8)       1.08  A(2,3,7)    125.79  D(5,1,9,10)    5.83 

R(4,9)       1.34  A(4,3,7)    122.36  D(1,2,3,4)     -0.40 

R(9,10)      1.34  A(3,4,8)    125.06  D(1,2,3,7)     -179.27 

R(10,11)     1.47  A(3,4,9)    107.73  D(6,2,3,4)     177.11 

R(11,12)     0.97  A(8,4,9)    127.18  D(6,2,3,7)     -1.76 

  

 A(1,9,4)    108.30  D(2,3,4,8)     177.10 

  

 A(1,9,10)   122.48  D(2,3,4,9)     -1.22 

  

 A(4,9,10)   128.18  D(7,3,4,8)     -3.99 

  

 A(9,10,11)  109.37  D(7,3,4,9)     177.69 

  

A(10,11,12) 100.62  D(3,4,9,1)     2.22 

    

 D(3,4,9,10)    170.65 

    

 D(8,4,9,1)     -176.05 

    

 D(8,4,9,10)    -7.63 

     D(1,9,10,11)   -50.35 

     D(4,9,10,11)   142.71 

    D(9,10,11,12)  73.01 
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Table D.5  Geometry Parameters of y(c5h3do)q3 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)     1.53  A(2,1,5)     125.28 D(5,1,2,3)    179.93 

R(1,5)     1.21  A(2,1,8)     106.46 D(5,1,2,6)    -0.05 

R(1,8)     1.48  A(5,1,8)     128.26 D(8,1,2,3)    0.00 

R(2,3)     1.33  A(1,2,3)     107.84 D(8,1,2,6)    -179.98 

R(2,6)     1.08  A(1,2,6)     123.41 D(2,1,8,4)    0.11 

R(3,4)     1.50  A(3,2,6)     128.75 D(2,1,8,9)    -179.69 

R(3,7)     1.08  A(2,3,4)     107.77 D(5,1,8,4)    -179.81 

R(4,8)     1.34  A(2,3,7)     129.18 D(5,1,8,9)    0.39 

R(4,10)    1.34  A(4,3,7)     123.04 D(1,2,3,4)    -0.10 

R(8,9)     1.08  A(3,4,8)     112.08 D(1,2,3,7)    179.94 

R(10,11)   1.45  A(3,4,10)    115.38 D(6,2,3,4)    179.87 

R(11,12)   0.97  A(8,4,10)    132.53 D(6,2,3,7)    -0.08 

  

 A(1,8,4)     105.84 D(2,3,4,8)    0.19 

  

 A(1,8,9)     125.35 D(2,3,4,10)   179.93 

  

 A(4,8,9)     128.80 D(7,3,4,8)    -179.85 

  

 A(4,10,11)   109.37 D(7,3,4,10)   -0.12 

  

A(10,11,12)  98.73 D(3,4,8,1)    -0.18 

    

D(3,4,8,9)    179.61 

    

D(10,4,8,1)   -179.86 

    

D(10,4,8,9)   -0.06 

    D(3,4,10,11)  -177.63 

    D(8,4,10,11)  2.04 

    D(4,10,11,12) -155.85 
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Table D.6  Geometry Parameters of y(c5h3do)j2 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)  1.52 A(2,1,5) 103.05 D(5,1,2,3)  0.00 

R(1,5)  1.52 A(2,1,6) 127.46 D(5,1,2,7)  -180.00 

R(1,6)  1.20 A(5,1,6) 129.49 D(6,1,2,3)  180.00 

R(2,3)  1.34 A(1,2,3) 108.34 D(6,1,2,7)  0.00 

R(2,7)  1.08 A(1,2,7) 122.63 D(2,1,5,4)  0.00 

R(3,4)  1.51 A(3,2,7) 129.03 D(6,1,5,4)  180.00 

R(3,8)  1.08 A(2,3,4) 110.43 D(1,2,3,4)  0.00 

R(4,5)  1.32 A(2,3,8) 126.78 D(1,2,3,8)  -180.00 

R(4,9)  1.08 A(4,3,8) 122.79 D(7,2,3,4)  180.00 

  

A(3,4,5) 107.43 D(7,2,3,8)  0.00 

  

A(3,4,9) 123.92 D(2,3,4,5)  -0.01 

  

A(5,4,9) 128.65 D(2,3,4,9)  180.00 

  

A(1,5,4) 110.75 D(8,3,4,5)  180.00 

    

D(8,3,4,9)  0.00 

    

D(3,4,5,1)  0.01 

    

D(9,4,5,1)  -180.00 
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Table D.7  Geometry Parameters of y(c5h3do)3 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)  1.51 A(2,1,5) 106.19 D(5,1,2,3) 0.00 

R(1,5)  1.54 A(2,1,6) 127.38 D(5,1,2,7) 180.00 

R(1,6)  1.20 A(5,1,6) 126.42 D(6,1,2,3) 180.00 

R(2,3)  1.34 A(1,2,3) 107.64 D(6,1,2,7) 0.00 

R(2,7)  1.08 A(1,2,7) 123.68 D(2,1,5,4) 0.00 

R(3,4)  1.49 A(3,2,7) 128.68 D(2,1,5,9) 180.00 

R(3,8)  1.08 A(2,3,4) 107.99 D(6,1,5,4) 180.00 

R(4,5)  1.32 A(2,3,8) 127.36 D(6,1,5,9) 0.00 

R(5,9)  1.08 A(4,3,8) 124.65 D(1,2,3,4) 0.00 

  

A(3,4,5) 113.94 D(1,2,3,8) 180.00 

  

A(1,5,4) 104.24 D(7,2,3,4) -180.00 

  

A(1,5,9) 123.35 D(7,2,3,8) 0.00 

  

A(4,5,9) 132.41 D(2,3,4,5) 0.00 

    

D(8,3,4,5) 180.00 

    

D(3,4,5,1) 0.00 

    

D(3,4,5,9) 180.00 
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Table D.8  Geometry Parameters of y(c5h3do)oj2 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)  1.47 A(2,1,5)  129.44 D(5,1,2,3)  -179.97 

R(1,5)  1.21 A(2,1,8)  104.79 D(5,1,2,6)  0.03 

R(1,8)  1.57 A(5,1,8)  125.77 D(8,1,2,3)  0.00 

R(2,3)  1.40 A(1,2,3)  108.97 D(8,1,2,6)  -180.01 

R(2,6)  1.08 A(1,2,6)  124.48 D(2,1,8,4)  -0.01 

R(3,4)  1.40 A(3,2,6)  126.56 D(2,1,8,10) 180.05 

R(3,7)  1.08 A(2,3,4)  112.49 D(5,1,8,4)  179.96 

R(4,8)  1.47 A(2,3,7)  123.76 D(5,1,8,10) 0.01 

R(4,9)  1.08 A(4,3,7)  123.76 D(1,2,3,4)  0.02 

R(8,10) 1.21 A(3,4,8)  108.97 D(1,2,3,7)  180.00 

  

A(3,4,9)  126.56 D(6,2,3,4)  -179.98 

  

A(8,4,9)  124.48 D(6,2,3,7)  0.00 

  

