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ABSTRACT

There is renewed interest in autoignition, especially due to the recent development
of the homogenous charge compression ignition (HCCI) engine, highly promising with
its low NO and particulate emissions and high efficiency. However it is difficult to
control HCCI autoignition. In general accurate prediction of the autoignition behavior of
fuel/air mixtures has been difficult, due to inadequate knowledge of low temperature
(< 1000K) oxidation. The reactions of peroxy radical R02' and hydroperoxyalkyl radical
'QOOH are especially problematic.

In the first part of this thesis we compute rate parameters for three important
reaction pathways from the 'QOOH: 'QOOH cyclization to form cyclic ether and 'OH,
'OH migration in 'QOOH, and 3-scission of y-'QOOH. These reactions are competitive
with the main chain branching pathway, so their rate constants affect the ignition timing
of the system. There are no direct measurement experimental results available for these
reactions. We used quantum chemistry, mainly the complete-basis-set extrapolation
(CBS-QB3), and calculated the rate constants using the well-known transition state
theory (TST). The effects of substituent, nature of radical center, and ring size were also
studied. Generalized rate estimation rules for these reactions were derived for later use in
automated generation of oxidation mechanisms.

The second part of this thesis reports the construction of a rate rules library and
rate rules trees for the major reaction families in combustion, useful for automated
generation of reaction mechanisms. A detailed oxidation mechanism consists of
thousands of reactions, and building such a large mechanism is a laborious task if done
manually by hand. Using a hierarchical library of rate estimation rules allows fast on-line
estimation of the rate constant of each reaction generated. We derived > 800 rate rules
for 14 major reaction families, with emphasis on reaction families important in oxidation.
Most of the rate rules were derived from literature kinetic data. These rate rules are
stored in a library, based on the reactant classifications in rate rules trees.

Thesis supervisor: William H. Green
Title: Associate Professor of Chemical Engineering
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1 Introduction

1.1 Motivation

1.1.1 Autoignition

The phenomenon of autoignition - spontaneous ignition of the mixture of

hydrocarbon and air - is highly important in combustion. Autoignition occurs due to the

rapid increase in reaction rates and temperature caused by thermal and chemical feedback

in the system. The heat released from exothermic reactions increases the temperature of

the system, accelerating the reactions. The increase in rate also occurs through

multiplication of the number of radicals by chain branching reactions, which gives the

chemical feedback to the system.

It is very important to control autoignition, to prevent for example, the explosion

hazard in industrial combustion. Controlling autoignition is also an important issue in

engine combustion, for instance to avoid knocking in spark-ignition (SI) engines.

Knocking happens when the unburned end gas auto ignites due to the increases in

temperature and pressure resulting from the compression by the flame front. In spark-

ignition engines, fuel-air mixture is compressed by the piston during the compression

stroke and spark ignited before top dead center (TDC). As the flame propagates, the end

gas is compressed by the flame front, in addition to the piston movement. The end gas

continues to be compressed by the flame front even when the piston is moving

downward, for about 10° ATDC. The compression by the flame front causes the pressure

and temperature of the end gas to increase, and can eventually lead to autoignition at one

or more sites in the end gas, which results in knocking.

Autoignition control is also an issue in a new type of engine called Homogeneous

Charge Compression Ignition (HCCI). The HCCI engine has been in the spotlight due to

its low NO, and particulate matter (PM) emissions and high efficiency'. These
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advantages come from lean and premixed combustion at relatively low temperatures.

However, it has the drawback of high hydrocarbon and carbon monoxide emissions and

more importantly, difficulty in controlling the ignition timing and heat release rate during

combustion, resulting in a very limited operating range.

The kinetics of the fuel/air mixture plays an important role in autoignition, and

thus to overcome these problems, it is necessary to have an improved understanding of

the oxidation chemistry 2 6 of fuel/air mixtures, especially in the cool flame temperature

(500 - 1000K) region. Fuel/air mixtures spend significant amount of time in this

temperature region, for example about 10 ms (50 ° CAD at 1000 rpm) in an HCCI

engine7. Moreover low temperature oxidation chemistry is less understood than ordinary

high temperature (>1000 K) flame chemistry, providing additional motivation for

studying and improving the low temperature chemistry.

1.1.2 Low Temperature Chemistry

The chemistry of low temperature (500 - 1000 K) oxidation is largely governed

by the kinetics of the peroxyl radical RO2' (Figure 1-1.) The RO2' can undergo internal

H migration to form hydroperoxyalkyl radical 'QOOH. There are many competitive

pathways in the RO2' - 'QOOH reactions. Second O2 addition to the 'QOOH will form

'0 2 QOOH, which can isomerize to ketohydroperoxide and OH. Decomposition of the

ketohydroperoxide forms a complicated oxyl radical plus a second OH, so a single radical

can decompose to form 3 radicals. The above pathway is thought to be one of the main

chain-branching pathways, leading to autoignition.

12
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Figure 1-1. Reaction pathways important in low temperature (500 - 1000K) oxidation.

Competitive to the chain-branching pathway are cyclization' of the 'QOOH to

form cyclic ether2 and 'OH, OH migration in the 'QOOH to form HOQO', P-scission3 of

f3-QOOH to form olefin + HO2', f-scission of y-'QOOH to form olefin + carbonyl +

'OH, and direct H0 2' elimination from the RO2' to form olefin + HO2.

The chain branching pathway is relatively efficient at low temperature, because of

the almost barrierless nature of the 02 addition. The reactions competitive to the chain

branching pathway (as well as the reverse reaction of the addition of 02) become more

important as the temperature increases, leading to lower reactivity of the system. The

region where this phenomenon occurs is known as the negative temperature coefficient.

(NTC) region. The NTC region is responsible for the so called cool-flame phenomenon,

where the reaction rates and the temperature increase sharply, but then the reaction stalls,

when the system enters the NTC region and it becomes less reactive. Cool-flame

1 Formation of a ring compound from a chain by formation of a new bond.
2 Oxygen containing rings, e.g.

3 A scission of the bond beta to the carbon atom bearing a radical, e.g. C-O bond breaking in C-C-O-OH.
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"ignition" is often followed after a delay by a true ignition that takes the system to well

above 1000K. This phenomenon is called two-stage ignition.

Several sensitivity analyses in the literature ' s8 have shown that properties such as

ignition delay time are quite sensitive to the rate constants of the RO2 - QOOH

reactions. For example in a simulation of n-heptane oxidation in a rapid compression

machine (RCM), multiplying the rate constant of'QOOH cyclic ether + 'OH by 2

increases the ignition delay time by 3-4 ms, and multiplying the rate constant of y-

*QOOH 3-scission by 2 increases the ignition delay time by 2.5-8 ms at the conditions

studied5 .

We observed 1 ms (6 CAD) decrease in n-heptane ignition delay time in an

internal combustion engine simulation (performed using ICEN keyword in CHEMKIN),

when we lowered the rate constants of 'QOOH cyclic ether + *OH in Curran et al. iso-

octane mechanism by 1 order of magnitude. As discussed in Section 2.6.2, several of the

important QOOH reaction rates used by Curran et al.8 appear to be off by more than a

factor of 10. Similar treatment to the rate constants of y-QOOH 3-scission decreases the

n-heptane ignition delay time by 0.5 ms (3 CAD), as shown in Figure 1-2. The

sensitivities change depending on the compression cycle, the initial temperature, and the

details of the fuel chemistry. It is likely that these reactions are even more important in

different conditions, e.g. when ignition occurs after TDC.
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Figure 1-2. Effect of reducing the rate constants of 'QOOH-)cyclic ether+'OH and y-'QOOH 
olefin + carbonyl + 'OH on n-heptane combustion temperature in an internal combustion engine.

