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ABSTRACT

THERMOCHEMISTRY AND KINETIC ANALYSIS ON RADICALS OF
ACETALDEHYDE + 02, ALLYL RADICAL + 02 AND

DIETHYL AND CHLORODIETHYL SULFIDES

by
Jongwoo Lee

Thermochemical properties for reactants, intermediates, products and transition states

important in the radicals of acetaldehyde + 02 and allyl radical + 02 reaction systems are

analyzed with density functional and ab initio calculations, to evaluate the reaction paths

and kinetics in oxidation and pyrolysis. Ketene is one important product resulting from

acetaldehyde oxidation; thus thermochemistry plus isomerization and conversion

reactions of ketene are also analyzed. Enthalpies of formation are determined using

isodesmic reaction analysis at the CBSQ composite and density functional levels.

Entropies and heat capacities are determined using geometric parameters and vibration

frequencies obtained at the HF/6-31G(d') or B3LYP/6-31G(d,p) level of theory. Internal

rotor contributions are included in calculation of entropy, S°298, and heat capacities,

Cp(T). Rate constants are estimated as a function of pressure and temperature using

multifrequency quantum Rice-Ramsperger-Kassel analysis for k(E) and master equation

analysis for falloff. A mechanism for pyrolysis and oxidation of acetaldehyde and its'

corresponding radicals is constructed. The competition between reactions of radicals of

acetaldehyde with 02 versus unimolecular decomposition is evaluated versus temperature

and pressure.

Thermodynamic parameters, enthalpies, entropies and heat capacities are

evaluated for C1 and C2 chiorocarbon molecules and radicals. These thermodynamic



properties are used in evaluation and comparison of C12 + R. <=> Cl + RCA reaction rate

constants from the kinetics literature for comparison with empirical analysis. Data from

some 20 reactions in the literature show linearity on a plot of Eafwd vs. AH.,fwd, yielding

a slope of (0.38 ± 0.04) and an intercept of (10.12 ± 0.81) kcal/mol.

The use of Density Functional Theory, B3LYP/6-31g(d,p), with isodesmic

working reactions for enthalpy of formation of sulfur hydrocarbons is evaluated using a

set of known sulfur hydrocarbon / radical species. Thermodynamic and kinetic

parameters for reactants, transition states, and products from unimolecular dissociations

of sulfur species related to the chemical agent: CH3CH2SCH2CH3, CH3CH2SCH2CH3,

and CH3CH2SCH2CH3 and corresponding radicals are analyzed. Standard enthalpy,

AHf°298, for the molecules and radicals are determined using isodesmic reaction analysis

at the B3LYP/6-31G(d,p) level, with S°298 and Cp(T) determined using geometric

parameters and vibrational frequencies obtained at this same level of theory. Potential

barriers for the internal rotor potentials are also calculated at the B3LYP/6-31G(d,p)

level, and the hindered rotation contributions to S°298 and Cp(7) are calculated.
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CHAPTER 1

INTRODUCTION

1.1 Background

Important initial products from pyrolysis, oxidation, or photochemical reactions of

saturated and unsaturated hydrocarbons are the corresponding radicals. The subsequent

reactions of the hydrocarbon radicals with molecular oxygen are complex and often

difficult to study experimentally. These reactions often represent the principal pathways

of the radical conversion in hydrocarbon combustionl°2 and atmosphere oxidation.

Acetaldehyde (CH3CHO) and the radical species that result through loss of

hydrogen atoms from the carbon sites in CH3AH0 are common products (intermediates)

from oxidation of higher molecular weight hydrocarbon species in combustion and in

atmospheric chemistry. Oxidation of methane also forms these species as a result of

methyl radical combination and subsequent reactions of the ethane. The association

reaction of these radicals with molecular oxygen (302) will form chemically activated

peroxy adducts that can be stabilized, or the adduct may react via either isomerization or

dissociation to new products before stabilization. The adducts can also dissociate back to

initial reactants. These reactions are complex, because of competition between the

pressure dependent stabilization versus unimolecular reaction to new products or reverse

dissociation.l'2 The isomerization, dissociation and bimolecular reactions of the

stabilized adduct provide further complexity. The reactions of radicals from acetaldehyde

with oxygen also serve as model reactions for some reaction paths of larger aldehydic

molecule systems.

1
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Acetaldehyde (AH3AO3) is of particular interest in atmospheric chemistry

because it is formed as a product of the reaction of 03 and/or OH with naturally

occurring, nonmethane hydrocarbons, especially higher olefins such as isoprene and

terpenes. 3 °4 The photo-oxidation of hydrocarbons in photochemical smog also produces

acetaldehyde as a major intermediate product. Acetaldehyde is, in addition, a significant

product of incomplete combustion processes in diesel engines, aircraft exhausts, power

plants, waste combustion, and many other oxidation processes. Acetaldehyde is also one

of the important oxidation products of ethane and ethylene. Acetaldehyde and acetyl

radicals are important intermediates in the overall breakdown processes of higher

molecular weight and C1 hydrocarbons to CH2O, CO, CO2, and CH2O.

Acetylperoxy radicals, AH3A(0)00 (often represented as CH3CO3• or

CH3C03), are formed as a result of CH 3CO3 radical reaction with 02 and subsequent

stabilization of the energized adduct. These peroxy radicals play an important role in

atmospheric photooxidation processes:

These stabilized peroxy radicals react with NO„ when it is present in the

atmosphere and in the clean troposphere with other peroxy radicals. Acetylperoxy

radicals are the precursor of peroxyacetylnitrite (PAN) an important constituent of

photochemical smog and an air pollutant having important physiological effects. PAN is

formed by combination with N025:
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Because of its thermal stability at lower temperatures and its photochemical

inertness under tropospheric conditions, PAN can act as a temporary reservoir for NO„

and serve as a carrier for transport in colder regions of the troposphere.

1.2 Previous Studies

One absolute measurement of k1 has been reported in the literature; McDade et al.

in 1-4 Corr He at 298 K. The high-pressure

limit value of k1 = (3.01 ± 1.5) x 10 12 cm3/(mol s) recommended by the IUPAC panel is

based on the absolute measurements of McDade et al. and the pressure dependence of

the C2H5 + 02 reaction.' The results from two other studies, on the relative reactivity of

CH3C.O with 02 and C12 5 , and on the rate constant for CH3C00 with C12, 8 have been

combined to give a high-pressure limit rate constant of k1 = (1.9 ± 0.4) x 10 12 cm3/(mol s)

at room temperature.

Tyndall et al. studied the reaction of the OH radical with methyl glyoxal and

acetaldehyde in a low-pressure (ca. 3 Corr) flow reactor between 260 and 333 K. They

report rate constants for OH abstractions from the parent molecules and also report data

on further reactions of the radicals formed from the abstractions. They infer that only the

acetyl radical is formed (no indication of formyl methyl radical) and further reaction of

acetyl radical with 02 leads to noticeable regeneration of 0H based on observations

showing reduced loss of the OH versus time. Chamber experiments by the same group at

atmospheric pressure using FTIR detection showed no evidence of 0H radical

production.9
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Absolute rate constants of fluorine atom reaction with acetaldehyde were studied

by 5ehested and co-workers ° who report

and 1000 mbar total pressure of 5F 6 using pulse radiolysis combined with transient

ultraviolet absorption. They report production of two radicals: formyl methyl at 35% and

Reactions where a chlorine atom is abstracting a hydrogen atom usually have

similar A factors to that of fluorine and low Ea' s, when the reactions are exothermic, as

they are in this study. In the case of acetaldehyde, for example, k298 for Al atom

abstraction is reported as 4.58 x 10 13 [11] at 298K, while abstraction by F atom is 5.00 x

10 13 [121 The H—Cl bond is 103 kcal/mol, whereas the carbonyl C—H and methyl C—H

bonds on acetaldehyde are 88.7 and 95.3 kcal/mol, respectively. Although one might

expect some abstraction of the methyl hydrogen's by chlorine considering statistical

factors, the discussion below suggests this is small and maybe insignificant at

atmospheric temperature.

Michael et al. 13 studied the reaction of OH with acetaldehyde in a low-pressure

discharge flow reactor using resonance fluorescence to monitor OH. They also studied

the further reaction of product radical(s) (generated via the OH reaction) with 02. The

total reaction rate constant for 0H with acetaldehyde was A = 3.3 x 10 12, with a small

negative energy of activation of 610 cal/mo. Michael et al. 13 also report near complete

regeneration of the 0H radical in the 0H + acetaldehyde experiments when 02 was

initially present to further react with the product radical. This 0H regeneration was also

observed in studies where the CI atom was used to generate the acetyl radical from

acetaldehyde. They considered and rejected possible formation of formyl methyl radicals
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based on work of Gutman's research group. 14 5lagle and Gutman 14 studied formation of

the acetyl radical from acetaldehyde in the reaction of Al atoms and monitored the radical

profiles with photoionization mass spectrometry. Verification of the CD3C.O radical

versus formyl methyl was by use of deuterated acetaldehyde, CD3CHO. They observed

CD3CDO and could not detect C.D2CHO; although they did not report lower limits of

detection, they did indicate CD3CHO was readily detected.

Alvarez-Idaboy et al. 15 have recently characterized the abstraction reaction of OD

level of

theory. The reaction rate constant was calculated as k = 8.72 x 10 12 with a small negative

energy of activation, 1.71 kcal/mol. They used the canonical transition state theory as

applied to a mechanism involving the formation of a prereactive complex to reproduce

the reported experimental results. They indicated that the reaction predominantly occurs

by hydrogen abstraction from the carbonyl site, and that OD addition to the carbonyl

carbon is unfavorable. The energetics of abstraction of H's on acetaldehyde by 0D was

also studied by Aloisio and Francisco 16 at the B3LYP//6-311++G(3df,3pd) level of

theory. Binding energy (Do) for CD3CHO-D0 prereactive complex was calculated as 4.0

kcal/mol.

Although the abstraction can occur at two sites, both studies15'16  report that the

dominant reaction is the abstraction from the carbonyl site. They reported that the

position of the OD hydrogen atom in the prereactive complex is very far from the methyl

hydrogen. In addition, the energy of the methyl C—D bond is about 5 kcal/mol larger

than that of the carbonyl C—H bond. (This difference is 6.6 kcal/mol at the CBSQ level

of theory in this study.)
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Formyl methyl was generated by photodissociation of methyl vinyl ether, at 298

Here the vinoxy radical

undergoes rapid electron rearrangement to the lower energy form (ca. 16 kcal/mol lower)

formyl methyl structure. Kinetic studies on this formyl methyl radical with 02 show a

, relative to those reportedly for acetyl radical,

This suggests that formyl methyl radicals produced in

experiments on C1 or OH reaction with acetaldehyde will react about one tenth as fast

with 02, probably requiring a small or no correction to kinetic data of the faster acetyl +

02 reactions. It also suggests that a barrier to the association may exist or that there is a

very low well depth for the formyl methyl + 02 adduct.



CHAPTER 2

THERMOCHEMICAL KINETICS

2.1 Overview

Reaction kinetic models with detailed mechanisms, based on fundamental

thermochemical and kinetic principles are presently used and being developed by

researchers attempting to optimize or more fully understand a number of systems

comprised of many complex chemical reactions. These include combustion, flame

inhibition, ignition, atmospheric smog formation and transport, stratospheric ozone

depletion, municipal and hazardous wastes incineration, chemical vapor deposition,

semiconductor etching, rocket propulsion and other related fields.

To have accurate thermochemical property data for molecules, intermediate

radicals and transition states is one of the most important requirements for modeling and

simulation of these systems. These data provide determination of equilibrium, and

reverse rate constants from the forward rate constant and the equilibrium constant. Ab

initio and density functional calculations provide an opportunity to accurately estimate

thermochemical properties of reactants, intermediate radicals, and products, plus estimate

properties for transition states which is often impossible to obtain through experiment.

7
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2.2 Computational Chemistry

Ab initio molecular orbital theory is concerned with predicting the properties of atomic

and molecular systems. It is based upon the fundamental laws of quantum mechanics and

uses a variety of mathematical transformation and approximation techniques to solve the

fundamental equations, i.e. 5chr6dinger partial differential quation,

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

is the numerical value of the energy of the state, in terms of kinetic energy of symbolized

by T and potential energy V. IPA is the wavefunction.

Model chemistries are characterized by the combination of a theoretical procedure

and a basis set. 19 A basis set is a mathematical representation of the molecular orbitals

within a molecule. The basis set can be interpreted as restricting each electron to a

particular region of space. Large basis sets impose fewer constraints on electrons and

more accurately approximate exact molecular orbitals. The computation of atomic or

molecular properties with large basis sets requires correspondingly more computational

resources.

Standard basis sets for electronic structure calculation use linear combinations of

Gaussian functions to form the orbitals.19  Basis sets assign a group of basis functions to

each atom within a molecule to approximate its orbitals. These basis functions

themselves are composed of a linear combination of Gaussian functions. The linear

combined basis functions are referred to as contracted functions, and the component

Gaussian functions are referred to as primitives. A basis function consisting of a single
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Gaussian function is termed uncontracted. Explanation of the nomenclature of 6-31 G

basis set is:

• 5ix primitive Gaussians in the core function,

• Two sets of function in the valence region (one function consisting of three

primitive Gaussian, one consisting of one primitive Gaussian).

The 6-31G) indicates it is the 6-31G basis set with one d polarization function

added to the heavy atoms (now hydrogen atoms). The 6-311+G(3df,2p) is three d

functions and one f function on heavy atoms (+ means adding diffuse functions to heavy

atoms), and 2 p functions added on the hydrogen atoms. If

one more + means also adding diffuse functions to hydrogen atoms.

The Hartree-Fock (HF) calculation method does not include a full treatment of the

effects of electron correlation, i.e. it does not include the energy contributions arising

from electrons interacting with one another (electron — electron repulsion). A variety of

theoretical methods, such as Moller-Plesset perturbation (MP2), and density functional

have been developed which include some effects of electron correlation. Traditionally,

such methods are referred as post-SCF (5elf-Consistent Field) methods because they add

this electron correlation correction to the basic Hartree-Fock model.

Density functional theory (DFT) methods have recently gained widespread use in

computational chemistry. DFT methods compute electron correlation via general

functionals of the electron density. These DFT functionals partition the electronic energy

into several components, which are computed separately. They include the kinetic

energy, the electron-nuclear interaction, the coulomb repulsion, and an exchange-

correlation term accounting for the remainder of the electron-electron interactions (the
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exchange-correlation term is, itself, also divided into separate exchange and correlation

components in most actual DFT functions). A variety of functionals have been defined,

generally distinguished by the way that they treat exchange and correlation components. 19

• Local exchange and correlation functionals involve only the values of the electron

spin densities.

• Gradient-corrected functionals involve both the values of electron spin densities

and their gradients. 5uch functionals are also referred to as non-local in literature.

A popular gradient-corrected exchange functional is one proposed by Becke2 ; a

widely used gradient-corrected correlation functional is the LYP functional of

Lee, Yang and Parr. The combination of the two forms the B-LYP method.

B3LYP is Becke-style 3-parameter density functional theory (using the Lee-

Yang-Parr correlation functional).

2.3 Kinetics

2.3.1 Lindemann-Hinshelwood Mechanism for Unimolecular Reactions

A general theory for thermal unimolecular reactions that forms the basis for the current

theory of thermal unimolecular rates was proposed by Lindemann 21 in 1922. He proposed

that molecules become energized by bimolecular collisions, with a time lag between the

moment of collisional energy transfer and the time the molecule decomposes. Energized

molecules could then undergo deactivating collisions before decomposition occurred.

5teinfeld et al. 22 indicated that "A major achievement of Lindemann's theory is its ability

to explain the experimental finding that the reaction rate changes from first to second

order in going from the high- to low-pressure limit."
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5teinfeld et al.22 and Robinson et a1. 23 explained briefly the main concepts of the

Lindemann theory as follows:

(a) A certain fraction of the molecules become energized by collision, i.e. gain

energy in excess of a critical quantity E0 . The rate of the energization process depends

upon the rate of bimolecular collisions. M represents a product molecule, an added

"inert" gas molecule, or a second molecule of reactant. In the simple Lindemann theory

ki is taken to be energy-independent and is calculated from the simple collison theory

equation.

(b) Energized molecules are de-energized by collision, which is a reverse reaction

of process (1). The rate constant k_ 1 is taken to be energy-independent, and is equated

with the collison number Z1 by assuming that every collision of A* leads to a de-

energized state. This is known as "strong collision assumption" for de-energizing

collisions.

(c) There is a time-lag between the energization and unimolecular dissociation or

isomerization of the energized molecule. This unimolecular dissociation process also

occurs with a rate constant k2 independent of the energy content of A*.

If the steady-state hypothesis is applied to the concentration of A*, the overall rate

of reaction becomes
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The overall concept can be expressed by the equations below, where M can

represent a generic bath gas molecule, an added "inert" gas molecule; it may also

represent a second molecule of reactant or product. In the simple Lindemann theory k 1 ,

along with k_1 and k2 are taken to be energy-independent and are calculated from the

simple collision theory equation.

Application of the steady-state hypothesis to the concentration of A*, allows the

unimolecular rate constant and the high-pressure and low-pressure limit rate and rate

constants to be determined as follows:

One can expect the Lindemann theory to predict a linear change in the initial rate

of a unimolecular reaction with respect to concentration of M at low pressure. The

transition from high-pressure rate constant to low pressure is called "falloff region".

The k 1 in the original Lindemann theory is taken from the collision theory



The Lindemann theory, unfortunately, predicts the falloff in kun to occur at much

higher pressures than what is observed experimentally.

Based on the Lindemann's suggestion that k 1 could be increased by assuming that

the required energy (energized molecules) could be drawn in part from the internal

degrees of freedom (mainly vibration) of the reactant molecule, Hinshelwood 24 increases

k 1 by using a much higher probability of a molecule possessing total energy E o in s

Lindemann used. The result is

Since k1 increases with s classical degrees of freedom in the Lindemann-

Hinshelwood theory, then k2 = kook_i/ki should decrease with s. Thus the lifetime of the

energized molecule t c:-, 1/k2 increases when the molecule can store energy among a

greater number of degrees of freedom. Then k 2 is expected to depend on the energy of

A*. Making k2 energy-dependent, expressed as k(E), the energy interval from E to E + dE

is considered:
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It is assumed that for all pressure dk1/k_1 represents the equilibrium probability

and that the A* has energy between E and E + dE. This probability may be denoted

In order to make accurate quantitative predictions of the fall-off behavior of a

unimolecular reaction it is essential to take into account the energy dependence of the rate

constant k(E) for the conversion of energized molecules into activated complexes where

products result from decomposition or reaction of the energized complex.

5teinfeld et al. 22 noted that two quite different approaches may be taken to

determine k(E). One is to consider the explicit nature of the intramolecular motion of

highly energized molecules, such as 5later theory. The other approach is based on

statistical assumptions, such as RRK (Rice-Ramsperger-Kassel) theory and its extension,

RRKM (Marcus) theory. Most modern theories of unimolecular reaction rates, including

the 5later theory, the RRK theory and the RRKM theory, are based on the fundamental

Lindemann mechanism involving collision energy transfer of the reactant molecules, and

more specifically on Hinsheiwood's development.

2.3.2 Slater Theory

5later25 pictured a molecule as an assembly of harmonic oscillators in 1939.

Decomposition is assumed to occur when a critical coordinate (i.e. a bond length or bond

angle) attains a critical displacement. The attainment of the reaction coordinate critical

extension is not a statistical random process as in RRKM Theory, but depends on the
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energies and phases of the specific normal mode excited. 5ince energy does not flow

freely within the molecule, the theory predicts intrinsic non-RRKM behavior.

Overall, the 5later Theory is not successful in interpreting experiments.

2.3.3 RRK Theory of Unimolecular Reactions

The RRK theory was developed independently by Rice and Ramsperger 26 and Kassel.27-29

Both Rice and Ramsperger theory and Kassel theory consider that for reaction to

occur a critical energy E0 must become concentrated in one part (specific vibration) of the

molecule. They used the basic Lindemann-Hinshelwood mechanism of collision energy

transfer and de-energization, but assumed more realistically that the rate constant for

conversion of an energized molecule to products is proportional to a specific probability.

This is a finite statistical probability that energy, E 0, is found in the relevant part of the

energized molecule which contains total energy, E, is greater than E0 since E of the

molecule under consideration is assumed to be rapidly redistributed around the molecule.

This probability will increase with E and make k2 a function of its energy content; k2 is

not "energy" dependent.

The difference between the two models (Rice and Ramsperger versus Kassel) is

two-fold. First, Rice and Ramsperger used classical statistical mechanics throughout,

while Kassel used classical methods and also developed a quantum treatment. The

quantum method turns out to be much more realistic and accurate. 5econd, different

assumptions were made about the part of the molecule into which the critical energy Eon

has to be concentrated. The Kassel's model seems slightly more realistic by assuming the

energy had to be concentrated into one oscillator. The quantum version of the Kassel

theory serves as a theoretical basis for calculations performed in this thesis.
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The classical RRK theory is based on the notion that the probability that a

molecule of s classical oscillators with total energy E has energy greater than E0 in one

chosen oscillator, which is the critical mode leading to reaction. The assumptions used to

derive the quantum RRK rate constant are similar to those for classical theory. In the

quantum theory it is assumed there are s identical oscillators in the molecule, all having

frequency v. The energized molecule has n quanta, so E = nhv. The critical oscillator

must have m quanta for dissociation occurrence, m = E0/hv.

The probability that one oscillator contains at least m quanta; probability (energy

> m quanta in chosen oscillator) is then equal t022 ' 23 :

Where A is a proportion constant.

The corresponding k1(E) of the Hinsheiwood expression is now derived. It refers

to energy transfer into a specific quantum state rather than into an energy range E to E +

dE, as

Both classical and quantum versions RRK theory were developed, and in the limit

of a large excitation energy E the two versions become identical.
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In RRK theory, the assumption is made that the rate of conversion of energized

molecules into products is related to the probability that the critical energy E0 is

concentrated in one part of the molecule, e.g. in one oscillator (Kassel theory) or in one

squared term (Rice-Ramsperger theory). This probability is a function of the total energy

E of the energized molecule, and the total vibrations among which the vibration energy

quanta can be distributed.

2.3.4 RRK Theory of Unimolecular Reactions

The Rice-Ramsperger-Kassel-Marcus (RRKM) theory was developed using the RRK

model and extending it to consider explicitly vibrational and rotational energies and to

include zero point energies. 5everal minor modifications of the theory have been made,

primarily as a result of improved treatments of external degrees of freedom.

The RRKM theory is a microcanonical transition state theory.

Where A' is the transition state.

Different experimental techniques, including static pyrolysis, carrier (flow)

techniques, shock tube methods, and very low-pressure pyrolysis, have been used to

measure kuni as a function of temperature and pressure. One of the most significant

achievements of RRKM theory is its ability to match measurements of Muni with pressure.

2.3.5 Chemical Activation Reactions

The energization methods other than by molecular collision, such as photoactivation and

chemical activation, may produce a non-equilibrium situation in which molecules acquire

energies far in excess of the average thermal energy. This presence of excess energy in
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the energized adduct makes chemical activation reactions much more important in these

systems. A treatment for the rate of conversion, which includes decomposition of

energized adduct to product(s) (including back to reactant) and the competing rate of its

collision stabilization, is needed.

An example of a chemically activated reaction system is CH 3C.O with 02. As is

discussed by Lee et al., 3° CH3C.0 radical reacts with 02 to form a chemically activated,

energized adduct [CH 3 C03•*], this process of forming adduct is much more efficient

than that by thermal molecular collision, and adduct contains excess energy from the new

bond formed in this chemical (addition) reaction. The energized adduct [CH 3C03

could go back to reactant

intramolecular H shift. The QRRK analysis (A + BC —> ABC*) shows that the chemical

activation process is more important than thermal dissociation process.
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The basic idea of the treatment of a chemical activation system is that a

vibrationally excited molecule ABC * formed by an association of reactants can reform

reactants A + BC with a rate constant k'(E), form decomposition products, AB + C, with

a rate constant ka(E) or be de-energized to stable molecules ABC, X kstab(M)•

In the strong collision assumption the first order rate constant for de-energization

is equal to the collision frequency, co = Zp where p is the total pressure and Z is collision

number. (see "2.3.1 Lindemann-Hinsheiwood Mechanism for Unimolecular Reactions" )

This assumes that stabilization occurs at each collision.

5uppose that the fraction of molecules which are energized per unit time into the

energy range between E and E + dE is f(E)dE. To simplify, one can consider

decomposition path (back to reactant, A + BC, as the decomposition path), then the

fraction of ABC * decomposing (path A + BC) compared with those stabilized (path

ABC) is k(E)/ [k(E)+4 The fraction of molecules in the energy range between E and

and the total number

of molecules decomposing per unit time (D), at all energies above the critical energy Eo,

is:

Considering an average rate constant <k> for all energies above E 0, one would

have:
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The f(E) is the distribution function of energized molecules in the energy range

between E and E + dE. In the thermal energy transfer systems, this distribution function

is simply the thermal quantum Boltzmann distribution K(E) and the rate of energy

transfer into the energy range between E and E + dE is K(E)dE = dkilk2. For the

chemically activated system described here, the distribution function can be derived by

applying the principle of detailed balancing to the reverse process to reactants. Consider a

situation in which other processes can be ignored and equilibrium is established between

A* and reactants. Then the fraction of molecules with energy between E and E + dE is

Boltzmann distribution K(E)dE, so the rate of dissociation to reactants is then

K'(E)K(E)dE, and by the principle of detailed balancing this also gives the rate of

combination of reactants to give A* in this energy range. The total rate of energy transfer

to all levels above the minimum energy &in❑ (the minimum energy of A*) is:

The f(E)dE can be incorporated into QRRK theory for k(E) and kl(E) serves as a

basis for the calculations for chemical activation reaction systems.
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2.3.6 QRRK Analysis for Unimolecular and Chemical Activation Reactions

Multifrequency quantum Rice-Ramsperger-Kassel (QRRK) analysis, as initially

presented by Dean31-33 combined with the modified strong collision approach of Gilbert

et a1.34-36, to compute rate constants for both chemical activation and unimolecular

reactions, over a range of temperature and pressure. The computer program, CHEMDI5,

based on the QRRK theory outlined as above, and unimolecular dissociation and

chemical activation formalism carries out all unimolecular and chemical activation

reactions involved in this thesis. The input parameters for CHEMDI5 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; (3) Lennard-Jones transport parameters, (s (Angstroms) and elk

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

2.3.6.1 Input Information Requirements for QRRK Calculation. 	 High pressure

limit rate constants (km 's) are fitted by three parameters A, n, and Ea over temperature

range from 298 to 2000K, kook = exp(-EalR7). Entropy differences between

reactant and transition state are used to determine the pre-exponential factor, A, via

canonical Transition 5tate Theory (T5T):

Where h is the Planck constant and kB is the Boltzmann constant.

S(reactants) and Ate = H(T5T) — H(reactants). Treatment of the internal rotors for S and

CAST) of reactants and the T5T's is important here because these internal rotors are often

lost in the cyclic transition state structures. Pre-exponential factors (A), are calculated

from structures determined by Density Functional Theory (DFT) or estimated from the
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literature and from trends in homologous series of reactions. Activation energies come

from DFT plus evaluated endothermicity of reaction AU,„, from analysis of Evans-

Polanyi relationships for abstractions plus evaluation of ring strain energy, and from

analogy to similar reactions with known energies. Thermochemical properties are

provided for each system.

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. 37,38

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

CAST), and by Bozzelli et a1. 38 to yield accurate ratios of density of states to partition

coefficient, p(E)IQ.

Lennard-Jones parameters, sigma (angstroms) and Elko (Kelvin's), are obtained

from tabulations39 and from a calculation method based on molar volumes andcompressibility.4o

When necessary, estimation is done in a consistent and uniform manner via use of

generic reaction rate constants with reference to literature, experiment or theoretical

calculation in each case. The QRRK calculation input parameters and their references are

listed in the table associated with the respective reaction system.

2.3.6.2 Quantum RRK /Master Equation Calculation. The quantum RRK (QRRK)

lmaster equation analysis is described by Chang et al. 31'41 The QRRK code utilizes a

reduced set of three vibration frequencies which accurately reproduce the molecule's

(adduct) heat capacity; the code includes contribution from one external rotation in

calculation of the ratio of the density of states to the partition coefficient p(E)lQ.
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Comparisons of ratios of these p(E)lQ with direct count p(E)lQ's are shown to be

in good agreement.38 Rate constant results from the quantum RRK - Master equation

analysis are shown to accurately reproduce (model) experimental data on several

complex systems. They also provide a reasonable method to estimate rate constants for

numerical integration codes by which the effects of temperature and pressure can be

evaluated in complex reaction systems.