A(1,8,4)  104.79 D(2,3,4,8)  -0.02 

  

A(1,8,10) 125.77 D(2,3,4,9)  -180.02 

  

A(4,8,10) 129.44 D(7,3,4,8)  180.00 

    

D(7,3,4,9)  0.00 

    

D(3,4,8,1)  0.02 

    

D(3,4,8,10) -180.04 

    

D(9,4,8,1)  -179.99 

    

D(9,4,8,10) -0.04 
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Table D.9  Geometry Parameters of y(c5h3do)oj3 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)  1.51 A(2,1,5)   126.38  D(5,1,2,3)   -180.01 

R(1,5)  1.22 A(2,1,8)   105.64  D(5,1,2,6)   -0.02 

R(1,8)  1.47 A(5,1,8)   127.97  D(8,1,2,3)   0.01 

R(2,3)  1.34 A(1,2,3)   110.18  D(8,1,2,6)   -179.99 

R(2,6)  1.08 A(1,2,6)   121.95  D(2,1,8,4)   -0.02 

R(3,4)  1.51 A(3,2,6)   127.88  D(2,1,8,9)   179.99 

R(3,7)  1.08 A(2,3,4)   110.18  D(5,1,8,4)   180.01 

R(4,8)  1.47 A(2,3,7)   127.88  D(5,1,8,9)   0.02 

R(4,10) 1.22 A(4,3,7)   121.94  D(1,2,3,4)   0.00 

R(8,9)  1.08 A(3,4,8)   105.64  D(1,2,3,7)   -180.00 

  

A(3,4,10)  126.38  D(6,2,3,4)   180.00 

  

A(8,4,10)  127.98  D(6,2,3,7)   0.00 

  

A(1,8,4)   108.36  D(2,3,4,8)   -0.01 

  

A(1,8,9)   125.81  D(2,3,4,10)  180.01 

  

A(4,8,9)   125.83  D(7,3,4,8)   179.99 

    

 D(7,3,4,10)  0.01 

    

 D(3,4,8,1)   0.02 

    

 D(3,4,8,9)   -179.99 

    

 D(10,4,8,1)  -180.00 

    

 D(10,4,8,9)  -0.01 
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Table D.10  Geometry Parameters of y(c5h3do)ooj2 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)   1.50 A(2,1,5)    129.18 D(5,1,2,3)    180.02 

R(1,5)   1.20 A(2,1,9)    103.89 D(5,1,2,6)    0.02 

R(1,9)   1.53 A(5,1,9)    126.93 D(9,1,2,3)    0.00 

R(2,3)   1.35 A(1,2,3)    107.84 D(9,1,2,6)    180.00 

R(2,6)   1.08 A(1,2,6)    123.43 D(2,1,9,4)    0.01 

R(3,4)   1.48 A(3,2,6)    128.73 D(2,1,9,10)   180.01 

R(3,7)   1.08 A(2,3,4)    111.40 D(5,1,9,4)    -180.01 

R(4,8)   1.08 A(2,3,7)    126.05 D(5,1,9,10)   -0.01 

R(4,9)   1.35 A(4,3,7)    122.54 D(1,2,3,4)    0.00 

R(9,10)  1.35 A(3,4,8)    125.90 D(1,2,3,7)    180.00 

R(10,11) 1.33 A(3,4,9)    107.63 D(6,2,3,4)    -180.00 

  

A(8,4,9)    126.48 D(6,2,3,7)    0.00 

  

A(1,9,4)    109.24 D(2,3,4,8)    -180.00 

  

A(1,9,10)   119.43 D(2,3,4,9)    0.01 

  

A(4,9,10)   131.33 D(7,3,4,8)    -0.01 

  

A(9,10,11)  115.14 D(7,3,4,9)    -180.00 

    

D(3,4,9,1)    -0.01 

    

D(3,4,9,10)   -180.01 

    D(8,4,9,1)    180.00 

    D(8,4,9,10)   0.00 

    

D(1,9,10,11)  180.00 

    

D(4,9,10,11)  0.00 
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Table D.11  Geometry Parameters of y(c5h3do)ooj3 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)   1.517 A(2,1,5)   126.6794 D(5,1,2,3)    180.0016 

R(1,5)   1.2065 A(2,1,8)   106.054 D(5,1,2,6)    0.0014 

R(1,8)   1.4986 A(5,1,8)   127.2666 D(8,1,2,3)    0.0003 

R(2,3)   1.3361 A(1,2,3)   108.3226 D(8,1,2,6)    180.0001 

R(2,6)   1.0799 A(1,2,6)   123.214 D(2,1,8,4)    0.0018 

R(3,4)   1.4926 A(3,2,6)   128.4634 D(2,1,8,9)    180.0008 

R(3,7)   1.0781 A(2,3,4)   107.8215 D(5,1,8,4)    180.0005 

R(4,8)   1.3474 A(2,3,7)   129.2935 D(5,1,8,9)    -0.0005 

R(4,10)  1.357 A(4,3,7)   122.8851 D(1,2,3,4)    -0.0021 

R(8,9)   1.0778 A(3,4,8)   112.1278 D(1,2,3,7)    179.9997 

R(10,11) 1.3326 A(3,4,10)  124.4717 D(6,2,3,4)    179.9981 

  

A(8,4,10)  123.4005 D(6,2,3,7)    -0.0001 

  

A(1,8,4)   105.6741 D(2,3,4,8)    0.0035 

  

A(1,8,9)   125.4569 D(2,3,4,10)   -179.999 

  

A(4,8,9)   128.869 D(7,3,4,8)    -179.998 

  

A(4,10,11) 114.7546 D(7,3,4,10)   -0.0007 

    

D(3,4,8,1)    -0.0031 

    

D(3,4,8,9)    -180.002 

    D(10,4,8,1)   179.9994 

    D(10,4,8,9)   0.0004 

    

D(3,4,10,11)  0.0015 

    

D(8,4,10,11)  -180.001 
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Table D.12  Geometry Parameters of y(c5h3do)oh2-3j 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)  1.48 A(2,1,5)  132.29 D(5,1,2,3)  180.00 

R(1,5)  1.21 A(2,1,8)  106.48 D(5,1,2,6)  0.00 

R(1,8)  1.56 A(5,1,8)  121.23 D(8,1,2,3)  0.00 

R(2,3)  1.35 A(1,2,3)  106.14 D(8,1,2,6)  180.00 

R(2,6)  1.08 A(1,2,6)  125.18 D(2,1,8,4)  0.00 

R(3,4)  1.47 A(3,2,6)  128.68 D(2,1,8,9)  180.00 

R(3,7)  1.08 A(2,3,4)  111.20 D(5,1,8,4)  -180.00 

R(4,8)  1.33 A(2,3,7)  125.52 D(5,1,8,9)  0.00 

R(8,9)  1.33 A(4,3,7)  123.28 D(1,2,3,4)  0.00 

R(9,10) 0.97 A(3,4,8)  110.89 D(1,2,3,7)  180.00 

  

A(1,8,4)  105.28 D(6,2,3,4)  180.00 

  

A(1,8,9)  119.26 D(6,2,3,7)  0.00 

  