Though most of the RO2' - 'QOOH kinetics are included in recent oxidation

mechanisms 5,8-11, their rate constants are not well established, and many are rough

estimates. Furthermore, many existing oxidation models tweaked individual reaction rate

parameters unphysically to fit the global observations, for e.g. ignition timing. As a

result those model predictions usually match experimental results only at certain

conditions. Also since most of the existing oxidation models are built by hand, it is easy

to inadvertently miss some important reactions, since the mechanisms are very large. For

example the existing n-heptane oxidation 5 and iso-octane oxidations mechanisms contain

540 species, 2400 reactions and 840 species, 3600 reactions respectively. Pathways that

might be important but which are not considered in the existing mechanisms include the

OH migration 'QOOH - HOQO'. The reaction is highly exothermic (-50 kcal/mol),

and the migration through a 6-, and 5-membered ring TS is possibly important.
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1.2 Goal and Scope of present work

In the first part of the thesis (Section 2), we aim to establish the rate parameters

for three reactions competitive with the chain branching reaction in the low temperature

oxidation: 1) cyclization reactions to form cyclic ethers from 'QOOH, 2) OH migration in

'QOOH, and 3) 3-scission of y-'QOOH to form olefin + carbonyl + 'OH. The cyclic

ethers are major intermediates in fuel oxidation. The reaction channels of the cyclization

from the 'QOOH to form cyclic ethers are included in existing mechanisms, but there are

discrepancies in the existing rate constants, and prior to this work the effect of

substituents on these rates was not understood. The OH migration in the 'QOOH, to our

best knowledge has not been studied previously, and so this pathway is not yet included

in any kinetic models. There are very few studies on the P-scission of y-'QOOH to form

olefin + carbonyl + 'OH, and the rate constants in the literature seem dubious. Having

accurate rate constants for these reactions are important, as they will affect model

prediction such as ignition timing.

In the present work we studied those three reaction pathways from the 'QOOH

using quantum chemistry, and from the calculated rate constants derived generalized rate

estimation rules for use in automated reaction mechanism generation. Sumathi et al.

simultaneously study the intramolecular H migration from R0 2' to 'QOOH and vice

versa, the -scission from the P-'QOOH to form olefin + 'OH, and the direct H0 2

elimination from the peroxy radical RO2'. Taken together, these calculations will allow a

re-assessment of the RO2 - 'QOOH reaction network, and an improved estimation of the

chain-branching rate.

In the second part of this work we compiled the existing kinetics data in literature

for the other major reaction families, viz., bimolecular H abstraction, radical addition to

multiple bonds, radical recombination, etc. The kinetic data were then adapted to derive

the rate estimation rules for those reaction families, which will be used in automated
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generation of reaction mechanism. Rate rules trees were built for each reaction family,

where the reactants are classified based on for example ring size, nature of the radical

center, etc. The rate rules parameters for each node (or rather, pair of nodes, as one tree

is built for each reactant in the reaction) on the tree are stored in a rate rules library. The

rate rules trees are useful in assigning the rate parameters in the automated generation of.

reaction mechanisms: the computer will search down the tree until it finds the

corresponding leaf nodes, and then pick up the appropriate rate rules. As the result of the

extensive literature review, we have total 14 "forward" major reaction families and - 800

rate rules, with several rate rules derived from our quantum chemistry calculation results.

With these rate rules we can generate for example an n-heptane oxidation mechanism

using the automated reaction mechanism generation algorithm software developed by

Jing Song in our group.
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1.3 Thesis Overview by Section

Following is a brief overview of each chapter's content.

1.3.1 Section 2: Rate Constant Predictions using Quantum

Chemistry

Section 2 covers our work in establishing rate constants for several reactions

important in low temperature oxidation using quantum chemistry. It starts with the

introduction on quantum chemistry, followed by the methodology we employed in doing

the quantum chemistry calculation, and for calculating the rate parameters and

thermochemistry.

It then explains our work on cyclic ether formation reactions from various

hydroperoxyalkyl radicals 'QOOH, where we used a variety of quantum chemistry

methods. Based on its performance in predicting barrier height, exothermicity, etc., we

decided that the quantum chemistry method CBS-QB3 is the most appropriate method for

characterizing 'QOOH and its reactions. Rate constants were then calculated using

transition state theory (TST), and generalized rate rules for use in automated reaction

mechanism generation were derived from CBS-QB3 results. Two other reactions: 1) OH

migration in 'QOOH, and 2) 3-scission of y-'QOOH were also studied using CBS-QB3

method, and similarly generalized rate rules for these reactions were derived. The

calculated rate constants are in good agreement with experimentally derived rate

constants available for few cases (though none of them are direct measurement results).

We showed that correcting a butane oxidation model extracted from Curran et al.

mechanism with our CBS-QB3 calculated rate constants, and adding several important

reactions omitted by Curran et al., results in quite different prediction of total radicals,

cyclic ether, olefin, etc. Use of the CBS-QB3 derived rate constants has a high potential

18



for improving the prediction of product distribution, total radicals in the system, and

ignition timing. We also showed how substituting rate parameters of certain reactions in

existing n-heptane mechanism with our rate constants affects the ignition timing, thus

supporting the notion that it is important to use accurate rate constants for reactions

competitive to the main chain branching pathway.

1.3.2 Section 3: Rate Rules Searching Trees and Rate Rules

Library

Section 3 explains rate rules trees and rate rules library built for major reaction

families: intermolecular H abstraction, radical addition to multiple bonds, radical addition

to carbon monoxide, radical recombination, biradical recombination to form cyclic

structure, disproportionation, 1,2- and 1,3-insertion reaction, 1+2- and 2+2-

cycloaddition, Diels-Alder addition, keto-enol tautomerism, intra-molecular H migration,

intra-molecular addition across double bond, cyclic ether formation from 'QOOH, intra

molecular OH migration, and HO2 elimination from RO2'.

Rate estimation rules are essential in automated generation of reaction

mechanisms, because there are far too many potential reactions for one to prepare a

comprehensive list of each rate constant. We have derived > 800 rate estimation rules for

14 major reaction families, most of them from literature kinetics data; from these the

millions of rate estimates required when constructing a real fuel chemistry model can be

rapidly generated "on-the-fly" when needed. The rate rules stored in the rate rules library

are for "forward" reaction families, the rate parameters for "backward" reactions can be

calculated from corresponding "forward" reaction rate constants using thermochemistry.
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2 Rate Constant Predictions using Quantum

Chemistry

2.1 Introduction

Here we studied 3 reactions important in moderate (<1000K) temperature

oxidation: 1) 'QOOH cyclic ether + 'OH, 2) 'QOOH HOQO', 3) y-'QOOH -)

C=C + C=O + 'OH. Cyclic ethers are observed as major intermediates in fuel

oxidation'2 ' 5, but the rate constants of the cyclic ether formation from 'QOOH are not

well established. The intramolecular OH migration in 'QOOH, to our best knowledge,

has not been studied previously, even though the migration through 6- and 5-membered

ring transition states might be important. As for the 1-scission of y-'QOOH to form 'OH,

an olefin and an aldehyde, the existing rate parameters seem doubtful.

To the question "Why using quantum chemistry?" - the answer lies on the

versatility of the quantum chemistry calculations. With experiments, it is highly difficult

to isolate and study one specific reaction pathway where there are many other

competitive pathways, such as in the RO2' - 'QOOH system. Indeed there are no direct

measurements of kinetics data available for any of the three reactions above. Using

quantum chemistry, not only we can characterize almost any specific reaction, it is also

possible to explore a reaction of interest thoroughly, study substituent effects, etc., at

wide range of temperature. In quantum chemistry various properties of molecules can be

obtained by solving the Schrodinger equation, and it is more powerful than the molecular

mechanics simulations. Molecular mechanics predicts the structures and properties of

molecules using the law of classical physics and does not include explicit treatment of the

electrons, and thus not appropriate for cases where electrons play important roles for

example in the bond breaking and bond forming processes. Following is a very brief

overview of quantum chemistry calculations in Gaussian. More detailed information can

20



be found in Exploring Chemistry with Electronic Structure Methods' 6 and other

textbooks.

2.1.1 Overview of Quantum Chemistry

Any property of a molecule including its energy can be obtained by solving the

Schrodinger equation:

H(F) = ET(F) (2-1)

where E is the energy, and H is the Hamiltonian operator:

H = E h V + V (2-2)
particles 87' 2m

However, for most systems, there are no analytical solutions to the Schrodinger equation,

thus the various approximations:

Semi Empirical Methods, such as AM1, PM3, which solve an approximate form

of the Schrodinger equation using sets of parameters derived from experimental

data. Different semi-empirical methods exist with different parameter sets.