Multifrequency quantum Rice-Ramsperger-Kassel (QRRK) analysis is used to

calculate k(E) with master equation analysis4  for fall-off. A 500 cal. energy grain

interval is used for the energy intervals. Rate constants are obtained as a function of

temperature and pressure for the chemical activation and dissociation reactions. The

master equation analysis4 uses an exponential-down model for the energy transfer

function with (DE)°down = 1000 calomel (for N2 as bath gas). Troe et al. 42 '43 conclude that

(DE)°down is independent of temperature (293 — 866 K) for the rare and diatomic bath

gases and Hann et a1. 44 recently determined a value of (AE)°down = 500 cm -1 for matching

the two-dimensional master equation solutions to the experimental fall-off behavior in the

C3H3 + 02 system with N2 bath gas. Knyazev and 5lagle45 reported that (AE) °down

changes with temperature; they compared three models, two of which are (AErd own = ad

and (DE)°down = constant, in reaction of n-C4H9 <=> C2H5 + C2H4 with He as bath gas. The

difference between the values of the energy barrier height (E) needed to fit the

experimental data with these two models (temperature dependent versus non-temperature

dependent) for (AEI.--,°down is only 0.4 kJlmol; but this is over a relatively narrow

temperature range (560 — 620 K). A larger temperature range of 298 — 2000 K and a

constant (AErdown (where N2 is the third body) are used in this study.



CHAPTER 3

THERMOCHEMICAL AND KINETIC ANALYSIS OF
THE ACETYL RADICAL + 02 REACTION SYSTEM

3.1 Background

Several studies have illustrated that the reactions of ethy14955 and isopropyl56 radicals

at pressures from 1 to 6000 Torr and temperatures from 300 to 900 K, exhibit

significant negative temperature dependence (NTD) and complex falloff with

pressure. Acetyl radical reaction with 02 is expected to have similar complexities.

The ethyl radical + 02 reaction is the system best characterized in the

literature, and it is a useful model with which to compare CH3C.0 + 02 reaction

paths and kinetics. Analysis of the C2H5 + 02 reaction system57_59 invokes formation

of a chemically activated adduct (C2H S00•*), which can be stabilized, dissociate

back to C2H5 + 02, undergo concerted elimination to C2114 + H02 , or undergo

intramolecular hydrogen transfer to hydroperoxide alkyl radical (C.112CH200H*).

The C0112CH20OH* isomer can be stabilized, react to an epoxide YCOC + OH

(Y=cyclic), or undergo elimination to ethylene + H02. The stabilized adduct

(C211 500.) can undergo the same reactions as C2HS00.*, but at a lower rate because

of its lower energy (5cheme 3.1).

The rate of ethyl radical loss decreases significantly with temperature 5 , but

increases with pressure; this is explained by invoking reversible formation of a

weakly bound adduct. The C2H500• adduct is readily stabilized at low temperatures

24



and atmospheric pressure; but dissociates back to reactants at higher temperatures.

This rapid dissociation of the peroxy adduct is used in the explanation of the observed

25

negative temperature dependence (NTD) regime in hydrocarbon oxidation. The

epoxide (YCOC) is an observed product in this reaction system60° at least in part

formed from the HO2 addition to ethylene path6 because in this reaction system,

C2H5 + 02, C2H4 + H02, as well as adducts C2H500 and C.112CH2OOH will often

exist in a quasiequilibrium under combustion conditions. The Arrhenius A factor for

direct H0 2 elimination is much lower than that for dissociation of the complex to

reactants, but the barrier height is also lower. Stabilization and dissociation back to

reactants are dominant paths for the chemically activated adduct, whereas concerted

HO2 elimination is the important reaction channel for the stabilized adduct at lower

temperature.



There is very little information on the chemical activation reaction of CH 3C.0

radicals with 02 relative to the ethyl + 02 system. 62 The oxidation process involves

formation of a chemically activated peroxyacetyl radical, CD3C(0)00 which can

undergo reactions similar to the ethyl peroxy system.

This chapter focuses on the reaction mechanism of the acetyl radical

association with 02. Thermochemical properties are estimated for reactants,

intermediates, products and transition states in the reaction paths using ab initio and

density functional calculations. The thermochemical parameters are used to calculate

high-pressure limit rate constants using canonical Transition 5tate Theory (T5T).

Rate constants as a function of temperature and pressure are estimated using a

multifrequency quantum RRK analysis for k(E) and the master equation analysis for

falloff. The data at relevant pressures and temperatures should be useful to both

atmospheric and combustion models.

3.2 Calculation Methods

Enthalpies of formation (ATIf°2988) for reactants, intermediate radicals, transition states

and products are calculated using the CB5-Q composite method and density

functionals. The initial structure of each compound or transition state is determined

using R0HF or UHFlPM3 in M0PAC, 63 followed by optimization and vibrational

frequency calculation at the 6-31G(d') level of theory using GAU55IAN 94. 64

The prime in 6-31G(d') indicates the basis set orbitals of Petersson et al.65 '66

Transition state geometries are identified by the existence of only one imaginary

frequency, structure information, and the TST reaction coordinate vibration

26
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information. Zero-point vibrational energies (ZPVE) are scaled by 0.91844 as

recommended by Petersson et a1. 67 5ingle-point energy calculations are carried out at

the B3LYPl6-31G(d). The complete basis set (CB5-Q) method of Petersson and co-

workers for computing accurate energies 68 ' 69 is chosen as the determining enthalpies

used in this kinetic analysis.

The CB5-Q calculation sequence is performed on a geometry determined at

the MP2/6-31G(d') level followed by single-point calculations at the theory level of

QCI5D(T)/6-31+G(d'), MP4(5DQ)lCB5B4, and MP2lCB5B3 CB5Extrap =

(Nmin=10,Pop) including corrections for unpaired electron and spin contamination in

intermediate overlap (i.e., 0< a l3 5ii <1) between the a and 13 spin orbitals.70°

3.2.1 Determination of Enthalpy of Formation

Isodesmic reactions are used to determine the enthalpy of formation (ATIf°2988) for



The method of isodesmic reactions relies upon the similarity of the bonding

environments in the reactants and products that leads to cancellation of systematic

errors from the ab initio M0 calculations.71 ' It also results in a higher accuracy in

estimates of AHe298 than heats of atomization. The basic requirement of the

isodesmic reaction is that the number of bonds of each formal chemical bond type is

conserved in the reaction. In reaction (1), ab initio calculations with ZPVE and

thermal correction are performed on all four compounds in the reaction. ATIf °298 of

three of the compounds in reaction (1), excepting the target molecule,

CH3C(0)0OH in (1), have been experimentally or theoretically determined. The

unknown AHe298 of CH3C(0)OOH is obtained with the calculated ATP nffi(298) and

known ATIf°298 of the three reference compounds. The CH3 C(0)OOH,

CH3C(0)00 CH3C.O, and C0142CHO radicals are calculated in the same manner.

3.2.1.1 Enthalpies of Transition States. 	 Enthalpies of transition state structures

are estimated by evaluation of AHf°298 of the stable radical adducts from the working

reaction analysis above, plus the difference of total energies with ZPVE and thermal

correction between these radical species and the transition state. The method is

illustrated for the H —shift transition state TCC(0)00 in 5cheme 3.2 below.

Calculation of the enthalpy of formation for TCC(0)00 is not taken as the

calculated energy difference between reactant and transition state. The absolute
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enthalpies of reactant and product are first estimated using isodesmic reaction

analysis [(3) and (4)]. A1-1,-„„ is taken from Alif values determined from the separate

isodesmic reactions. AHP,TS,calc. is the difference between the calculated energy of the

transition state and reactant plus ATI(ATI -ran product 	 reactant). AIIP,TS,calc. is the

difference between the calculated energy of the transition state and product. All TS is

calculated by an average of two values ATIR',Ts,catc. and -----AHP,TS,calc.. (Table 3.1)

29

3.2.2 Determination of Entropy and Heat Capacity

The contributions of external rotation and vibrations to entropies and heat capacities

are calculated from scaled vibration frequencies and moments of inertia for the

optimized HFl6-31G(d') structures. Contributions from frequencies corresponding to

hindered internal rotation are replaced with values calculated from the method of



Pitzer and Gwinn 72 for S and Cp(T). The number of optical isomers and spin

degeneracy of unpaired electrons are also incorporated.

30

a : Units in kcal/mol

b : The activation energy and enthalpy for this transition state is estimated

by taking the difference of total energy with ZPVE and thermal correction between

the transition state and reactant (peroxy/hydroperoxide isomer).

3.2.3 High-Pressure Limit A Factor (Am) and Rate Constant (km) Determination

For the reactions where thermochemical properties of transition state are calculated

by ab initio or density functional methods, k m 's are fit by three parameters A, n, and

Entropy

differences between reactant and transition state are used to determine the pre-

exponential factor, A, via canonical Transition 5tate Theory (TST)

(hp is the Planck constant and kb is the Boltzmann constant.) Treatment of the internal

rotors for S and CAST) is important here because these internal rotors are often lost in

the cyclic transition state structures.



3.2.4 Kinetic Analysis

The potential energy surface and thermochemical properties are evaluated, and

forward or reverse rate constants (high-pressure limit) for each, elementary reaction

step are determined. Multifrequency quantum Rice-Ramsperger-Kassel (QRRK)

analysis for k(E) with the master equation analysis4  for falloff with a 0.5 kcal energy

grain is used to obtain rate constants as a function of temperature and pressure, for the

separate chemical activation and dissociation reactions.

The QRRK analysis is described by Chang et al. 3  It is shown to yield

reasonable results and provides a 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 which accurately reproduce the

molecules'(adduct) heat capacity and include one external rotation in calculation of

density of states p(E)lQ. Comparisons of ratios of these p(E)lQ (partition function Q)

with direct count p(E)/Q are shown to be in good agreement. 73 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 preexponential factor (A, n) in Ar.

Tunneling is applied for the intramolecular hydrogen atom transfer reactions

3 and hydrogen atom dissociation reactions,

eling effects are taken into account using the

Erwin-Henry code74 to determine high-pressure limit rate constant (IQ. This program

is based on Eckart's one-dimensional potential function. 75 Eckart evaluated in closed

form, an expression for the probability k(E) of crossing the barrier for a particle of

31



energy E. The Erwin-Henry code requires input of vibrational frequencies, moments

of inertia, and total energies at 0 K of reactants, transition states, and products;

imaginary frequencies are also required. Total energies are obtained from the CB5Q

composite method, vibrational frequencies and moments of inertia are obtained from

HF/6-31G(d') level of calculation. 5chwartz et al. note that calculated vibrational

frequencies corresponding to the reaction coordinate at the HFl6-31G(d) level of

theory need to be reduced by one-half to one-third for calculated rate constant to

match experimental data in abstraction reactions. 76

3.3 Results and Discussion

3.3.1 Transition States

Transition 5tates are identified as follows:

32

OH via intramolecular addition and OH elimination.

isomer via hydrogen shift.



3.3.2 Enthalpy of Formation (Arif°298) using Calculated Total Energies and
Isodesmic Reactions

The evaluated enthalpies of formation for the reference molecules and radicals in the

isodesmic reactions are listed in Table 3.2. The evaluated reaction enthalpies and

enthalpies of formation in the isodesmic reactions are listed in Table 3.3.

A low or zero A/Pran,298 in the working reactions suggests good cancellation

of errors in the reaction analysis leading to accurate Arif°298 values, and supports the

isodesmic reactions (2) and (3) and values of reference species in Table 3.2. The bond

dissociation energies of reference species in these reactions are as follows:

and CH300-H are 101.1 and 86.6 kcal/mol, respectively. 80,81,84 The data results in



being surprisingly strong, 103.95 and 98.33, respectively.

The working reactions (4) to (6) and (7) to (9) are used to estimate enthalpy of

34

a The uncertainties are evaluated from ref [78]

Entropy and heat capacities are calculated based on vibration frequencies and

moments of inertia of the optimized HF/6-31G(d') structures.

The calculation results using MP2/6-31G(d') determined geometries and

HFl6-31G(d') determined frequencies are summarized in Table 3.4. TVR represents

the sum of the contributions from translation, vibrations and external rotations for

5ymmetry, number of optical isomers and electronic spin are



incorporated in the estimation of S°(298) as described in Table 3.4. Torsion frequency

vibrations are omitted in these calculations, instead, contributions from internal

rotation for S°(298) and CASTE)' s are calculated based on rotational barrier heights,

moments of inertia of the rotors using the method of Pitzer and Gwinn, 72 data on

these parameters are listed in Table 3.5 with internal rotor contributions noted in

Table 3.4.
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3.3.4 Energy Diagram for CH3C.O + 02 Reaction System

The overall energy diagram for the CH3C.O + 02 reaction is illustrated in Figure 3.1

where enthalpies of formation are from CB5Q calculations and in units of kcallmol.

3R
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similar well depths 35.3 and 35.5 kcallmol, respectively. The H shift isomerization

and concerted HO2  elimination reaction paths for the

have major differences in the barriers. The hydrogen shift in ethylperoxy, C 2H5OO

to C0142CH200H and the barrier for HO2 molecular elimination, to C2H4 + H02, are

37.05 and 30.93 kcal/mol, respectively. The H02 elimination is clearly a more

important first step in the ethyl system. In our acetyl radical system, the H shift from

have barriers, 26.42 and 34.58 kcal/mol, respectively. The lowering of the H shift

barrier is partially due to the lower C—H bond of the methyl in the acetyl system.

The hydrogen shift is important in this acetyl radical system.

Rienstra-Kiracofe et al. 57 recently studied the C2H5 + 02 reaction system with

the CC5D and CC5D(T) ab initio methods. They showed that the concerted H02

elimination path from C2H5OO is energetically preferred and is also the only

mechanism consistent with experimental observations of a negative temperature

coefficient 14. They reported a 30.5 kcallmol well depth at 0 K; we use vibration

frequencies of C2H5 02 and C2H5OO from the HF/6-31G(d') level, and estimate a

well depth at 298 K from their data of 31.9 kcal/mol. This is 3.4 kcal/mol different

from Sheng et al.,4 whose value is closer to data of Knyazev and 5lagle,86 35.5

kcallmol, Miller et al., 87 35.3 kcal/mol and Blankly et al., 88 35.7 kcal/mol.
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are 7 — 14 kcallmol higher than those in C2H5O0H, probably because of coupling

with the C=O bond in CH3C(0)0OH.

3.3.6 Analysis of Chemical Activation Reaction in Acetyl + 02

The QRRK calculations for k(E) and the master equation analysis for falloff are

performed on this CH3C.O + 02 reaction system to estimate rate constants and to

determine important reaction paths as a function of temperature and pressure (Tables

3.7 and 3. 8).

The master equation analysis4 uses an exponential-down model for the

energy transfer function with (AErdown = 1000 callmo1, 42 '45 where N2 is the third body

(Table 3.7). Rate constants at 1 atm pressure versus 1000lT are illustrated in Figure

3.3. 5tabilization to (CH3C(=O)00•) is important below 600 K, with reverse

dissociation important at higher temperatures. The diradical, C*H2CO(O + 0H

product via RO-OH bond cleavage is also important above 1000 K, but it is 1 order of

magnitude lower than reverse dissociation at 1000 K.

are illustrated in Figure 3.4. 5tabilization is the dominant path above 0.01 atm,

whereas reverse dissociation is important below 0.01 atm. C.112CO(O + OH is also

important below 0.001 atm; but it is not important at atmospheric pressure, in

agreement with Tyndall et al. 9

Rate constants at 1000 K versus pressure are illustrated in Figure 3.5. Reverse

dissociation is the dominant path at both high and low pressures. C.112CO(O + OH

45



is more than one order of magnitude below reverse dissociation at 0.1 atm.

Stabilization decreases as pressure is decreased (as expected).

46

3.3.7 Abstraction of Methyl Hydrogen in CH3C.O by 02

A transition state for direct abstraction of methyl hydrogens on CH3C*0 by 02 to

form, ketene plus H02 is identified with a barrier of 10 kcallmol, at only the

B3LYPl6-31G(d) level. This abstraction channel to form ketene + HO2 is not

competitive with the chemical activation CH3C*0 by 02 (association) rate constant to

the same product set below 1400K at 1 atm.
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3.3.8 Unimolecular Dissociation of Acetyl PeroDy and Formyl Methyl
HydroperoDide Radicals

5tabilization of the adducts is observed to be important at lower temperature and

moderate pressure conditions. Dissociation rate constants of the stabilized adducts

are, therefore, of value. These dissociation rate parameters are estimated using QRRK

analysis for k(E) with master equation for falloff with a 0.5 kcal energy grain.
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Figure 3.6 Comparison of rate constants between Chemaster and ChemRate with
pressure in 800K with CH3 C(=O)00• dissociation.
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Figure 3.7 Comparison of rate constants between Chemaster and ChemRate with
pressure in 1000K with CH3C(=O)00• dissociation.



(3) Comparison of Dissociation Rate Constants between QRRK with Master

Equation and ChemRate (RRKM with Master Equation). Dissociation rate

constants at 800 and 1000 K versus pressure are compared between QRRK with the

master equation and ChemRate 46 (Rice-Ramsperger-Kassel-Marcus (RRKM) with

master equation) on CH3C(0)00 dissociations in Figures 3.6 and 3.7, and for

C01-12C(0)0OH in Figures 3.8 and 3.9, respectively.

Calculated rate constants from the two methods versus pressure for

CH3C(0)00 dissociation are compared in Figure 3.6 (800 K) and Figure 3.7 (1000

K). The rate constants to C01-12C(0)00H (H shift isomerization) show very good

agreement, with reasonable agreement also observed for predictions on dissociation

to CH3C*0 + 02. Chemrate predicts a slightly broader falloff for all the three reaction

paths, with the largest variation for the lowest rate channel of HO 2 elimination. This

is amplified a bit in the 1000 K data of Figure 3.7.

The C01-12C(0)0OH dissociation rate constants versus pressure are

compared in Figures 3.8 and 3.9 for 800 K and 1000 K, respectively. The YCOC(0)

+ OH products via 0H elimination and H shift isomerization (CH3C(0)00 show

agreement above 1 atm. The rate constants of ChemRate are 1.5 — 2 times higher than

those calculated by use of QRRK with master equation below 0.1 atm in both figures.
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Figure 3.8 Comparison of rate constants between Chemaster and ChemRate with
pressure in 800K with C0142C(=O)OOH dissociation.
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\ CH3 + C0

7.65 CBSQ
12.91 B3LYP

C.H 2CH0

3.52 CBSQ

3.3.9 Acetyl Radical Unimolecular Dissociation

The energy diagram for acetyl radical unimolecular dissociation is illustrated in

Figure 3.10. The acetyl radical CH 3C.O (AHf°298 = -3.08 kcallmol in CB5Q) can

decompose to CH 3 + C0 (Ea = 16.64), undergo p scission to products, CH2C0 + H

(Ea = 43.17) or isomerize via hydrogen shift (Ea = 46.11) to form the slightly higher

energy C.112CH0 isomer (W298 = 3.52).

TC.CH0-H
TC.CH0S 	 44.01 Ea=40.49 (CBSQ &
43.03 Ea39.51 CBSQ TCC.0-H 	

G3MP2/B3LYP)
43.67 Ea=40.15 B3LYP 40.09 Ea=43.17 CBSQ 46.29 Ea=42.77 B3LYP

in""% 	 41.29 Ea=44.37 B3LYP 	 ow"""t
CH2C0 + H

39.51 CBSQ
43.18 B3LYP

11
11 1-511-20a-16.64 CBSQ
14.19 Ea=17.27 B3LYP

57

11111111114

-3.08 CBSQ

Figure 3.10 Potential energy diagram of acetyl and formyl methyl radical
unimolecular isomerizationl/ dissociations (Units : kcallmol).



Table 3.10 Detailed Mechanism

Reactions A n Ea	 References

CHICHI = CH3+HCO 6.99E+44 -9.82 88320	 a
CHICHI = CHICHI+H 7.50E+44 -11.49 92652	 a

CHICHI+0H = CHICHI+IH 3.01E+13 0.0 39143	 b
HCO = H+CO 7.94E+17 -3.51 16326	 a
CHICHO+OH = CHICHI+HIH 3.37E+12 0.0 -536	 c

CHICHI+H = CHICHI+H 1.08E+13 0.0 2186	 c
CH3CHO+H = CHICHI+H 4.00E+13 0.0 4206	 d

CHICHI+IH = CHICHI+HIH 3.01E+12 0.0 8000	 b
CH3CHO+CH I = CHICHI+CHI 1.86E+8 0.0 2464	 b
CH 3 CHO+0H = C.H2CHO+H20 4.31E+11 0.0 1000	 e
CH I CHO+H = C.H2CHO+H20 2.4E+8 1.5 2103	 f

CHICHO+IH = C.H2CHO+OH 5.85E+12 0.0 1808	 b
CH3CHO+HO2 = C.H2CHO+H202 1.4E+4 2.69 14068	 f

CHI CHO+CHI = C.H2CHO+CH4 8.1E+5 1.87 5251	 f
CHICHI+0H = CH 3C(=0)00. 1.90E+76 -22.20 12775	 a
CHICHI+0H = CH2CO+HO2 3.29E+08 0.96 2341	 a
CHICHI+H = CH3C(=O)O.+O. 8.17E+13 -0.33 21744	 a
CHICHI+H = C.H2C(=O)OOH 3.91E+72 -20.99 13932	 a
CHICHI+H = CH2C0+HO2 1.23E+06 0.88 6367	 a
CHICHI+H = YCOC(=O)+OH 4.27E+21 -3.84 1444	 a
CHICHI+H = C.H2CO(O.)+OH 1.11E+16 -1.40 1250	 a

CH 3 C(=O)OO. = CHICHI+0H 1.65E+25 -5.53 28017	 a
CH IC(=O)OO. = CH2CO+HO2 8.37E+23 -5.98 29810	 a
CH IC(=O)OO. = CH3C(=O)O.+O. 9.18E+07 -6.66 46289	 a
CH IC(=O)OO. = C.H2C(=O)OOH 2.05E+17 -2.30 24938	 a
C.H2C(=O)OOH = CH2C0+HO2 4.06E+07 -3.17 27150	 a
C.H2C(=O)OOH = YCOC(=O)+OH 4.78E+20 -3.73 19179	 a
C.H2C(=O)OOH = C.H 2CO(O.)+0H 1.18E+20 -3.77 20459	 a
C.H2C(=O)OOH = CH I C(=O)OO. 8.33E+14 -1.99 19173	 a
CHIC(=O)O. = CH3+CO2 3.41E+15 -0.48 17466	 a

C.H2CHO.) = CH2+CO2 1.24E+11 -0.85 16563	 a
C.H2CHO+02 = CHH(OO.)CHO 4.15E+64 -18.13 15908	 a
C.H2CHO+0H = CH2CO+HO2 2.56E+05 2.57 23785	 a
C.H2CHO+02 = CHH(OOH)C.(=O) 2.67E+50 -18.89 15625	 a
C.H2CHO+0H = CH2C0+HO2 2.88E-03 2.06 4400	 a
C.H7CHO+02 = C0+CH 2O+OH 5.77E+14 -0.96 5752	 a

CHH(OO.)CHO = C.H2CHO +02 2.75E+51 -13.62 33711	 a
CHH(00.)CHO = CH2C0+HO2 1.81E+29 -12.65 46998	 a
CHH(OO.)CHO = CHH(OOH)C.(=O) 5.31E+34 -8.00 26153	 a
CHH(OOH)C.(=O) = CH2CO+HO2 3.02E+03 -4.73 21783	 a
CHH(OOH)C.(=O) = C0+CH2O+OH 3.93E+18 -3.43 8668	 a
CHH(OOH)C.(=O) = CHH(OO.)CHI 2.14E+06 -4.59 16759	 a

CH3CHI = CH2C0+H 2.33E-23 1.64 38980	 a
CHICHI = CH3+CO 4.87E+06 0.33 12525	 a
CH3CHI = C.H7CHO 7.10E-25 1.48 39974	 a
C.H2CHO = CH2CO+H 1.43E+38 -8.75 46719	 a
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Table 10 Detailed Mechanism (Continued)

Reactions	 A n Ea References

c.i2cHo = CHICHI 5.84E+38 -9.08 46719 a
2CHIC(=0)00. = 2CHI C(=0)0.+0H 8.51E+10 0.0 248 g
CH 3 CHO+CH 3C(=0)00•=CH IC(=0)00H+cH IC•0 2.4E+8 1.5 3643 f
CH3C1-10+CH3q=0)00•=CH 3C(=0)00H+C•H 2CHO 2.4E+8 1.5 7933 f
CH2(00.)CHO+NO = CH2(0.)CHO +N02 1.26E+12 0.0 1133 h
CH2(0.)CHO = CH20+HCO 8.72E+22 -4.9 12378 a

CH2(00)CHO = CHOCHO+H 2.94E+13 -2.2 28503 a
CHIC(=0)00.+NO = CHIC(=0)0.+N0 2 1.26E+12 0.0 1133 h
C.H7C(=0)00H+0 H = (HI0) H2CC(=O)OOH 1.10E+11 0.0 0 i
(•00)112Cc(=0)0011+NO=•0)H 2CC(=0)00H+NO 2 1.26E+12 0.0 1133 h
(HI)H7CC(=0)00H = C.H(=0)00H +CH2O 1.35E+12 0.0 20800 a
C.H(=0)00H = CO+H02 1.73E+10 0.0 16550 a
C.H(=0)00H = C02+OH 3.34E+12 0.0 24290 a
CH3+0H = CHIO+0H 2.61E+08 1.01 12487 j
CH3+OH = CH I00 1.99E+31 -6.72 4212 j
CHI00 = CHIO+0H 1.99E+20 -7.76 47315 a

CH3+CH2O = HCO+0H 5.54E+03 2.81 5862 k
CH3+H02 = CH2O+0H 1.81E+13 0.0 0 b
CHINO = CHIO+0H 6.13E+28 -5.65 31351 j
CH3O+H02 = CH2O+H202 3.01E+11 0.0 0 k
CHIO+0H = 0H+HCO 1.81E+13 0.0 3080 k
CHIO+0H = H2+HCO 2.29E+10 1.05 3279 b
CHIO+0H = H20+HCO 3.44E+09 1.18 -447 b
HCO+02 = CO+HO2 6.25E+15 -1.15 2018 j
HCO+02 = CO2+OH 5.45E+14 -1.15 2018 j

C0+0 = C02 6.17E+14 0.0 3001 k
CO2+OH = C02+OH 6.32E+06 1.5 -497 k
CO+H02 = CO2+OH 1.51E+14 0.0 23650 k

C0+OH = C02+0 2.53E+12 0.0 47693 k
H+02+M = HO2+M 1.41E+18 -0.8 0 b
H+02 = 0H+0 1.99E+14 0.0 16802 b

0H+OH = 0+H20 1.51E+09 1.14 99 b
H20+OH = H20+OH 1.02E+08 1.6 3300 b
0H+OH+M = H2O+M 2.21E+22 -2.0 0 b

0+H02 = 0H+O H 1.75E+13 0.0 -397 1
0H+HO2 = H20+OH 1.45E+16 -1.0 0 k
0H+H02 = 20H+OH 1.69E+14 0.0 874 k
0H+H02 = H2+OH 6.62E+13 0.0 2126 k
0H+H02 = H20+0 3.01E+13 0.0 1721 b

H+0+M = OH+M 4.71E+18 -1.0 0 k
H202+M = OH+OH+M 1.21E+17 0.0 45507 b
H2O2+OH = H2O+HO2 1.75E+12 0.0 318 1

H202+0 = 0H+HO2 9.63E+06 2.0 3974 k
H2O2+H = OH+H20 2.41E+13 0.0 3974 k
H2O2+H = H02+1-12 4.82E+13 0.0 7949 k
CH4+H02 = H2O2+CH3 9.04E+12 0.0 24641 b

2H02 = 20H+O H 1.00E+12 0.0 11500 j
H02+HO2 = H202+02 1.87E+12 0.0 1540 b

H+H+M = H2+M 5.44E+18 -1.3 0 k
0+H2 = 0H+OH 5.12E+04 2.67 6285 b
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3.3.10 Detailed Mechanism of Acetyl Radical Reactions

A small detailed mechanism including the reactions evaluated in this study is

assembled and listed in Table 3.10. The mechanism consists of 98 reactions and 37

species with each elementary reaction evaluated and referenced. The CHEMKIN II

integrator computer code9l is used to model the reaction conditions of Tyndall et al.

Abstraction reactions by O, H, OH, H02, 02 and CH 3 radicals are taken from

evaluated literature wherever possible. A procedure from Dean and Bozzelli 92 is used

to estimate abstraction rate constants by H, H02, CH3, and CH3C(0)00 radicals

when no literature data are available. Abstraction reactions are not considered

pressure dependent and therefore do not require falloff analysis.
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reaction with 02, are the major products. In the mechanism, the diradical,

C0142CO(O dissociates to 3CH2 + CO2 which is 13 kcallmol endothermic. Under

these 02 conditions, it is observed that only 20 % of the OH radical is regenerated

through the acetyl radical with 02 reaction. Tyndall et al. 9 and Michael et al. 13 both

report almost complete regeneration of 0H in their experiments.