A(4,8,9)  135.46 D(2,3,4,8)  0.00 

  

A(8,9,10) 106.56 D(7,3,4,8)  -180.00 

    

D(3,4,8,1)  0.00 

    

D(3,4,8,9)  180.00 

    

D(1,8,9,10) 0.00 

    

D(4,8,9,10) 180.00 
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Table D.13  Geometry Parameters of y(c5h3do)oh2-4j 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)  1.49 A(2,1,5)   131.79 D(5,1,2,3)  -180.01 

R(1,5)  1.21 A(2,1,8)   106.21 D(5,1,2,6)  -0.01 

R(1,8)  1.54 A(5,1,8)   122.01 D(8,1,2,3)  0.02 

R(2,3)  1.34 A(1,2,3)   103.02 D(8,1,2,6)  -179.99 

R(2,6)  1.08 A(1,2,6)   125.29 D(2,1,8,4)  -0.02 

R(3,4)  1.47 A(3,2,6)   131.69 D(2,1,8,9)  -180.02 

R(4,7)  1.08 A(2,3,4)   117.36 D(5,1,8,4)  180.00 

R(4,8)  1.35 A(3,4,7)   126.61 D(5,1,8,9)  0.00 

R(8,9)  1.33 A(3,4,8)   104.47 D(1,2,3,4)  -0.01 

R(9,10) 0.97 A(7,4,8)   128.93 D(6,2,3,4)  180.00 

  

A(1,8,4)   108.94 D(2,3,4,7)  180.01 

  

A(1,8,9)   119.24 D(2,3,4,8)  0.00 

  

A(4,8,9)   131.82 D(3,4,8,1)  0.01 

  

A(8,9,10)  106.64 D(3,4,8,9)  180.01 

    

D(7,4,8,1)  -180.00 

    

D(7,4,8,9)  0.00 

    

D(1,8,9,10) 0.00 

    

D(4,8,9,10) 180.00 
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Table D.14  Geometry Parameters of y(c5h3do)oh2-5j 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)  1.48 A(2,1,5)  134.51 D(5,1,2,3)  -179.98 

R(1,5)  1.20 A(2,1,8)  103.32 D(8,1,2,3)  0.03 

R(1,8)  1.55 A(5,1,8)  122.17 D(2,1,8,4)  -0.01 

R(2,3)  1.33 A(1,2,3)  109.56 D(2,1,8,9)  179.98 

R(3,4)  1.51 A(2,3,4)  110.59 D(5,1,8,4)  179.99 

R(3,6)  1.08 A(2,3,6)  126.83 D(5,1,8,9)  -0.01 

R(4,7)  1.08 A(4,3,6)  122.59 D(1,2,3,4)  -0.04 

R(4,8)  1.34 A(3,4,7)  124.51 D(1,2,3,6)  180.03 

R(8,9)  1.33 A(3,4,8)  107.17 D(2,3,4,7)  -179.97 

R(9,10) 0.97 A(7,4,8)  128.32 D(2,3,4,8)  0.03 

  

A(1,8,4)  109.36 D(6,3,4,7)  -0.03 

  

A(1,8,9)  118.64 D(6,3,4,8)  -180.03 

  

A(4,8,9)  132.00 D(3,4,8,1)  -0.01 

  

A(8,9,10) 106.86 D(3,4,8,9)  -180.00 

    

D(7,4,8,1)  179.99 

    

D(7,4,8,9)  0.00 

    

D(1,8,9,10) 0.01 

    

D(4,8,9,10) -180.00 
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Table D.15  Geometry Parameters of y(c5h3do)oh3-2j 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)  1.54  A(2,1,5)   125.20 D(5,1,2,3)  180.00 

R(1,5)  1.20  A(2,1,8)   103.49 D(5,1,2,6)  0.00 

R(1,8)  1.48  A(5,1,8)   131.31 D(8,1,2,3)  0.01 

R(2,3)  1.33  A(1,2,3)   108.74 D(8,1,2,6)  180.01 

R(2,6)  1.08  A(1,2,6)   122.07 D(2,1,8,4)  -0.01 

R(3,4)  1.51  A(3,2,6)   129.19 D(5,1,8,4)  -180.00 

R(3,7)  1.08  A(2,3,4)   108.73 D(1,2,3,4)  0.00 

R(4,8)  1.34  A(2,3,7)   128.94 D(1,2,3,7)  -180.00 

R(4,9)  1.34  A(4,3,7)   122.32 D(6,2,3,4)  180.00 

R(9,10) 0.97  A(3,4,8)   108.98 D(6,2,3,7)  0.00 

  

 A(3,4,9)   118.45 D(2,3,4,8)  0.00 

  

 A(8,4,9)   132.57 D(2,3,4,9)  -180.00 

  

 A(1,8,4)   110.07 D(7,3,4,8)  -180.01 

  

 A(4,9,10)  109.26 D(7,3,4,9)  0.00 

    

D(3,4,8,1)  0.01 

    

D(9,4,8,1)  180.01 

    

D(3,4,9,10) -180.00 

    

D(8,4,9,10) 0.00 
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Table D.16  Geometry Parameters of y(c5h3do)oh3-4j 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)  1.56 A(2,1,5)  124.15 D(5,1,2,3)  179.99 

R(1,5)  1.20 A(2,1,7)  106.76 D(5,1,2,6)  -0.01 

R(1,7)  1.48 A(5,1,7)  129.09 D(7,1,2,3)  0.01 

R(2,3)  1.32 A(1,2,3)  104.59 D(7,1,2,6)  -180.00 

R(2,6)  1.08 A(1,2,6)  122.68 D(2,1,7,4)  -0.01 

R(3,4)  1.49 A(3,2,6)  132.73 D(2,1,7,8)  -180.00 

R(4,7)  1.36 A(2,3,4)  112.31 D(5,1,7,4)  -179.99 

R(4,9)  1.33 A(3,4,7)  109.43 D(5,1,7,8)  0.01 

R(7,8)  1.08 A(3,4,9)  119.27 D(1,2,3,4)  0.00 

R(9,10) 0.97 A(7,4,9)  131.30 D(6,2,3,4)  180.00 

  

A(1,7,4)  106.91 D(2,3,4,7)  0.00 

  

A(1,7,8)  124.43 D(2,3,4,9)  180.00 

  

A(4,7,8)  128.66 D(3,4,7,1)  0.00 

  

A(4,9,10) 109.67 D(3,4,7,8)  180.00 

    

D(9,4,7,1)  -180.00 

    

D(9,4,7,8)  0.00 

    

D(3,4,9,10) -180.00 

    

D(7,4,9,10) 0.00 
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Table D.17  Geometry Parameters of y(c5h3do)oh3-5j 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)  1.54 A(2,1,5)  128.12  D(5,1,2,3)  -179.99 