* Molecular Orbital (MO) Theory, with the simplest one being Hartree-Fock (HF)

Theory, where P is approximated as an antisymmetrized product of molecular

orbitals Xl, 2, ... , i. Special steps are taken to deal with the electron spins, and

the molecular orbitals are further approximated as linear combinations of a pre-

defined set of one-electron functions known as basis functions. Hartree-Fock

(HF) Theory however, has some serious limitations because it does not account

for correlations between the various electrons. Methods that add these correlation

corrections to the basic Hartree-Fock (HF) model are for example Moller-Plesset

perturbation theory (MP2, MP3, MP4, MP5), Quadratic CI energies (QCISD,

QCISD(T),QCISD(TQ)), and Coupled Cluster methods (CCD, CCSD, CCSD(T)).

21



* Density Functional Theory (DFT), where the electron correlation energy is

modeled using general functionals of the electron density. The energy in the DFT

method includes an exchange-correlation energy term, which accounts for the

exchange energy from the antisymmetry of the wavefunction and the dynamic

correlation of the individual electrons. This exchange-correlation energy is

obtained via approximate functionals of the electron density. The DFT method

has roughly the same computational cost as the HF theory, but it provides

accuracy comparable to the more expensive MO theory methods. Some DFT

methods are: LDA and BLYP (pure DFT), B3LYP and BH&HLYP (hybrid DFT,

including some Hartree-Fock exchange). Curtiss et al.'7 tested the performance of

seven DFT methods: BLYP, B3LYP, BP86, B3P86, BPW91, B3PW91, and

SVWN, in predicting the enthalpies of formation of 148 molecules in the G2

neutral test set, and found that the B3LYP method has the best agreement with

experiments and the smallest average absolute deviation (3.11 kcal/mol).

* Compound Methods. Each compound method consists of a series of calculations,

and a procedure to compute the total energy by extrapolation from these results.

The energy computed this way is very accurate, and is obtained at much less

computational cost compared to a full calculation at high-level MO theory such as

QCISD, etc. CBS-Q is one example of the compound methods. It starts with

geometry optimization at MP2/6-3 lG(d'), with the frequency computed at HF

level. It uses a very large basis set (CBSB3 basis set) MP2 energy as base energy

and adds the complete basis set (CBS) extrapolation to account for the error

resulting from basis set truncation. The higher order correlation effect is

approximated using MP4(SDQ)/CBSB4 and QCISD(T)/6-3 l+G(d') energy

calculations. Empirical corrections are included for 2-electron correction and spin

contaminations. Another compound method, CBS-QB3, is very similar to CBS-

Q, except that it uses geometry optimization at the DFT B3LYP level and

CCSD(T) instead of QCISD(T) for the final energy calculation.

22
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These various quantum chemistry methods are available in Gaussian 9818.

Gaussian can be used to calculate properties such as energy, rotational constants,

harmonic vibrational frequencies, etc., by specifying the input geometries, calculation

method (HF, B3LYP, MP2, QCISD, etc.), and basis set (mathematical description of the

orbitals in the system, some examples of basis sets, in increasing order of size are: STO-

3G, 3-21G, 6-31G, 6-311G, 6-31G(d), 6-31G(d,p) etc.).

One useful feature in Gaussian is geometry optimization, that can be used to

locate the equilibrium structures (the minima on the potential energy surface), or the

transition structures (the saddle points on the potential energy surface, also called

transition states). However, locating the transition structure for a specific reaction

pathway in a many competitive pathways environment such as the 'QOOH system is very

challenging. The initial guess of the geometries has to be really close to the actual

geometries of the desired transition structure, otherwise the optimization algorithm might

converge to the transition structure of a different reaction pathway.

2.2 Theoretical Methodology

2.2.1 Quantum Chemistry Calculations

We studied the 'QOOH - cyclic ether + 'OH reaction at various level of theory,

viz., CBS-Q, CBS-QB3, QCISD/6-3 1G(d'), BH&HLYP/6-3 11G** and B3LYP/(6-

31 1+G(3d2f,2df,2p))/B3LYP/6-3 1G(d), to assess the relative performance of MO- and

DFT- based methods in describing the geometry as well as the barrier height of the cyclic

ether formation reaction, and to identify the most appropriate method for characterizing

hydroperoxyalkyl radical 'QOOH and its reactions. Based on these results, the CBS-QB3

method was used to study the 'QOOH - HOQO' and 'QOOH - C=C + C=O + 'OH

reactions.
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In our work we obtained confirmation that each transition structure (TS) we

obtained is indeed the one corresponding to the desired reaction (i.e. the one that connects

the reactants and the products of interest), by performing:

1. Analysis of the vibrational motion corresponding to the imaginary frequency, and

analysis of the dominant eigenvectors of the optimized TS structures. The

dominant eigenvectors indeed indicate the desired reaction coordinates.

2. IRC calculations to examine the reaction path. An IRC calculation starts at the

saddle point (the TS structure) and follows the path in both directions from the

TS, optimizing the geometry of the system at each point along the path. The

minimums found on each side of the path correspond to the reactants and

products.

Here we use standard terminology in referring to a quantum chemistry method:

energy calculation method/energy calculation basis set I geometry calculation

method/geometry calculation basis set. For example the above B3LYP/(6-

31 1+G(3d2f,2df,2p))//B3LYP/6-3 1G(d) means that the energy calculation was performed

using B3LYP theory with a 6-31 1+G(3d2f,2df,2p) basis set on a structure optimized

using the B3LYP method but with a smaller basis set 6-3 1G(d).

2.2.2 Rate Parameters Calculations

The rate constants k(T) of the unimolecular reactions were calculated using the

Transition State Theory (TST) expression

k(T) = L k(kT Qto e (2-3)

where Lo is the reaction path degeneracy, Qt~ is the total molecular partition function of

the TS, QAtt is the total molecular partition function of the reactant, and Eo is the zero

point energy corrected barrier height. The kB is the Boltzmann constant 1.38x1023 J/K, h

is the Planck constant 6.626x103 4 J-s. The rate constants k(T) were fitted to the
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Arrhenius expression k(T) - A exp(-Ea/RT) to obtain rate parameters A and Ea, for use in

the modeling work.

The total partition functions Qtot were calculated using the conventional rigid-rotor

harmonic oscillator approximation, but with corrections for internal rotations

Qtot = (Qtr../)Q.otQQQtrna,otos 24)= (Qtnrslv~e,,~e~e~ ~(2-4)
Q,ra// = (2nmkBT)3 /2

V -h3

Qrot (linear - molecule)= 8f 2IkBT
h 2

8;(2 ) (IAIBIC2B3Qrot (nonlinear - molecule) = x .1/I2eS'Z f. (2AIBIC Y'2

S 1

Qvi= 1 e-hvIkBT

Qe, = gie-E Ikr

where Qtu/V is translational partition function per volume, Qrot is the rotational partition

function, Qvib is the vibrational partition function, and Q.l is the electronic partition

function. The gi and Ei in the electronic partition function Q.l are the degeneracy and the

energy above the lowest state of the system, respectively. For most reactions we assumed

Qei t gi. For doublet and triplet systems, the degeneracy gi is the corresponding spin

degeneracy.

The I's in the rotational partition function Qt and v's in the vibrational partition

function Qvib are, respectively, moments of inertia and scaled harmonic vibrational

frequencies calculated from Gaussian. The scaling factors for the frequencies at the

B3LYP/6-31G(d) and MP2/6-31G(d') levels are 0.9613 and 0.9427 respectively, as

recommended by Scott and Radom 9. The scaling factor for B3LYP/CBSB7 frequencies

is 0.99 20. In the original CBS-Q procedure, thermal corrections were derived using the

HF/6-31G(d') frequencies and moments of inertia. In the present work, problems were

encountered while optimizing the open-shell transition states at the HF level.
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Consequently, thermal corrections in our CBS-Q results were made using the scaled

(0.9427) frequencies obtained at the MP2/6-3 1G(d') level.

Corrections for internal rotation are included by treating torsional motions about

the single bonds between polyvalent atoms as hindered internal rotations. The hindrance

potential for the internal rotation was obtained by optimizing the 3N-7 internal

coordinates, except for the dihedral angle that characterizes the torsional motion. The

optimizations were done at MP2/6-3 1G(d') level for the CBS-Q method and at B3LYP/6-

31G(d) level for the CBS-QB3 method. The dihedral angle was varied from 0° to 360 ° in

30° increments. The potential energy surface thus obtained was then fitted to a Fourier

series YmAmcos(m) + Bmsin(m4)) with m < 8. The procedure to obtain the hindered rotor

partition function Qin associated with this hindrance potential and its thermochemical

properties is given in detail in Sumathi et al.21.