3.3.11 Importance of CH3C.0 + 02 Relative to Unimolecular Dissociation ofCH3C.0

The competition between unimolecular dissociation of CH3C.0 -> CH3 + CO versus

association of CH3C.0 with 02 as a function of reactor temperature is considered.

The mechanism is used for this evaluation because the reaction system is complex; it

involves reactions of chemical activated and stabilized CH 3C(=O)00•. The

isomer has low barriers for both forward and reverse reactions

resulting in a quasiequilibria system. In addition, CH 3C.0 has a low energy

dissociation path (Ea = 16.64 kcallmol).

5everal reaction condition sets are evaluated, one similar to those of Tyndall

The reactions are evaluated at two pressures 1 Ton and 1 atm. The fraction of

acetyl radical that reacts with 0 2 versus unimolecular dissociation is summarized in

5cheme 3.3. It shows that the two reaction channels, oxidation and dissociation, are

competitive around 500 K. The unimolecular dissociation channel accounts for more

than 80% of the reaction at 600 K.

The second condition set considers the competition between oxidation and

dissociation at concentrations more relative to combustion. Mole fractions:

Plots of concentration versus

time for 10 ns, at 300 K, and 1 atm are illustrated in Figure 3.12. The
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radicals decrease slowly with time, from the oxidation with effectively no

unimolecular dissociation. At 0.1 s time, the ratio of oxidation to unimolecular

radicals

decrease by 3 orders magnitudes at 40 ns. The major product is stabilized

• which results from acetyl radical reaction with 02.
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Figure 3.12 Chemkin kinetic calculations: concentration vs. time.

Products are illustrated in Figure 3.13 for reaction at higher temperature,

750K, and 1 atm. The major products are CH3C(=O)00•, CH3 , and CO; these result

from both acetyl radical reaction with 02 and from CH3C.O unimolecular

dissociation to CH3 + CO. Above 800K, the major products are CH3 and CO from the

unimolecular dissociation. The oxidation and dissociation channels are competitive

around 750 K under these conditions. Ratios of the product sets are summarized in

Scheme 3.4 at varied temperature. These data are in reasonable agreement with the

relative rate constant at these conditions.
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Figure 3.13 Chemkin kinetic calculations: concentration vs. time.
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Figure 3.13 Chemkin kinetic calculations: concentration vs. time.
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Figure 3.13 Chemkin kinetic calculations: concentration vs. time.

65



3.4 Summary

Thermochemical properties of stable radicals and transition states on the CH3C.0 +

02 reaction system are calculated using density functional and ab initio methods with

enthalpies of formation (AIIf°2988) at the CBSQ level. Entropies (S°298) and heat

capacities (Cp° (T)) are also determined, with inclusion of internal rotor contributions.

The acetyl + 02 system has a similar well depth to that of the more studied ethyl + 0 2

system, but subsequent reaction barriers are significantly different. Reaction paths

and kinetics are analyzed on CH3C.0 + 02 reaction system using QRRK for k(E) and

the master equation for fall-off. Reaction to products is evaluated versus both

pressure and temperature.

The major reaction path at lam pressure is the stabilization of peroxy adduct

below 600 K. Reverse dissociation exhibits the highest rate constant

for both the energized and stabilized adduct above 800 K. The major product

channels are the diradical, (C.H2C(-O)O•), + 0H and ketene + HO2 paths above

1000 K at 1 atm. It is important to further analyze the reaction products that result

from this diradical.

A detailed reaction mechanism is constructed with pressure dependence for

the acetyl radical reaction with 02. 5everal paths lead to formation (regeneration) of

the 0H radical as reported in experimental studies, but use of the mechanism for

evaluation of the 0H regeneration shows results that are low compared to experiment.

The mechanism is also used to compare the competition between acetyl radical

decomposition and acetyl radical reaction with 0 2 with temperature.
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CHAPTER 4

THERMOCHEMICAL AND KINETIC ANALYSIS OF
THE FORMYL METHYL RADICAL + 02 REACTION SYSTEM

4.1 Background

Bozzelli et al.18'31and Mebel et a1. 100 have separately reported that the formyl methyl

radical is an important intermediate from reaction of vinyl radicals,

reaction system. The C2H3 0 + 0 product set is important at low pressures and it is

important above 900 K at atmospheric pressure.

radical is also formed in a number of peroxide reactions

important in intermediate temperature combustion and thermal oxidation. 101,102

Olzmann et al.103 and Atkinson et al. 104 ' 105 have shown that formyl methyl

radicals are formed in ozone reactions of olefins; where the Criegee intermediate

CH3C01100 undergoes a H shift to form a vinyl peroxide which dissociates rapidly

through cleavage of the weak CH2CHO—OH bond. An example formation of

C*H2CH0 in one reaction path for propene with ozone is illustrated in 5cheme 4.1.

Reactions involving abstraction of H atoms from acetaldehyde by Alb, F, and

0H radicals, have been studied by several research groups.9-16  While the abstraction

can occur at two sites, these studies all report that the dominant reaction at

atmospheric temperature is the abstraction from the carbonyl site to produce acetyl

radicals. 5ehested et a1. 10 are one group that have reported data for the abstraction of

hydrogen atoms, by atomic fluorine, on the methyl radicals. They reported formyl

methyl radical production at 35% and acetyl at 65% (both ± 9%)) at 295 K and 1000
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mbar. Abstraction from the methyl group producing formyl methyl radical should

become important, at increased temperatures; because of the higher degeneracy and

reduced influence of the activation energy (Ea).

5cheme 4.1 One Reaction Path for Propene + Ozone

68

Thermochemical properties are estimated for reactants, intermediates,

products and transition states in the reaction paths using ab initio and density

functional calculations. The thermochemical parameters are used to calculate high-

pressure limit rate constants using canonical Transition 5tate Theory (T5T). Rate

constants as a function of temperature and pressure are estimated using a multi-

frequency quantum RRK analysis for k(E) and master equation analysis for falloff.

The thermochemical and kinetic data at relevant pressures and temperatures should be

useful to both atmospheric and combustion models.



4.2 Calculation Methods

Enthalpies of formation (AHe2.98) for reactants, intermediate radicals, transition states

and products are calculated using CB5-Q composite method and density functional

(B3LYPl6-31G(d)) calculations. The initial structure of each compound or transition

state is determined using ROHF or UHFlPM3 in M0PAC, 63 followed by optimization

and vibrational frequency calculation at HF/6-31G(d') level of theory using

GAU55IAN 94 64 for the CB5-Q analysis. The prime in 6-3 1G(d') indicates the basis

set orbitals of Petersson et a1. 65 '66 Transition state geometries are identified by the

existence of only one imaginary frequency, structure information and the T5T

reaction coordinate vibration information. Zero-point vibrational energies (ZPVE) are

scaled by 0.91844 as recommended by Ochterski et a1. 67 5ingle point energy

calculations are carried out at the B3LYPl6-31G(d).

Ochterski et a1.67 have developed several, high level, complete basis set (CB5)

composite methods, denoted as CB5-QCllAPNO and CB5-Q. They indicate that

CB5-Q is the most accurate, for molecules with several heavy atoms, where CB5-

QCl/APN0 is more accurate, but can only be used on smaller molecules. The mean

absolute deviations from experiment for the 125 energies of the G2 test set are 0.5

and 1.0 kcallmol for CB5-QCllAPN0 and CB5-Q, respectively. Curtiss and

coworkers68 also have evaluated the CB5-Q method using isodesmic bond separation

reactions, rather than atomization energies, on the G2 neutral test set of 148

molecules. The average absolute deviation between experiment and the CB5-Q

calculated enthalpies was 1.57 kcallmol. They reported that the combination of such

bond balance reactions with G2 theory leads to a dramatic improvement in the
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accuracy of theoretically evaluated enthalpies of formation. 69 It is noted that similar

isodesmic reactions are used in this study. AHf°298 values of hydrocarbons, substituted

hydrocarbons, and corresponding radicals have been studied41,106-108 and shown 106,107

that the CB5-Q values are in agreement with accepted literature values. The CB5-Q

enthalpies are more consistent than QCI5D(T)/6-31G(d,p) single point calculations

when values of one species are compared through a series of different work reactions.

with experimental values on several oxygenated hydrocarbons is listed in 5cheme 4.2.
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The CB5-Q calculation sequence has the following steps at the noted levels

(5cheme 4.3). It also includes a correction for spin contamination and an empirical

correction (for the absolute overlap integral and the intra-orbital interference factor).

The CB5-Q calculation is indicated as being equivalent to a QCI5D(T)/6-

311+G(3df,2p) calculation. 70 ' 111 The complete basis set (CB5-Q) method of Petersson



and coworkers for computing accurate energies66'67  112 is chosen as the determining

enthalpies used in this kinetic analysis.
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4.2.1 Determination of Enthalpy of Formation

The method of isodesmic reactions is used to determine the enthalpy of formation

(A1-1P298) for parent and radical species. It provides higher accuracy for estimates of

AJIf°298 than heats of atomization. 3943



Ab initio calculations for ZPVE and thermal correction energy are performed

on all of four compounds in the reaction. The three reference compounds in the

working reaction (IRA), excepting the target molecule, CH3C*0 in (IRA), have

experimental or theoretical determined values of AHt°298. The unknown AHf°298 of

CH3C.0 is obtained with the calculated ArPran(298) and known AT4°298 of the three

reference compounds. The C01-12CHO, C(OOH)H 2CHO, C(OOH)H2CHO, and

C(OOH)H2CHO are calculated in the same manner.

4.2.2 Determination of Entropy and Heat Capacity

The contributions of vibrations and external rotation to entropies and heat capacities

are calculated from scaled vibration frequencies and moments of inertia for the

optimized HFl6-3 1 G(d') structures. Contributions to S and CASTE) from torsion

frequencies corresponding to hindered internal rotation are replaced with values

calculated from the method of Pitzer and Gwinn. 72 Number of optical isomers and

spin degeneracy of unpaired electrons are also incorporated.
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4.2.3 High-Pressure Limit A Factors (A) and Rate Constants (km) Determination

For the reactions where thermochemical properties of transition states are calculated

by ab initio or density functional methods, km 's are fit by three parameters A, n, and

Ea over temperature range from 298 to 2000K, loco=A (7)nexp(-Ea lRD: Entropy

differences between reactant and transition state are used to determine the pre-

exponential factor, A, via canonical Transition State Theory (TST)

(hp is the Planck constant and kb is the Boltzmann constant:) Treatment of the internal

rotors for S and CAS) is important here because these internal rotors are often lost in

the cyclic transition state structures:

4.2.3.1 Tunneling. Corrections for H atom tunneling are applied for the

intramolecular hydrogen atom transfer reactions of T1HS and TC.CHOS and

hydrogen atom dissociation reactions, TC.CHOS and TCC.O-H. The tunneling

corrections are determined using the Erwin-Henry computer code 74 that is based on

Eckart's one-dimensional potential function: 75 The Erwin-Henry code requires input

of vibrational frequencies, moments of inertia, symmetries, electronic degeneracies,

and total energies at 0 K of reactants, transition states, and products; imaginary

frequencies are also required: Schwartz et al: 76 note that calculated vibrational

frequencies using HFl6-31G(d) level of theory need to be reduced by one-half to one-

third in order for calculated transition states rate constant to match experimental data

in abstraction reactions from fluorinated methane's:
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4.2.4 Kinetic Analysis

Thermochemical properties for each species on the potential energy surface for the

reaction system are evaluated: Forward or reverse rate constants (high-pressure limit)

for each, elementary reaction step are determined from the calculations and use of

literature data for enthalpies of stable molecules: Reverse rate constants are calculated

from microscopic reversibility:

Multifrequency quantum Rice-Ramsperger-Kassel (QRRK) analysis is used to

calculate k(E) with a master equation analysis 4  for falloff in order to obtain rate

constants as a function of temperature and pressure: This kinetic analysis is for the

chemical activation and the dissociation reaction systems. The master equation

analysis4 uses an exponential-down model for the energy transfer function with

(AEr down = 1000 callmo1,42 '45 for N2 as the third body and a 500 cal energy grain is

used:

The RRK-Master equation analysis is described by Chang et a1. 31,41 The

QRRK code utilizes a reduced set of three vibration frequencies which accurately

reproduce the molecules' heat capacity; the code includes contribution from one

external rotation in calculation of the ratio of the density of states to the partition

coefficient p(E)/Q:

Comparisons of ratios of these p(E)lQ with direct count p(E)lQ's have been

shown to result in good agreement: 73 Rate constant results from the quantum RRK-

Master equation analysis are shown to accurately reproduce (model) experimental

data on several complex systems: 31 , 41 , 92 They also provide a reasonable method to

74



estimate rate constants for numerical integration codes by which the effects of

temperature and pressure can be incorporated in these chemical activation systems:

4.3 Results and Discussion

4.3.1 Geometries of Parent HydroperoDide Aldehyde, Two Intermediate
Radicals and Transition States

Tables B:1 [a] to [c] (Appendix B) show the MP2/6-31G(d') optimized geometries of

the C(00H)H2CHO and the two intermediate radicals, C(00H)H2CH0 and

C(00H)H2C00, respectively: All remaining structures are from MP2/6-31G(d')

determined geometries except transition states: T1E(H02), T2E(C.H200H), and

T2D(CO+CH2O+OH), which are determined from B3LYPl6-31G(d) calculations:

Energies of Activation (Ea) reported below are relative to the corresponding

stabilized adduct.

The transition state (TS) structure, TC.H2CHO-02 , is for C.H2CHO addition

to 0C to form the C(000)H2CHO peroxy radical: There is a small barrier to reaction,

2:97 kcallmol, and the well depth is 27:5 kcal/mol. The C.112CH0 structure is planar

with the 0C group perpendicular to the plane and the forming 07-C1 bond is

calculated as 1.91A.

The TS structure, T1E(H02), shows the B3LYPl6-31G(d) geometry of the TS

structure for direct HOC elimination from the peroxy adduct: C(00H)H2CHO to

CH2CO + I-10C: The 07-08 bond shortens from 1:32 to 1:26A while the 07-C1 and HA-

CC cleaving bonds lengthen to 2:31 and 1.31A, respectively: The Ea is 48:13

kcal/mol:
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H4 atom is in a bridge structure shifting from C2 to the radical site 05: The leaving

. The imaginary frequency

isomer is only slightly, 1:4 kcallmol, higher in energy than the peroxy isomer:

The TS structure for H02  elimination from the hydroperoxide acetyl radical

The cleaving 0A-C1 bond is

1.86A and the C1 -C4 bond shortens from 1:54 to 1:35A: The CH2CO is planar with

the HO2 group perpendicular to the plane.

The TS structure for 0 scission of C(00H)H2C00 to products, CO +

The cleaving C1-C2 bond is 2:32A and the transition

state C2-03 is moving to a double bond at 1:36A: The Ea is 10:32 kcallmol: The TS

structure for C(00H)H2C00 decomposition to products,

The leaving C2-C3 and 07-04 bonds are 1:69 and 1:81A,

respectively. The Ea is 16:80 kcallmol:

The TS structure for hydrogen abstraction from the

by 02 to form ketene plus H02 (Bimolecular Reaction):

: The HA atom is in a bridge structure shifting from C2 to 07.

The transition state C 1 -CC bond is 1.42A and the leaving HA-C2 and the forming H A-07

bonds are 1:35 and 1:28A, respectively: The imaginary frequency is 3425 cm -1 at

HFl6-31G(d') and the Ea is 29:03 kcallmol:
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The TS structure, TCC*0-H, is the transition state for CH 3C*0 reaction to

CH2C0 is planar with the hydrogen perpendicular to the plane:

The cleaving C4-H5 bond is 1:64A. The CH2C0 is planar with the hydrogen

perpendicular to the plane: The Ea is 40:49 kcallmol.

The H shift isomerization in formyl methyl radical,

identified as TC.CHOS: The H4 atom is in a bridge structure shifting from C2 to the

radical site on C I : The imaginary frequency is 2401 cm" 1 at HFl6-31G(d') and the Ea

is 39:51 kcallmol:

The TS structure, TCH3-CO, is for unimolecular decomposition of acetyl

and the forming CO bond lengths

are 2.11 and 1:16A, respectively: The Ea and AHfc)rxn,298 are 16:64 and 10:73

kcallmol, respectively:

4.3.2 Enthalpy of Formation (Ari1°2988) using Calculated Total Energies and
Isodesmic Reactions

The evaluated enthalpies of formation for the reference molecules and radicals in the

isodesmic reactions are listed in Table 4:1: The evaluated reaction enthalpies and

enthalpies of formation in the isodesmic reactions are listed in Table 4:2:

The working reactions (IRA) to (1R3) and (1R4) to (1R6) are used to estimate

enthalpies of CH3C.O and C.H2CHO radical species with the CBSQ composite

method.
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Table 4.1 Enthalpies of Formation for Reference Molecules in the Isodesmic
Reactions
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The average values of AHf°298 from three isodesmic reactions for CH 3C.O and

C0142CHO are -3:08 and 3:52 kcallmol by CBSQ, respectively:

A low or zero A/Pran,298 in working reactions where the central atom

environments are similar on both sides, suggests good cancellation of errors due to

similarity in the reaction environment: This should lead to accurate AHe298 values:

This also supports the hypothesis of group additivity: As an example,

The enthalpies of formation for C(00H)H 2CHO are -56:19 and -56:02

kcallmol by CBSQ and B3LYPl6-31G(d), respectively. The enthalpy of formation for

the parent hydroperoxide is important because it allows the evaluation of relative

stabilities in the peroxy radicals:

CH3C(0)OOH are compared in Table 4:3: The R-OOH bond energy in

C(OOH)H2CHO is 8 kcallmol lower than that of C2H5O0H, because radical site is

resonantly stabilized: The R0-OH and ROO-H bonds in C(OOH)H2CHO are 45:1

and 87.3 kcal/mol, similar to those in C2H5O0H, 45:1 and 85:3 kcallmol,

respectively: However, the C-O, 0-O, and O-H bond energies in CH3C(0)OOH

are 22, 6 and 11 kcallmol higher than those in C(OOH)H2CHO, respectively, because

of coupling with the C0 carbonyl bond.
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Figure 4.1 Bond dissociation energy of C(00H)H2CHO (Units : kcal/mol).
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The enthalpies of formation of the two intermediate radicals, C(OOH)H 2CHO

and C(OOH)H2CHO by CBSQ and B3LYP/6-31G(d) are obtained from use of

isodesmic reactions (1R8) to (IR11) and values of reference species in Table 4:1: The

data results in enthalpy values of -19.64 and -20:33 for C(OOH)H2CHO, -21:01 and —

21:26 for C(OOH)H2CHO, by CBSQ and B3LYPl6-31G(d), respectively: The similar

AHfc)298 values for these two radicals infer near identical bond energies at the

respective radical sites (within 1:4 kcallmol and a thermo-neutral reaction for the H

shift):
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The activation energies and enthalpies of transition states at CBS-Q level are

summarized in Table 4:4: All Ea's are at CBS-Q level except the transition states:

T1E(H02), T2E(C0H200H), and T2D(CO+CH2O+OH), which are determined from



CBS-QllB3LYPl6-31G(d) calculations; because all attempts at MP2 optimization

failed.

4.3.3 Entropy (S°(298)) and Heat Capacity (Cp(7), 300 ... TIK __. 1500)

Entropy and heat capacities are calculated based on vibration frequencies and

moments of inertia from the optimized HF/6-31G(d') structures:

The calculation results using MP2/6-31G(d') determined geometries and

HFl6-31G(d') determined frequencies are summarized in Table 4:5. TVR represents

the sum of the contributions from translation, vibrations and external rotations for

S°(298) and CAST)'s: Symmetry, number of optical isomers and electronic spin are

incorporated in estimation of g:)(298) as described in Table 4:5: Torsion frequency

vibrations are omitted in these calculations; instead, contributions from internal

rotation for g(298) and CAST)'s are calculated based on rotational barrier heights,

moments of inertia of the rotors using the method of Pitzer and Gwinn: 72

4.3.4 Energy Diagram for C0112CHO + 02 Reaction System

The energy diagram for the C.H2CHO + 02 reaction system is illustrated in Figure

4:2, where enthalpies of formation are from CBSQ calculations in units of kcal/mol.

The formyl methyl radical C.H2CHO (AHf°298 = 3:52 kcallmol) adds to 02 (Ea =

2:97) to form a C(000)H2CHO peroxy radical with a 27.5 kcal/mol well depth: This

peroxy radical can undergo dissociation back to reactants, decompose to products,

CH2CO + H02 via concerted HO2 elimination with a barrier, (Ea = 48:31) or

isomerize via hydrogen shift (Ea = 20:25) to form a C(00H)H2C00 isomer (AHf°298

= -19.64):

82



83



The C(OOH)H2CHO isomer can undergo scission to products, CH2C0 +

H02 (Ea = 23:53), decompose to CO + C01-12OOH (C01-1 2OOH rapidly dissociates to

CH20 + 0H with little or no barrier) (Ea = 10:32) via T2E(C0H2OOH), decompose

directly to C0 + CH20 + 0H (Ea = 16:80) via T2D(CO+CH2O+OH), decompose to a

diradical, CH2O.C.O + 0H via simple R0-OH bond cleavage (Ea = 40:14), or

isomerize via hydrogen shift (Ea = 18:88), to form a C(OOH)H2CHO isomer.
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4.3.5 Comparison of C0142CHO + 02, CH3C.0 + 02 and C2H5 + 02

The C0142CH0 + 02, CH3C.O + 02, 30 and C2H5 + 02 41 reaction systems have

significant differences. The C.H2CHO + 02 reaction system of this study has a lower

well depth of 27:5 kcal/mol compared to CH3C.0 + 0 2 and C2H5 + 02 : 35:5 and 35:3

kcallmol, respectively:

The H shift barriers in the C(OOH)H 2CHO and CH3C(------O)OO• peroxy

radicals are both lower than those of concerted HO2 elimination, whereas in

C2H5OO , direct H02 elimination has a lower barrier than the H shift:

The well depth and barriers of H shift and HO2 elimination in the C0142 CHO,

CH3Co0 and C2H5 with 02 reaction systems are compared in Table 4:6:

4.3.6 Analysis of the C.H2CHO + 02 Chemical Activation Reaction

The QRRK calculations for k(E) and master equation analysis for falloff are

performed on this C0142CH0 + 02 reaction system to estimate rate constants and to

determine important reaction paths as a function of temperature and pressure: Table

4:7 presents high-pressure limit kinetic parameters used as input data and Table 4:8

presents results versus temperature and pressure.

Rate constants at 1 atm pressure versus 1000/T are illustrated in Figure 4:3:

Stabilization (C(OOH)H2CHO) is important below 500 K, with reverse dissociation

and C0 + CH2O + 0H products important above 1000 K: The ketene + HO2 product

set via direct HO2 elimination is also important above 1500 K.

Plots of calculated rate constants for C0142CH0 + 02 at 298 K versus pressure

are illustrated in Figure 4:4. Stabilization is the dominant path above 0:1 atm, whereas
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Table 4.7 Input Parametersa and High-Pressure Limit Rate Constants (ko o)b for
QRRK Calculations'
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Table 4.8 Resulting Rate Constants in QRRK Calculations'

1) Calculated Reaction Parameters at P = 0.01 atm,
k = A(TlK)°exp(-EalRT) (298	 TlK__ 2000)

Reaction	 A n
Ea

(kcallmol)
k298

1 C0112CHO + 02 => C(OOH)H2CHO 1.58E+77 -21.90 19.35 6.68E+08
6 C.H2CHO + 02 => CH2C0 + HO2 1.88E+05 2.37 23.73 5.43E-07
7 C.H2CHO + 02 => C0 + CH2CO + OH 2.68E+17 -1.84 6.53 1.21E+08
8 C0H2CH0 + 02 => C(00H)H2C00 3.64E+65 -21.87 19.02 3.16E-03
2 C(000)H2CHO => C(00H)H2Ce0 8.27E+30 -6.65 24.50 3.13E-04
3 C(OOH)H2C00 => CH2C0 + H02 2.05E+40 -13.31 52.15 1.35E-31
4 C(OOH)H2CHO => C0 + CH2CO + 0H 2.36E+17 -2.95 8.10 1.37E+04
5 C(00H)H2C00 => CH2CO + HO2 1.12E+07 -3.76 21.68 6.99E-19

aihe units of A factors and rate constants k are s"' for unimolecular reactions and cm I/(mol s) for

bimolecular reactions.

2) Calculated Reaction Parameters at P = 0.1 atm,
k = A(TlK)nexp(-EalRT) (298	 TlK.._ 2000)

Reaction	 A n
Ea

(kcalImol)
k298

1 C0H2CH0 + 02 => C(OOH)H2CHO 3.88E+69 -18.84 19.24 7.33E+08
6 C*H2CHO + 02 => CH2CO + H02 1.88E+05 2.37 23.73 5.43E-07
7 C0H2CH0 + 02 => C0 + CH2C0 + OH 1.52E+20 -2.58 8.98 1.62E+07
8 C.H2CHO + 02 => C(00H)H2Ce0 3.64E+58 -19.00 19.09 3.53E-03
2 C(OOH)H2CHO => C(00H)H2Ce0 1.73E+26 -4.99 23.76 2.92E-04
3 C(OOH)H2C00 => CH2CO + H02 5.72E+45 -14.00 52.20 6.80E-28
4 C(OOH)H2C00 => C0 + CH2C0 + 0H 2.38E+18 -2.95 8.10 1.37E+05
5 C(OOH)H2CHO => CH2CO + H02 1.10E+08 -3.76 21.68 6.92E-18
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stabilization, reverse dissociation, and C0 + CH2O + OH products are important

below 0:01 atm:

Rate constants at 1000 K versus pressure are illustrated in Figure 4:5: Reverse

dissociation and CO + CH2O + OH products are most important at both high and low

pressures: Stabilization decreases as pressure is decreased:

A transition state for direct abstraction of a hydrogen from the —CHO group of

C.H2CHO by 02 to form ketene plus H02 is identified with a barrier of ca. 29

kcallmol, at the CBSQ level: (This TS is calculated as doublet:) This barrier seems

high for a reaction, which is this exothermic, so further calculations were performed:

The species structures and the barrier are further calculated using the recently

published KMLYP density functional method116 with the /6-311G(d,p) basis set: The

barrier is calculated relative to the reactants and relative to the H0 2 elimination

transition state (T2E(HO2)): Comparison of the two calculation results for the three

methods (B3LYP, KMLYP and CBSQ) is listed in Scheme 4:4: The barrier of 28:8

kcal/mol at CBSQ is similar in both comparisons: This value is 4:3 kcallmol lower

than the value from KMLYP and 4.1 kcal/mol higher that B3LYP: Kang et al. 116

reported comparisons between the B3LYP barriers and experiment show that B3LYP

is less accurate than KMLYP in estimating barriers, it has a tendency to

underestimate barriers as reported in several studies. 117-119  The value at CBSQ level is
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Figure 4.3 C0142CHO + 02 -> products k vs. 1000/T at lam.
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The barrier is determined to be high in all the calculation methods. The high

barrier is interpreted as due to the non-initiation of the new C=C II bond in the TS

structure, where some re-arrangement is required to form the ketene structure, for this

direct hydrogen abstraction by 02 from the —CH(0). The forming C=C bond is 1.42

A in the transition state structure and is 1.47 A in the stable C.H2CHO radical.

94

This direct abstraction channel to form ketene + HO2 is not competitive with

the chemical activation C01-12C00 by 02 (association) rate constant to the same

product set below 1500K at 1 atm.

4.3.8 Unimolecular Dissociation of Formyl Methyl PeroDy and Acetyl
HydroperoDide Radicals

Stabilization of the adducts is observed to be important at lower temperature and

moderate pressure conditions. Important dissociation products of the adducts and the

rate constants are, therefore, of value.

(1) C(000)H2CHO Dissociation Reaction.	 Plots of rate constants for

C(OOH)H2C00 dissociation at 1 atm pressure versus 1000lT, and rate constants at



298 K and 1000K versus pressure are illustrated in Figures B.1, B.2, and B.3,

respectively (Appendix B). C0142C00 + 02 and C0 + CH20 + 0H products via H

shift are important above 500 K at both high and low pressures. C0 + CH20 + OH

products via H shift is the dominant path below 500 K where the ketene + HO2

products increase as temperature is increased at lam pressure.