R(1,5)  1.20 A(2,1,7)  103.42  D(7,1,2,3)  -0.01 

R(1,7)  1.49 A(5,1,7)  128.46  D(2,1,7,4)  0.01 

R(2,3)  1.32 A(1,2,3)  110.90  D(2,1,7,8)  -179.99 

R(3,4)  1.51 A(2,3,4)  106.23  D(5,1,7,4)  179.99 

R(3,6)  1.08 A(2,3,6)  130.64  D(5,1,7,8)  -0.01 

R(4,7)  1.35 A(4,3,6)  123.13  D(1,2,3,4)  0.01 

R(4,9)  1.34 A(3,4,7)  111.76  D(1,2,3,6)  180.00 

R(7,8)  1.08 A(3,4,9)  117.30  D(2,3,4,7)  0.00 

R(9,10) 0.97 A(7,4,9)  130.94  D(2,3,4,9)  -180.00 

  

A(1,7,4)  107.69  D(6,3,4,7)  -180.00 

  

A(1,7,8)  123.15  D(6,3,4,9)  0.00 

  

A(4,7,8)  129.16  D(3,4,7,1)  0.00 

  

A(4,9,10) 109.83  D(3,4,7,8)  180.00 

    

 D(9,4,7,1)  180.00 

    

 D(9,4,7,8)  0.00 

    

 D(3,4,9,10) -180.00 

    

 D(7,4,9,10) 0.00 
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Table D.18  Geometry Parameters of y(c5h3do)q2-3j 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)   1.49 A(2,1,5)  129.87 D(5,1,2,3)   175.35 

R(1,5)   1.20 A(2,1,8)  105.91 D(5,1,2,6)   -7.68 

R(1,8)   1.56 A(5,1,8)  124.14 D(8,1,2,3)   -1.48 

R(2,3)   1.35 A(1,2,3)  107.03 D(8,1,2,6)   175.49 

R(2,6)   1.08 A(1,2,6)  124.38 D(2,1,8,4)   1.51 

R(3,4)   1.48 A(3,2,6)  128.51 D(2,1,8,9)   170.51 

R(3,7)   1.08 A(2,3,4)  110.16 D(5,1,8,4)   -175.55 

R(4,8)   1.33 A(2,3,7)  126.20 D(5,1,8,9)   -6.55 

R(8,9)   1.34 A(4,3,7)  123.60 D(1,2,3,4)   0.93 

R(9,10)  1.48 A(3,4,8)  111.93 D(1,2,3,7)   178.57 

R(10,11) 0.97 A(1,8,4)  104.94 D(6,2,3,4)   -175.87 

 

 

A(1,8,9)  121.86 D(6,2,3,7)   1.76 

 

 

A(4,8,9)  132.02 D(2,3,4,8)   0.08 

  

A(8,9,10) 108.65 D(7,3,4,8)   -177.63 

  

A(9,10,11) 100.23 D(3,4,8,1)   -1.00 

    

D(3,4,8,9)   -168.40 

    

D(1,8,9,10)  56.40 

    

D(4,8,9,10)  -137.97 

    D(8,9,10,11) -83.18 
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Table D.19  Geometry Parameters of y(c5h3do)q2-4j 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)   1.51 A(2,1,5)   129.04 D(5,1,2,3)   175.65 

R(1,5)   1.21 A(2,1,8)   105.47 D(5,1,2,6)   -5.75 

R(1,8)   1.54 A(5,1,8)   125.43 D(8,1,2,3)   -1.60 

R(2,3)   1.33 A(1,2,3)   104.00 D(8,1,2,6)   176.99 

R(2,6)   1.08 A(1,2,6)   123.98 D(2,1,8,4)   1.96 

R(3,4)   1.48 A(3,2,6)   132.00 D(2,1,8,9)   172.27 

R(4,7)   1.08 A(2,3,4)   116.08 D(5,1,8,4)   -175.42 

R(4,8)   1.35 A(3,4,7)   126.68 D(5,1,8,9)   -5.12 

R(8,9)   1.34 A(3,4,8)   105.74 D(1,2,3,4)   0.82 

R(9,10)  1.47 A(7,4,8)   127.56 D(6,2,3,4)   -177.62 

R(10,11) 0.97 A(1,8,4)   108.67 D(2,3,4,7)   -178.12 

  

A(1,8,9)   122.72 D(2,3,4,8)   0.43 

  

A(4,8,9)   127.78 D(3,4,8,1)   -1.46 

  

A(8,9,10)  109.06 D(3,4,8,9)   -171.13 

  

A(9,10,11) 100.53 D(7,4,8,1)   177.08 

    

D(7,4,8,9)   7.41 

    

D(1,8,9,10)  51.69 

    

D(4,8,9,10)  -139.96 

    D(8,9,10,11) -77.89 
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Table D.20  Geometry Parameters of y(c5h3do)q2-5j 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)   1.49 A(2,1,5)   132.44 D(5,1,2,3)   -179.53 

R(1,5)   1.20 A(2,1,8)   102.61 D(8,1,2,3)   3.48 

R(1,8)   1.55 A(5,1,8)   124.88 D(2,1,8,4)   0.47 

R(2,3)   1.33 A(1,2,3)   110.04 D(2,1,8,9)   166.28 

R(3,4)   1.50 A(2,3,4)   109.89 D(5,1,8,4)   -176.83 

R(3,6)   1.08 A(2,3,6)   127.26 D(5,1,8,9)   -11.01 

R(4,7)   1.08 A(4,3,6)   122.83 D(1,2,3,4)   -5.88 

R(4,8)   1.34 A(3,4,7)   124.97 D(1,2,3,6)   172.48 

R(8,9)   1.34 A(3,4,8)   108.00 D(2,3,4,7)   -170.93 

R(9,10)  1.48 A(7,4,8)   126.96 D(2,3,4,8)   6.21 

R(10,11) 0.97 A(1,8,4)   109.09 D(6,3,4,7)   10.62 

  

A(1,8,9)   121.33 D(6,3,4,8)   -172.24 

  

A(4,8,9)   127.78 D(3,4,8,1)   -3.76 

  

A(8,9,10)  108.97 D(3,4,8,9)   -168.40 

  

A(9,10,11) 100.38 D(7,4,8,1)   173.31 

    

D(7,4,8,9)   8.67 

    

D(1,8,9,10)  56.84 

    

D(4,8,9,10)  -140.20 

    D(8,9,10,11) -78.27 
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Table D.21  Geometry Parameters of y(c5h3do)q3-2j 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)   1.54 A(2,1,5)    125.12 D(5,1,2,3)   -179.27 

R(1,5)   1.20 A(2,1,8)    103.84 D(5,1,2,6)   1.40 

R(1,8)   1.48 A(5,1,8)    131.05 D(8,1,2,3)   0.97 

R(2,3)   1.33 A(1,2,3)    108.88 D(8,1,2,6)   -178.36 

R(2,6)   1.08 A(1,2,6)    122.23 D(2,1,8,4)   -1.69 

R(3,4)   1.51 A(3,2,6)    128.89 D(5,1,8,4)   178.57 

R(3,7)   1.08 A(2,3,4)    108.10 D(1,2,3,4)   0.02 

R(4,8)   1.34 A(2,3,7)    129.03 D(1,2,3,7)   -179.70 

R(4,9)   1.34 A(4,3,7)    122.88 D(6,2,3,4)   179.29 

R(9,10)  1.45 A(3,4,8)    109.95 D(6,2,3,7)   -0.43 

R(10,11) 0.97 A(3,4,9)    116.60 D(2,3,4,8)   -1.15 

  