In the case of very small rotational barriers (< 1 kcal/mol), the torsional motions

were treated as free rotations. The free rotor partition function Qfr is given by

I (83IrkBT)I2
Qf=- (2-5)

CYir h

where oir is the symmetry number of the internal rotor, and ir is the reduced moment

inertia of the rotor.

2.2.3 Enthalpy of Formation (AHt298) Calculations

2.2.3.1 Atomization Energy Method 22

Enthalpies of formation of molecules at OK (AHfK) can be calculated from the

experimental heats of formation AHfOK of constituent atoms (from the JANAF values23 )

and the atomization energy EDo calculated from quantum chemistry. The enthalpy of

formation is given by:
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AHK = AHatom (expt'l) - Atomization energy (2-6)
i=l

n

Atomization energy = E (Energy of constituent atoms) - Molecular energy (2-7)
i=l

The enthalpies of formation at 298K can then be obtained by including thermal

corrections (TC) of the molecule (calculated from quantum chemistry) and experimental

TC of the constituent atoms (from the JANAF values23).

AHf2 98K = AHfOK (calculated)+ TC of molecule - E expt'l TC of constituent atoms (2-8)
i=1

TC = H2 9SK-HoK (2-9)

In some cases additional corrections were made using the bond additivity corrections

(BAC) and spin orbit corrections (SOC), as recommended in the literature24 .

Although this atomization energy approach is widely used in the literature, it is

only accurate when using energies obtained from high accuracy method such as CBS-Q,

CBS-QB3, and G2. When using energies from lower level calculations such as single

point B3LYP calculation energies, one will achieve much higher accuracy using the

isodesmic reaction method described below. The isodesmic method has the additional

advantage of removing the need for BAC.

2.2.3.2 Isodesmic Reactions Method

A reaction is isodesmic if the total number of each type of bond is conserved in

both the reactants and products. One example is:

O-H + CH30-CH3 - CH30-H + O-CH3

There are six C-H bonds, two C-O bonds, and one O-H bond in both the reactants and the

products. We can calculate the heat of formation for CH30 this way:
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AH alc = E°(CH 30) + E0 (CH30H) - E 0(CH3OCH3) - E°(OH) (2-10)

AHf(CH 3 0) = AHac - AHf,expl(CH3OH) + AHf,expt'l(CH3OCH 3 ) + Afexpt(OH)

where Eo's are energies calculated using quantum chemistry methods (B3LYP, MP2,

etc.) The heat of formation computed this way is usually quite accurate, even when

using energies from lower level quantum chemistry calculations. This is because of the

systematic cancellation of error on both sides of the reaction, due to the identical number

of each bond type on the reactants and products side.

2.2.3.3 Group Additivity method

Thermochemistry of both stable species and radicals can also be predicted using

group additivity values (GAV) 25' 26. A group is typically defined as a polyvalent atom,

together with its ligands. For example, the heat of formation AHf of CH3 00H can be

estimated by summing-up the AHf group values (GAV) of {C/H3/0}, {O/C/O}, and

{O/H/O}. Here {C/H3/0} represents a C atom connected to three H atoms and an O

atom, {O/C/O} represents an O atom connected to a C atom and an O atom, and so on.

Several additional corrections terms are for e.g. ring strain corrections (RSC) for

species in a ring structure, gauche corrections (-0.8 kcal/mol), etc. There is also a -R

In o term in computing the entropy value S, where a is the symmetry number of the

species .

The group values GAV were derived from experimental data. GAV for radicals

are less established, though there are some available from O'Neal and Benson27 '28. An

alternative to using the GAV in estimating thermochemistry of radicals is the Hydrogen

Bond Increment (HBI) method of Bozzelli et al.29 In the HBI method, the

thermochemistry of a radical is estimated by adding the appropriate HBI values to the

thermochemistry of the analogous stable species with one additional H atom. We

calculated the GA predictions using THERM30 and NIST "Structure and Properties"

program31 , with the HBI for the -'QOOH and RO' using updated values from Chen and

28
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Bozzelli (1999).32 For many stable molecules, the group additivity predictions for

enthalpies and heat capacities are as accurate as the available experimental data; accurate

enough that these values can be used to replace experimental data in isodesmic reaction

schemes.
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2.3 .QOOH 4 Cyclic ether + .OH

We computed the rates and thermochemistry for the formation of OH plus

oxolanes (5-membered ring cyclic ethers), oxetanes (4-membered ring cyclic ethers), or

oxiranes (3-membered ring cyclic ethers) from 6-,y-, and 13- hydroperoxyalkyl radical

°QOOH respectively, using the density functional theory (DFT) methods B3LYP and

BH&HLYP, the molecular orbital theory (MO) method QCISD, and the compound

methods CBS-Q & CBS-QB3. Cyclic ethers are major intermediate species in

hydrocarbon oxidation 2 5 33, and it appears that the channel to form cyclic ethers is a

major channel for 'QOOH loss, competing with the critical chain branching channel

°QOOH +02 (Figure 2-1). Much of the work reported in this section very recently

appeared as the article: "Thermodynamic Properties and Kinetic Parameters for Cyclic

Ether Formation from Hydroperoxyalkyl Radicals", Wijaya, C. D.; Sumathi, R.; Green,

W. H., Jr. J. Phys. Chem. A. 2003, 107, 4908
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.CnH2n+l + 02' CnH2n+100. __ CnH2n + HOO.

Figure 2-1. R02' reaction pathways in low-temperature oxidation
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2.3.1 Background & Motivation

2.3.1.1 Cyclic Ethers in Hydrocarbon Oxidation

Experimentally, the vapor-phase oxidation of C6-C16 hydrocarbonsl2 at

atmospheric pressure and reaction temperature 3500-3800 C yields 11-25 wt.%

heterocyclic oxygenates as products. Since the oxygenates are more reactive than the

hydrocarbons, the measured percentage of oxygenates under estimates the magnitude of

the reaction channels to form them. From n-hexane, this cyclic ether fraction contained

59% oxolanes (5-membered rings, also known as THF), 35% oxetanes (4-membered

rings), and about 6% oxiranes (3-membered rings). From n-heptane, the cyclic ether

fraction contained 68% oxolanes, 26% oxetanes and 6% oxiranes. The moderate-

temperature (580 to 600 K) oxidation of primary reference fuels n-heptane and iso-octane

(2,2,4-trimethylpentane) with air in a jet-stirred-flow reactor 13,14 at pressures as high as

40 bar yielded, respectively, 10 mole % and 60 mole % cyclic ethers together with

aldehydes and olefins. The 2-methyl-5-ethyl-oxolane and 2,2,4,4-tetramethyl-oxolane

were the most abundant cyclic ethers from n-heptane and iso-octane, respectively.

Experiments of Minetti et al.'5 ,33 with a rapid compression machine using n-heptane and

iso-octane also indicate significant production of oxygen heterocycles ranging from

oxiranes to pyrans. The latter work also revealed that oxolanes are the major

heterocycles formed in cool flames, especially with iso-octane fuel.

2.3.1.2 QOOH -) Cyclic ether + 'OH Channel in Existing Mechanisms

Although most of the recently developed kinetic models 5,8-1 for n-heptane and

iso-octane oxidation include this reaction, more accurate rate parameters for cyclic ether

formation (as well as for other 'QOOH elementary reactions) are needed to improve the

accuracy of combustion models. Currently employed rate parameters are highly

uncertain and rarely take into account the nature of the radical center (1°, 20, 30, etc.) or
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the ring size of the cyclic ethers. (Curran's mechanism,8 however, does account for the

loss in entropy with increase in ring size.)