(2) C(00H)H2C•0 Dissociation Reaction. Rate constants for C(00H)H2C.O

dissociation at 1 atm pressure versus 1000lT, and rate constants at 298 K and 1000K

versus pressure are illustrated in Figures B.4, B.5, and B.6, respectively (Appendix

B). The CO + CH2O + 0H product set is most important at both high and low

temperatures and decrease as temperature is decreased. Isomerization to

shows falloff above 600K. At 298 K and 1000K, the CO + CH2O +

OH product set is the dominant path at both high and low pressures.
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4.3.10 Detailed Mechanism of Formyl Methyl Radical ODidation Reactions

A small detailed mechanism including the reactions evaluated in this study is

assembled and listed in Table 4.9. The mechanism consists of 72 reactions and 31

species with each elementary reaction evaluated and referenced. The CHEMKIN 1I

integrator code91 is used to model typical low-pressure flow reactor conditions 9 in this

study on formyl methyl radical + 02 reaction system. The acetyl radical + 02 reaction

system was previously modeled under similar conditions. 300 Abstraction reactions by

radicals are taken from evaluated literature wherever

possible. A procedure from Dean and Bozzelli92 is used to estimate abstraction rate

■ radicals when no literature data are

available.
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analyzed to model these typical low-pressure flow reactor conditions: 0 — 0.01 s, 300

K, and 3 Torn The reaction with no 02 added (mole fraction:

acetyl radical, and 1% C0112CHO, formyl

methyl radical at 0.01 s via 0H abstraction paths. This is in agreement with data of

Michael et al. 13 and Slagle et a1. 14

OR



Data on concentration versus time for reaction conditions similar to those

above: reaction time (0 - 1.0 s), plus 3 Corr of 02 (mole fraction: 9.1 x 104) are

illustrated in Figure 4.7. Formation of CH3C00 is not included here as we focus

on C01-12CHO (CH3C00 is discussed in reference 30). C(000)H2CHO, CO, and

CH2O are the major products; these result from formyl methyl radical reaction with

02 . In the mechanism the diradical, CH200C00 dissociates to CH20 + CO. Under

these conditions (3 Corr of 02), we observe that 11% of the OH radical is regenerated

through the formyl methyl radical with 02 reaction.
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Figure 4.7 Chemkin kinetic calculation: concentration vs. time
(OH abstraction of the carbonyl H atom is turned off in these model runs in order to
observe the formyl methyl radical formation and its reactions).



Figure 4.8 Chemkin kinetic calculation: concentration vs. time.
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4.3.11 Comparison of C•142C110 + 02 with Unimolecular Dissociation ofC01-12CH0

Che competition between unimolecular dissociation of

versus association of C01-12CH0 with 02 as a function of reactor temperature is

considered. The above mechanism is used for this evaluation because the reaction

system is complex and it involves reactions of chemical activated and stabilized

Several reaction condition sets are evaluated, one is the low-pressure flow

reactor above. 9 (1.0 s reaction time with CH 3C00 at 1.2 x 10 -4, OH = 3.6 x 10 -6 , and

02 = 9.1 x 10 -4 mole fractions). The second condition set is 1 atm pressure; both

conditions sets are over varied temperature. The fraction of formyl methyl that reacts

with 02 versus unimolecular dissociation is summarized in Scheme 4.5. It shows the

two reaction processes, oxidation and unimolecular dissociation, are competitive

around 800 K at 3 Torn The unimolecular dissociation channel accounts for more

than 80% of the reaction at 900 K at 3 Torn

The third condition set considers the competition between oxidation and

dissociation at concentrations more relative to combustion. Mole fractions:

Plots of

concentration versus time for 10 ns, at 900 K and 1 atm are illustrated in Figure 4.8.

The C0142C00 radicals decrease slowly with time, from the oxidation with

effectively no unimolecular dissociation. At 0.1 s time, the ratio of oxidation to
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formyl methyl radical reaction with 02. The C(000)H2CHO has a barrier to

C*H2CHO + 02 of only 27.5 kcalImol and it dissociates rapidly at this temperature. It

is not a highly stable product.

102

Products are illustrated in Figure 4.9 for reaction at 1100 K, 1 atm, and short

times to evaluate initial reactor paths. Che major species are CO, CH2CO, OH, CH2CO,

H and C(000)H2CHO; these result from both formyl methyl radical reaction with 02

and C.H2CHO unimolecular dissociation to CH2CO + H. Above 1200 K, the major

products are ketene and H from the unimolecular dissociation. The oxidation and

dissociation channels are competitive around 1100 K under these conditions. Ratios

of the product sets are summarized in Scheme 4.6 at varied temperature. These data

are in reasonable agreement with the relative unimolecular rate constants where [02]



was included in the bimolecular rate constant for C.H 2CHO + 02 association at these

conditions. Similar trends are observed for longer times.
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4.4 Summary

Chermochemical properties of stable radicals and transition states on the C*H2CHO +

02 reaction system are calculated using density functional and ab initio methods.

Enthalpies of formation (AHf°298) are determined using isodesmic reactions at the

CBSQ level. Entropies (S°298) and heat capacities (CAS)) include internal rotor

system is found to have a lower well depth of 27.5

kcallmol,

respectively. The H shift and the H02 elimination barriers are also significantly

different from ethyl and acetyl radical with 02 reactions. Reaction paths and kinetics

are analyzed on C.112CH0 + 02 reaction system using QRRK for k(E) and master
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equation of for falloff. Reaction to products is evaluated versus both pressure and

temperature.

Major reaction paths at 1 atm pressure are stabilization of peroxy adduct

with reverse dissociation and CO + CH2O + 0H

products via H shift important above 1000 K.

A detailed reaction mechanism is constructed which includes pressure

dependence for the formyl methyl radical reaction with 02. The mechanism is also

used to compare the competition between formyl methyl radical decomposition and

reaction with 02 versus temperature.
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CHAPTER 5

REACTI0N 0F H + KETENE T0 F0RMYL METHYL RADICAL AND
ACETYL RADICALS AND REVERSE DISS0CIATI0NS

5.1 Background

Ketene (CH2=C0, acetaldehyde and the corresponding formyl methyl and acetyl

radicals are important intermediates in the oxidation of higher molecular weight

hydrocarbons and oxy-hydrocarbons to CO and CO2 in combustion systems. Che

formation of ketene can occurs through the unimolecular reactions of formyl methyl

and acetyl radicals. The reactions of ketene and of ketenyl radical (HC.CO) with N0

are thought to be of some importance in conversion of NOx to HCN in fuel

120-122rebuming.	 Ketenyl radical is also involved in formation of polycyclic aromatic

oxy-hydrocarbons through reactions with highly reactive I CH2 and CH radicals.

Che reaction of ketenyl radicals with N0 has been studied, both

125,126	 121,127experimentally	 and theoretically, 	 where two products sets for the reaction,

(l a) and (lb) below, are identified as important. One product set, HCN + CO2, does

allow some N0 conversion to N2 and; is therefore indicated to have some affect in

reducing NOx via a re-bum process in thermal and combustion systems.
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Another important route to C2H20 is the reaction of vinyl radical with 02

studied by Bozzelli et a1.1 s,30 and by Mebel et al.,' 00

Che kinetics and products of the reactions of the ketene (CH 2=C0) with

atomic hydrogen have been investigated in a number of experimental studies. 130-132

Can et al.130 and Slemr et a1. 130 both indicated that the major reaction products are

CH3 and CO using the discharge flow-mass spectrometric studies. Thus, suggesting

that the reaction can be written as

temperature, respectively. Slemr et al. 1300 also measured the rate constant as function

218-363 K. Michael et al.130 used different techniques, flash photolysis-resonance

fluorescence (FP-RF) and discharge flow-resonance fluorescence (DF-RF) to study

the kinetics of this reaction system. The measured values at room temperature were

They also reported the rate constant as function of temperature which value was k6(T)

over the temperature range 298 —

500 K by the FP-RF technique.
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Frank et al.131 deduced (1.8 ± 0.6) x 10 13 cm3/(mol-s) for the rate constant of

reaction (6) between 1650 and 1850 K from the reactions of CH2 and ketene with

CH2 and H at elevated temperatures in the post-shock region behind reflected shocks.

Chey used atomic and molecular resonance absorption spectrometry for recording H-

atom and CO-molecule concentration profiles. Frank et al. 132 also reported that the

measurements of Michael et al. 132 and their high temperature data could be

satisfactorily correlated by the transition state theory expression for kA(T) and their

results could be expressed by an empirical correlation curve : kA(T) = 4.54 x 109 x

C1.28 x e(-3159/R7) cm3/(mol-s)

Rate constants for unimolecular dissociation of both acetyl and formyl methyl

radicals have been evaluated, both experimentally 133,134 and theoretically. 135,13A

Bencsura et al.131 and Baldwin et al.131 measured the rate constant of acetyl

radical to methyl plus C0 products, reaction (7), as function of temperature, by

thermal-mass spectrometry and flash-photolysis gas chromatography, respectively.

They obtained k7(T) = 2.5 x 1013 x e(-1A381/RD s-1 for 420-500 K and 0.9 - 6 Torr

(Bencsura et a1.
133)
133) and 2.0 x 1013 x e(-175co/RD s-1 for 332-391 K and 248 — 1.8 x 10 3

Ton (Baldwin et al. 131)  Baulch et a1. 135 also report an evaluated rate constant for

reaction (7) of k7 ,co(T) = 2.8 x 1013 x e
(-17118 7'1 

s -1 for 300 - 500 K with high-pressure

range via literature review.

CH3C*0 —> CH3 + CO	 (7)

Colket et al. 13A estimated the rate constant for dissociation of formyl methyl

radical by reactions (8) and (9) as k8(T) = 1.0 x 10 13 x e(-4A997/R1) s-1 and k9(T) = 1.58 x



Chis study focuses on the reaction of H + ketene (CH2=C0 to formyl

methyl and acetyl radicals and reverse dissociations. Thermochemical properties are

estimated for reactants, intermediates, products and transition states in the reaction

path using ab initio and density functional calculations. The thermochemical

parameters are used to calculate high-pressure limit rate constants using canonical

Transition State Theory (CSC). Rate constants as a function of temperature and

pressure are estimated using a multifrequency quantum RRK analysis for k(E) and the

master equation for falloff The data at relevant pressures and temperatures should be

useful to both atmospheric and combustion models.

5.2 Calculation Methods

Enthalpies of formation (AHe298) for reactants, intermediate radicals, transition states

and products are calculated using CBS-QCl/APN0 and CBS-Q composite methods in

addition to density functionals. Che initial structure of each compound or transition

state is determined using R0HF or UHFlPM3 in M0PAC, 63 followed by optimization

and vibrational frequency calculation at HFl6-311G(d,p) level of theory using

GAUSSIAN 94. 64 Zero-point vibrational energies (ZPVE) are scaled by 0.9251 as

recommended by Petersson et al. 67 Single point energy calculations are carried out at

the B3LYP/6-31G(d'). The prime in 6-31 G(d') indicates the basis set orbitals of
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Petersson et a1-65 , 66 Che complete basis set (CBS-QCllAPNO) method of Petersson

and coworkers for computing accurate energies 67 is chosen as the determining

enthalpies used in this kinetic analysis.

Che CBS-QCllAPN0 calculation sequence is performed on a geometry

determined at the QCISDl6-311G(d,p) level followed by single point calculations at

the theory level of QCISD(T)/6-311++G(2df,p), MP2=Full/CBSB6

CB SExtrap=(Nmin=5,Pop), HFlCB SB 5 A SCF=Cight and MP2/CB SB 5

CB SExtrap=(Nmin= 1 0,Pop).

The CBS-Q calculation sequence is performed on a geometry determined at

the MP2/6-31G(d') level followed by single point calculations at the theory level of

CBSExtrap=(Nmin=lO,Pop) including corrections for unpaired electron and spin

contamination in intermediate overlap (i.e., 0< a l3 Sti <1) between the a- and 3-spin

orbitals."

5.2.1 Determination of Enthalpy of Formation

The method of isodesmic reactions is used to determine the enthalpy of formation

(ALJf°298) for C.H2CHO and CH3C00 radical species. It provides higher accuracy for

estimates of AHf°298 than heats of atomization. 71,83,81,113,111
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The working reactions for estimation of AIIf°298  on CH3C.0 are

Ab initio calculations with ZPVE and thermal correction are performed on all

of four compounds in the reaction. AHf°298  of three compounds in reaction, excepting

the target molecule, C.H2CHO, have been experimentally or theoretically

determined. Che unknown AHf°298 of C0142C00 is obtained with the calculated

AThan(298) and known Atif°298 of the three reference compounds. The CHICHI is

calculated in the same manner.

5.2.2 Determination of Entropy and Heat Capacity

The contributions of extemal rotations, translations, and vibrations to entropies and

heat capacities are calculated from scaled vibration frequencies and moments of

inertia for the optimized HFl6-3 1 1G(d,p) structures. Che number of optical isomers

and spin degeneracy of unpaired electrons are also incorporated. Contributions from

hindered internal rotation for S and CASTE) are determined using direct integration over

energy levels of the intramolecular rotational potential curves. A program,

"R0TAT0R 137", is used for calculation of the energy levels. This technique employs

expansion of the hindrance potential in the Fourier series (AEI), calculation of the

Hamiltonian matrix on the basis of wave functions of the free internal rotor, and

subsequent calculation of energy levels by direct diagonalization of the Hamiltonian



matrix.138-140 The torsional potential calculated at discrete torsion angles is

represented by a truncated Fourier series:

Values of the coefficients (Bo, a, and bib) are calculated to provide the minimum and

maximum of the torsional potentials with allowance of a shift of the theoretical

extreme angular positions. 138-140

Tunneling is included in analysis of the intramolecular hydrogen atom transfer

reaction of TS3 and hydrogen atom dissociation reactions, CS 1 and T52. The

tunneling corrections are determined using the Erwin-Henry computer code 71 that is

based on Eckart's one-dimensional potential function. 75 The Erwin-Henry code

requires input of vibrational frequencies, moments of inertia, symmetries, electronic

degeneracies, and total energies at 0 K of reactants, transition states, and products;

imaginary frequencies are also required. Schwartz et al:76 note that calculated

vibrational frequencies using HFl6-31G(d) level of theory need to be reduced by one-

half to one-third in order for calculated transition states rate constant to match

experimental data in abstraction reactions from fluorinated methane's.

5.2.3 High-Pressure Limit A Factor (A) and Rate Constant (co) Determination

For the reactions where thermochemical properties of transition state are calculated

by ab initio or density functional methods, km 's are fit by three parameters A, n, and

Ea over temperature range from 298 to 2000K,

differences between reactant and transition state are used to determine the pre-

exponential factor, A, via canonical Transition State Theory (TST)
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(hp is the Planck constant and kid, is the Boltzmann constant.) Creatment of the intemal

rotors for S and CAS) is important here because these intemal rotors are often lost in

the cyclic transition state structures.

5.2.4 Kinetic Analysis

The potential energy surface and thermochemical properties are evaluated and

forward or reverse rate constants (high-pressure limit) for each, elementary reaction

step are determined from the calculations and use of literature data for enthalpies of

stable molecules.

Multifrequency quantum Rice-Ramsperger-Kassel (QRRK) analysis is used to

calculate k(E) with a master equation analysis 4  for falloff. A 500 cal energy grain is

used to obtain rate constants as a function of temperature and pressure, for the

chemical activation and dissociation reactions. The master equation analysis 4 uses an

exponential-down model for the energy transfer function with (AEr down = 1000

callmol, which is constant with temperature. Croe et a1.42°43 concluded that (AEr down

is independent of temperature (293 - 866 K) for the rare and diatomic bath gases and

Miller et a1.'" recently determined a value of (AEr down = 500 cm-1 for matching the

two-dimensional master equation solutions to the experimental falloff behavior in the

C3H3 + 02 system with N2 bath gas. Knyazev et al.45 reported that (AEr down changes

with temperature; they compared three models, two of which are (AErdown = aC and

(AErdown = constant, in reaction of n-C4H9 <=> C2H5 + C2H4 with He as bath gas. The

difference between the values of the energy barrier height (E) needed to fit the

experimental data with these two models for (AErdown is only 0.4 kJlmol; but this is

over a relatively narrow temperature range (560 - 620 K). A larger temperature range



(298 - 2000 K) and a constant (AErdown (where N2 is the third body) are used in this

study.

The QRRK-master equation analysis is described by Chang et al. 31'41 The

QRRK code utilizes a reduced set of three vibration frequencies which accurately

reproduce the molecules'(adduct) heat capacity; the code includes contribution from

one extemal rotation in calculation of the ratio of the density of states to the partition

coefficient p(E)lQ. Comparisons of ratios of these p(E)lQ with direct count p(E)/Q's

are shown to be in good agreement. 38 Rate constant results from the quantum RRK-

Master equation analysis are shown to accurately reproduce (model) experimental

data on several complex systems. They also provide a reasonable method to estimate

rate constants for numerical integration codes by which the effects of temperature and

pressure can be evaluated in complex reaction systems.

Dissociation rate constants between QRRK-master equation analysis and

ChemRate46 (Rice-Ramsperger-Kassel-Marcus (RRKM) -master equation analysis)

are compared on C0142CHO in this study.

5.3. Results and Discussion

5.3.1 Geometries of Intermediate Radicals and Transition States

Figures 5.1 to 5.4 show the QCISDl6-311G(d,p) optimized geometries of the four

transition states. All bond lengths are from QCISDl6-311G(d,p) determined

geometries. Values in parenthesis indicate MP2/6-31G(d') and B3LYPl6-31G(d')

optimized geometry, respectively.

114



115



116



117



Figure 5.1 shows the transition state (TS) structure for a hydrogen atom

adding to the carbon in CH2- group of the ketene to form the acetyl radical:

bond length in the transition state is

calculated as 1.34A and the forming C4-H5 bond is calculated as 1.89A. Che

imaginary frequency is calculated as 1110 cm-1 at HF/6-311G(d,p).

The CS structure for formation of the formyl methyl radical via hydrogen

atom addition to the carbon of the carbonyl group,

is illustrated in Figure 5.2. The transition state C4-C4 bond length is calculated as

1.36A and the forming C 4-H5 bond is calculated as 1.80A.

Figure 5.3 shows the CS structure for the H shift (isomerization) reaction:

The H4 atom is in a bridge structure shifting from C2

to the radical site on C1. The leaving H4-C2 and the forming H4-C1 bonds are

calculated as 1.28A and 1.48A, respectively. Che calculated imaginary frequency is

Che TS structure for decomposition of the acetyl radical to methyl radical +

carbon monoxide, CHICHI —> CH3 + CO, TS4 is illustrated in Figure 5.4. The

bond is calculated as 2.11A in length and the forming C0 triple bond is

1.15A in the CS structure.
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5.3.2 Enthalpy of Formation (Arif°2988) using Calculated Total Energies and
Isodesmic Reactions

Cotal energies at 0 K, ZPVE's, thermal corrections to 298.15 K, and total energies at

298 K are shown in Tables 5.1 and 5.2 for CBS-QCI/APNO and CBSQ calculations,

respectively. Che evaluated enthalpies of formation for the reference molecules and

radicals in the isodesmic reactions are listed in Cable 5.3. The evaluated reaction

enthalpies and enthalpies of formation in the isodesmic reactions are listed in Table

5.4.

A low or zero AlPran,298 in the working reactions suggests good cancellation

of errors in the reaction analysis leading to accurate AHf°298 values, and supports the

Che enthalpies of formation of C0142CHO obtained are 3.04 and 3.66 kcal/mol by

CBS-QCI/APNO and CBSQ, respectively.

The enthalpies of formation of

also obtained from use of isodesmic reactions (1R2) and (1R3) and values of reference

species in Table 5.3. Bond dissociation energies of reference species in these

reactions: H-CH2OH and CH3C(0)CH2-H are 96.29 and 95.51 kcal/mol,

respectively. The data result in enthalpy values of 3.39 and 2.83 kcal/mol by CBS-

QCI/APNO and 3.82 and 3.09 kcal/mol by CBSQ in isodesmic reactions (1R2) and

(1R3) for C0142CHO, respectively (Cable 5.4).
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The activation energies and enthalpies of transition states in CBS-QCI/APN0

level are summarized in Cable 5.5.

123

5.3.3 Entropy (S°(298)) and Heat Capacity (Cp(7))

Entropy and heat capacities are calculated based on vibration frequencies and

moments of inertia of the optimized HF/6-311G(d,p) and HF/6-31G(d') structures.

The calculation results using QCISD/6-311G(d,p) and MP2/6-31G(d')

determined geometries and scaled HF/6-311G(d,p) or /6-31 G(d') determined

frequencies are summarized in Table 5.6. TVR represents the sum of the

contributions from translation, vibrations and external rotations for g)(298) and

CAST)'s. Symmetry, number of optical isomers and electronic spin are incorporated in

estimation of S3(298) as described in Cable 5.6. Torsion frequencies are omitted in

these calculations, instead, contributions from internal rotation for g)(298) and CAST)'s

are determined using direct integration over energy levels of the intramolecular

rotational potential curves 138-140 and noted in Cable 5.6. Thermochemical properties

(50 K T 5000 K) are summarized in Table 5.7.
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5.3.4 Potential Energy Diagram for CH2=C=O + H / Formyl Methyl and Acetyl
Radical System

The overall energy diagram for the CH2=C=0 + H reaction to the two adducts is

illustrated in Figure 5.5, where enthalpies of formation are from CBS-QCI/APNO

calculations and in units of kcal/mol. Transition state enthalpies are relative to the

stabilized adduct. Hydrogen atom adds to the CH2- carbon of the ketene to form the

acetyl radical CHICHI (Ea = 2.49 kcal/mol, AHe)298 = -3.27 kcal/mol). Che acetyl

radical CH3C00 can undergo (3 scission back to reactants,

45.97), isomerize via hydrogen shift (Ea = 46.35) to form the slight higher energy,
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Che hydrogen atom also can add to the carbon in carbonyl group of the

amyl methyl radical can undergo (A-

or isomerize via hydrogen

shift (Ea = 40.00) to form the acetyl radical isomer, CH3C*0 which can readily

decompose to CH3 + CO.

5.3.5 Analysis of Chemical Activation Reaction in CH2=C=O + H via TS1 and
TS2

5.3.5.1 Input Data.	 The QRRK calculations for k(E) and the master equation

analysis for falloff are performed on this CH2=C0 + H via CS1 and TS2 to estimate

rate constants as a function of temperature and pressure (Table 5.8, input data: high-

pressure limit values).

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

Jones parameters, a (A) and c/a (K) are obtained from calculations and from a

calculation method based on molar volumes and compressibility. 89 [6=4.34Ä,

is used for master equation analysis, N2 is

the third body. The units of A factors and rate constants k are s -1 for unimolecular

reactions and cm3/(mol s) for bimolecular reactions.



bihe units of A factors and rate constants k are s -1 for unimolecular reactions and cm I/(mol-s) for

bimolecular reactions.

AA is calculated using iSi and entropy of transition state, L\ S'298 from HF/6-311G(d,P); Ea is from

CBS-QCl/APNO calculation. All parameters A, n, Ea, are fit over the temperature range of 298-

2000K.
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5.3.5.2 Results of Chemical Activation Reaction in CH2=C=0 + H via TS1.

Resulting calculated data versus temperature and pressure in CH2=C0 + H via TS 1

are illustrated in Table 5.9.

The rate constant for reaction (6) was calculated to be

room temperature and is represented as function of temperature by the Arrhenius

and over

the pressure range (0.01 - 10 atm).

The rate constant at room temperature and the Arrhenius expression for

reaction (6) from previous experimental studies and the calculation results in this

study are summarized in Cable 5.10. An Arrhenius plot of the rate constants versus

1000/T along with data of previous studies is illustrated in Figure 5.6, where no

adjustment has been made in any of this calculated parameters. Che rate constants of
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Carr et al.132 and Slemr et al. 130 are about two times higher than data of Michael et

al.131 at room temperature; our value is in between. The rate constants of our study are

about 1.5 times higher than those of Michael et al. 132 at 298 - 500K. The rate

constants of our study and Frana et al.132 show agreement above 500K.
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5.3.5.3 Results of Chemical Activation Reaction in CH2=C=0 + H via TS2.

Resulting calculated data versus temperature and pressure in CH2C0 + H via TS2

are illustrated in Cable 5.11.

Rate constants at 1 atm versus 1000/T are also illustrated in Figure 5.7.

Stabilization (C0H2CHO) is important below 600 K, with reverse reaction and CH3 +

CO products via H shift both important above 1000 K.

Plots of rate constants at 298 K versus pressure are illustrated in Figure 5.8.

Stabilization is the dominant path at pressures above 0.1 atm. CH 3 + CO via H shift

and reverse dissociation are most important below 0.001 atm.

Rate constants at 1000 K as a function of pressure are illustrated in Figure 5.9.

Reverse dissociation and CH3 + C0 products via H shift are most important at both

high and low pressures. Stabilization is also important above 10 atm and increases as

pressure is increased.
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H -+ Products via TS1 channel is about 10 3 times higher than that of CH2C0 + H

Products via TS1 channel exhibit no

pressure dependence over the range 10 4 to 10 atm, which is in agreement with

Products via CS2 increase slowly with

increasing pressure (ca. 20% increase from 10 4 to 10 atm), but do not contribute a

significant fraction to the overall reaction.

5.3.6 Abstraction of Hydrogen Atom in CH2=C=0 by H

A transition state for direct abstraction of hydrogen atom on CH2C0 by H to form,

aetenyl radical plus H2 is identified with a barrier of 12.27 and 12.16 acal/mol, at the

This abstraction channel to form HC.C0 + H2 is not competitive with the chemical

dissociation energy of the CH2C0 values are 41.98 and 105.97 acal/mol by CBS-

QCI/APNO, respectively.
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5.3.7 Radical Dissociations

Stabilization of the adducts is observed to be important at lower temperature and

moderate pressure conditions. Important products of the dissociation reactions of the

stabilized adducts and the rate constants are, therefore, of value.

1) C•I-12CHO Dissociation. Plots of dissociation rate constants at l atm pressure

versus 1000/T for C.H2CHO are illustrated in Figure 5.10. CH 3 + C0 resulting from

a unimolecular H atom shift reaction and the aetene + H products are important and

competitive above 500 K.

The rate constants for C.H2CHO dissociation at 1000 K versus pressure are

illustrated in Figure 5.11. The CH3 + CO product set is the dominant path at both high

and low pressures, with aetene + H also important above 10 atm. Any C.HCC00

formed will dissociate rapidly.
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2) Comparison of Rate Constants between QRRK with Master Equation and
ChemRate (RRKM with Master Equation) on C01-12CHO Dissociation.

Che C0142CHO dissociation rate constants at 600 and 1000 K versus pressure from

our QRRK- master equation analysis are compared to those of ChemRate" (Rice-

Ramsperger-Kassel-Marcus (RRKM)- master equation analysis) in Figures 5.12 and

5.13, respectively. Both QRRK with master equation and ChemRate use harmonic

oscillator data only (i.e. no internal rotors).

Dissociation rate constants at 600 K versus pressure for C0142CHO are

compared in Figure 5.12. The rate constants to CH3 + C0 products via H shift show

agreement above 0.01 atm pressures. The rate constants from QRRK with the master

equation are, however, 1.1 — 1.3 times higher than those calculated with ChemRate

for the CH3+C0 + H channel at pressures higher than 0.1 atm.

The C0142CHO dissociation at 1000 K versus pressure are compared in Figure

5.13. CH3 + CO products via H shift show agreement over all pressures (0.001 to 100

atm) and the CH3+C0 + H channel shows agreement above 0.1 atm pressures.

Overall the agreement between the two codes is quite good. One possible reason for

this agreement is that there is no low barrier intemal rotor in the C.H2CHO because

of resonance; hence there are no different treatments of the intemal rotation

contribution.
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Figure 5.12 Comparison of rate constants between Chemaster and ChemRate with
pressure in 600 K with C0H2CHO dissociation.
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5.4 Summary

Chermochemical properties of stable radicals and transition states on the CH3+C0 +

H reaction system are calculated using density functional and ab initio methods.

Enthalpies of formation (AJIf°298) are determined using the CBS-QCI/APNO and the

CBSQ level in addition to density functional calculations with isodesmic reactions.

Entropies (S°298) and heat capacities (CASTE)) are also determined, with inclusion of

internal rotor contributions.

Reaction pathways and ainetics are analyzed on the CH3+C0 + H reaction

system using QRRK for k(E) and the master equation for falloff. Reaction to products

is evaluated versus both pressure and temperature. CH 3 + CO is observed to be the

major product set at all temperatures (298 K to 2000 K) and pressures (10 -4 to 100

atm).

The calculated reaction pathways, barriers, and ainetics for the CH3+C0 + H

reaction system are in a good agreement with experimental data.

Products via TS 1 channel exhibits no pressure

dependence over the range 10 -4 to 10 atm, which is in agreement with Michael et

Products via CS2 show a small pressure

dependence, but do not contribute a significant fraction to the overall reaction. Simple

QRRK analysis for k(E) with the master equation analysis for falloff and

thermochemical properties determined by the CBS-QCI/APNO and the CBSQ

methods with woraing reactions appear to yield accurate results.