A(8,4,9)    133.45 D(2,3,4,9)   178.81 

  

A(1,8,4)    109.21 D(7,3,4,8)   178.60 

  

A(4,9,10)   109.37 D(7,3,4,9)   -1.45 

  

A(9,10,11)  99.68 D(3,4,8,1)   1.78 

    

D(9,4,8,1)   -178.17 

    

D(3,4,9,10)  -174.73 

    

D(8,4,9,10)  5.21 

    D(4,9,10,11) -123.48 
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Table D.22  Geometry Parameters of y(c5h3do)q3-4j 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)   1.57 A(2,1,5)   123.75 D(5,1,2,3)   180.00 

R(1,5)   1.20 A(2,1,7)   107.03 D(5,1,2,6)   0.00 

R(1,7)   1.48 A(5,1,7)   129.22 D(7,1,2,3)   0.00 

R(2,3)   1.31 A(1,2,3)   104.65 D(7,1,2,6)   180.00 

R(2,6)   1.08 A(1,2,6)   122.57 D(2,1,7,4)   0.00 

R(3,4)   1.49 A(3,2,6)   132.78 D(2,1,7,8)   -180.00 

R(4,7)   1.35 A(2,3,4)   111.60 D(5,1,7,4)   -180.00 

R(4,9)   1.33 A(3,4,7)   110.63 D(5,1,7,8)   0.00 

R(7,8)   1.08 A(3,4,9)   117.07 D(1,2,3,4)   0.00 

R(9,10)  1.45 A(7,4,9)   132.30 D(6,2,3,4)   -180.00 

R(10,11) 0.97 A(1,7,4)   106.09 D(2,3,4,7)   0.00 

  

A(1,7,8)   125.58 D(2,3,4,9)   -180.00 

  

A(4,7,8)   128.33 D(3,4,7,1)   0.00 

  

A(4,9,10)  108.86 D(3,4,7,8)   180.00 

  

A(9,10,11) 98.50 D(9,4,7,1)   180.00 

    

D(9,4,7,8)   0.00 

    

D(3,4,9,10)  -180.00 

    

D(7,4,9,10)  0.00 

    D(4,9,10,11) -179.96 
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Table D.23  Geometry Parameters of y(c5h3do)q3-5j 

Bond Distances, Angles, Dihedral Angles, 

angstrom (Ǻ) degree ( 
o 
) degree ( 

o 
) 

R(1,2)   1.54  A(2,1,5)   128.00  D(5,1,2,3)    179.78 

R(1,5)   1.20  A(2,1,7)   103.58  D(7,1,2,3)    -0.12 

R(1,7)   1.49  A(5,1,7)   128.42  D(2,1,7,4)    0.19 

R(2,3)   1.32  A(1,2,3)   111.10  D(2,1,7,8)    -179.37 

R(3,4)   1.51  A(2,3,4)   105.55  D(5,1,7,4)    -179.71 

R(3,6)   1.08  A(2,3,6)   130.71  D(5,1,7,8)    0.73 

R(4,7)   1.35  A(4,3,6)   123.74  D(1,2,3,4)    0.01 

R(4,9)   1.34  A(3,4,7)   112.62  D(1,2,3,6)    -179.96 

R(7,8)   1.08  A(3,4,9)   115.23  D(2,3,4,7)    0.12 

R(9,10)  1.45  A(7,4,9)   132.14  D(2,3,4,9)    179.77 

R(10,11) 0.97  A(1,7,4)   107.14  D(6,3,4,7)    -179.90 

  

 A(1,7,8)   124.11  D(6,3,4,9)    -0.26 

  

 A(4,7,8)   128.75  D(3,4,7,1)    -0.20 

  

 A(4,9,10)  109.67  D(3,4,7,8)    179.34 

  

A(9,10,11) 98.95  D(9,4,7,1)    -179.77 

    

 D(9,4,7,8)    -0.23 

    

 D(3,4,9,10)   -176.94 

    

 D(7,4,9,10)   2.62 

    D(4,9,10,11)  -143.70 
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APPENDIX E 

INPUT FILE FOR MODIFIED COMPUTATIONAL METHOD  

M062X/6-311+G(D,P)//CBS-QB3   

 

The input file example for modified method [M062X/6-311+G(d,p)//CBS-QB3] are 

separated in two sections as following pattern. 

 

%nprocshared=4 

%chk=m2cdc 

# M062X/6-311+g(d,p) opt freq 

 

Molecule name or note   

 

0 1 

 C               

 C                  1            B1 

 H                  2            B2    1            A1 

 H                  2            B3    1            A2    3            D1    0 

 H                  1            B4    2            A3    3            D2    0 

 H                  1            B5    2            A4    3            D3    0 

 

   B1             1.32567400 

   B2             1.08417073 

   B3             1.08417073 

   B4             1.08417126 

   B5             1.08417073 

   A1           121.60780692 

   A2           121.60780692 

   A3           121.60785192 

   A4           121.60780692 

   D1           180.00000000 

   D2             0.00000000 

   D3           180.00000000 

 

 1 2 2.0 5 1.0 6 1.0 

 2 3 1.0 4 1.0 

 3 

 4 

 5 

 6 

 

--link1-- 

%chk=m2cdc                                  

#  guess=read geom=allcheck  CBS-QB3  iop(1/7=1000000) 
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APPENDIX F 

RESULTING RATE CONSTANTS IN QRRK CALCULATION OF OH 

RADICAL ADDITION (INITIATION) WITH TRIFLUOROETHENE  

(1,1,2 TRIFLUOROETHENE) 

 

The kinetic analysis in Tables F.1 and F.2 were results from QRRK calculation for OH 

addition to trifluoroethene system. 

 

Table F.1  Calculated Reaction Parameters, k = A(T/K)
n
 exp(-Ea/RT) (300 < T/K< 2000), 

for CHF=CF2 + OH  C(OH)F2C•HF  Products System 

 

Reactions A n 
Ea 

(cal/mol) 

Pressure 

(atm) 