2.3.1.3 Kinetics Measurements of QOOH - cyclic ether + OH

There are no direct measurements of the elementary step 'QOOH -> cyclic ether

+ 'OH; the reported parameters in the literature for oxetane and oxirane formation rates

are deduced rather indirectly. Also most of the earlier works have been done before the

discovery of the direct HO2' elimination channel from R02'34 , which can significantly

affect the interpretation of the experimental results. Benson estimated A = 101 '5 s1 and

Ea -14 kcal/mol for oxiranes35 formation from 3-'QOOH based on data on the

approximately thermoneutral cyclization of 3-iodopropyl radical (the cyclic ether

reactions are very exothermic). His36 rate estimate for oxetanes formation from y-

'QOOH is A = 1011 s and E = 63 kJ/mol (-15 kcal/mol). Fish37 suggested A = 101 s l,

Ea = 58 kJ/mol (-14 kcal/mol) for oxiranes formation based on consideration of strain

energies in cycloalkanes. Baldwin et al.?8 from their study of addition ofHO2 ' to ethylene

and propene between 400 and 500°C deduced the Arrhenius parameters, Ea = 69 + 5

kJ/mol (16.5 + 1.2 kcal/mol) and log (A/s l) = 12.0 + 0.5 for oxiranes formation and

determined how the A factors and activation energies change upon methyl substitution.

They3 9 also deduced the rate parameters log (A/ s-) = 11.2 + 0.3 and Ea = 69.5 + 5 kJ/mol

(16.6 + 1.2 kcal/mol) for cyclization of'QOOH to give an oxetane and 'OH from studies

of the addition of neopentane to slowly reacting mixtures of H2-0 2 between 380 and

500C. Liquid phase measurements were reported by Bloodworth et al.40'4 at 298 K for

the formation of oxiranes by y-scission from secondary -t-butylperoxyalkyl radicals and

by Mill42 for the decomposition of (CH3)2C'CH2C(CH3)2 00H to form 2,2,4,4-

tetramethyl oxetane. Bloodworth et al.40'41 observed a rate enhancement of approximately

20-fold with progressive introduction of each methyl group at the carbon atom bearing

the peroxy groups. Recently, DeSain et al.43-45 made a series of measurements of HO2

formation in reactions of ethyl, propyl, butyl and cyclopentyl radicals with 02, which is
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indirectly affected by cyclic ether formation. Kaiser and coworkers46-52 have measured

alkene yields as a function of temperature and pressure for the reactions of ethyl and

propyl radicals with 02 allowing them to draw inferences about the relative importance of

RO2'/'QOOH decompositions to oxiranes and to alkenes.

2.3.1.4 Existing Quantum Chemistry Studies on QOOH cyclic ether +

OH

Besides the challenging experimental studies, several quantum chemical

investigations at various levels have been done on the ethyl + 023453-56, propyl + 025758,

n-butyl + 0259, sec-butyl + 026°, t-butyl + 0232 and isobutyl + 0232 systems. The work of

Chen and Bozzelli3 2 at CBS-q//MP2(fu)/6-31G* is very important for estimating the

thermochemical properties of 'QOOH, ROOH and RO2' species. The important works on

the rate parameters for cyclic ether formation are those of i) Chan et al.6 at the

BH&HLYP/6-311G** level which explores different possible oxetanes and oxiranes

formation from n-pentyl + 02 through isomeric pentylhydroperoxyl radicals and ii)

DeSain et al.59 at the QCISD(T)/6-3 1G(d)//B3LYP/6-31G* + A(MP2)(6-311++G

(2df,2pd)) level on the n-butyl + 02 system. The results from these two studies differ

significantly, e.g. the predicted barrier heights for ring closure of a secondary radical

center leading to alkyloxetane differ by -9 kcal/mol 59'61. Also Chan et al.43 treated the

torsional modes as small amplitude vibrations, rather than as internal rotations, resulting

in significant overestimation of the A factor in the rate parameters. Both studies

considered only the formation of unsubstituted oxolane; very little is known about the

reactions that form substituted oxolanes in large yield from primary reference fuels.

Sumathi et al. recently obtained good results with the CBS-Q method for the

thermochemical parameters of ROOH6 2 and other molecular families21'6364 including

hydrocarbons with -OH, -OR, -OC(O)R, -COOH, -CHO, -COR, and -C(O)OR

substituents. Their kinetic parameters for hydrogen abstraction from ROOH, computed
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using CBS-Q, are in reasonable agreement6 5 with the sparsely available experimental

data.

2.3.1.5 Goals and Scopes of This Work

Herein, we investigate the formation of unsubstituted and substituted oxolanes (5-

membered ring cyclic ethers) at various levels of theory, viz., CBS-Q, CBS-QB3,

QCISD/6-31G(d'), BH&HLYP/6-311G** and B3LYP/(6-

31 1+G(3d2f,2df,2p))//B3LYP/6-3 1G(d) to (i) assess the relative performance of MO and

DFT based methods in describing the geometry as well as the barrier height of the

reaction and (ii) identify the most appropriate method for characterizing

hydroperoxyalkyl CQOOH) radicals and their reactions. We reinvestigate the barrier

heights for the formation of oxetanes (4-membered ring cyclic ethers) and oxiranes (3-

membered ring cyclic ethers), performing calculations at CBS-QB3 and BH&HLYP to

derive a confidence level on the computationally inexpensive BH&HLYP procedure. We

also study the effects of

(i) ring size,

(ii) variation of radical center from primary (1°) to secondary (2°) to

tertiary (3°),

(iii) mono- and dialkyl substituents on the carbon containing the OOH

group (a to OOH group), and on' the carbon adjacent to the primary

radical center ( to the radical center).

2.3.2 Results and Discussion

2.3.2.1 Formation of Oxolanes from 8-Hydroperoxybutyl Radical

Table 2-1 and Table 2-2 give the barrier heights at 0 K (Eo), reaction coordinate

geometry, and magnitude of the imaginary frequency at the transition state together with

other characteristics for the reactant radicals and transition structures involved in five-
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membered ring formation. The most surprising observation is the consistent 5-6

kcal/mol difference between barrier height predictions at the CBS-Q (MO) and

B3LYP/CBSB3//B3LYP/6-31G(d) (DFT) levels. Although it is known in the literature

that B3LYP underestimates the barrier heights in reactions involving H migration, the

underestimation is not usually so large. Earlier Sumathi et al. reported6 2 a difference of

-2 kcal/mol in the computed barrier height at these two levels for hydrogen abstraction

by HO 2 from alkanes.
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Table 2-1. Oxolane (THF) formation barrier height Eo (in kcal/mol), reaction enthalpy

AHR at 0 K (in kcal/mol), reactive moiety geometry (bond length in A), imaginary

frequency (vi in cm' l) at the transition state and the low frequency (vHI in cm l) torsional

vibrations treated as hindered rotations in the reactant and the transition state. The

number in square brackets corresponds to CBS-Q barrier height with B3LYP/CBSB7

ZPE correction. <S2> refers to spin contamination at the level of geometry optimization.

Transition State Reactant

Method Eo AHR 0-0 C-O | i V S2> VHIR <S>

.CH2CH2CH2CH200H -) Oxolane + OH

B3LYPb 11.1 -34.1 1.664 2.137 678 92 0.790 78, 95,124, 0.754
147, 199

CBS-Qa 17.0 1.564 1.931 1541 125 1.035 104,150, 0.763

CBS-QB3 14.6 -35.6 1.666 2.166 667 62 0.791 7791,116, 0.754
145, 173

QCISDd 15.6 1.690 2.111 1.261 0.763

BH&HLYP 16.3 -40.5 1.670 2.160 834 117 0.916

B3LYPICBSB3 16
MP2/6-31G(d')

'CBS-Q//MP2/6-31 G(d'). bB3LYP/CBSB3//B3LYP/6-31 G(d). QCISDT/6-31G*//B3LYP/6-31G*+AMP2(6-311 ++G(2df,2pd)),

DeSain et al.59. dQCISD/6-31G(d'y/QCISD/6-31(d') .' BHandHLYP/6-31 1G**, Chan et al.61.
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Table 2-2. 2-methyl- and 2,2-dimethyl-oxolane formation barrier heights Eo and reaction

enthalpies AHR at 0 K (both in kcal/mol), reactive moiety geometries (bond length in A),,

imaginary frequencies (vi in cm'l) at transition states and the low frequency (vIR in cm'l)

torsional vibrations treated as hindered rotations in the reactants and transition states. The

CBS-Q numbers in square brackets correspond to CBS-Q barrier heights with

B3LYP/CBSB7 ZPE corrections. The CBS-QB3 numbers in braces come from

correcting the erroneously computed AAE(Emp) by +2.5 kcal/mol (see text). <S2> refers

to spin contamination at the level of geometry optimization.