CHAPTER 6

THERMOCHEMICAL PROPERTIES, REACTION PATHWAYS AND
KINETICS 0F THE ALLYL RADICAL WITH 0 2 REACTION SYSTEM

6.1 Background

Olefins (Alaenes) are major initial products from pyrolysis, oxidation or

photochemical reactions of alaanes and ethers. The double bond in alaenes provides

both an unsaturated site for addition reactions and an allylic site for facile

abstractions, where the corresponding activation energy is lowered due to electron

delocalization on the radical formed. Che stability and low reactivity of these alaenyl

radicals have been connected to the antianoca effect of fuel additives such as ethyl

tert-butyl ether (ETBE). 142 The relatively high octane ratings for olefin blending

suggest that olefins play an important role in pre-ignition chemistry related to engine

anoca. It is valuable to understand the fundamental chemical reaction pathways and

ainetics of olefin oxidation in moderate to low temperature combustion chemistry for

model development. The oxidation reactions of olefins are also important in the

atmospheric photochemistry of hydrocarbons, biochemical synthesis and

metabolism. 143,144

Ruiz et al., 145 Morgan et al.,145 and Slagle et al. 147,148 have reported the R-02

bond energy (17.2, 18.2, 18.4 acal/mol, respectively) for the ally! (CH2CHCH2)

radical. Walaer and co-workers149,150 had studied at a total pressure of 60 Corr

between 400 and 520 °C, where the equilibrium in the R + 02 <=> R0 2 addition

reaction is shifted to left, the rate constants of the CH2CHCH2  + 02 -k products

reaction are significantly lower than those observed in the case of alayl radicals.
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Baldwin et al.152 and Lodhi and Walker 149 reported similarly low rate constants for

the substituted ally! radicals, CH3CH2CHCHCH2 and CH3CHCHCH2 reactions

with 02. Knyazev and Slagle 148 also studied the kinetics of the reaction

CH3CHCHCH2 + 02 <=> CH3CHCHCH2O2• using laser photolysis/photoionization

mass spectrometry. Room temperature decay constants of the CH 3CHCHCH2 radical

were determined in time-resolved experiments as a function of bath gas density ([He]

= (3-24) x 10 15 molecule cm"3) and the rate constant at 297 K is k = (6.42 ± 0.54) x

10 -52 cm/ (molecule s). At high temperatures (600K - 700K), no reaction of

CH3CHCHCH2 with 02 could be observed and upper limits to the rate constants

were determined (1 x 10-15 cm/ (molecule s) at 600 K and 2 x 10 -15 cm/ (molecule s)

at 700 K).

Chen et al.152 studied allylic isobutenyl radical with 02 . They reported the

forward and reverse rate constants for initiation reaction, CH2C(CH3)2H + 02 <=>

Olivella et al. 152 recently studied the 1,3-migration of the peroxy group in

allylic peroxy radicals. Chey indicate the chemistry of allylic peroxy radicals involved

in the spontaneous autoxidation of unsaturated lipids in biological systems is

important in several biological processes: peroxidative destruction of cell

membranes, DNA and protein modification, radiation damage, and tumor

initiation. 153 ' 154 In non symmetric allylic radicals, the shift creates a different isomer



and thus a structure than may have a different biochemical function. They reported

the well depth is 18.0 kcal/mol at RCCSD(T)/6-311+G(3df,2p) level for

CH3+CHC0142 addition to 02 to form the CH2=CHCH200• peroxy radical with

optimized geometry at UMP2/6-311+G(3df,2p) level. They also studied the transition

state (TS) structure for cyclization to form a stable five member cyclic peroxide-alkyl

represents cyclic) with a barrier of 33.9 kcal/mol. Olivella et al. find transition state

(CS1) for adduct formation at 3.7 kcal/mol above the ally + 0 2 reactants (21.7

kcal/mol above the adduct); and while this TS 1 transition state can react to the peroxy

adduct, it can connect through a weakly bound, symmetric, 02 - ally! 1 -1 adduct (CX),

which resides 4.7 kcal/mol below the adduct formation TS structures. Chey indicate

is the major path for the 1,3- peroxy

migration in biochemical processes. A third highly non symmetric, TS structure (TS2

in Olivella et al), is reported for direct 1,3 peroxy migration at 23.6 kcal/mol above

the stabilized peroxy adduct.

Chis study focuses on the reaction mechanism of the ally! radical association

with 02. Thermochemical properties are estimated for reactants, intermediates,

products and transition states in the reaction paths using ab initio and density

functional calculations. Che thermochemical parameters are used to calculate high-

pressure limit rate constants using canonical Cransition State Theory (TSC). Rate

constants as a function of temperature and pressure are estimated using a

multifrequency quantum RRK analysis for k(E) and master equation for falloff. Che
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data at relevant pressures and temperatures should be useful to both atmospheric and

combustion models.

6.2 Calculation Methods

Enthalpies of formation (AHf°298) for reactants, intermediate radicals, transition states

and products are calculated using the CBS-Q//B3LYP/6-31G(d,p) composite method

and density functionals. Che initial structure of each compound or transition state is

determined using ROHF or UHF/PM3 in MOPAC, 63 followed by optimization and

vibrational frequency calculation at B3LYP/6-31G(d,p) level of theory using

GAUSS1AN 94. 54 Cransition state geometries are identified by the existence of only

one imaginary frequency, structure information and the TSC reaction coordinate

vibration information. Zero-point vibrational energies (ZPVE) are scaled by 0.9806 as

recommended by Scott and Radom.1 55 Single point energy calculations are carried out

method of

Petersson and co-workers for computing accurate energiesA8 'A9 is chosen as the

determining enthalpies used in our kinetic analysis.

Che CBS-Q//B3LYP/6-31G(d,p) calculation sequence is illustrated in Scheme

6.1 [Corrections for unpaired electron and spin contamination in intermediate overlap
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Ab initio calculations for ZPVE and thermal correction energy are performed

on all of four compounds in the reaction. Che three reference compounds in the

working reaction (IRA), excepting the target molecule,

have experimental or theoretical determined values of AHe298. The unknown Alif°298

of CH2=CHCH2O0H is obtained with the calculated A FP- rxn(298) and known AHf°298 of

the three reference compounds. The other parent and radical species are calculated in

the same manner.

6.2.2 Determination of Entropy and Heat Capacity

The contributions of extemal rotations, translations, and vibrations to entropies and

heat capacities are calculated from scaled vibration frequencies and moments of

inertia for the optimized B3LYP/6-3 1 G(d,p) structures. Che number of optical

isomers and spin degeneracy of unpaired electrons are also incorporated.

Contributions from hindered intemal rotation for S and CASTE) are determined using

direct integration over energy levels of the intramolecular rotational potential curves.

A program, "R0TAT0R 527", is used for calculation of the energy levels. This

technique employs expansion of the hindrance potential in the Fourier series (AEI),

calculation of the Hamiltonian matrix on the basis of wave functions of the free

intemal rotor, and subsequent calculation of energy levels by direct diagonalization of

the Hamiltonian matrix.138-140  Che torsional potential calculated at discrete torsion

angles is represented by a truncated Fourier series:
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Values of the coefficients (Bo , ail and b ib) are calculated to provide the minimum and

maximum of the torsional potentials with allowance of a shift of the theoretical

extreme angular positions. 528-140

6.2.3 High-Pressure Limit A Factor (A) and Rate Constant (k co) Determination

For the reactions where thermochemical properties of transition state are calculated

by ab initio or density functional methods, km 's are fit by three parameters A, n, and

Ea over temperature range from

differences between reactant and transition state are used to determine the pre-

exponential factor, A, via canonical Transition State Theory (TST)

(hp is the Planck constant and kb is the Boltzmann constant.) Treatment of the intemal

rotors for S and CASTE) is important here because these internal rotors are often lost in

the cyclic transition state structures.

6.2.4 Kinetic Analysis

Chermochemical properties for each species on the potential energy surface for the

reaction system are evaluated. Forward or reverse rate constants (high-pressure limit)

for each, elementary reaction step are determined from the calculations and use of

literature data for enthalpies of stable molecules. Reverse rate constants are calculated

from microscopic reversibility.

Multifrequency quantum Rice-Ramsperger-Kassel (QRRK) analysis is used to

calculate k(E) with a master equation analysis 4  for falloff in order to obtain rate

constants as a function of temperature and pressure. Chis kinetic analysis is for the
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chemical activation and the dissociation reaction systems. The master equation

analysis4 uses an exponential-down model for the energy transfer function with

as the third body and a 500 cal energy grain is

used.

Che QRRK/master equation analysis is described by Chang et a1. 38 '41 The

QRRK code utilizes a reduced set of three vibration frequencies which accurately

reproduce the molecules' heat capacity; the code includes contribution from one

external rotation in calculation of the ratio of the density of states to the partition

coefficient p(E)IQ. Comparisons of ratios of these p(E)IQ with direct count p(E)IQ's

have been shown to result in good agreement.31 Rate constant results from the

quantum RRK-Master equation analysis are shown to accurately reproduce (model)

experimental data on several complex systems. Chey also provide a reasonable

method to estimate rate constants for numerical integration codes by which the effects

of temperature and pressure can be evaluated in complex reaction systems.

6.3 Results and Discussion

6.3.1 Geometries

Structure parameters for reactant, intermediates and transition states calculated at

level are listed in Appendix C (Cable C.1). Vibrational

frequencies and moments of inertia determined at the same level are listed in

Appendix C (Table C.2).

Energies of activation (Ea) reported below are at CBS-Q level and relative to

the corresponding stabilized adduct and 298K.
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Che transition state (CS) structure, TC=CC-02, represents CH3+CHC01 -12

addition to 02 to form the CH3+CHCH200 peroxy radical. There is a small barrier

to reaction, 0.99 kcal/mol, and the well depth is 19.04 kcal/mol. Che CH3+CHC01 -12

structure is planar with the 02 group perpendicular to the plane; the forming 04-C3

bond length is calculated as 2.17A. The imaginary frequency is 269 cm1 .

is denoted by

TC0=CCOOHS (S represents H atom shift). The H5 atom is in a bridge structure

shifting from the C 1 carbon to the radical site 0 10 . The leaving H6-C 1 bond is 1.49A

and the forming H5-010 bond is 1.10A. Che imaginary frequency is 1178 cm1 and the

Ea is 28.88 kcal/mol.

2.28A and in the transition state the C 3-04 is in process of moving to a double bond at

kcal/mol and the imaginary frequency is 486 cm1 . Che

is not formed, it dissociates to lower energy CH20 + 0H

products with little or no barrier.

Che CS structure, TALLYL-OHSQ, involves a hydrogen transfer from the

ipso carbon to the peroxy radical site forming the unstable intermediate

which immediately dissociates to more stable products, 2-

bonds are 1.49 and

1.30A, respectively. The imaginary frequency is 1757 cm 1  and the Ea is 37.73

kcal/mol.
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The H shift reaction (isomerization) from the secondary spa carbon to the

peroxy radical, CH3+CHCHa00 —› CH2=C.CH200H, is identified as

TC=C.COOHS. The H4 atom is in a bridge structure shifting from C2 to the radical

site 08 . The leaving H4-C2 bond is 1.41A and the forming H 4-08 bond is 1.17A. Che

imaginary frequency is 2060 cm1  and the Ea is 37.97 acal/mol. This intermediate,

will undergo i3 scission to, CH a=C=CHa + HO2 through transition

state TCC.COOH. The cleaving 04-C3 bond is 1.87A and the C2-C3 bond shortens

from 1.48 to 1.36A. The imaginary frequency is 553 cm1  and the Ea is 15.47

acal/mol.

intermediates can also undergo

a ring closure reactions.

will form methylene oxirane (methylene epoxide) plus

OH radical via TCYCOC-OH (Y represents cyclic). The radical site on the

secondary vinyl carbon attacas the oxygen bonded to the carbon in the peroxy group,

with an Ea of 18.17 acal/mol and a Ali,„ of —19.54 acal/mol. The carbon—oxygen

bond being formed in the TS is 1.93 A in length.

will form an unsaturated oxirane ring (unsaturated

cyclic ether), with a very weaa (ca. 55 acal/mol) oxygen — methylene carbon bond.

The cyclic ether will undergo a facile ring opening reaction to form the stable 2-

propenal, CH2CHC(O)H.

The H02 molecular elimination: The CS structure for direct HO 2  elimination

from the peroxy adduct is

bond shortens from 1.31 to 1.27A while the cleaving 09-C5 and H5-
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C2 bonds lengthen to 2.27 and 1.37A, respectively. The imaginary frequency is 1053

-1cm and the Ea is 36.61 acal/mol. the carbons in C-CH2O0H are planar with the HO2

leaving group perpendicular to the plane and parallel with one of the hydrogens on

the CH2=C group.

6.3.1.1 Intramolecular PeroDy Radical Addition to sp 2 Hybridized Carbons -

Cyclization Reaction Paths. The transition state structure, YCC.COO,

represents cyclization to form a stable five member cyclic peroxide-alayl radical,

YCC.COO, with the reaction from the peroxy radical being near thermo-neutral

(only 1.84 acal/mol exothermic). The peroxy radical undergoes addition to the C=C it

The forming 05-C1 bond

et al. 152 reported the forming 0 5-C 1 bond is calculated as 1.98A at UMP2/6-

311+G(3df,2p) level and the Ea is 33.9 acal/mol a

level. Boyd et al.152 have earlier reported an Ea of 41 acal/mol at MP2/6-

level. Chen et al. 152 studied this cyclization path in the

allylic isobutenylperoxy radical,

the reaction of allylic isobutenyl radical with 02. They report a barrier to this reaction

level. Comparison of activation energies

in six different calculation levels is given in Scheme 6.2. Comparison of bond lengths

(A) for the TS structure in four different calculation levels is also given in Scheme

6.3.
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radical site in the carbon of YCC.COO attacas one of the oxygen's in the five

member cyclic structure to open the five member ring (cleaving the weak 0-0

bond, 44 acal/mol) and form a three member oxirane ring bonded to an alaoxy

J. The cleaving 05-04 bond is 1.99A and the 05-C2 bond

shortens from 2.30 to 2.15A in the TS structure. The imaginary frequency is 651 cm1

and the Ea is 40.19 acal/mol.
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Che TS structure, TC.YCCOO, represents cyclization to form the four

a four member transition state structure. The forming 08-C2 bond is 1.84A. The

imaginary frequency is 717 cm1 and the Ea is 29.71 kcal/mol.

The TS structure for p scission of this 4 member ring peroxide, C0142CHO,

to products, C0142CHO + CH2O is TC=COOC The cleaving C 3-C2 and 07-08 bonds

are 1.95 and 1.53A, respectively, and the C 3-07 bond is moving to a double bond at

The TS structure for four member cyclic peroxide-alkyl radical to form three

radical on the terminal carbon attacks an oxygen in the 4 member ring peroxide {-

YCCOO} to form three member alkoxy radical again cleaving the weak 0-0 bond

bond is 2.08A. The imaginary frequency is 793 cm 1  and the Ea is 21.61 kcal/mol.

6.3.1.2 Comparison to recent work of 0livella et a1. 152 	Olivella et al. 152 have

recently studied the 1,3-migration of the peroxy group in the allylperoxy radical,

which is an important, but small part of this ally! + 02 system. They reported the well



addition to 02 to form the CH3+CHCH200 peroxy radical. Overall Olivella et al.

found three transition states, two stabilized peroxy radical adducts - adduct and

adduct' and one loosely bound complex CX, where these structures relate to peroxy

radical formation, and are also reported to be part of one 1,3 peroxy migrations path.

They do not relate to further reaction or oxidation of the allyl peroxy radical. TS 1 and

TS 1' are identical in structure for alkyl; but have the oxygen on the opposite end

carbons, the adduct and adduct' structures are similarly identical. TS 1 and CS 1' are

calculated to be 3.7 acal/mol above the allyl + 0 2 reactants and represent transition

states for peroxy radical adduct formation from the ally! + 302 reactants, and one path

for 1,3 peroxy migration. CX resides 4.7 kcal/mol below TS1.

A highly non-symmetric, TS structure, T52 is reported for direct 1,3 peroxy

migration at 23.6 acal/mol above the stabilized peroxy adduct.

Olivella et al. also reported a second higher energy 1,3 peroxy migration path

for allylperoxy radical, 'adduct --> TS3 --> a five member cyclic peroxide-alayl adduct

re both 33.9 acal/mol above allylperoxy radical

and represent the transition states for a stable five member cyclic peroxide-alayl

adduct formation from allylperoxy radical, and the transition state for 1,3 peroxy

migration. This TS3 structure and the reaction path, 'adduct (1A) --> TS3 --> a five

member cyclic peroxide-alayl adduct (2)' are similar/ corresponding to the

reaction path in this ally + 0 2 reaction system. Comparisons of barrier and the

geometry of the TS structure are discussed in Cyclization Reaction Path,

TYCC.C00 discussion.
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Comparison of bond lengths (A) and dihedral angle (degree) for the

allylperoxy radical in four different calculation levels is given in Scheme 6.4. The

the CH2=CHCH200 peroxy radical, is different from all the transition states (TS1,

TS2, and CX) in Olivella et al. Comparison of bond lengths (A) and dihedral angle

(degree) for the TS structures is given in Scheme 6.5.
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The conclusions for comparison to Olivella et al. are summarized in Scheme

6.6.

Scheme 6.6 Conclusions for comparison to Olivella et al. 152
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6.3.2 Enthalpy of Formation (Miens)

The evaluated enthalpies of formation for the reference molecules and radicals in the

isodesmic reactions are listed in Table 6.1. The evaluated reaction enthalpies and

enthalpies of formation in the isodesmic reactions are listed in Table 6.2.

A low or zero AfFran,298 in the working reactions where the central atom

environments are similar on both sides, suggests good cancellation of errors in the

reaction analysis leading to accurate Alif°298 values. This also supports the hypothesis



Table 6.1 Enthalpies of Formation for Reference Molecules in the Isodesmic
Reactions

11 ,v1



Table 6.2 Reaction Enthalpies and Enthalpies of Formation in the Isodesmic Reactions

AH°rxn,298	 A-Hf0298

Working Reaction Series

(Units in kcal/mol) a

B3LYP

b c

CBSQ

a

B3LYP

b c

CBSQ

CH2=CHCH2OOH + CH ICHI <=> CH2=CHCH3 + C2HSO0 -1.05 -1.71 -1.71 -1.09 -13.53 -12.87 -12.87 -13.49

CH2=CHCH2OO. + C2HSO0 <=> CH 2=CHCH2OH + C2HSO0. -1.59 -1.30 -1.32 -1.14 21.47 21.18 21.20 21.02

C.H=CHCH2OOH + C2H4 <=> CH2=CHCH200+ C2HI -0.89 -0.87 -0.88 -1.16 46.46 47.10 47.11 46.77

CH2=C.CH2OOH + CH 2=CHCH I <=> CH2=CHCH200 + CH2=C.CH I -1.47 -1.70 -1.72 -1.18 44.84 45.73 45.75 44.58

YCCCOO + (CH I )ICH <=> CYCCOOC + CH I CH2CHI -0.25 -0.12 -0.16 -0.23 -27.01 -27.14 -27.10 -27.03

YCCCOO + CH I CH2CHI + CHI OCH I <=> CH300CH3 + CHICHI + YC4O -0.78 -1.47 -1.43 -0.54 -28.31 -27.62 -27.66 -28.55

YCC.C00 + CYCCOOC <=> YCCO + CYCCOOC -0.01 -0.01 -0.01 0.00 19.32 19.60 19.59 19.18

HOCH2Y000 + CHI CHI <=> YC4O + (CHI )2C(OH)H 3.48 1.88 1.91 1.72 -61.00 -59.40 -59.43 -59.24

O.CH2YCCO + CH IOH <=> HOCH2Y000 + CHINO. -3.18 -2.28 -2.29 -3.02 -5.75 -5.04 -5.06 -4.14

a: 6-31G(d,p), b: 6-311+G(d,p), c: 6-311++G(d,p) basis set



enthalpy of formation for the parent hydroperoxide is important because it allows the

evaluation of peroxy radicals. Other parents and radical species are calculated in the

same manner;
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Entropy and heat capacities are calculated based on vibration frequencies and

moments of inertia of the optimized B3LYP/6-31G(d,p) structures. The calculation

determined geometries and scaled frequencies are

summarized in Table 6.4. TVR represents the sum of the contributions from

translation, vibrations and extemal rotations for g(298) and CASTE)' s. Symmetry,

number of optical isomers and electronic spin are incorporated in estimation of g(298)

as described in Table 6.4. Torsion frequencies are omitted in these calculations,

instead, contributions from intemal rotation for g(298) and CAST)'s are determined,

using direct integration over energy levels of the intramolecular rotational potential

curves138'40 and noted in Table 6.4.
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6.3.4 Potential Energy Diagram for CH2=CHCH2 + 02 Reaction System

The energy diagram for the alkyl (CH2=CHCH2 + 02 reaction is illustrated in two

Figures 6.2A and 6.2B. The reactions involving intramolecular hydrogen transfer and

direct HO2 elimination are illustrated in Figure 6.2A. Reactions involving peroxy

radical addition to each of the it bond carbons, ring formation, and subsequent

reactions of the two cyclic peroxide alayl radicals are illustrated in Figure 6.2B. 15

reaction paths, 6 reaction intermediates, and 15 transition states are illustrated.

calculations and in

units of acal/mol. Transition state enthalpies are relative to the corresponding

stabilized adduct.

The alkyl radical adds to 0 2 (Ea = 0.99) to form an energized peroxy adduct

with a shallow well (ca. 19 acal/mol); which predominantly

dissociates baca to reactants under combustion conditions. The reaction channels of

adduct include reverse reaction to reactants, stabilization to

+ H02 via direct HO2 elimination with a barrier (Ea = 36.61), isomerizations via

46.77 or 44.58, respectively) with barriers (Ea = 28.88 or 37.97, respectively), or a

hydrogen transfer (Ea = 37.73) from the ipso carbon to the peroxy radical to form the

which immediately dissociates to more

stable products, 2-propenal plus OH.



unstable intermediate {YC=CCOI} plus 0H, (Y = cyclic) which rapidly dissociates to

more stable products, 2-propenal plus 0H, or isomerize via a hydrogen shift (Ea =

3.13) to form a CH2=CHCH200 isomer.

169

All the product formation pathways of ally! radical with 02 involve barriers

that are above the energy of the initial reactants.
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6.3.6 Analysis of Chemical Activation Reaction in Allyl + 02

The QRRK calculations for k(E) and master equation analysis for falloff are

performed on this alkyl (CH2=CHCH2  + 02 reaction system to estimate rate

constants and to determine important reaction paths as a function of temperature and

pressure. Table 6.6 presents high-pressure-limit kinetic parameters used as input data,

and Table 6.7 presents results versus temperature and pressure.

Rate constants at 1 atm pressure versus 1000/T are illustrated in Figure 6.3.

Stabilization CH2=CHCH200 is important below 600 K, with reverse dissociation

above 800 K. CH2=CHCH200 adduct, cyclic isomers, and H-shift isomers exhibit

significant falloff at higher temperatures (above 800 K). Allene + H02 products via a

H02 molecular elimination path, YCC.COO via cyclization, and H transfer from

primary vinyl group to peroxy radical; then 13-scission reaction leading to C2H2

CH20 + 0H are major product channels at higher temperatures (above 800 K).

Plots of calculated rate constants for CH3+CHCH2 + 02 at 298 K versus

pressure are illustrated in Figure 6.4. Stabilization is the dominant path above 0.01

atm, whereas reverse dissociation and stabilization are important below 0.01 atm.

Rate constants at 1000 K versus pressure are illustrated in Figure 6.5. Reverse

dissociation is the dominant path below 10 atm whereas stabilization is important

above 10 atm. Stabilization decreases as pressure is decreased (as expected).
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6.4 Summary

The alky' radical (CH3+CHCH2 + 02 reaction system is analyzed with density

functional and ab initio calculations, to evaluate thermochemical properties, reaction

paths and ainetics in oxidation. Enthalpies of formation (AHe298) are determined

composite and

density functional levels. Entropies (S°298) and heat capacities (Cp°(T)) are

determined using geometric parameters and vibrational frequencies obtained at the

B3LYP/6-31G(d,p) level of theory. Intemal rotor contributions are included in S and

CAST) values.

Rate constants are estimated as a function of pressure and temperature using

quantum Rice-Ramsperger-Kassel (QRRK) analysis for k(E) and master equation for

adduct, cyclic isomers, and H-shift isomers exhibit

significant falloff at higher temperatures. Important reactions are stabilization of

adduct at low temperature and allene + H02 products via a HO2

molecular elimination path, YCC.C00 via cyclization, and H transfer from primary

vinyl group to peroxy radical; then 13-scission reaction leading to
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7.1 Overview

Thermodynamic properties (AH°f(298), S°(298) and Cp(T) from 300 to 1500 K ) for

reactants, adducts, transition states, and products in reactions of CH3 and C2H 5 with C12

are calculated using CBSQ//MP2/6-311G(d,p). Molecular structures and vibration

frequencies are determined at the MP2/6-311G(d,p), with single point calculations for

and MP2/CBSB3 levels of

calculation with scaled vibration frequencies. Contributions of rotational frequencies for

are calculated based on rotational barrier heights and moments of

inertia using the method of Pitzer and Gwinn. 72

Thermodynamic Parameters, Alrf(298), S°(298) and Cp(T) are evaluated for C1 and

C2 chiorocarbon molecules and radicals. These thermodynamic properties are used in

evaluation and comparison of C12 + R. => • + RCI (defined forward direction) reaction

rate constants from the ainetics literature for comparison with the calculations. Data from

some 20 reactions in the literature show linearity on a plot of Ea ,,d vs. AHran,fwd, yielding

acal/mol. A correlation of average

Arrhenius pre-exponential factor for Cl. + RCA => C12 + R. (reverse rxn) of

x 10 13 cm3/mol-sec on a per chlorine basis is obtained with EaR e, = (0.64 ± 0.04) x
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kcal/mol exothermic. Kinetic evaluations of literature data are also performed for classes

of reactions.

Calculation results on the methyl and ethyl reactions with C12 show agreement

with the experimental data after an adjustment of + 2.3 acal/mol is made in the calculated

negative Ea's.

7.2 Background

and

fluoro chloro-carbon solvents or chemicals are in widespread use in the chemical,

pharmaceutical and cleaning industries. The monomers are also present in a number of

valuable and versatile polymers. The combustion, incineration or high temperature

pyrolysis of these chlorocarbons includes reactions at or near surfaces and in liquids or

polymers where oxygen is not present or is low in concentration. Chlorine atom

abstraction of chlorine from the chlorocarbon is often the important chain propagation

process in these systems; yet there is limited or almost no direct experimental kinetic

information on these chlorine atom abstraction reactions. This is a due to the C1

abstraction of C12 from R-C1 being endothermic, as the C1-C1 bond is 57.8 acal/mol, while

a typical R-C1 bond energy ranges from 71 kcal/mol in CC14 to 95 or 98 in vinyl chloride
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and chlorobenzene, respectively. Most chiorocarbons also have a hydrogen which is

readily abstracted by A1 atoms, where the rate constants have high Arrhenius pre-

exponential factors (> 10 13) and little or no energies of activation. (ca 1.0 kcal/mol if

thermo neutral or exothermic) C1 abstraction of halogens is also important in designed

pyrolysis and oxidation experiments, where hydrogen is limited or not present. This

chlorocarbon oxidation or pyrolysis with no hydrogen source is not practical for

incineration; but does have value in modeling because the presence of hydrogen adds an

order of magnitude complexity to the models (number of species, and reaction product

permutations). Pyrolysis of trichloroethylene, for example, shows extensive molecular

weight growth products such as hexachloro-benzene, pentachloro-butadiene, etc which

liaely result from radical processes.16 The radical intermediates present in oxidation and

pyrolysis of high chlorine to hydrogen ratio thermal processes result from C12 atom

elimination, beta scission and from C1 atom abstraction of Cl reactions.

Seetula et. al
162'65 studied the reaction kinetics of several halogenated methyl

radicals with molecular chlorine. Halogen substitution in alayl radicals was shown to

have an important effect on the reactivity of these species. 162,166 He showed that increased

halogen substitution results in increased reaction barrier. Thermodynamic analysis also

illustrates that increased halogen substitution reduces the reaction exothermicity. Seetula

also investigated the transition states of the reactions of CH3, C 2H5 plus several

halogenated methyl radicals with C12 using ab initio

theory. 163
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ab initio calculations and kinetic

predictions compared with evaluated data.

The ainetic data for these • + RC1 => C12 + Re reactions are estimated in this

study by assembling and evaluating thermodynamic property data : AH 'f(298), S°(298), and

Cp(T) on chlorocarbon and several fluoro chiorocarbon molecules and radicals. We use

the thermochemical properties with available literature data on the abstractions of RC1

from C12 by alayl radicals and microscopic reversibility to evaluate trends in the forward

and reverse rate constants.