CF2CHF + OH => CJHFCF2OH      2.97E+40 -14.67 -912 0.001 

CF2CHF + OH => CJHFCF2OH      2.04E+48 -16.54 -1247 0.01 

CF2CHF + OH => CJHFCF2OH      7.09E+66 -21.36 3634 0.1 

CF2CHF + OH => CJHFCF2OH      3.93E+90 -27.34 14483 1 

CF2CHF + OH => CJHFCF2OH      6.44E+89 -25.84 18543 10 

CF2CHF + OH => CJHFCF2OH      7.15E+70 -19.16 15378 100 

CF2CHF + OH => CF2CHF + OH    7.97E-07 5.29 -1510 0.001 

CF2CHF + OH => CF2CHF + OH    9.35E-07 5.27 -1473 0.01 

CF2CHF + OH => CF2CHF + OH    3.67E-06 5.1 -1150 0.1 

CF2CHF + OH => CF2CHF + OH    2.50E-03 4.28 443 1 

CF2CHF + OH => CF2CHF + OH    9.59E+01 2.98 3431 10 

CF2CHF + OH => CF2CHF + OH    1.22E+03 2.74 5587 100 

CF2CHF + OH => CHFDCFOH + F   7.50E-05 4.48 6501 0.001 

CF2CHF + OH => CHFDCFOH + F   7.69E-05 4.48 6507 0.01 

CF2CHF + OH => CHFDCFOH + F   9.80E-05 4.45 6566 0.1 

CF2CHF + OH => CHFDCFOH + F   9.28E-04 4.17 7107 1 

CF2CHF + OH => CHFDCFOH + F   6.23E+00 3.07 9373 10 

CF2CHF + OH => CHFDCFOH + F   7.46E+03 2.24 12094 100 

CF2CHF + OH => CJHFCDOF + HF  9.04E+04 2.09 -3228 0.001 

CF2CHF + OH => CJHFCDOF + HF  9.01E+04 2.09 -3229 0.01 

CF2CHF + OH => CJHFCDOF + HF  1.31E+05 2.05 -3145 0.1 

CF2CHF + OH => CJHFCDOF + HF  1.16E+08 1.2 -1529 1 

CF2CHF + OH => CJHFCDOF + HF  3.85E+12 -0.08 1553 10 

CF2CHF + OH => CJHFCDOF + HF  1.87E+12 0.1 3238 100 

CF2CHF + OH => COJF2CH2F      8.52E-13 -0.47 -2505 0.001 

CF2CHF + OH => COJF2CH2F      1.33E-17 1.21 -5596 0.01 

CF2CHF + OH => COJF2CH2F      5.20E-28 4.44 12985 0.1 



188 

 

  

Table F.1  Calculated Reaction Parameters, k = A(T/K)
n
 exp(-Ea/RT) (300 < T/K< 2000), 

for CHF=CF2 + OH  C(OH)F2C•HF  Products System (Continued) 

 

Reactions A n 
Ea 

(cal/mol) 

Pressure 

(atm) 

CF2CHF + OH => COJF2CH2F      9.73E-14 0.44 -9263 1 

CF2CHF + OH => COJF2CH2F      1.09E+02 -3.69 -4150 10 

CF2CHF + OH => COJF2CH2F      4.87E+10 -6 -3936 100 

CF2CHF + OH => CF2DO + CJH2F  2.39E+03 2.3 -3391 0.001 

CF2CHF + OH => CF2DO + CJH2F  2.45E+03 2.3 -3385 0.01 

CF2CHF + OH => CF2DO + CJH2F  4.53E+03 2.22 -3242 0.1 

CF2CHF + OH => CF2DO + CJH2F  4.59E+06 1.36 -1573 1 

CF2CHF + OH => CF2DO + CJH2F  1.25E+11 0.11 1480 10 

CF2CHF + OH => CF2DO + CJH2F  6.30E+10 0.28 3167 100 

CJHFCF2OH   => CF2CHF + OH   1.02E+36 -11.91 53991 0.001 

CJHFCF2OH   => CF2CHF + OH   1.09E+44 -13.84 53718 0.01 

CJHFCF2OH   => CF2CHF + OH   7.59E+62 -18.75 58716 0.1 

CJHFCF2OH   => CF2CHF + OH   1.50E+84 -23.96 68817 1 

CJHFCF2OH   => CF2CHF + OH   4.47E+82 -22.23 72658 10 

CJHFCF2OH   => CF2CHF + OH   1.30E+65 -16 69896 100 

CJHFCF2OH   => CHFDCFOH + F  1.55E+30 -12.04 63785 0.001 

CJHFCF2OH   => CHFDCFOH + F  1.07E+36 -13.34 62171 0.01 

CJHFCF2OH   => CHFDCFOH + F  5.62E+46 -15.97 61392 0.1 

CJHFCF2OH   => CHFDCFOH + F  9.96E+75 -23.66 70290 1 

CJHFCF2OH   => CHFDCFOH + F  3.52+104 -30.59 84802 10 

CJHFCF2OH   => CHFDCFOH + F  6.15E+93 -25.74 86758 100 

CJHFCF2OH   => CJHFCDOF + HF 1.57E+51 -12.66 44108 0.001 

CJHFCF2OH   => CJHFCDOF + HF 3.10E+51 -12.41 45368 0.01 

CJHFCF2OH   => CJHFCDOF + HF 4.33E+49 -11.53 45886 0.1 

CJHFCF2OH   => CJHFCDOF + HF 1.17E+43 -9.23 44752 1 

CJHFCF2OH   => CJHFCDOF + HF 5.92E+35 -6.76 43164 10 

CJHFCF2OH   => CJHFCDOF + HF 8.94E+28 -4.51 41461 100 

CJHFCF2OH   => COJF2CH2F     8.58E+55 -14.91 46264 0.001 

CJHFCF2OH   => COJF2CH2F     1.09E+58 -15.01 48647 0.01 

CJHFCF2OH   => COJF2CH2F     8.40E+55 -13.91 49568 0.1 

CJHFCF2OH   => COJF2CH2F     4.18E+48 -11.28 48536 1 

CJHFCF2OH   => COJF2CH2F     3.48E+40 -8.51 46921 10 

CJHFCF2OH   => COJF2CH2F     3.95E+32 -5.87 44999 100 

COJF2CH2F   => CF2DO + CJH2F 2.44E+23 -4.94 13351 0.001 

COJF2CH2F   => CF2DO + CJH2F 2.44E+24 -4.94 13351 0.01 

COJF2CH2F   => CF2DO + CJH2F 2.45E+25 -4.94 13352 0.1 

COJF2CH2F   => CF2DO + CJH2F 2.50E+26 -4.95 13359 1 

COJF2CH2F   => CF2DO + CJH2F 3.08E+27 -4.97 13421 10 
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Table F.1  Calculated Reaction Parameters, k = A(T/K)
n
 exp(-Ea/RT) (300 < T/K< 2000), 

for CHF=CF2 + OH  C(OH)F2C•HF  Products System (Continued) 

 

Reactions A n 
Ea 

(cal/mol) 

Pressure 

(atm) 

COJF2CH2F   => CF2DO + CJH2F 1.21E+29 -5.14 13869 100 

COJF2CH2F   => CJHFCF2OH     1.12E+11 -4.27 26348 0.001 

COJF2CH2F   => CJHFCF2OH     1.12E+12 -4.27 26347 0.01 

COJF2CH2F   => CJHFCF2OH     1.09E+13 -4.26 26339 0.1 

COJF2CH2F   => CJHFCF2OH     8.44E+13 -4.23 26259 1 

COJF2CH2F   => CJHFCF2OH     8.81E+13 -3.96 25528 10 

COJF2CH2F   => CJHFCF2OH     1.27E+11 -2.9 21773 100 

 

Table F.2  Calculated Reaction Parameters, k = A(T/K)
n
 exp(-Ea/RT) (300 < T/K< 2000), 

for CHF=CF2 + OH  C•F2CHF(OH)  Products System  

 

Reactions A n 
Ea 

(cal/mol) 

Pressure 

(atm) 