Transition states Reactants

Method Eo AHR O-O C-O 00 CH3 <8 2 VHIR <S
VHIR VHIR

CH3'CHCH2CH2CH2 00H -- 2-MeOxolane + OH

B3LYPb 9.8 -34.4 1.664 2.173 637 110 145 0.786 46, 71, 99,110, 0.754
125,196

CBS-Qa 15.5 1.558 1.938 1565 130 180 1.026 52, 74,118, 139, 0.763
[14.7] 162, 173

CBS-QB3 {1.38} -37.4 1.663 2.208 624 82 110 0.786 44, 69, 98,105, 0.754
{12.8} 119, 177

BH&HLYP 15.5 -41.7 1.660 2.179 850 96 140 0.899 44, 71,114,120, 0.756
149, 190

(CH3)2C'CH2 CH2CH200H -, 2,2-diMeOxolane + OH

p3b 147, 43, 58, 84, 119B3LYPb 8.2 -34.0 1.665 2.202 615 89 150 0.784 ,0.754150 127,140,202

CBS-Qa 13.1 1.555 1.946 1581 127 192, 1.021 5163, 118,143, 0763
[12.4] 193 156, 159, 172

CBS-QB3 8. -38.5 1.664 2.238 596 45 143, 0.782 37, 55, 98, 121, 0.754{10.9} 147 123,136, 183

BH&HLYP 14.0 -42.0 1.654 2.191 859 99 142, 0.887 44, 60,108,129, 0.756
149 134, 146, 192

'CBS-Q/MP2/6-31G(d'). bB3LYP/CBSB3//B3LYP/6-31 G(d). 'BHandHLYP/6-31l1G**.

** CBS-QB3 extrapolation term unreliable for these cases, see text.
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The observed discrepancies are due in part to the differences in the B3LYP

and MP2 TS geometries. Both TS, though in cyclic geometries, are close to that of the

reactant (in accordance with Hammond's postulate on early TS for exothermic reactions),

and the radical bearing C is approximately collinear with the 0-0 bond that is breaking.

However, the 0-0 bond dissociation is more advanced at the DFT level (8(0-0) from

reactant to TS is 0.212A), while at the MP2 level the C-O bond formation is more

advanced (the C-O bond lengths in the B3LYP & MP2 transition states differ by 0.236A).

The eigenvectors corresponding to the negative eigenvalue of the force constant matrix

show the reaction coordinate to be primarily asymmetric C----O-----O stretch in both

cases, as expected. However, the contribution of the forming C-O and breaking 0-0

bonds differs significantly between the two levels of theory.

Also, the magnitude of the imaginary frequency at the MP2 level is consistently

around 1550 cm' while at the B3LYP level it is -660 cml. The MP2 frequency

increases when the radical is varied from 1° to 20 to 30, while the B3LYP frequency

decreases by about the same amount along the series suggesting a significantly different

contribution of the internal coordinates to the reaction coordinate.

Earlier investigations on oxolanes and oxetanes formation from 'QOOH have

employed B3LYP59 or BH&HLYP6 1 optimized geometries and no comparison exists with

MP2 geometries. As known in the literature, increasing the size of the basis set at the

B3LYP level does not have any significant effect on the optimized geometry. The

common consensus is that the geometries, though not the magnitude of the barrier

heights, obtained at the B3LYP level are often more reliable than at MP2. In order to

resolve the differences in geometry, we reoptimized the transition state leading to

oxolane at the QCISD/6-3 1G(d') level. We assume here that the geometry obtained at

this level could be taken as a standard. Such an assumption is justifiable due to the fact

that the G2-RAD66 method with QCISD/6-3 1G(d) optimization is known to perform

better than G2 (MP2(fu) optimization) for radicals. The geometry obtained at this higher
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level MO theory is close to that obtained using B3LYP. Consequently we conclude that

the B3LYP geometry is more reliable than the MP2 geometry.

However, the computed barrier height (15.59 kcal/mol) at QCISD/6-31G(d') is

energetically close to that of the CBS-Q predictions suggesting a probable

underestimation of the barrier height at the B3LYP level. The following bond

dissociation energies (BDE) analysis show that DFT BDEs are often inaccurate,

suggesting possible error in DFT energetics in describing processes that involve

bond breaking.

Brinck et al.67 found that the well-established O-H bond dissociation energy

(BDE) in H202 is underestimated by 7.5 and 5.5 kcal/mol, respectively, at the B3LYP/6-

3 1+G(d,p) and B3LYP/6-31 1+(2df,2p) levels. Green6 8 has earlier demonstrated similar

underestimation of hydroperoxide O-H BDEs using other DFT functionals. Here we

computed the 0-0 BDEs in various ROOH computed using B3LYP/CBSB3//B3LYP/6-

3 1G(d), BH&HLYP/6-3 1G**, CBS-Q and CBS-QB3 (Table 2-3). Although the

experimental heats of formation of ROOH are not precisely established, the accepted

literature values58 based on G2 calculations for AfH298 are: CH3 00H (-31.8 kcal/mol),

(CH3)2CHOOH (-49.0 kcal/mol) and (CH3)3COOH (-58.4 kcal/mol). Combination of

these values together with the experimental AfH298 values6 9 for methoxy, isopropoxy and

t-butoxy radicals yields 0-0 BDEs in close agreement with the CBS-Q and CBS-QB3

methods. However, attention must be paid to the orientation of odd electron in the

unsymmetrical alkoxy radicals such as ethoxy and isopropoxy (i.e., to which electronic

state and conformer the calculations converge). Different levels of treatment (CBS-Q,

B3LYP) results in different most favored electronic states. It must be noted that

optimizations at single configuration levels do not account for the "non-dynamic

correlation" inherent in these radicals with low-lying electronic states. (The

"symmetrical" RO' such as CH3 0' are doubly degenerate Jahn-Teller systems; as a

consequence they have asymmetrical equilibrium geometries).
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B3LYP and BH&HLYP 0-0 BDEs are underestimated by 8 and 18 kcal/mol

respectively (Table 2-3) when calculated directly using the B3LYP/CBSB3//B3LYP/6-

31G(d) and BH&HLYP/6-311G** energies. These large errors in the BDEs indicate the

poor description of 0-0 bonds at the B3LYP and BH&HLYP levels, which need to be

improved by using isodesmic reactions. Calculating heats of formation of ROOH, RO'

and 'OH using the following isodesmic reactions

'OH + CH30CH3 CH3OH + OCHj

CH30 + HOH CH30H + OH

CH300H + CH3CH20H CH3CH200H + CH30H

CH3CH20' + HOH -) CH3CH20H + OH

CH3CH2 00H + CH30H CH300H + CH3CH20H

(CH3)2 CHO- + HOH (CH3)2CHOH + OH

(CH3)2CHOOH + CH3CH20H - CH300H + (CH3)2CHCH20H

(CH3 )3CO- + HOH (CH3)3COH + OH

(CH3)3 COOH + C2H6 CH3 00H + (CH3 )4C

gives values that are in good agreement with experimental heats of formation

(Supplementary Table A). The resulting BH&HLYP BDEs now are in better agreement

with the literature derived results (Table 2-3).
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Table 2-3. Calculated peroxy 0-0 Bond Dissociation Enthalpies (BDE in kcal/mol) in
hydroperoxides at B3LYP/CBSB3//B3LYP/6-31G(d), BH&HLYP/6-311G**, CBS-Q and CBS-QB3
levels compared with literature derived values (see text). DFT has serious problems with 0-0 BDEs
in ROOH.

B3LYP BH&HLYP BH&HLYP CBS-Q CBS-QB3 Lit.
Species BDE BDE BDE BDE BDE BDE

(298K) (29 (298K) (298K)b (298K) (298K) (298 K)
CH300H 37.6 27.4 47.6 45.5 45.6 45.2
EtOOH c 38.3 28.5 48.4 46.1 46.3 45.1

i-PrOOH d 38.1 28.2 49.1 46.5 46.6 45.8
t-BuOOH 38.0 28.3 50.7 46.4 46.8 46.1

Calculated directly using BH&HLYP/6-311G** energies

b Calculated using ROOH, RO' and 'OH heats of formation derived by means of isodesmic reactions (see

text)

c The lowest electronic state of ethoxy at the BH&HLYP, and CBS-Q levels is the one where the odd

electron is trans to the p C-C bond and there is a local C2 axis of rotation. At B3LYP level it is the one

where the odd electron is gauche to the [ C-C bond.

d The lowest electronic state of isopropoxy at the BH&HLYP, and CBS-Q levels is the one where the odd

electron is trans to the 1 C-H bond and there is a local C2 axis of rotation. At B3LYP level it is the one

where the odd electron is gauche to the P C-H bond.