7.3 Method

7.3.1 Ab initio Calculations on CH3 and C2H5 Plus C12 Reaction Systems

Thermodynamic properties (Alrf(298), S°(298) and Cp(T) from 300 to 1500 K ) for

reactants, adduct intermediates, transition states, and products in reactions of CH 3 and

C2H5 with C12 are calculated using the established CBSQ//MP2/6-311G(d,p) composite

method of Petersson's research group. 70,111,167 The CBSQ calculation sequence is

performed on the MP2/6-311G(d,p) geometry and followed by single point calculations

7.3.2 Determination of Enthalpies of Formation

Alrf(298) for reactants and products in reactions of CH3 and C2H5 with C12 are from

literature data (see Table 7.1). Alrf(298) for transition states and adducts in reactions of

CH3 and C2H5 with C12 are calculated using total energies obtained by CBSQ//MP2/6-

level. Total energies are corrected by zero point
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vibrational energies (ZPVE) which are scaled by 0.9748 as recommended by Scott et

al. 157 Thermal correction, 0 to 298.15 K, is calculated to estimate Alrf(298) at 298.15 K. 71

7.3.3 Determination of Entropy and Heat Capacity

Entropy and heat capacities for reactants and products in reactions of CH 3 and C2H5

with C12 are from literature data (see Table 7.1). Entropy and heat capacities for transition

states and adducts in reactions of CH 3 and C2H5 with C12 are calculated based on

vibration frequencies and moments of inertia of the optimized MP2/6-311G(d,p)

structures using statistical mechanics. 157 Contributions of intemal rotation for S°(298) and

Cp(T)'s are calculated based on rotational barrier heights, moments of inertia of the

rotors, and Pitzer and Ginn' S72 general treatment.

7.3.4 Thermodynamic Properties

Evaluated thermodynamic parameters: AH°f(298), S °(298), and Cp(300) to Cp(1500) for

species in the reaction schemes are listed in Table 7.1 along with literature references.

Enthalpies of chiorocarbon (C1 and C2) radicals are from literature data and some from

calculations in this study using isodesmic reactions: for example C.H2CH3 is from a

and the

anown Alrf(298) for ethane, chioroethane and ethyl radical. Entropies and Cp(T) values of

C2H3, C2H5 are from use of Hydrogen Bond Increment(HBI) method. 168 The HB1 group

technique is based on anown thermodynamic properties of the parent molecule and

calculated changes that occur upon formation of a radical via loss of a H atom. The HB1

incorporates changes in radical formation, that result from loss or changes in vibrational

frequencies, intemal rotations, spin degeneracy and mass.
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Table 7.2 C12 + Radicals 	 > Products + C1
REACTIONS And* Eafwd* AR,** AR„/C1# EaR,** 	 All'r,„.f„d** P(torr) T (K) Reference*

<HYDROCARBONS>
1. C12 + CH 2 >	 C3H3C1 + CI 3.02E+12 0.53 2.99E+13 2.99E+13 26.10 	 -25.50 1.9-2.8 296-712 175

2. C12 + C 2H5 	 > 	 C2H5CI + CI 7.59E+12 -0.30 8.51E+13 8.51E+13 26.66 	 -27.18 1.7-2.2 295-498 175

3. C1 2 + i-C3H7C1*** 	>	 i-C 3 H7C1+ CI 1.51E+13 -0.48 1.03E+15 1.03E+15 25.82 	 -26.80 1.4'.9 295-498 175

4. C1 2 + t-C4H9*** 	 > 	 t-C4H9 + CI 2.40E+13 -0.01 4.04E+15 4.04E+15 26.37 	 -27.11 1.4'.8 295-498 175

5. C12 + C 2H 2 > 	 CC12CHCI + CI 5.25E+12 -0.48 4.49E+13 4.49E+13 37.10 	 -37.72 1.4'.7 298-435 169

6. C12 + C2H5 	 > 	 C3H5C1+ CI 4.67E+12 4.30 1.58E+13 1.58E+13 16.52 	 '2.29 2.0-3.6 487-693 169

7. C12+ CH2 	 > 	 C3H3C1+ CI 8.30E+12 6.70 7.00E+13 7.00E+13 20.01 	 '3.49 2.6-4.1 525-693 169
(Avg.) 9.70E+12 7.59E+14 (not recommended)

If i-C 3 H7, t-C4H9 . C2H2 are eacluded, (Avg.) (5.89 +/- 2.48)E+12 (5.02 +/- 3.27)E+13
<C, CHLOROCARBONS>

8. C1 2 + CF2CI 	 > 	 CF2Cl2 + CIA 	 9.10E+11 	 0.98 4.83E+13 2.42E+13 22.87 	 -21.90 1.7-4.3 295-719 162

9. C1 2 + CHCl 2 > 	 CC12+ CI 5.18E+11 2.45 1.30E+14 4.34E+13 21.09 	 '8.78 1.8-4.6 357-719 162

10. C1 2 + CFC12 	 > 	 CC12+ CI 4.08E+11 5.26 6.00E+13 1.50E+13 17.9l 	 '3.02 3.1 690-700 166
11. C12 + CF 2 > 	 CF2CI+ CIA 2.69E+12 3.58 1.83E+14 1.83E+14 30.53 	 -27.27 2.3-2.6 487-693 166

12. C12 + CF2CI 	 > 	 CF 2Cl 2 + CI 7.76E+11 1.9l 6.89E+13 3.44E+13 24.13 	 -22.52 1.8-2.9 376-626 166

13. C1 2 + CC12 	 > 	 CFC12+ CI 8.32E+11 3.35 4.74E+13 1.58E+13 20.12 	 '7.18 1.5-2.6 435-693 166
(Avg.) 1.02E+12 5.26E+13 (not recommended)

If CF 2 is eacluded, (Avg.) (6.89 +/- 2.15)E+11 (2.66 +/- 1.221E+13
<C2 CHLOROCARBONS>

14. C12 + C2C16  	 > 	 C2C16 + CI 2.00E+11 5.50 2.17E+14 3.61E+13 19.04 	 '3.94 50 298-423 176

15. C12 + CHC12CC12  > (CHC12)2  + C1 6.31E+11 2.70 4.92E+14 1.23E+14 21.17 	 '8.61 50 298-423 176

16. C12 + CH2C1CC12   > CH2CICC13  + CI 6.92E+11 4.10 4.29E+14 1.07E+14 18.27 	 '4.44 50-300 298-321 177

17. C1 2 + CH2CICHC1  > CH2CICHCl2 + CI 2.00E+12 2.00 1.05E+15 3.49E+14 22.39 	 -20.53 80-280 298-328 178

18. C12 + CHC12CC12   > CC12CICHC12 + CI 6.31E+11 0.90 5.37E+13 1.79E+13 27.09 	 -26.19 50 298-423 176

19. C1 2 + CCI3CHC1 	 > CHC12CCI3  + CI 3.16E+11 5.10 7.96E+13 1.59E+13 22.30 	 '7.16 50 298-423 176

20. C1 2 + CHC12CCI2   > CHC12CC12 + CI 3.16E+11 5.10 1.96E+14 3.91E+13 17.30 	 '2.43 50 298-423 176
(Avg.) 6.84E+11 9.83E+13 (not recommended)

If CH2CICHCI is eacluded, (Av .) (4.64 +/- 2.10)E+11 (5.65 +/- 4.65)E+13
TOTALS ( TOTAL Avg.) 3.80E+12 3.03E+14 	 (not recommended)
If i-C 3 H7 , t-C2H9, C2H2, CF 2 , CH2CICHCI are eacluded, (2.35 +/- 3.07)E+12

UNITS :: Afed and ARe  : cm2/(mol-sec), Ea and AIG,,,,fv,•d : kcallmol
Afwd = (2.35 +l- 3.07)* 10 12 cm2/(mol-sec)
ARev(avgycl = (4.44 +l- 1.58)* 10 12 cm3/(mol-sec)

( i-C IH7, t-C2H9 , C2HI, CFI , CH2CICHC1 are excluded in calc.of Aiwa and AR ev(avgycl.)

(4.44 +/- 1.58)E+13
* : references for ANA and Eafwd
** : calculated from Thermodynamic Properties of reactants and products

- microscopic reversibility -
*** : i-C3H7, t-C2H9 Symmetries = 162 & 18 respectively
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7.3.5 Thermodynamic Analysis for the Reactions

Arrhenius pre exponential factors on a per chiorine basis, energies of activation and

enthalpies of reaction, AR„, AR„/C1# , Ea Rev and Afrnm,fwd are calculated using literature

reference data on the forward reactions Afwd and Eafwd , the evaluated thermodynamic

properties of reactants and products, and microscopic reversibility. The forward reaction

Alky! radical C 3H5 and propargyl radical

C3H3 have resonant structures each having two radical sites with near equal population at

temperature of the experimental data, 500-700K. (Ref.169 in Table 7.2) These radical

reactions with C12 are assessed as occurring via both radical sites, and estimated similar

rates for each site. The experimental rate constant for the forward direction is multiplied

by 0.5 to obtain the forward rate constant on a per radical site basis.
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calculation. (see Figure 7.1) The C-C1 bond length is 0.45A shorter and the C1-C1 bond is

0.04A longer in the TS than in the CC-C1CA adduct. Che TS has a 3.37 cal/mol-K lower

S°(298) than the CH3-C1C1 adduct. The TS goes to the CCC1-C1 which has a well of 24.78

kcal/mole at the CBSQ level where the C-C1 bond length is 0.61A shorter and the C1-Cl

bond is 1.17A longer than in the TS. The CCC1-Cl adduct has a 2.06 cal/mol-K higher

S°(298) than the TS structure. The CCC1-C1 adduct dissociates to products of C2H 5 C1 + A1

with low barrier of 2.31 kcal/mol.

7.4.2 Estimation of Entropy and Heat Capacity for Transition States and Adducts

Entropy and heat capacities are calculated based on vibration frequencies and moments of

inertia of the optimized MP2/6-311G(d,p) structures. The calculation results using

MP2/6-311G(d,p) determined geometries and frequencies are summarized in Table 7.3.

TVR represents the sum of the contributions from translations, vibrations and extemal

rotations to S°(298) and Cp(T)'s. Symmetry is incorporated in estimation of S°(298) as

described in Table 7.3. Contributions of intemal rotation for S°(298) and Cp(T)'s are

calculated based on rotational barrier heights, moments of inertia of the rotors using the

method of Pitzer and Gwinn's. 72

Entropy differences between reactant and TS are used to determine the pre-

exponential factor, A, via canonical transition state theory:
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7.4.3 Calculated Enthalpies of Formation

Enthalpies for reactants, adducts, transition states, and products in reactions of CH 3 and

activation energies of TSCH3XC12 are estimated by taaing the difference of total energy

311 G(d,p) and MP2/6-311G(d,p). AlrR298) of the CH3-C1C1 intermediate adduct is

calculated as 33.37 and 33.28 kcal/mol, which is 1.45 and 1.54 kcal/mol below that of the

reactants, respectively. Activation energies of TSCCH5XC12 are estimated by taking the

difference of total energy between reactants and TSCH3 XC12 resulting in -5.07 and -1.73

calculated as 26.80 and 26.42 kcal/mol, respectively, which is below that of the reactants

by 2.5 and 2.88 acal/mol. The overall energy diagram is illustrated in Figure 7.1.

7.4.4 Thermodynamic Analysis for Reactions of CH3 and C2H5 with C12

The enthalpy of reaction, internal energy of reaction and the Arrhenius pre-exponential

factor are calculated using thermodynamic properties of the respective reactants, products

and transition state structures on each system for temperature from 300K to 2000K with

results listed in Table 7.4. The reported experimental



193

Table 7.4 Thermodynamic and Kinetic Analysis for Reactions of CH3 and C2H5 with C12
Comparing with Experiment Dataa

(a) C12 + CH3 ----> TSCH 3XCI2 (b) CH3CI + C1 ----> TSCH 3XC12

i(K) AHa ran AU ran Af a i(K) AHran AUran Af

300 -0.423 0.173 1.08E+12 300 25.08 25.68 9.04E+12

400 -0.563 0.232 1.57E+12 400 25.14 25.93 1.74E+13

500 -0.675 0.318 2.15E+12 500 25.14 26.14 2.75E+13

600 -0.768 0.424 2.85E+12 600 25.10 26.30 3.82E+13

800 -0.918 0.672 4.54E+12 800 24.91 26.50 5.93E+13

1000 -1.044 0.943 6.61E+12 1000 24.60 26.59 7.78E+13

1200 -1.164 1.220 9.00E+12 1200 24.21 26.59 9.37E+13

1500 -1.339 1.641 1.32E+13 1500 23.55 26.53 1.14E+14

2000 -1.568 2.406 2.19E+13 2000 22.41 26.38 1.46E+14

P(torr) i(K) P(torr) i(K)

1.9 - 2.8 296-712 Eapt.* 3.02E+12 1.9 - 2.8 296-712 Eapt.* 2.99E+13

(c) CI2 + C2H ----> TSC 2H5XCI2 (d) C2H5C1 + C1 ----> TSC 2H5XCI2

i(K) AHran AUran Af i(K) AHran AUran Af

300 -2.800 -2.204 6.39E+11 300 24.38 24.98 9.98E+12

400 -2.810 -2.015 1.12E+12 400 24.37 25.17 1.75E+13

500 -2.808 -1.814 1.75E+12 500 24.33 25.32 2.60E+13

600 -2.803 -1.611 2.54E+12 600 24.25 25.44 3.49E+13

800 -2.812 -1.223 4.48E+12 800 24.01 25.60 5.25E+13

1000 -2.865 -0.878 6.80E+12 1000 23.70 25.68 6.87E+13

1200 -2.959 -0.575 9.38E+12 1200 23.33 25.71 8.36E+13

1500 -3.139 -0.158 1.37E+13 1500 22.73 25.71 1.05E+14

2000 -3.400 0.574 2.26E+13 2000 21.73 25.70 1.39E+14

P(torr) i(K) P(torr) i(K)

1.7 - 2.2 295-498 Eapt.* 7.59E+12 1.7 - 2.2 295-498 Eapt.* 8.51E+13

a Units ; AHD and AU : kcal/mol, Af : cmI/mol-sec



The calculated rate constants, triangles in Figures 7.2 and 7.3, versus temperature

are higher than the measured values (squares), when the calculated negative AH0In298) for

CS's for the forward reactions are used. The profiles of calculated k vs 1000/T both show

negative temperature coefficients at temperatures below 600 K, where the ethyl system,

which is more exothermic, has a more pronounced effect. Only the Ethyl + C12 show

negative temperature data in the experiment. Chis negative coefficient is attributed to the

high negative, calculation value of the AH0f(298) (-5.10) relative to the AH0In298) of the

reactants.

The Ea's (AH0In298) for TS's) upward is adjusted, for each reaction, the adjusted

values are constant at 2.3 kcal/mol higher than the calculated CBSQ values. For each

TS enthalpy. The profiles with the adjusted AHN298) (TS) now show acceptable relative

rate agreement with the experiments(circles), and the negative curvature at lower

temperatures only remains for the more exothermic ethyl system. This trend is also

observed in the experimental values. The rate constant trend turns upward above 600 K,

which is outside the temperature range of the experiments. This is attributed to the T"

term and our method of determining the A factor (see results and discussion section). The
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identical adjustment in each of these hydrocarbon systems suggests use of these adjusted

transition state enthalpies as the calculated rate constants for the methyl and ethyl

reactions with C12 are reasonable. The equation below is cautiously recommended, for

use of CBSQ values in these alkyl hydrocarbon(R) + C1 2 reactions, until further

calculation trends can be evaluated.

Table 7.5 illustrates Mulliaen Atomic Charges on the H, C, and C1 atoms in the CH 3 +

reaction systems as obtained in the Gaussian

calculations.64 Calculated charges on the H atoms remain positive throughout the reaction

process at ca. 0.1. Charges on the carbon bonding to C1 are negative 0.34 in CH3 with a

progressive decrease in negative charge (increase in overall charge) to -0.26 in the CH3C1

molecule.

The corresponding carbon in the C2H5 reaction experiences a decrease from -0.25

to -0.31 when C2H5 + C12 react to the TSC2H5XC12 and then increases to

The C1 atom bonding to the carbon has no charge in C12, positive 0.01 and 0.02 charges in

respectively, then decreases to -0.16 in the C1 atom

of the products (both CH3C1 and C2H5CI). The leaving CI has no charge in C12, negative
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Table 7.5 Calculated Atomic Charges, Bond Lengths(A) and Bond Angles(deg) MP2/6-
311G(d,p)

(a) CH3 + Cl2  ----> CH3Cl +CI Expt. Ea = 0.53 kcal/moI

CH3 Ci1 -C12 CH3-C11C12 TSC2H5XC12 CH3CI-Cl CH3CI

Charges

H 0.11 0.12 0.16 0.145 0.14
C -0.34 -0.36 -0.35 -0.264 -0.26
Cll 0 0.02 0.01 -0.161 -0.159

C12 0 -0.04 -0.13 -0.011

Bond Length
C-CI 3.10 2.33 1.78 1.78
CI-CI 2.03 2.04 2.10 3.30

Bond Angle
C-C1-C1 180.0 180.0 89.1

(b) C2H5 + CI2 ----> C2H5  + C12 Expt. Ea = -0.30 kcaI/moI

C2H5 C15-C16 C3C4-C15C16 TSC2H5XC12 CCCI-Cl C2H5

Charges

H 1 0.095 0.105 0.12 0.11 0.1

H2 0.11 0.13 0.153 0.147 0.11

C3 -0.25 -0.24 -0.23 -0.234 -0.24

C4 -0.25 -0.29 -0.31 -0.22 -0.21

CI5 0 0.03 0.02 -0.161 -0.16

CI6 0 -0.06 -0.13 -0.01

Bond Length

C-C1 2.85 2.40 1.79 1.79

CI-C1 2.03 2.04 2.08 3.25

Bond Angle
C-C1-C1 176.3 177.3 89.6
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Figure 7.4 and the above description of charges show that H atoms donate e" to

the carbon radical center and to chiorine in R-Cl. Replacement of the H's with

electronegative halogens or other electronegative species must reduce the availableA-

density to/at the carbon site. This liaely reduces bond energy of additional R-Cl bonds

being formed. Repulsive effects may also be important in the reduced bond energies.

Seetula also reported computational results for the transition states of the

reactions of CH3, C2H5 and several halogenated methyl radicals with C12 using ab initio

methods. 163 Structures of species needed for transition state calculations were fulky

optimized at the MP2(full) level of theory using a 6-31 G(d,p) basis set. His calculation

results are in good agreement with MP2/6-311G(d,p) level calculations (Table 7.6) in this

study with exception of AS1298,caic for C 2H5 + C12. The bond lengths of CH3---C12 and

C2H5---C12 in the transition state structures are 2.319A and 2.383A, respectively, in his

calculation and 2.330A and 2.402A, respectively, in this study. The C-C1-C1 angles in

TSC2H5XC12 and TSC 2H5XC12 are 180.0° and 178.4°, respectively, in his wora and 180.0°

and 177.3°, respectively, in this study. The activation energies to TSC2H5XC12 and

acal/mol in this study. AS1298,calc in the reactants and the transition states of the reactions

, respectively, in his calculation and -25.56

and -26.61 cal/mol-K, respectively, in this study. Plausible reasons for different AS298,caic

values are: this treatment of internal rotors and/or his inclusion of a steric factor term.

Vibration frequencies were not provided by Seetula for comparison: but are judged
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similar due to near identical structures.
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7.4.6 Thermodynamics of Literature Data and Comparison

0verall 	 Thermochemical and ainetic data for the C12 + R. reactions for the 20

reference reactions are listed in Table 7.2. The average ANA for reaction

+ RC1 (defined forward direction) is

Hydrocarbons 	 Thermochemical and ainetic data for separate classes of reaction R

equals Hydrocarbons are listed in Table 7.2 and plots of Eafwd vs. AHrxn,fvvd for

Hydrocarbons are shown in Figure 7.6. Data for CH3, C2H5, C 3H5 and C3H3 show a slope

Tertiary butyl, isopropyl and ethyl radicals show slightly negative Ea's for the

forward reactions. This may suggest adduct formation occurs before further reaction to

+ RCA products.

The tertiary butyl and isopropyl radical reactions with C12 result in unexpected

high reverse Arrhenius pre-exponential factors. As can be noted in Table 7.1, the

literature values of Arrhenius pre-exponential factor show a forward value of 1.5 and 2.4
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x 1 0 13 cm3/mol-sec respectively. Thermodynamic analysis of the reaction systems lead to

calculated pre-exponential factors for reverse reaction of 1 x 10 15 and 4 x 1 0 15 cm3/mol-

sec respectively; Approximately 2.5 to 1 0 times higher than the estimated collision rate at

300K. The thermodynamic properties of species have been re-evaluated in these reactions

and errors are not found in entropy terms that can account for the unreasonably large,

reverse rate constants that are calculated. The ainetic data on these reactions are omitted

from this analysis.

C1 Chiorocarbons Thermochemical and ainetic data for C I Chlorocarbons are listed

in Table 7.2 and plots of Ead vs. AH,,,,,fivd for the C 1 Chlorocarbons are shown in Figure

C2 Chlorocarbons Thermochemical and ainetic data for C2 Chiorocarbons are listed

in Table 7.2 and plots of Eafwd vs. Álinal ,fwd for the C2 Chiorocarbons are shown in Figure

A trend in Ea's for these reactions are determined by thermochemical analysis of

experimental and theoretical data in the literature references. (see Table 7.2)
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The more exothermic C12 + R. reactions (Atrrxn,fwd < -20 kcal/mol) are those

which involve hydrocarbon free radicals; these are shown to have small activation

energies (less than 1 acal/mol) in Table 7.2. The calculated transition states in CH 3 and

C2H5 reaction with C12 in Table 7.2, have enthalpy values which are -2.7 and -5.1

acal/mol relative to the reactants (at the CBSQ composite level), respectively, in the

exothermic C12 + R. reaction direction (Figure 7.1).

Timonen et al. 169 studied the kinetics of the reactions of unsaturated hydrocarbon

free radicals (vinyl, alkyls, and propargyl) with molecular chlorine. They report the

reactivities of C3H3 and C3H5 are significantly reduced below that of the vinyl radical in

these CI atom transfer reactions, and suggest the reduction is due entirely to the presence

of energy barriers in reactions C3H3 and C 3H5 . The Arrhenius pre-exponential factors of

reactions C2H3, C3H3 and C3H5 are all similar. 169 They indicate that the relatively low

exothermicities of reactions C3H3 and C3H5 (Atrrxn,fwd = -14.8 kcal/mol and -11.7

kcal/mol, respectively) could account for the existence of the observed 4.3 acal/mol to

6.7 acal/mol activation energies.

Seetula163 shows a linear correlation in a plot of the rate constants for C12 + R.

reactions at 500K vs. A electronegativity of the radical species R. He suggests this results

from a polar transition state, which involves intramolecular electronic repulsion or

attraction forces of the R group and that these forces determine properties such as

stability, which are driving forces behind reactivity of the radical. He suggests that an

electronegative substituent at the radical site improves thermal stability of the radical and

makes it less reactive by inductive effects.l64,165 He also suggests that similar

intramolecular electron delocalization forces are effective in the transition state
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formation. Seetula concludes the trend in reactivity among C12 + R. reactions is due

primarily to changes in the activation energies for these reactions. This Eafwd vs Afirxri,fwd

trend is illustrated and supported by data in Figures 7.5 to 7.8. Cable 7.7 shows the

presence of C12 on the carbon of the radical site reduces bond energy of new R-C1 bonds

being formed. The data show no significant barrier other than OH,„ for the endothermic

7.5 Summary

Thermodynamic Parameters, AlrIn298), S°(298) and Cp(T) are evaluated for reactants and

products in R. + C12 <=> RC1 + Cl reactions. The forward rate constants are evaluated

from the literature. The reverse rate constants are calculated from evaluated

thermodynamic properties of reactants and products and microscopic reversibility. The
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trends of Eafwd vs AHrxn,nd and Arrhenius pre-exponential factor for overall,

hydrocarbons, C1 chiorocarbons, and C2 chlorocarbons are evaluated.

agreement with experimental data for these two, low Eafwd, reaction systems at

temperatures below 1200K. The carbon atom which undergoes bonding to the C1 has a

negative charge of -0.34 and -0.25 in CH 3 and C2H5, respectively, which becomes more

12, respectively, then the charge

increases, becomes less negative,



CHAPTER 8

INTERNAL ROTOR ANALYSIS, THERMODYNAMIC PROPERTIES,
BOND ENERGIES, DISSOCIATION PATHS AND KINETICS ON

DIETHYL AND CHLORODIETHYL SULFIDES:
CH3CH2SCH2CH3, CH3CH2SCH2CH2CL, and CH2CLCH2SCH2CH2CL

8.1 Overview

The use of Density Functional Theory, B3LYP/6-3 1 g(d,p), with isodesmic working

reactions for enthalpy of formation of sulfur hydrocarbons is tested using a set of anown

sulfur hydrocarbons. Thermodynamic properties for reactants, transition states and

Standard enthalpy, AIIe298, are determined using isodesmic reaction analysis at

level, with S°298 and CAST) determined using geometric

parameters and vibrational frequencies obtained at this same level of theory. Potential

barriers for the internal rotor potentials are also calculated at the

level, and the hindered rotation contributions to S°298 and CAST) are calculated. A more

limited number of studies, specificalky for transition states are also performed at

Levels of theory, with the CBS-QB3

barriers recommended.

(

values where available.

Four center (Retro-ene liae) reactions and C-S bond dissociations are important

initial decomposition channels in the hydrocarbon – sulfur moieties. In the chlorine
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systems HCl molecular elimination is the most important decomposition channel at lower

temperatures. Carbon-sulfur and carbon—chiorine bond cleavage reactions, which have

higher Arrhenius pre-exponential factors become important at higher temperatures.

8.2 Background

Sulfur species are present in many of the fuels that are used in combustion; these fuels

include coals, heating, aircraft and diesel as well as automotive liquids. H2S also has a

significant presence in unrefined natural gas. 182,183 In all these cases the source is contact

of the elemental forms of sulfur with the natural underground deposits, where it becomes

incorporated into the gas and crude oil stocks. A significant fraction of the sulfur in these

liquid fuels is removed prior to use (combustion) in order to prevent pollution of the air,

formation of SO2 and subsequent formation of acid rain. It is more difficult to remove

the sulfur from coals; but this is performed in many cases as well. Sulfur does persist in

these cleaned fuels and oils that are treated for its removal to some extent and the sulfur

species are subsequently combusted in their use.

In plants and animals, sulfur occurs in various proteins, and it is one of the 10

most abundant elements in the human body. 182 Sulfur compounds are present and of

interest in biological systems, in atmospheric chemistry, and in environmental science.

The anown involvement of sulfur centered radicals in these biological systems suggests

that knowledge on the fundamental thermodynamic properties of the sulfur moieties

would be valuable in understanding its affects on these systems. 184 Chlorinated sulfur

compounds are also a major component of some biological agents used in chemical

warfare.
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The anowledge and understanding the oxidation and thermal reactivity of these

sulfur species requires their thermodynamic properties, bond energies and kinetic

parameters for unimolecular reactions.

8.3 Calculation Methods

8.3.1 Geometries and Vibration Frequencies

The initial structures of reactants, transition states and products are determined using

ROHF or UHF/PM3 in MOPAC, 63 followed by optimization and vibrational frequency

calculation at B3LYP/6-31G(d,p) level using GAUSSIAN 98. 185 Transition state

geometries are identified by the existence of only one imaginary frequency, structure

information and the transition state theory reaction coordinate vibration information.

Zero-point vibrational energies (ZPVE) are scaled by 0.9806 as recommended by Scott

and Radom. 157 Geometries of transition states optimized at B3LYP/6-31G(d,p) are shown

in Table 8.1.
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8.3.2 Enthalpies of Formation

Enthalpies of formation (AIIf°2988) at B3LYP/6-3 1 G(d,p) level on several sulfur

hydrocarbons and corresponding radicals with a method of isodesmic reaction are

evaluated and shown that the B3LYP/6-3 1 G(d,p) values are in agreement with accepted

literature values in Table 8.2. The evaluated AHe298 for the reference molecules and

radicals in the isodesmic reactions are given in Table 8.3.
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/6-3 1 1G(d,p) basis set. 116 The evaluated reaction enthalpies and enthalpies of formation

in the isodesmic reactions are listed in Table 8.4.