 CF2CHF + OH => CJF2CHFOH       5.03E+43 -14.39 505 0.001 

 CF2CHF + OH => CJF2CHFOH       3.19E+52 -16.53 1821 0.01 

 CF2CHF + OH => CJF2CHFOH       3.40E+70 -21.21 8716 0.1 

 CF2CHF + OH => CJF2CHFOH       1.26E+81 -23.45 15269 1 

 CF2CHF + OH => CJF2CHFOH       3.06E+74 -20.6 16029 10 

 CF2CHF + OH => CJF2CHFOH       3.78E+60 -15.76 13467 100 

 CF2CHF + OH => CF2CHF + OH     1.25E-01 3.86 -582 0.001 

 CF2CHF + OH => CF2CHF + OH     1.98E-01 3.8 -475 0.01 

 CF2CHF + OH => CF2CHF + OH     4.54E+00 3.41 269 0.1 

 CF2CHF + OH => CF2CHF + OH     5.56E+04 2.24 2625 1 

 CF2CHF + OH => CF2CHF + OH     1.23E+09 1.02 5724 10 

 CF2CHF + OH => CF2CHF + OH     1.77E+09 1.06 7579 100 

 CF2CHF + OH => CF2DCFOH + H    2.26E-04 4.47 1014 0.001 

 CF2CHF + OH => CF2DCFOH + H    2.92E-04 4.44 1074 0.01 

 CF2CHF + OH => CF2DCFOH + H    2.47E-03 4.17 1580 0.1 

 CF2CHF + OH => CF2DCFOH + H    9.36E+00 3.14 3611 1 

 CF2CHF + OH => CF2DCFOH + H    3.58E+05 1.85 6714 10 

 CF2CHF + OH => CF2DCFOH + H    2.19E+06 1.7 8783 100 

 CF2CHF + OH => CJF2CDOH + HF   1.10E+06 1.76 -1959 0.001 

 CF2CHF + OH => CJF2CDOH + HF   1.28E+06 1.74 -1923 0.01 

 CF2CHF + OH => CJF2CDOH + HF   4.38E+07 1.3 -1100 0.1 

 CF2CHF + OH => CJF2CDOH + HF   1.74E+12 -0.02 1610 1 

 CF2CHF + OH => CJF2CDOH + HF   4.29E+15 -0.95 4490 10 

 CF2CHF + OH => CJF2CDOH + HF   1.13E+14 -0.4 5727 100 
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Table F.2  Calculated Reaction Parameters, k = A(T/K)
n
 exp(-Ea/RT) (300 < T/K< 2000), 

for CHF=CF2 + OH  C•F2CHF(OH)  Products System (Continued) 

 

Reactions A n 
Ea 

(cal/mol) 

Pressure 

(atm) 

 CF2CHF + OH => CJHOHCF3        6.97E+27 -11.94 -5381 0.001 

 CF2CHF + OH => CJHOHCF3        2.90E+47 -17.35 -2979 0.01 

 CF2CHF + OH => CJHOHCF3        6.01E+83 -27.19 9681 0.1 

 CF2CHF + OH => CJHOHCF3        1.10+102 -31.16 20296 1 

 CF2CHF + OH => CJHOHCF3        7.80E+96 -28.13 24399 10 

 CF2CHF + OH => CJHOHCF3        2.99E+77 -21.18 22899 100 

 CF2CHF + OH => CF3CDOH + H     2.86E+04 1.89 -2106 0.001 

 CF2CHF + OH => CF3CDOH + H     3.70E+04 1.85 -2045 0.01 

 CF2CHF + OH => CF3CDOH + H     1.78E+06 1.37 -1133 0.1 

 CF2CHF + OH => CF3CDOH + H     1.42E+12 -0.32 2305 1 

 CF2CHF + OH => CF3CDOH + H     6.78E+19 -2.48 7771 10 

 CF2CHF + OH => CF3CDOH + H     7.36E+20 -2.63 11618 100 

 CF2CHF + OH => CJF2CDOH + HF   9.08E+07 0.94 -1656 0.001 

 CF2CHF + OH => CJF2CDOH + HF   9.32E+07 0.93 -1652 0.01 

 CF2CHF + OH => CJF2CDOH + HF   2.89E+09 0.5 -861 0.1 

 CF2CHF + OH => CJF2CDOH + HF   1.80E+15 -1.16 2479 1 

 CF2CHF + OH => CJF2CDOH + HF   8.62E+22 -3.32 7939 10 

 CF2CHF + OH => CJF2CDOH + HF   3.81E+23 -3.35 11656 100 

 CF2CHF + OH => CJFOHCF2H       6.96E-21 1.53 -2213 0.001 

 CF2CHF + OH => CJFOHCF2H       4.32E-22 1.99 -7141 0.01 

 CF2CHF + OH => CJFOHCF2H       2.09E-12 -0.82 10075 0.1 

 CF2CHF + OH => CJFOHCF2H       2.41E+27 -12.23 -2302 1 

 CF2CHF + OH => CJFOHCF2H       1.20+102 -33.61 24884 10 

 CF2CHF + OH => CJFOHCF2H       1.48+134 -41.33 43982 100 

 CF2CHF + OH => CF2HCDOF + H    1.67E+01 2.28 7637 0.001 

 CF2CHF + OH => CF2HCDOF + H    1.72E+01 2.27 7645 0.01 

 CF2CHF + OH => CF2HCDOF + H    2.40E+01 2.23 7724 0.1 

 CF2CHF + OH => CF2HCDOF + H    5.97E+02 1.83 8490 1 

 CF2CHF + OH => CF2HCDOF + H    1.81E+08 0.26 11675 10 

 CF2CHF + OH => CF2HCDOF + H    1.19E+16 -1.94 17216 100 

 CF2CHF + OH => CF2DCFOH + H    2.25E-12 6.17 7810 0.001 

 CF2CHF + OH => CF2DCFOH + H    2.32E-12 6.17 7818 0.01 

 CF2CHF + OH => CF2DCFOH + H    3.21E-12 6.13 7894 0.1 

 CF2CHF + OH => CF2DCFOH + H    7.95E-11 5.73 8654 1 

 CF2CHF + OH => CF2DCFOH + H    1.17E-04 3.96 12161 10 

 CF2CHF + OH => CF2DCFOH + H    3.60E+04 1.57 18000 100 
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Table F.2  Calculated Reaction Parameters, k = A(T/K)
n
 exp(-Ea/RT) (300 < T/K< 2000), 

for CHF=CF2 + OH  C•F2CHF(OH)  Products System (Continued) 

 

Reactions A n 
Ea 

(cal/mol) 

Pressure 

(atm) 