It is clear that in the absence of isodesmic corrections, direct DFT BDEs can be

seriously inaccurate. Presumably this error also effects TS calculations that involve bond

breaking, such as the title reaction. However, as discussed above, DFT geometries

appear to be accurate. Therefore, a meaningful and consistent method for

describing chemical reactions from hydroperoxyalkyl radicals should involve a

geometry optimization at the DFT level coupled with an energy calculation using

one of the compound methods such as CBS-QB3 or G3X70. In the present work we

restrict ourselves to the CBS-QB3 method.

However, CBS-QB3 is a computationally expensive method, feasible only for

systems consisting of 10 or fewer heavy atoms. It is therefore worthwhile to identify an

alternative and relatively inexpensive method for systematic characterization of reactions

important in low temperature oxidation. The literature shows71 '72 that the BH&HLYP
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functional often performs better than B3LYP in predicting transition state properties, and

BH&HLYP often gives more accurate barrier heights than B3LYP, though less accurate

bond energies and energies of reaction73. BH&HLYP was used extensively in previous

work on this system61. In the present work, we re-examine its predictive ability in

describing the thermodynamic and kinetic parameters of the title reaction.

As can be seen from Table la, the BH&HLYP barrier height is in good

agreement with those of QCISD/6-31G(d') and CBS-QB3, though it does not give

accurate thermochemistry. CBS-QB3 predictions for the heats of reaction of the

cyclization to form oxolane are in good agreement with empirical estimates, but

BH&HLYP results are overestimated by about 5 kcal/mol. Consequently, although

BH&HLYP gives a good estimate for the barrier to the forward direction, the reverse

reaction barrier is overestimated by -5 kcal/mol. B3LYP, however, happens to predict

the heats of this cyclization reaction quite well (Table 2-1 and Table 2-2). The

consequence of this is that both B3LYP forward and reverse barrier heights are too low.

A part of the 2.5 kcal/mol difference in CBS-Q and CBS-QB3 barrier heights

(Table 2-1) for oxolane formation stems from the zero point energy corrections. Use of

MP2/6-3 1G(d') scaled frequencies results in positive (viz., 0.85, 0.5 etc., kcal/mol) ZPE

corrections in contrast to the general understanding that ZPE drops in a dissociative

transition state. The CBS-Q barrier height with scaled (0.99) B3LYP/CBSB7 ZPE

corrections is in better agreement with CBS-QB3 predictions (Table 2-1). The

surprisingly close agreement between the CBS-Q and B3LYP/CBSB3//MP2/6-3 1G(d')

barriers is probably just fortuitous.

The salient observations from the above comparison of MO and DFT based

methods for oxolanes formation are:

B3LYP/6-31G(d) describes the TS geometry better than MP2, if one assumes the

geometry obtained at the QCISD/6-31G(d') level as the standard.
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· The barrier height obtained from all of the methods except B3LYP//B3LYP is in

agreement that 14 < Eo < 16.5 kcal/mol.

* B3LYP not only underestimates the barrier height but also underestimates the

experimentally known BDEs in alkylhydroperoxides.

* Based on the performance for oxolanes formation, BH&HLYP could be a method

of choice in regard to the computational cost, particularly for geometry optimizations

& frequency calculations. However, caution must be exercised while using

BH&HLYP since it does not accurately compute the heats of reaction.
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2.3.2.2 Formation of oxolanes from secondary and tertiary radicals:

Barrier height trends

The formation of substituted oxolanes from secondary and tertiary radicals has

not been investigated previously at high levels of MO theory. Our calculations showed

the following:

· Using the CBS-Q and B3LYP methods (Table 2-2), we found the barrier height

consistently decreases by -1.5 kcal/mol from 1° to 20 and from 20 to 30. This

decrease is consistent with the change in the heat of reactions.

* Our BH&HLYP barrier heights for oxolane and 2-methyl-oxolane formation are

slightly different (within 0.5 kcal/mol) than Chan et al6l. In contrast to their

calculations, which yielded approximately the same barrier (16 kcal/mol) for both

unsubstituted and substituted case, our barrier heights showed 1.2 kcal/mol decrease

from oxolane to 2-methyl-oxolane formation. We did calculations on several

additional systems, and found the same trend in going from 1° to 2° to 30 in

BH&HLYP as in CBS-Q and B3LYP (Table 2-1 and Table 2-2). In all cases, the

BH&HLYP barrier is consistently close to that from CBS-Q.

* At CBS-QB3 level, however, the decrease in barrier height on going from 1° to 2 is

much larger than with the other methods: -4.4 kcal/mol. Analysis of the relative

barrier height at each component level of the CBS-QB3 method, (viz., CCSD(T)/6-

3 1+G(d'), MP4SDQ/CBSB4 and MP2/CBSB3) yielded a consistent difference of

only -1.6 kcal/mol, suggesting problems with the CBS extrapolation procedure

for some cases (see Section 2.3.2.4 below).

2.3.2.3 Formation of Oxetanes and Oxiranes

The optimized TS geometries for oxiranes and oxetanes formation and the magnitude

of the low frequency vibrations in the reactants are tabulated in Table 2-4 together with
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heats of reaction. Comparisons of barrier heights with literature values are presented in

Table 2-5. The following observations can be made from Table 2-4 and Table 2-5:

1. Reactions forming oxetanes and oxiranes are consistently more exothermic by,

respectively, - 4.5 and -2.5 kcal/mol at BH&HLYP compared to CBS-QB3.

Again, CBS-QB3 heats of reaction are in good agreement with empirical

estimates.

2. At CBS-QB3 level, the reactions forming oxetanes have the highest activation barrier

and the reactions forming oxolanes have the lowest activation barriers, for a given

nature of the radical center. The reactions forming oxiranes have intermediate

barriers: Oxetanes > Oxiranes > Oxolanes. This behavior does not parallel the

increasing strain at the transition state with decreasing ring size.

3. At BH&HLYP/6-311G** level, the barrier heights for oxiranes and oxolanes exhibit

a different trend: Oxetanes > Oxolanes > Oxiranes. However, the magnitude of the

calculated barrier height is in good agreement (within + 0.5 kcal/mol) with CBS-QB3

estimates for oxiranes formation and differs systematically by about 2 kcal/mol for

oxetane formation.

4. Baldwin et al.38 and Benson35 estimated nearly the same activation energy for both

oxetane and oxirane formation. In contrast to their estimates, at both CBS-QB3

and BH&HLYP levels, the Eo for oxetane formation is significantly higher than

that for oxirane.

5. At both these levels, for a given particular ring size, the barrier height for ring

closure decreases from primary (10) to secondary (20) to tertiary (30) radical and

the decrease is by about the same magnitude. In this regard, the barrier heights

calculated by DeSain et al. for CH3CH'CH2 CH2 00H -> 2-methyl oxetane (30.3

kcal/mol) and by Chen and Bozzelli32 for (CH3)2 CCH 200H -> 2,2-dimethyloxirane

(19.3 kcal/mol) seem doubtful.

6. In accordance with the liquid phase experimental results of Bloodworth et al.41,

progressive substitution of methyl groups on the carbon bonded to the peroxy

oxygen results in systematic decrease in the barrier height (15.5 --> 13.7 -- 11.4

kcal/mol) for oxirane formation.
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7. Optimized geometries at both B3LYP/CBSB7 and BH&HLYP/6-311G** levels

exhibit the same trend:

* Cleaving 0-0 bond length decreases and the forming C-O bond length increases

from 3- to 4- to 5- membered TS

* In every case, the length of the forming C-O bond increases from 1 to 2° to 3°.

8. The reactions leading to oxolanes (5-membered rings) are more exothermic than

oxetanes (4-membered rings), which in turn are slightly more exothermic than

oxiranes (3-membered rings).