8.3.2.1 Enthalpies of formation for transition states. Although B3LYP has

achieved good success in predicting thermochemistry of molecules, several studies report

that B3LYP is less accurate for predicting barriers and has a tendency to underestimate

barriers.116-119 Further calculations are performed for barriers with four different methods

Comparison of barriers is given in Table 8.5. The barrier is calculated relative to the

reactants. The complete basis set (CBS-QB3) method of Petersson and co-workers for

computing accurate energies 193 
194 is chosen as the determining activation energies used

in this kinetic analysis.
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Table 8.2 Comparison of Enthalpies of Formation at B3LYP/6-31G(d,p) with Literature
Value

Working Reactions

(Units: kcaltmol)

B3 LYPt6-31G(d,p)

A°rxn,298 	 Allf°298

AF/f0298

Avg. (B3LYP 	 Literature

CH3SH + CH4 <=> CU3CH3 + H2S

CH3SH + CH 3OH <=> CH 3CH 2OH + H 2 S

-1.26

-6.47

-5.99

-6.44

-6.22 ± 0.68 -5.47 ± 0.14[186]

CH3CH2OH + CH4 <=> CH I SH + CH 3CH 3 2.52 -10.34 -10.82 ± 2.93 -11.07 ± 0.14[186]

CH3CH2SH + CH ISH <=> CH I SH + CU3CH2OH -2.69 -10.79

CH3CH2SH + CH ICH2SH <=> CH I SH + (CH3) 2CHOH -3.17 -11.32

CH3SCH3  + CH4 <=> CHISH + CU 3CH 3 0.87 -8.69 -9.17 ± 2.93 -8.96 ± 0.12[186]

CH3SCH3 + CH IOH <=> CH I SH + CH 3CH 2OH -4.33 -9.15

CH3SCH3 + CH I CH2SH <=> CH I SH + (CH 3 )2CHOH -4.82 -9.67

C.H2SH + CHI SH <=> CH 3SH + C.H2OH -1.13 39.85 38.72 ± 2.12 36.36 ± 2.00[1881

C.H2SH + CH4 <=> C.H 2CH3 + H 2S 3.43 38.36

C.H2SH + CH3OH <=> C.H 2CH2OH + H 2 S -0.38 37.94

CH3S. + CU3CH2OH<=> CH3SH + CH3CH20. 15.97 30.83 31.39 ± 2.29 30.83 ± 1.90[1891

CH3S. + CU3SH<=> CH 3 SH + CH3O. 14.85 31.94

CH3CH2O.	 CH 3CH2SH <-> CH3CH2SH 	 CH3CH20. 15.73 25.47 25.93 ± 2.09 24.14 ± 0.96[184]

CH3CH2S. + CH3SH <=> CH3 SH + CH3CH20. 13.05 25.74

CH3CH2S. + CU3SH <=> C H I CH2SH + CH3O. 14.62 26.57

C.H2CH2SH + CH I SH <=> CH I CH2SH + C.H2 SH -3.57 34.33 35.60 ± 4.06

C.H2CH2SH + CU3SCH3  <=> CH3CH2SH + C.H2CH 3 1.11 36.86

CH3C.HSH + CH I SH <=> CHICH2SH + C.H 2SH 2.67 28.09 29.35 ± 4.06

CH3C.HSH + CH ICH 3 <=> CH ICH2SH + C.H 2CH 3 7.36 30.61

C.H2SCH3	 CU3OCH3 <=> CHISCU3 	 CH3OC.H2 0.68 34.45 34.33 ± 1.23 32.27 ± 0.72

C.H2SCH3 + CH3CH2SH <=> CH I SCU 3 + C.H2CH2OH 7.30 34.21 [190,191]

a Uncertainties are sum of the standard deviation for B3LYPtA-31G(d,p) level of theory

and maximum cumulative uncertainties from reference species.
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Table 8.3 Enthalpies of Formation for Reference Molecules in the Isodesmic Reactions

Compounds Al4°298 (kcal/mol) Compounds AHf298 (kcal/mol)

CH3SH -5.47 ± 0.14 [186] CH4 -17.89 ± 0.07a [79]

CHICH3 -20.24 ± 0.10 a [80] H2S -4.90 ± 0.19 [48]

CH3CH2SH -11.07 ± 0.14 [186] CH 3 OH -48.16 ± 0.07 [55]

CHICHIOH -56.17 ± 0.10a [77] (CH3)2CHOH -65.19 ± 2.2 [187]

CHISCHI -8.96 ± 0.12 [186] C.H2SH 36.36 ± 2.0 [188]

C.H2OH -3.97 ± 0.22 [114] C.H2CH3 28.80 ± 0.50 [81]

C.H2CHIOH -5.70 ± 0.85 [106] CHI S. 30.83 ± 1.90 [189]

CH3CH20. -3.90 ± 1.27 [114] CH3OH. 4.10 f 1.0 [1091

CH3CH2S. 24.14 ± 0.96 [184] C.H2SCH3 32.27 ± 0.72 [190,191]

AHIAH2SAH2AH3 -20.08 ± 0.24 [186] AHI CH2 C1 -26.80 ± 0.26 a [79]

CH2A1CH2C1 -30.33 ± 0.67 [55] CH3 OCH 3 -43.99 ± 0.12 [55]

CH3OCH2 0.1 [192] AHIC.HOH -13.34 ± 0.84 [114]

a ihe uncertainties are evaluated from reference [55].
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Table 8.4 Reaction Enthalpies and Enthalpies of Formation in the Isodesmic Reactions

Working Reactions

(Units: kcaltmol)

AJPrxn,298

B3LYP KMLYP B3LYP

AHf298

KMLYP

C.H 2CH2SH + CH I SH <=> CU 3CH2SH + C.H 2SH -3.57 -4.45 34.33 35.21

CH3C.HOH + CH I SH <=> CU3CH2SH + C.H2SH 2.67 1.82 28.09 28.94

CH3CH2SCH2C.H2 + CH 3CH2SH <=> CH 3CH2 SCH 2CH 3 + C.H 2CH2SH -0.72 -0.49 26.04 26.69

CH3CH2SC.HCH3 + CH 3 CH 2SH <=> CU 3CH2SCH2CH 3 + CH 3C.HSH 1.36 1.21 17.72 18.72

CH3CH2SCH2CH2C1 + CH 3 CH 3 <=> CH 3 CH 2SCH2CH 3 + CH3CH2CI -0.19 -0.23 -26.45 -26.41

CH2CICH2SCH2CH2C1+ CH I CU 3 <=> CH 3 CH 2SCH2CH 3 + CH2CICH2C1 0.95 1.18 -31.12 -31.35

CH3CH2SCH2C.HCI + CH3CH2OH <=> CH3CH2SCH2CH2C1 + C.H 2CH2OH 5.71 4.70 18.32 19.36

CH3CH2SCH2C.HCI + CU 3 OCH 3 <=> CH3CH2SCH2CH2Cl+ CH30C.H2 -0.9l -1.69 18.55 19.38

18.43 ± 1.71 (B3LYP)

Average' for CH3CH2SCH2C.HCI 19.37 ± 1.52 (KMLYP)

CH3CH2SCH2CH2C1 + CH 3 CH 2OH <=> CH3CH2SCH2CH2C1 + CH 3C.HOH 2.80 0.99 13.58 15.43

CH3CH2SC.HCH2Cl + CU 3OCH 3 <=> CH3CH2SCH2CH2Cl+ CH3OC.H2 5.70 3.06 11.95 14.62

12.76 ± 2.69 (B3LYP)

Average' for CH3CH2SC.HCH2CI 	 15.03 ± 2.11 (KMLYP)

a Uncertainties are sum of the standard deviation for each caiculation level of theory

and maximum cumulative uncertainties from reference species.

b The values between B3LYP and KMLYP have 2.3 kcaltmol difference, so further caiculations were performed.

12.71 ± 2.18 (B3LYPt6-311G(d,p)) and 12.85 ± 1.65 (CBSQ), so B3LYP value is recommended.
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8.3.3 Entropy and Heat Capacity

The contributions of extemal rotations, translations, and vibrations to entropies and heat

capacities are calculated from scaled vibration frequencies and moments of inertia for the

optimized B3LYP/6-3 1G(d,p) structures. The number of optical isomers and spin

degeneracy of unpaired electrons are also incorporated.

Contributions from hindered internal rotation for S and CAS) are determined

using direct integration over energy levels of the intramolecular rotational potential

curves. A program, "ROTATOR 137", is used for calculation of the energy levels. This

technique employs expansion of the hindrance potential in the Fourier series (El),

calculation of the Hamiltonian matrix on the basis of wave functions of the free intemal

rotor, and subsequent calculation of energy levels by direct diagonalization of the

Hamiltonian matrix.138140  The torsional potential calculated at discrete torsion angles is

represented by a truncated Fourier series:

Values of the coefficients (Bo, ail and bib) are calculated to provide the minimum and

maximum of the torsional potentials with allowance of a shift of the theoretical extreme

angular positions. 138140The energy levels are used to determine partition coefficients and

their contributions to S and CASTE) through relationships from statistical mechanics.

8.3.4 High-Pressure Limit A Factors (A) and Rate Constants (k3 o) Determination

For the reactions where thermochemical properties of transition states are calculated by

ab initio or density functional methods, km 's are fit by three parameters A, n, and Ea over
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between reactant and transition state are used to determine the pre-exponential factor, A,

via canonical Transition State Cheory (TST)

where hp is the Planck constant and kb is the Boltzmann constant. Treatment of the

internal rotors for S and CASTE) is important here because these intemal rotors are often

lost in the cyclic transition state structures.
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8.4 Results and Discussion

8.4.1 Rotational Barriers

Potential	 barriers	 for	 internal	 rotations	 of

are calculated in the B3LYP/6-31G(d,p) level and shown in

Figures 8.1 and 8.2, respectively. The potential energies are calculated as a function of

the dihedral angle by varying the torsion angle in 30° intervals and allowing other

parameters to be optimized. The barriers for internal rotations are calculated from the

differences between the total energy of each conformation and that of the most stable

conformer at 0 K, where the zero point vibrational energy (ZPVE) and thermal correction

to 298 K are not included. Total energies at 0 K and calculated internal rotation barriers

versus the dihedral angle are presented in the Appendix D (Table D.1). The coefficients

of the Fourier expansion components, ail, and bib in eq. (El) are listed in the Appendix D

(Table D.2).
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8.4.2 Entropy (S°298) and Heat Capacity (Cp(T))

Entropy and heat capacities are calculated based on scaled vibration frequencies and

moments of inertia of the optimized B3LYP/6-31G(d,p) structures (Appendix D, Table

D.3). The calculation results are summarized in Table 8.6. The TVR represents the sum

of the contributions from translation, vibrations and external rotations for 3°298 and

CAS1)'s. Symmetry, number of optical isomers and electronic spin are incorporated in

estimation of 5°298 as described in Table 8.6. Torsion frequencies are omitted in these

calculations, instead, contributions from intemal rotation for S°298 and CAS1)'s are

determined using direct integration over energy levels of the intramolecular rotational

potential curves 138140 and noted in Table 8.6.
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Table 8.6 Ideal Gas Phase Thermodynamic Properties Obtained by B3LYP/6-31G(d,p)
Calculationa (Continued)

Species

( s, e, 01 )g
Afff298b

S298c
CP300c CP400 CP500 Cp800 Cp800 CP1500 CP500

TRANSITION OTATEO

TS1

(C-CSCC)

(CC-SCC)

(3,0,1)

TVRd

I. Re f

I. R.

Total 44.33

74.88

4.40

7.49

86.77

24.31

2.11

1.72

28.17

31.13

2.12

1.57

34.82

37.25

2.02

1.48

40.75

42.45

1.88

1.41

45.74

50.59

1.63

1.31

53.53

56.62

1.45

1.24

59.32

66.06

1.23

1.13

68.42

TS2A TVRd 78.71 25.12 31.93 37.96 43.01 50.79 56.45 65.20

(C-CSCCC1) I. R.1 4.40 2.11 2.12 2.02 1.88 1.63 1.45 1.23
(CC-SCCCI) I. R. 7.49 1.72 1.57 1.48 1.41 1.31 1.24 1.13

(CCS-CC) I. R. 7.44 2.27 1.92 1.73 1.61 1.47 1.37 1.23

(3,0,1) Total 30.82 98.04 31.22 37.54 43.19 47.91 55.20 60.52 68.79

TS2B TVRd 81.67 27.31 34.28 40.31 45.37 53.08 58.68 67.33

(C-CSCCC1) I. R. 1 4.40 2.11 2.12 2.02 1.88 1.63 1.46 1.23

(CC-SCCC1) I. R. 7.49 1.72 1.57 1.48 1.41 1.31 1.24 1.13

(3,0,1) Total 41.32 93.52 31.14 37.97 43.84 48.66 56.02 61.38 69.69

TO2C TVRd 85.11 27.96 34.32 39.94 44.67 52.09 57.66 66.55

(C-CSCCC1) I. R. 1 4.40 2.11 2.12 2.02 1.88 1.63 1.45 1.23

(CC-SCCCI) I. R. 7.49 1.72 1.57 1.48 1.41 1.31 1.24 1.13

(3,0,1) Total 52.l6 97.00 31.79 38.01 43.44 47.96 55.03 60.36 68.91

TS3A TVRd 87.38 27.74 34.77 40.82 45.77 53.l6 58.42 66.40

(CIC-CSCCCI) I. R. 1 5.95 3.75 3.71 3.38 3.01 2.43 2.06 1.57

(C1CC-SCCCI) I. R. 7.86 2.14 1.77 1.61 1.52 1.42 1.35 1.22

(CICCS-CCC1) I. R. 7.86 2.14 1.77 1.61 1.52 1.42 1.35 1.22

(1,0,1) Total 27.99 109.05 35.77 42.02 47.42 51.82 58.43 63.18 70.41

TO3B TVRd 90.45 29.93 37.10 43.17 48.09 55.42 60.61 68.49

(CIC-CSCCCI) I. Ref 5.95 3.75 3.71 3.38 3.01 2.43 2.06 1.57

(CICC-SCCCI) I. R. 7.86 2.14 1.77 1.61 1.52 1.42 1.35 1.22

(1,0,1) Total 35.87 104.26 35.82 42.58 48.l6 52.62 59.27 64.02 71.28

TS3C TVRd 92.58 30.43 37.08 42.74 47.38 54.44 59.61 67.74

(CIC-CSCCCI) I. R.f 5.95 3.75 3.71 3.38 3.01 2.43 2.06 1.57

(CICC-SCCC1) I. R. 7.86 2.14 1.77 1.61 1.52 1.42 1.35 1.22

(1,0,1) Total 46.52 106.39 36.32 42.52 47.73 51.91 58.29 63.02 70.53

PRODUCTS
CH3CH2SCH2C.H 2 TVRd 71.66 20.15 26.31 31.88 36.61 44.09 49.72 58.66

(C-CSCC) I. R. 1 4.40 2.11 2.12 2.02 1.88 1.63 1.45 1.23

(CC-SCC) I. R. 7.49 1.72 1.57 1.48 1.41 1.31 1.24 1.13

(CCS-CC) I. R. 7.49 1.72 1.57 1.48 1.41 1.31 1.24 1.13

(CCSC-C) 1. R. 4.40 2.11 2.12 2.02 1.88 1.63 1.46 1.23

(3,1t2,1) Total 26.04 95.44 27.81 33.69 38.88 43.19 49.97 55.12 63.38

CH3CH2SC.HCH3 TVRd 69.19 19.66 25.69 31.27 36.08 43.74 49.50 58.60

(C-CSCC) I. R. 1 4.40 2.11 2.12 2.02 1.88 1.63 1.46 1.23

(CC-SCC) I. R. 7.49 1.72 1.57 1.48 1.41 1.31 1.24 1.13

(CCS-CC) I. R. 7.49 1.72 1.57 1.48 1.41 1.31 1.24 1.13

(CCSC-C) I. R. 4.40 2.11 2.12 2.02 1.88 1.63 1.45 1.23

(9,1t2,1) Total 17.72 92.97 27.32 33.07 38.27 42.66 49.62 54.90 63.32
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Table 8.6 Ideal Gas Phase Thermodynamic Properties Obtained by B3LYP/6-31G(d,p)
Calculations (Continued)

Species

( s, e, ()I )5

Allf°298b S298C
CP300c CP400 CP400 CP800 Cp800 Cp10o0 Cp1500

CH3CH2SCH2C.HCI
(C-CSCCC1)
(CC-SCCC1)
(CCS-CCCI)

(CCSC-CCI)
(3,1t2,1)

TVRd
I. R.I
I. R.
I. R.
I. R.
Total 18.43

77.13
4.40
7.49
7.44
5.73

102.19

22.39
2.11
1.72
2.27
3.67

32.l6

28.71
2.12
1.57
1.92
3.77

38.09

34.29
2.02
1.48
1.73
3.49

43.01

38.96
1.88
1.41
1.61
3.12

46.98

46.20
1.63
1.31
1.47
2.51

53.12

51.53
1.45
1.24
1.37
2.11

57.71

59.83
1.23
1.13
1.23
1.59

65.01

CH3CH2SC.HCH 2CI TVRd 76.51 22.33 28.62 34.18 38.84 46.07 51.39 59.71

(C-CSCCC1) I. R.r 4.40 2.11 2.12 2.02 1.88 1.63 1.45 1.23
(CC-SCCCI) I. R. 7.49 1.72 1.57 1.48 1.41 1.31 1.24 1.13
(CCS-CCCI) I. R. 7.44 2.27 1.92 1.73 1.61 1.47 1.37 1.23

(CCSC-CC1) 1. R. 5.73 3.67 3.77 3.49 3.12 2.51 2.11 1.59
(3,1t2,1) Total 12.76 101.57 32.10 38.00 42.90 46.86 52.99 57.57 64.89

CH3CH2SH TVRd 62.12 13.43 17.03 20.40 23.31 28.11 31.74 37.51

(C-CSH) I. R. 4.27 2.10 2.l6 2.09 1.96 1.71 1.53 1.27

(CC-SH) I. R. 4.57 1.94 1.64 1.44 1.32 1.19 1.12 1.05

(3,0,1) Total -10.82 70.96 17.47 20.83 23.93 26.62 31.01 34.39 39.83
CH3CH2S. TVRd 63.58 13.65 16.85 19.82 22.39 26.53 29.67 34.64
(C-CS) I. R.I 4.50 2.09 2.06 1.94 1.79 1.55 1.40 1.20

(3,1t2,1) Total 25.93 68.08 15.74 18.91 21.76 24.18 28.08 31.07 35.84

CH3CH2SCI TVRd 68.19 15.91 19.55 22.82 25.61 30.00 33.28 38.42

(C-CSC1) I. R.. 4.40 2.11 2.13 2.03 1.89 1.64 1.46 1.23

(C-CSC1) 1. R. 6.69 2.21 2.07 1.92 1.78 1.56 1.42 1.22

(3,0,1) Total -12.95 79.28 20.23 23.75 26.77 29.28 33.20 36.l6 40.87

CH3CH2SCHCH 2 TVRd 69.15 19.38 25.37 30.70 35.20 42.23 47.47 55.73
(C-CSC=C) I. R.. 4.48 2.14 2.11 1.97 1.82 1.57 1.40 1.20
(CC-SC=C) I. R. 6.85 2.13 1.90 1.75 1.65 1.49 1.38 1.22

(CCS-CCCI) I. R. 6.17 2.24 2.09 1.93 1.78 1.55 1.40 1.20

(3,0,1) Total 10.59 86.65 25.89 31.47 36.35 40.45 46.84 51.65 59.35

CH2CICH2SCI TVRd 76.25 18.46 22.31 25.63 28.31 32.31 35.21 39.60

(CIC-CSCI) I. R. 5.72 3.26 3.38 3.30 3.10 2.65 2.27 1.72

(C1CC-SCI) I. R. 6.89 2.39 2.43 2.31 2.14 1.83 1.61 1.32

(1,0,1) Total -16.75 88.86 24.11 28.15 31.24 33.55 36.82 39.09 42.64
a : Thermodynamic properties are referred to a standard state of an ideal gas of pure enantiometer at 1 atm.
b : Units in kcaltmol c : Units in kcaltmol
d : Sum of contributions from translations, vibrations, and external rotations.
f : I. R. represents contribution from internal rotation
g : Symmetry number, optical isomer and electronic spin are taken into account,

-Rln(s), Rln2, R1n2, respectively.
s = number of symmetry, e = electronic spin, 01= number of optical isomer



values available. If not, the values of KMLYP density functional method with the /6-

311 G(d,p) basis set are compared.

For alkyl RSH species Lias et a1. 16 and Griller et a1. 189 agreed that BDE (S H)

was effectively independent of the structure of the R group. This was based on values of

BDE derived from the electron affinities of the RS radicals and the AH acjd° values of the

The BDEs of H—CH2SH (96.3) and H—CH2SCH3 (95.4) are determined – 2

186,188,190,191kcal/mol higher than literature values, 93.9 and 93.3 kcal/mol, respectively.
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8.4.4.1 Retro-ene Reaction. The CH3CH2SCH2CH3 can dissociate to CH3CH2SH +

C2H4 via a four center hydrogen shift transition state (TS1). This reaction, when

involving a 6-member ring, is often termed a retro-ene reaction and we use this

terminology through the rest of this manuscript. TS 1 structure is illustrated in Table

8.1(a). The H6 atom is in a bridge structure shifting from C5 to S3. The cleaving C5-H6

bond is 1.28A and the forming S3-H6 bond is 1.75A. The cleaving S3-C4 bond is 2.69A.

All structures are from B3LYP(6-31G(d,p) determined geometries. The barrier is 64.41

kcal/mol is some 20 kcal/mol higher than a conventional six center retro-ene reaction due

to strain in the four center ring strain of the transition state.

transition state structures are illustrated in Cable 8.1(c) and 8.1(d), respectively. The latter

reaction (TS2C) with a chlorine shift has an –11 kcal/mol higher barrier than TS2B

which has a hydrogen shift. (78.61 and 67.77 kcal(mol barriers for TS2C and TS2B,

respectively.) This is a result of the weak S—C1 bond being formed, relative to the S-H

bond.

where Table 8.1(f) and 8.1(g) show transition state structures, respectively. The

optimized geometries of TS3B and TS3C and barriers of 66.99 and 77.64 kcal/mol in
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these reactions are very similar to the optimized geometries of the respective reactions of

T52B and TS2C and 67.77 and 78.61 kcal/mol barriers for the CH3CH2SCH2CH3.
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The	 CH3CH2SCH2CH3	 also	 can	 undergo	 dissociation to

The optimized geometry of

TS3A and a barrier of 59.11 kcal/mol in this reaction are very similar to the optimized

one Al in the dithiol molecule. Table 8.1(e) shows transition state structure. The leaving

C4-H9 and C5-C16 bonds are 1.26 and 2.60A, respectively.
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8.4.4.4 Thermodynamic and Kinetic Analysis of Retro-ene and HC1 Elimination

Reactions.	 Thermodynamic and kinetic analysis on the unimolecular dissociation of

are shown in the

Appendix D (Table D.4 and D.5). The pre-exponential A factor and activation energy

for the unimolecular dissociation of

For the unimolecular dissociations of CH3CH2SCH2CH2C1 and

CH3CH2SCH2CH2C1, HC1 eliminations (T52A or TS3A) are the most important

channel because of — one order of magnitude higher A factor and — 10 kcal/mol lower Ea

compared to hydrogen shift reactions (T52B or TS3B) at temperature from 300 to 2000

K. Chlorine shift unimolecular dissociation of CH3CH2SCH2CH2Cl and

have similar A factors and Ea with temperature, but not important

channel because of higher Ea compared to HC1 elimination and H shift.

8.4.4.5 Overall Kinetic Analysis of Unimolecular Dissociation Reactions.

Multifrequency quantum Rice-Ramsperger-Kassel (QRRK) calculations31'41  for k(E) and

modified strong collision analysis of Gilbert et a1.34-36 for falloff are performed on this

reaction system to estimate rate constants and to determine important reaction paths as a

function of temperature. All dissociation paths are pressure-independent above 0.01 atm.

Plots of rate constants at 1 atm versus 1000/T for unimolecular dissociations of
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For CH3CH2SCH2CH3 dissociation, bond cleavage reactions to CH3CH2SH• +

CH3 products have 2 orders of magnitude lower rate constants than C—S bond cleavage

reaction above 1500 K.

For the unimolecular dissociations of CH3CH2SCH2CH3 and

are most important channel at

high and low temperatures. Carbon–sulfur and carbon–chlorine bond cleavage reactions

become important at higher temperatures (above 1000 K), because of higher Arrhenius

pre-exponential factors.

8.5. Summary

Thermodynamic properties for reactants, transition states and products for the

unimolecular dissociation of

are calculated at the B3LYP(6-31G(d,p) level. Alie298 values are

determined with isodesmic reactions. Entropy and heat capacities are determined using

geometric parameters and vibrational frequencies obtained at the B3LYP/6-31G(d,p).

Che hindered rotational contributions to S°298 and CAS) are calculated by intramolecular

torsion potential curves. Hydrogen bond dissociation energies of CH3SH, CH3CH2SH,

dissociation, bond cleavage reactions to CH3CH2SH• +

C2H 5 is most important at higher temperature (above 800 K). For the unimolecular

, HCl eliminations via

T52A and TS3A, respectively, are most important channel at high and low temperatures.
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(1ATM) 1000/T (K) —0_ CH3C.O+02 (REV.)

—E - CH 2CO+HO2 (Elim.)

CH 3C(=O)O.+O.

—v-- C.H 2C(=O)0OH

CH2CO+HO2(Hshift)

-4- YC OC (=O) +O H

- C.H 2CO(O.)+OH

Figure A.1 CH3 C(=0)00• dissociation k vs. 1000/T at latm.



244



245



246



247



248



249



250



■.■■



252



APPENDIX B

GEOMETRIES AND C(000)H2CHO AND C(00H)H2C00 DISSOCIATIONS

This appendix illustrates optimized geometries of intermediate radicals and transition

dissociations

versus temperature and pressure as discussed in Chapter 4.
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CI(Ir

[c] C(OOH)H2CHO
H(8)

254

Tables B.1 Geometries of Radicals and TS Optimized at MP2(6-31G(d') a

Bond Length
(A)

Bond Angle
(Degree)

Dihedral Angle
(Degree)

r21 1.51(1.52)
r31 1.21(1.21) /312 123.2(123.3)
r42 1.41(1.41) /421 111.9(112.5) /4213 163.7(166.2)
r54 1.47(1.47) /542 102.9(104.3) Z5421 -67.5(-68.6)
r61 1.11(1.11) /612 114.4(114.3) Z6123 178.3(178.3)
r72 1.10(1.10) /721 109.7(109.2) /7213 -81.0(-78.4)
r85
r92

0.97(0.97)
1.10(1.10)

/854
/921

98.9(98.9)
110.2(110.2)

/8542
Z9213

155.2(145.8)
39.0(40.6)

S2=O.76Ob

r21 1.21(1.20) (0.753)
r32 1.52(1.53) /321 121.7(122.2)
r43 1.45(1.44) /432 111.1(111.2) /4321 179.5(167.2)
r54 1.30(1.32) /543 110.0(110.5) /5432 -65.1(-64.2)
r62 1.11(1.11) /625 122.9(123.1) /6253 179.6(-179.1)
r73 1.10(1.10) /732 110.6(109.9) Z7321 58.3(72.4)
r83 1.10(1.10) /832 110.7(111.0) /8321 -63.8(-49.5)

S2=0.764
r21 1.54(1.54) (0.753)
r32 1.41(1.41) /321 112.3(112.7)
r43 1.45(1.45) /432 105.1(106.3) Z4321 66.8(66.4)
r51 1.19(1.19) /512 125.9(125.9) Z5123 178.4(176.0)
r62 1.10(1.10) /621 109.1(108.1) Z6213 -116.4(-124.0)
r72 1.10(1.10) /721 108.7(109.0) /7213 123.7(116.7)
r84 0.97(0.98) /843 100.3(100.1) /8432 -105.2(-97.8)

S2=1.579
r21 1.09(1.09) (1.337)
r31 1.09(1.09) /312 117.9(118.7)
r41 1.49(1.44) /412 120.0(121.3) Z4123 152.2(-166.6)
r54 1.18(1.23) /541 122.5(122.3) Z5412 178.7(178.7)
r64 1.12(1.11) /641 114.8(116.5) /6412 -4.8(-2.7)
r71 1.91(2.20) /712 99.2(97.2) /7123 102.6(93.6)
r87 1.20(1.22) /871 115.5(113.6) Z8712 166.5(162.9)

S2=0.800
r21 1.60(1.56) (0.757)
r32 1.18(1.18) /321 131.6(130.4)
r42 1.29(1.36) /421 90.9(89.8) /4213 -176.2(-172.8)
r54 1.36(1.26) /542 126.8(129.1) Z5421 3.3(5.1)
r65 1.37(1.42) /654 92.2(93.0) /6542 -31.1(-30.6)
r71 1.09(1.09) /712 114.5(114.5) Z7123 -39.8(-45.4)
r81 1.10(1.10) /812 104.9(106.0) Z8123 84.7(78.1)

H(6)

Species Name &
Structure

[a]C(00H)H2CHO
H(8)

0(5)

H(6)

C(1)(2)60

0(17- 	
H(7)

[b]C(00H)H2CHO

10(5)

C(2)(C(3)=14(7

or

Hofico===cm
X —\5,H(6)

[d] TC0H2CH0-02
, 0(8)

■11.
14C7j
71'

H(ki /5)
C(1)	 C(4)

H(6)

[e] T1HS

0(5)
0(fr

Hcri
H(8)	 --N3)

(H(8)
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—•- C.H2CH0+ 02

—0— C(OOH)H2CHO

—6,-- CH 2C0+H 02 (Hshift)

—y-- C0+CH 2O+OH (Hshift)

(298K) 	 Pressure (ATM)

-15 -
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0.0001 	 0.001 	 0.01 	 0.1
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Figure B.2 C(000)H2CHO dissociation k vs. pressure at 298K.
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(298K) 	 Pressure (ATM) AO- C(00.)H2CHO

C.H2C H 0+ 02

-0- CH 2CO+H02 (Eli.)