 CF2CHF + OH => CJDOCF2H + HF   1.22E-03 3.12 7345 0.001 

 CF2CHF + OH => CJDOCF2H + HF   1.26E-03 3.12 7353 0.01 

 CF2CHF + OH => CJDOCF2H + HF   1.77E-03 3.07 7433 0.1 

 CF2CHF + OH => CJDOCF2H + HF   4.95E-02 2.66 8225 1 

 CF2CHF + OH => CJDOCF2H + HF   4.76E+04 0.94 11672 10 

 CF2CHF + OH => CJDOCF2H + HF   5.11E+12 -1.32 17353 100 

 CF2CHF + OH => CJHFCDOF + HF   3.78E+01 2.37 7865 0.001 

 CF2CHF + OH => CJHFCDOF + HF   3.90E+01 2.36 7872 0.01 

 CF2CHF + OH => CJHFCDOF + HF   5.41E+01 2.32 7950 0.1 

 CF2CHF + OH => CJHFCDOF + HF   1.24E+03 1.93 8698 1 

 CF2CHF + OH => CJHFCDOF + HF   1.78E+08 0.45 11708 10 

 CF2CHF + OH => CJHFCDOF + HF   1.15E+16 -1.74 17195 100 

 CF2CHF + OH => CHFDCFOH + F    2.53E-11 5.79 9891 0.001 

 CF2CHF + OH => CHFDCFOH + F    2.59E-11 5.79 9897 0.01 

 CF2CHF + OH => CHFDCFOH + F    3.25E-11 5.76 9950 0.1 

 CF2CHF + OH => CHFDCFOH + F    3.45E-10 5.46 10507 1 

 CF2CHF + OH => CHFDCFOH + F    1.33E-04 3.86 13639 10 

 CF2CHF + OH => CHFDCFOH + F    1.15E+05 1.33 19521 100 

 CF2CHF + OH => COJHFCHF2       2.14E-22 2.17 -5725 0.001 

 CF2CHF + OH => COJHFCHF2       3.84E-23 2.67 -6670 0.01 

 CF2CHF + OH => COJHFCHF2       4.00E-22 2.65 -7014 0.1 

 CF2CHF + OH => COJHFCHF2       2.05E-14 0.69 -3926 1 

 CF2CHF + OH => COJHFCHF2       4.35E-13 0.6 -3838 10 

 CF2CHF + OH => COJHFCHF2       1.19E-14 1.22 -8244 100 

 CF2CHF + OH => CHFDO + CJF2H   3.70E+03 2.21 -1990 0.001 

 CF2CHF + OH => CHFDO + CJF2H   4.72E+03 2.18 -1933 0.01 

 CF2CHF + OH => CHFDO + CJF2H   1.76E+05 1.73 -1083 0.1 

 CF2CHF + OH => CHFDO + CJF2H   6.24E+09 0.42 1604 1 

 CF2CHF + OH => CHFDO + CJF2H   1.82E+13 -0.53 4501 10 

 CF2CHF + OH => CHFDO + CJF2H   6.84E+11 -0.02 5795 100 

 CJF2CHFOH   => CF2CHF + OH     4.52E+42 -10.91 51532 0.001 

 CJF2CHFOH   => CF2CHF + OH     2.76E+43 -10.86 51248 0.01 

 CJF2CHFOH   => CF2CHF + OH     8.59E+48 -12.18 53104 0.1 

 CJF2CHFOH   => CF2CHF + OH     1.53E+58 -14.51 57539 1 

 CJF2CHFOH   => CF2CHF + OH     8.44E+59 -14.51 60042 10 

 CJF2CHFOH   => CF2CHF + OH     1.89E+52 -11.72 59168 100 

 

 



192 

 

  

Table F.2  Calculated Reaction Parameters, k = A(T/K)
n
 exp(-Ea/RT) (300 < T/K< 2000), 

for CHF=CF2 + OH  C•F2CHF(OH)  Products System (Continued) 

 

Reactions A n 
Ea 

(cal/mol) 

Pressure 

(atm) 

 CJF2CHFOH   => CF2DCFOH + H    1.18E+38 -10.2 54163 0.001 

 CJF2CHFOH   => CF2DCFOH + H    1.78E+36 -9.41 52208 0.01 

 CJF2CHFOH   => CF2DCFOH + H    4.06E+41 -10.74 52631 0.1 

 CJF2CHFOH   => CF2DCFOH + H    2.95E+59 -15.6 59761 1 

 CJF2CHFOH   => CF2DCFOH + H    9.54E+65 -16.86 64496 10 

 CJF2CHFOH   => CF2DCFOH + H    5.88E+56 -13.44 63639 100 

 CJF2CHFOH   => CJF2CDOH + HF   2.38E+48 -11.55 50784 0.001 

 CJF2CHFOH   => CJF2CDOH + HF   2.59E+50 -11.85 51421 0.01 

 CJF2CHFOH   => CJF2CDOH + HF   5.28E+53 -12.49 53192 0.1 

 CJF2CHFOH   => CJF2CDOH + HF   2.51E+54 -12.35 54536 1 

 CJF2CHFOH   => CJF2CDOH + HF   1.38E+51 -11.08 54424 10 

 CJF2CHFOH   => CJF2CDOH + HF   1.06E+46 -9.32 53412 100 

 CJF2CHFOH   => CJHOHCF3        4.76E+48 -11.77 50785 0.001 

 CJF2CHFOH   => CJHOHCF3        5.22E+50 -12.06 51426 0.01 

 CJF2CHFOH   => CJHOHCF3        9.96E+53 -12.7 53192 0.1 

 CJF2CHFOH   => CJHOHCF3        3.33E+54 -12.51 54480 1 

 CJF2CHFOH   => CJHOHCF3        1.26E+51 -11.2 54287 10 

 CJF2CHFOH   => CJHOHCF3        1.21E+46 -9.48 53268 100 

 CJF2CHFOH   => CJFOHCF2H       1.00E+37 -11.7 61952 0.001 

 CJF2CHFOH   => CJFOHCF2H       3.12E+32 -10.14 58370 0.01 

 CJF2CHFOH   => CJFOHCF2H       2.83E+30 -9.39 53333 0.1 

 CJF2CHFOH   => CJFOHCF2H       1.03E+58 -17.23 60884 1 

 CJF2CHFOH   => CJFOHCF2H       3.08E+88 -25.38 74387 10 

 CJF2CHFOH   => CJFOHCF2H       1.24E+84 -22.9 77048 100 

 CJF2CHFOH   => COJHFCHF2       3.95E+46 -11.39 50782 0.001 

 CJF2CHFOH   => COJHFCHF2       4.27E+48 -11.69 51416 0.01 

 CJF2CHFOH   => COJHFCHF2       9.34E+51 -12.34 53192 0.1 

 CJF2CHFOH   => COJHFCHF2       6.74E+52 -12.25 54603 1 

 CJF2CHFOH   => COJHFCHF2       6.57E+49 -11.05 54609 10 

 CJF2CHFOH   => COJHFCHF2       3.77E+44 -9.24 53613 100 

 CJHOHCF3    => CF3CDOH + H     1.66E+50 -14.22 48044 0.001 

 CJHOHCF3    => CF3CDOH + H     3.11E+64 -17.82 53846 0.01 

 CJHOHCF3    => CF3CDOH + H     3.18E+70 -18.82 58418 0.1 

 CJHOHCF3    => CF3CDOH + H     1.08E+60 -14.88 57425 1 

 CJHOHCF3    => CF3CDOH + H     5.18E+51 -11.87 56364 10 

 CJHOHCF3    => CF3CDOH + H     8.98E+40 -8.26 53903 100 
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