-A-- C0+CH2O+OH

Figure B.5 C(00H)HCC*0 dissociation k vs. pressure at 298K.
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APPENDIX C

GEOMETRIES, VIBRATIONAL FREQUENCIES AND MOMENTS OF
INERTIA

This appendix illustrates optimized geometries of intermediate radicals and transition

states, vibration frequencies and moments of inertia at B3LYP/6-31G(d,p) level as

discussed in Chapter 6.
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Table C.2 Vibrational Frequencies and Moments of Inertia at B3LYP/6-31G(d,p) level

Molecule
	

Frequencies (cm-l )a

CH2=CHC*H2

32.88, 175.25, 208.13 b

CH2=CHCH 2OOH
177.56, 543.48, 644.75

426,535,554,777,801,938,1017,1043,1218,1278,1430,1528,1535,
3148,3157,3164,3257,3259

67,165,224,338,431,456,680,882,928,966,984,1023,1039,1176,
1291,1319,1372,1377,1459,1484,1727,3037,3090,3147,3157,3237,
3731

CH2=CHCH200 86, 110, 313, 382, 527, 670, 860, 949, 966, 980, 1037, 1162, 1196, 1280,
109.94, 646.65, 696.44 1312, 1360, 1463, 1485, 1730, 3071, 3138, 3155, 3181, 3243

CH2=CHCH200H 58,165,233,350,417,469,687,793,835,884,976,1021,1101,1249,
171.19, 518.89, 625.66 1293,1372,1382,1475,1687,3047,3051,3116,3256,3723

CH2=C.CH200H 61, 158, 237, 295, 392, 437, 607, 875, 886, 911, 976, 1025, 1090, 1272,

163.08, 552.37, 660.96 1354, 1381, 1428, 1449, 1751, 2969, 3063, 3070, 3176, 3727

YCC•COO 139, 193, 293, 690, 732, 837, 935, 943, 973, 1005, 1014, 1024, 1183, 1204,

220.31, 242.87, 421.76 1302, 1329, 1369, 1489, 1495, 2948, 2950, 3054, 3056, 3263

O.CH2YCCO 136,244,340,616,635,779,868,948,998,1076,1103,1150,1163,1201,

161.72, 446.39, 483.10 1289,1357,1375,1435,1534,2902,2935,3097,3106,3199

C.H2YCCOO
157.51, 381.75, 476.41

147, 174, 328, 445, 579, 701, 861, 879, 936, 952, 1025, 1124, 1149, 1192,
1268, 1334, 1386, 1478, 1528, 3034, 3048, 3108, 3169, 3282

TC=CC-0 2

113.92, 856.61, 906.71

269i, 31, 94, 200, 299, 427, 611, 705, 888, 899, 943, 1017, 1037, 1222,
1305, 1428, 1451, 1520, 1587, 3159, 3164, 3173, 3256, 3275

TC.=CCOOHS
211.46, 341.02, 511.34

1178i, 237, 334, 476, 545, 577, 701, 793, 867, 901, 939, 1049, 1072, 1136,
1261, 1272, 1363, 1478, 1623, 1713, 3023, 3100, 3108, 3245

486i, 61, 103, 161, 198, 259, 376, 519, 544, 621, 719, 784, 819, 900, 1108,TC.=CCOOH
1187, 1386, 1458, 1913, 3113, 3259, 3374, 3475, 3771

152.63, 728.23, 837.85

1757i, 119, 209, 258, 566, 616, 636, 869, 918, 950, 964, 1014, 1029, 1152,
TALLYL-OHSQ 1204, 1316, 1379, 1446, 1649, 1963, 3102, 3182, 3192, 3285
144.53, 541.18, 588.52

2060i, 144, 255, 350, 478, 540, 684, 867, 899, 904, 922, 981, 1025, 1075,TC=C0COOHS
1228, 1313, 1420, 1487, 1739, 1799, 3023, 3098, 3101, 3196

146.04, 518.34, 631.04

553i, 64, 133,259,354,363,408,446,871,883,949,976, 1036, 1055,TC=C0COOHS
1077,1379,1435,1470,1931,3099,3134,3168,3214,3704

164.60, 676.67, 764.90

TC=C0COOHS
177.26, 573.57, 738.59

TYCC.C00
227.51, 275.00 435.67

1053i, 139, 258, 321, 344, 459, 543, 638, 777, 921, 933, 1012, 1056, 1060,
1156, 1364, 1461, 1523, 1644, 1882, 3140, 3153, 3224, 3234

695i, 238, 346, 507, 647, 697, 866, 901, 935, 959, 985, 991, 1089, 1221,
1245, 1358, 1402, 1489, 1533, 3008, 3064, 3155, 3201, 3246

a Non-scaled. b Moments of Inertia in amu-Bohr2, 1 Bohr = 0.529177A.
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Table C.2 Vibrational Frequencies and Moments of Inertia at B3LYP(6-31G(d,p) level
(Continued)

Molecule Frequencies (cm-1 )a

TO.CH2YCCO 651i, 232, 263, 430, 570, 681, 854, 893, 978, 1045, 1104, 1127, 1165, 1176,
205.32, 307.79, 445.79 1296, 1319, 1359, 1445, 1462, 2889, 2920, 2975, 3020, 3183

TYCCO-CH2O 194i, 63,153,174,321,555,767,836,984,1046,1084,1112,1133,1203,
164.01, 575.31, 631.27 1258,1372,1513,1528,1694,2896,2951,3121,3151,3228

TC•YCC00 717i, 124, 281, 376, 494, 706, 810, 841, 921, 957, 1000, 1043, 1157, 1198,

189.35, 369.07, 452.87 1283, 1361, 1436, 1525, 1541, 3030, 3091, 3167, 3188, 3268

TC=C00C 874i, 218, 282, 376, 478, 527, 651, 707, 812, 883, 957, 1041, 1082, 1148,

156.61, 412.72, 509.64 1180, 1275, 1393, 1501, 1543, 3074, 3108, 3175, 3189, 3276

TYCOCYCO 793i, 164, 324, 387, 495, 643, 735, 873, 928, 965, 1045, 1143, 1175, 1219,

160.09, 376.99 467.14 1258,1320,1412,1488,1525,3006,3053,3075,3175,3291  



APPENDIX D

INTERNAL ROTATION, THERMODYNAMIC AND KINETIC ANALYSIS

This appendix lists barriers and coefficients of truncated fourier series expansions for
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Table D.1 Total Energy and Intemal Rotation Barriers of CH3CH2SCH2CH3 andCH3CH2SCH2CH3

torsion

angle

total

energya

rotational

barriert

torsion

angle

total

energya

rotationalbarriert torsion

angle

total

energya

rotational

barriert

Cli3-""C112SCH2CH2CI CH3CH2--SCH2CH2CI CH3CH2S--CH2CH2CI

-60 -1016.2503154 0.00 177 -1016.2503154 0.00 80 -1016.2503154 0.00
-45 -1016.2496383 0.42 192 -1016.2500795 0.15 95 -1016.2498753 0.28
-30 -1016.2479461 1.49 207 -1016.2494507 0.54 110 -1016.2489661 0.85
-15 -1016.2461386 2.62 222 -1016.2487760 0.97 125 -1016.2483499 1.23

0 -1016.2453339 3.13 237 -1016.2485175 1.13 140 -1016.2482226 1.31
15 -1016.2460812 2.66 252 -1016.2487938 0.95 155 -1016.2484296 1.18

30 -1016.2478772 1.53 267 -1016.2490807 0.77 170 -1016.2486306 1.06

45 -1016.2495926 0.45 282 -1016.2494115 0.57 185 -1016.2486715 1.03
60 -1016.2503142 0.00 297 -1016.2494087 0.57 200 -1016.2485042 1.14
75 -1016.2496979 0.39 312 -1016.2484416 1.18 215 -1016.2482604 1.29
90 -1016.2480249 1.44 327 -1016.2465985 2.33 230 -1016.2482500 1.30

105 -1016.2461760 2.60 342 -1016.2448865 3.41 245 -1016.2487300 0.99
120 -1016.2453332 3.13 357 -1016.2444854 3.66 260 -1016.2495990 0.45
135 -1016.2461226 2.63 12 -1016.2454484 3.05 275 -1016.2502697 0.03
150 -1016.2479647 1.48 27 -1016.2471393 1.99 290 -1016.2500761 0.15

165 -1016.2496503 0.42 42 -1016.2487999 0.95 305 -1016.2488487 0.92
180 -1016.2503152 0.00 57 -1016.2498554 0.29 320 -1016.2467315 2.25
195 -1016.2496904 0.39 72 -1016.2502725 0.03 335 -1016.2443401 3.75
210 -1016.2480386 1.43 87 -1016.2499715 0.22 350 -1016.2425307 4.88
225 -1016.2461949 2.59 102 -1016.2491630 0.72 5 -1016.2422439 5.06
240 -1016.2453345 3.13 117 -1016.2486925 1.02 20 -1016.2436864 4.16
255 -1016.2460970 2.65 132 -1016.2488893 0.89 35 -1016.2459916 2.71

270 -1016.2479328 1.50 147 -1016.2494943 0.52 50 -1016.2482660 1.29

285 -1016.2496437 0.42 162 -1016.2501083 0.13 65 -1016.2498189 0.31

300 -1016.2503154 0.00 177 -1016.2503153 0.00 80 -1016.2503154 0.00

a Electronic energies at 0 K. ZPVE and thermal correction to 298 K are not included. Units in Hartree.
b Rorational barriers are calculated as the difference between the total energy of each conformer and
that of the most stable conformer. Units in kcal/mol.
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Table D.1 Total Energy and Intemal Rotation Barriers of CH3CH2SCH2CH3 and
CH3CH2SCH2CH3 (Continued)

torsion

angle

total

energy'

rotationalbarrierb torsion

angle

total

energy"

rotational

barrierb

torsion

angle

total

energy'

rotational

barrierb

CH3CH2SCH2--CH2Cl CH2C1--CH2SCH2CH2CI CH2CICH2--SCH2CH2C1

180 -1016.2503154 0.00 -180 -1475.8431850 0.00 -83 -1475.8431850 0.00

195 -1016.2494349 0.55 -165 -1475.8422553 0.58 -68 -1475.8426285 0.35
210 -1016.2472841 1.90 -150 -1475.8399650 2.02 -53 -1475.8413420 1.16
225 -1016.2450695 3.29 -135 -1475.8374461 3.60 -38 -1475.8394678 2.33
240 -1016.2442155 3.83 -120 -1475.8360114 4.50 -23 -1475.8372397 3.73
255 -1016.2451140 3.26 -105 -1475.8364826 4.21 -8 -1475.8354006 4.88
270 -1016.2467161 2.26 -90 -1475.8382455 3.10 7 -1475.8347690 5.28

285 -1016.2476255 1.69 -75 -1475.8397729 2.14 22 -1475.8358836 4.58

300 -1016.2469341 2.12 -60 -1475.8396832 2.20 37 -1475.8382706 3.08

315 -1016.2446070 3.58 -45 -1475.8379290 3.30 52 -1475.8405600 1.65

330 -1016.2415092 5.53 -30 -1475.8352202 5.00 67 -1475.8418775 0.82

345 -1016.2390530 7.07 -15 -1475.8325591 6.67 82 -1475.8421483 0.65

360 -1016.2382833 7.55 0 -1475.8312347 7.50 97 -1475.8421480 0.65

15 -1016.2395619 6.75 15 -1475.8320127 7.01 112 -1475.8418353 0.85

30 -1016.2421464 5.13 30 -1475.8345924 5.39 127 -1475.8413395 1.16

45 -1016.2448160 3.45 45 -1475.8377840 3.39 142 -1475.8411457 1.28

60 -1016.2464853 2.40 60 -1475.8401356 1.91 157 -1475.8412324 1.23

75 -1016.2465721 2.35 75 -1475.8407690 1.52 172 -1475.8413787 1.13

90 -1016.2452062 3.21 90 -1475.8397172 2.18 187 -1475.8415031 1.06

105 -1016.2435532 4.24 105 -1475.8380815 3.20 202 -1475.8415454 1.03
120 -1016.2432016 4.46 120 -1475.8370542 3.85 217 -1475.8415422 1.03

135 -1016.2446497 3.56 135 -1475.8377823 3.39 232 -1475.8416207 0.98

150 -1016.2471568 1.98 150 -1475.8399948 2.00 247 -1475.8420284 0.73

165 -1016.2494184 0.56 165 -1475.8422696 0.57 262 -1475.8427662 0.26

180 -1016.2503154 0.00 180 -1475.8431849 0.00 277 -1475.8431850 0.00
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Table D.2 Coefficients of Truncated Fourier Series Expansions for Internal Rotation
Potentialsa

a0 al a2 aI aI a5 a6 a7
CH3--CH2SCH2CH2C1 1.519 0.010 -0.002 -1.562 0.002 -0.009 0.044 -0.002
CHICH2S-CH2CH2C1 1.085 -0.977 0.644 -0.825 0.081 -0.046 0.024 0.015
CH3CH2S-CH2CH2C1 1.568 0.198 -1.357 -0.426 0.028 0.007 -0.017 -0.006
CHICH2SCH2--CH3 3.363 -1.919 0.490 -1.885 -0.109 0.032 0.030 0.000
CHI-CH2SCH7CH2C1 3.301 -1.817 0.539 -1.955 -0.116 0.025 0.023 -0.003
CH3CH2S-CH2CH2C1 1.662 -0.087 -1.379 -0.180 0.095 -0.055 -0.041 -0.003

b 1 b2 bI bI b5 b8 b7
CH3-CH2SCH2CH2C1 0.013 0.004 -0.025 0.004 0.010 0.004 -0.003
CH3CH2--SCH2CH2CI 0.178 -0.074 -0.022 -0.012 0.063 -0.041 -0.005
CH3CH2S-CH2CH2C1 -1.152 -0.484 0.756 0.022 -0.006 -0.026 0.002
CHICH2SCH2--CH3 -0.265 -0.120 0.213 -0.010 -0.002 -0.021 -0.003
CH3--CH2SCH2CH2C1 0.260 0.112 -0.217 0.001 -0.005 0.036 0.008
CH3CH2--SCH2CH2CI 1.372 0.227 -0.680 -0.014 0.074 -0.024 0.020

a units in kcal/mol. Values of rotation barriers calculated at the B3LYP/6-31G(d,p) level are used to

calculate the coefficients.
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Table D.3 Vibrational Frequencies and Moments of Inertia at B3LYP(6-31G(d,p) level

Molecule	 Frequencies (cmi)a

CH3 CH2SCH2CH3 	54, 79, 137,245, 248, 327,335, 685, 689,788, 805, 994,997, 1039,
126.62, 1064.94,	 1054,1062, 1104, 1270,1275, 1288, 1326,1425, 1427, 1499,1507, 1507,
1146.386	1508,1519, 1520, 3044,3044, 3050, 3050,3088, 3091, 3120,3121, 3130,

3131

CHICH2SCH2CH3
	

43, 66, 87, 206, 220, 246, 259, 379, 663, 693, 743, 763, 795, 979, 996,
266.83, 2341.34,	 1049, 1051, 1082, 1154, 1249, 1272, 1299, 1317, 1335, 1428, 1482, 1499,
2490.69
	

1503, 1507, 1518, 3052, 3053, 3078, 3101, 3111, 3123, 3133, 3134, 3179

CHICH2SCH2CH3 	 34, 78, 87, 109, 192, 225, 230, 313, 332, 683, 699, 732, 738, 754, 771,
938.59, 2681.66, 	 956, 1014, 1047, 1051, 1142, 1159, 1238, 1263, 1302, 1312, 1335, 1336,
3256.67	 1478, 1485, 1500, 1501, 3086, 3087, 3110, 3111, 3140, 3140, 3178, 3178

TS 	 746i, 42, 73, 197, 222, 310, 332, 361, 450, 617, 645, 760, 835, 936, 979,
160.90, 1330.62,	 1030, 1071, 1126, 1190, 1269, 1276, 1285, 1333, 1403, 1422, 1466, 1475,
1352.45	 1505, 1513, 1573, 3034, 3040, 3079, 3105, 3108, 3129, 3190, 3193, 3290

TS2A	 1404i, 41, 67, 91, 170, 243, 297, 312, 338, 363, 641, 677, 709, 796, 803,
530.09, 1842.83,	 995, 1026, 1039, 1059, 1084, 1180, 1275, 1279, 1305, 1348, 1429, 1461,
2250.85	 1502, 1508, 1517, 1577, 3053, 3069, 3118, 3126, 3137, 3140, 3190, 3300

TS2B	 911i, 30, 61, 107, 180, 227, 299, 353, 373, 423, 584, 639, 689, 745, 829,
321.95, 2484.25 2632.25 902, 979, 1035, 1053, 1075, 1180, 1259, 1273, 1286, 1352, 1423, 1437,

1465, 1505, 1512, 1525, 3037, 3042, 3082, 3108, 3130, 3155, 3198, 3306

TS2C	 310i, 51, 73, 91, 107, 183, 205, 283, 308, 366, 452, 599, 694, 840, 934,
646.33, 1534.89,	 962, 967, 970, 994, 1068, 1240, 1243, 1270, 1286, 1423, 1434, 1479,
2034.10	 1508, 1511, 1570, 3005, 3044, 3069, 3111, 3135, 3158, 3204, 3249, 3309

TS3A	 1468i, 26, 46, 71, 113, 129, 260, 271, 303, 326, 379, 645, 698, 711, 771,
842.69, 3581.56,	 786, 802, 993, 1025, 1040, 1057, 1147, 1175, 1256, 1276, 1304, 1333,
4288.27	 1355, 1446, 1504, 1507, 1562, 3085, 3104, 3143, 3146, 3171, 3191, 3301

TS3B	 845i, 40, 45, 76, 101, 201, 224, 280, 336, 372, 427, 586, 679, 689, 723,
351.23, 5310.84,	 743, 828, 917, 992, 1037, 1055, 1139, 1182, 1227, 1263, 1298, 1321,
5487.83	 1355, 1434, 1468, 1499, 1527, 3068, 3112, 3116, 3154, 3180, 3197, 3305

TS3C	 310i, 51, 73, 91, 107, 183, 205, 283, 308, 366, 452, 599, 694, 840, 934,
646.33, 1534.89,	 962, 967, 970, 994, 1068, 1240, 1243, 1270, 1286, 1423, 1434, 1479,
2034.10	 1508, 1511, 1570, 3005, 3044, 3069, 3111, 3135, 3158, 3204, 3249, 3309

CH3CH2SCH2C*1-12

125.14, 1032.35,
1111.04

CH3CH2SC.HCH3
113.32, 1052.52,
1129.66

45,73,135,190,247,307,326,551,659,686,784,802,994,1025,1055,
1064,1092,1229,1257,1272,1311,1426,1475,1500,1507,1507,1519,
3044,3047,3049,3089,3103,3119,3131,3167,3273

52, 71, 131, 149, 242, 332, 346, 460, 680, 747, 792, 996, 1011, 1035,
1048, 1075, 1122, 1269, 1289, 1325, 1422, 1427, 1486, 1501, 1502, 1507,
1518, 2976, 3051, 3060, 3060, 3104, 3108, 3122, 3134, 3171

a Non-scaled. b Moments of Inertia in amu-Bohr2 , 1 Bohr = 0.529177A.
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Table D.3 Vibrational Frequencies and Moments of Inertia at B3LYP/6-31G(d,p) level
(Continued)

Molecule
	

Frequencies (cni i)a

CHICH2SC.HCH7CI
367.99, 1993.18,
2255.20

CH3CFI2SC'HCH2C1
257.34, 2264.29,
2331.80

CHICH2SH
62.53, 348.88, 380.01

CH3CH2SC1•
54.45, 339.35, 371.61

CH3CH2SCl
249.04, 637.58, 816.09

CHICH2SCHCH2

249.04, 637.58, 816.09

CH2ClCH2SCl
308.86, 1949.37,
2173.33

25, 57, 110, 173, 242, 249, 283, 372, 428, 662, 717, 761, 797, 892, 996,
1053, 1078, 1102, 1165, 1234, 1271, 1307, 1332, 1426, 1462, 1503, 1508,
1519, 3004, 3050, 3056, 3093, 3105, 3121, 3132, 3236

35, 40, 95, 149, 247, 268, 335, 389, 463, 558, 680, 749, 792, 953, 996,
1052, 1083, 1130, 1183, 1232, 1272, 1302, 1355, 1430, 1496, 1500, 1508,
1518,3054,3067,3116,3118,3127,3139,3186,3206

233, 267, 328, 649, 741, 877, 988, 1071, 1130, 1287, 1318, 1427, 1493,
1506, 1514, 2677, 3042, 3073, 3107, 3118, 3139

228, 331, 491, 660, 910, 981, 1077, 1260, 1294, 1426, 1447, 1502, 1511,
3027, 3044, 3045, 3116, 3137

103,181,268,354,487,636,769,981,1060,1077,1273,1312,1425,
1464,1504,1516,3043,3052,3109,3124,3145

113, 161, 194, 275, 331, 464, 600, 641, 709, 775, 872, 981, 996, 1033,
1072, 1087, 1283, 1303, 1319, 1426, 1435, 1488, 1506, 1518, 1666, 3048,
3067, 3113, 3120, 3144, 3166, 3179, 3254

73, 99, 203, 230, 324, 490, 691, 737, 762, 986, 1050, 1148, 1249, 1305,
1341,1464,1502,3066,3114,3136,3183
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Table D.4 Thermodynamic and Kinetic Analysis vs. Temperature in Retro-ene and HC1
Eliminations
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Table D.4 Thermodynamic and Kinetic Analysis vs. Temperature in Retro-ene and HCl
Eliminations (Continued)
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Table D.4 Thermodynamic and Kinetic Analysis vs. Temperature in Retro-ene and HC1
Eliminations (Continued)
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Table D.4 Thermodynamic and Kinetic Analysis vs. Temperature in Retro-ene and I-IC1
Eliminations (Continued)
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Table D.4 Thermodynamic and Kinetic Analysis vs. Temperature in Retro-ene and HCl
Eliminations (Continued)
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Table D.4 Thermodynamic and Kinetic Analysis vs. Temperature in Retro-ene and HCl
Eliminations (Continued)



284

Table D.5 Thermodynamic and Kinetic Analysis vs. Temperature in Bond Cleavage
Reactions
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Table D.5 Thermodynamic and Kinetic Analysis vs. Temperature in Bond Cleavage
Reactions (Continued)



APPENDIX E

PARTIAL INSTRUCTION SET FOR CHEMRATE

This appendix describes partial instruction set for ChemRate and manual and example

output for the NJ1T CHEMD1S code. This appendix is related to Chapter 2, Chapter 3

and Chapter 5.
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E.1 ChemRate

ChemRate" is a program that contains a master equation solver so that rate constants for

unimolecular reactions in the energy transfer region and chemical activation processes

under steady and non-steady state conditions can be determined on the basis of Rice-

Ramsperger-Kassel-Marcus (RRKM) theory. The ChemRate codes are written and a PC

version is distributed by the Chemistry Division of N1ST. The Reason for this partial

instruction set on ChemRate is to assist other students in this research group who may

wish to use it in comparisons of the NJ1T programs, CHEMD1S and CHEMASTER. The

ChemRate instruction set is not complete, and to our knowledge at this time the help

manual for ChemRate is not complete or sufficient for easy use of ChemRate.

ChemRate has several characteristics. 47

• Calculates high-pressure rate constants of unimolecular reactions on the basis

of transition state theory.

• Determines specific rate constants on the basis of RRKM theory.

• Treats multichannel reactions including chemical activation processes under

equilibrium and non-equilibrium conditions. Calculates steady state rate

constant as well as time-dependent rate constants.

• Computes thermofunctions (Cp, S, H, pK, etc.) at any temperature.

• Treats hindered rotors and tunneling.

• Fits computed results in various ways.

• Compares computed results with experimental data.
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ChemRate supports data base of component and reaction and includes complete

N1ST Kinetic Data Base that contains more than 53000 experimental data for almost

14000 reactions and JANAF Tables. 48

ChemRate can also create data base of component and reaction when they are not

available in the data base. Molecular weight, atomic composition, standard enthalpy of

formation, frequencies, external and intemal rotations, collision parameters, geometry

data, experimental data, etc, are required for component and reaction.

E.1.1 Partial Manual for ChemRate

An outline for use of ChemRate in calculating rate constants and in calculating branching

ratios in complex chemical activation and unimolecular dissociation reactions is briefly

presented here because ChemRate instruction is not helpful. One must obtain a CD with

ChemRate on it from N1ST and start it on a pc computer. One can maae a folder (ex.

C AChemrate\) in Microsoft Windows (ex. MS 98, MS XP) and install it in that folder.
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4. Specification of reaction [Clica on Woraspace, Reactions and Add Reaction]:
- Isomerization, Decomposition, Bimolecular reactions.
- Choose reaction type and type in thermochemical and structure data for reactant,

product, and transition state.
Note: No reaction can be used without transition state. Several components'

properties are required for calculation, such as name, atomic composition, mass, enthalpy
of formation, frequencies, and rotations. Moment of inertia and symmetry number are
needed for rotations. Hindered rotation can be included with barrier and number of
minima.
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E.1.2 EDample for ChemRate

An example for ChemRate in calculating rate constants and branching ratios in

unimolecular reactions of acetyl peroxy radical (CH 3C(0)OO is presented. This acetyl

peroxy radical (CH3C(0)OO) unimolecular dissociations and comparison of

dissociation rate constants between ChemRate and CHEMASTER are discussed in

Chapter 3 (page 50).

E.1.2.1 Input EDample for ChemRate

1. Units: energy (kcal), temperature (K), pressure (atm), concentration (1(cm 3).

2. Operating condition: 800 K and 1 atm. Steady State.



E.1.2.2 Output EDample for ChemRate
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E.2 Manual and EDample Output for the NJIT CHEMDIS Code

The ChemRate program does not give specific output on energy dependent rate constant

[k (E)], collision efficiency [/3 (T)] and other specific parameters needed for the

calculation of rate constants in chemical activation reactions and in dissociation reactions

where there is pressure dependence. It is need to revert to the NJ1T CHEMD1S code for

some of this specific data.
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Multifrequency quantum Rice-Ramsperger-Kassel (QRRK) analysis with the

modified strong collision (CHEMD1S) for the collision efficiency [fl (T)] in chemical

activation is presented. The energy dependent rate constant [a (E)] is described in

Chapter 2 (page 16).
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1S0M and PR0D should be specified for each channel linked to this well
Note: CHAMACT calculation will try to match all isomer product names to fill
out array; hence isomer name must be consistent.
RAAC channel is that from well back to initial reactants, this is reverse of that
specified by INPUT; REAC should be specified only once for whole system. Rate
is that out of well; reverse of 1NP1T

- AND terminates well loop
(altematively, well loop terminates if keyword not recognized, and command is
passed to upper level)

8. Main keyword loop terminated by end of file or by keyword
C0MM (comment); all subsequent lines are ignored

9. New: TAG followed on next line by up to 10 character string (excluding leading
blanks): will be added in front of all labels on spreadsheet output file — however, keep it
short as legend is truncated at length of 20.
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where s represents the number of vibrational modes, A z  is the zero point energy of the

oscillator, A0 is the barrier height and a(E) is defined through the following:
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Chang et a1. 31 indicate that FE is close to unity at low temperatures but exhibits an

exponential-like dependence on temperature at high temperatures. For larger molecules

the departure of FE from unity starts at lower temperatures as more degrees of freedom

are available. Eq. (1) suggests that A diminishes as FE-1 in the limit that FE becomes

large. However Gilbert et al. 36 show that /3, levels off and even begins to turn around at

high FE. They recommend a higher order approximation for A for use with large

molecules.
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