Table 2-4. Oxetane and oxirane formation reaction enthalpies, AHR at 0 K (in kcal/mol), reactive
moiety geometry (bond length in A), the imaginary frequencies (vi in cm 1l) at transition states and the
magnitude of low frequency ( vmR in cm-) torsional vibrations treated as hindered rotations in the
reactants and transition states. <S2 > refers to spin contamination at the level of geometry
optimization.
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Transition States Reactants

Reactants Method AHR 0-0 C-O VI 00 CH <S2> VHIR <S2>

Oxetane Formation

CBS-QB3 -16.4 1.692 2.004 784 140 N/A 0.7947, 111 0.75
'CH 2CH 2CH2 00H 125, 195

BH&HLYPa -20.8 1.703 2.024 874 98 N/A 0.935 110, 13, 0.755
147, 202

CBS-QB3 -19.3 1.694 2.046 723 96 136 0.790 41, 83, 99, 0.754
CH3'CHCHCH 2CH2 117,190

BH&HLYPa -23.7 1.692 2.052 875 104 137 0.91 36, 97, 106, 0.756
126, 199

CBS-QB3 -21.2 1.690 2.076 680 104 138, 0 785 40, 86, 94, 0.754
(CH~)2 CCH2CH200H ~148 112,119,179

BH&HLYPa -25.0 1.679 2.064 889 104 142, 0.897 41,91,103, 0.756
155 117, 130, 191

Oxirane Formation

CBS-QB3 -16.0 1.756 1.921 738 125 N/A 0.816 118, 163, 221 0.754
*CH2CH200H

BH&HLYPa -18.7 1.772 1.983 655 14 N/A 1.011 136, 171, 222 0.755

CBS-QB3 -17.5 1.759 1.947 688 133 108 0.810 62, 89, 0.754
CH3'CHCH200H 164,201

BH&HLYPa -20.3 1.752 1.997 682 86 93 0.980 67, 87, 0.756
168, 220

CBS-QB3 -18.7 1.759 1.972 641 118 82, 0.803 38, 82,105, 0.754
(CH3):2CCH200H 88 139, 205

BH&HLYP -21.2 1.739 2.010 702 42 86,105 0.954 151, 222 075
________________________ _____ _____ ___'BH& HLYP/6__ ______1_ 151, 222_G**

· BH&HLYPI6311G*



Table 2-5. Barrier heights (in kcal/mol) for oxolane, oxetane and oxirane formation from
the corresponding hydroperoxyalkyl radicals together with literature data.

lOxolane (THF) Formation (Present work)

J~Sub Sub Sub h4 1CBS IH B3LYP CBSQSubl' Sub2' .Sub 4 CBS-QB3 HLYP b B3LY~~a CBS-Q
14b 7.

- - ~- (14.0e) 16.7 10.I 4 16.7 10.3 17.0(140)"
Methyl - - 12.8c 15.5 8.7 15.5

Dimethyl - - 10.90 14.0 7.5 13.1

- Methyl - 14.2 16.5 10.2

- Dimethyl - 13.60 15.4 9.0
- - moihvi 1i; 17 A hn IRA

dimethyl 14.7 16.7 10.2_______________ I- II - -,- I i; iI ; "__

Oxetane Formation (Present Work together with Literature Data)

Sub I h Sub2 h Sub3 h CBS-QB3 HLypb Chand DeSain'

- ~I - 21.5 123.6 23.84HLYPI - - - - - 21.5 23.6 23.8 23.4'
Methyl 19.0 21.3 30.3

2 Ethyl - - 21.5
Dimethyl - - 16.5 19.6 19.6

Methyl - 22.5 20.7

- Dimethyl - 19.5 21.0 20.1
- - methyl 22.5 22.2

I_ - I - dimethyl 121.31 1
1Oxirane Formation (Present Work together with Literature Data)

1

Sub h

Methyl

Ethyl

Propyl

Dimethyl
Ethyl

methyl

Methyl

Sub 2 h

Methyl

Ethyl

Methyl

Dimethyl

Chen g

19.3

15.58

CBS-QB3

16.1

15.3

12.3

14.5

12.8

BH&
HLYPb

15.6

14.3

12.9

13.7

11.4

Chand

15.5

13.8

13.2

DeSain e

15.1 f

14.3

12.3

15.3'
14.4

12.7

11.8

nDI., I rL..D I. i. 1nna1nun 1 r1i- IU-. 'ULit;U uy .J UIldUIU, K/m = LtAL. DnW.nI. XIr, ,.1,1 ;

a61. QCISD(/6-31G*//B3LYP/6-31G* + AlvP2(6-311++G(2df,2pd), De Sain et a159. f QCISD(T)/6-
311G**//B3LYP/6-3 1G*+MP2(6-31 1++G(3df,2pd), DeSain et a159. CBS-q//MP2(fulI)/6-31G*, Chen
and Bozzelli3 2. h "Sub 1" indicates substitution at carbon 1, "Sub 2" indicates substitution at carbon 2, "Sub
3" indicates substitution at carbon 3.
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2.3.2.4 Source of the Problem in some CBS-QB3 Calculations

Having seen a relatively good agreement between CBS-QB3 and BH&HLYP for

the barrier heights of the reactions forming oxetanes and oxiranes, which contrasts

sharply with our results on reactions which form substituted oxolanes (Table 2-2), we

reanalyzed the various quantities which contribute to the CBS-QB3 barrier height:

AAE(MP2), AAE(MP34), AAE(CCSD(T)), AAE(CBS), , AE(Int), and AAE(Emp)

(Supplementary Table B) for all the reactions. AA stands for the difference between the

reactant and the corresponding transition state and is therefore its contribution to the

barrier height. We observed an over stabilization of AAE(Emp), the empirical

corrections, by 2.29 kcal/mol for formation of substituted oxolanes from

CH 3CH'(CH 2 )3 00H, (CH3)2 C'(CH2 )300H, and 'CH 2C(CH 3)2 (CH2)200H radicals

(Supplementary Table B). In all other systems, the contribution of the AAE(Emp) to the

barrier height is close to zero. The extrapolation procedure seems to have run into

problems and AAE(Emp) is not reliable in the cases cited.

The empirical correction AE(Emp) in the CBS-QB3 is the sum of the overlap-

interference (two-electron) correction (Oii) term and the spin contamination correction

(A<S2>) term. Analysis of the contribution of these two terms (Supplementary Table G)

showed that as expected, the spin contamination correction consistently stabilizes the

barrier height by 2.9 - 3 kcal/mol in all cases. The two-electron correction term

contribution to the barrier height for the 3 cases above is 0.6 - 0.7 kcal/mol, while for

other cases it is 3 kcal/mol. The problem thus lies on the two-electron correction

employed in the CBS-QB3.

It has previously been noted74 that the two-electron correction is quite sensitive to

errors in the population localization method employed. Presumably this motivated the

switch from the method of Pipek and Mezey7 5 (CBSExtrap=POP) used by default for

CBS-Q to the minimum population localization method of Montgomery et al.76
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(Gaussian keyword MINPOP) as the default in the newer CBS-QB3. In the cited cases,

we suspect that the CBS-QB3 AE(Emp) is computed erroneously despite using the

MINPOP algorithm. It appears that the empirical correction in the CBS methods needs

re-examination. We have communicated this technical problem with G. Petersson, one of

the authors of the CBS-QB3 method.

Correcting the AAE(Emp) in the cited cases by +2.5 kcal/mol results in better

agreement between CBS-QB3 and BH&HLYP (and CBS-Q) levels. However, a

consistent difference of -2 kcal/mol still prevails in the magnitude of the barrier heights

computed at CBS-QB3 and BH&HLYP levels (Table 4), and we believe this gives a fair

indication of the uncertainty in the theoretical barrier heights.

2.3.2.5 Effect of mono and dialkyl substitution away from the radical

center on cyclic ether formation barrier heights

Figure 2-2 shows the variation of barrier heights with heats of reaction for

substituted oxetanes and oxiranes formation. In the case of oxiranes, increased alkyl

substitution a to OOH (or equivalently 13 to the radical center) lowers the barrier height

consistently by 2 kcal/mol. In the oxetane case, mono- and dimethyl substitutions a to

OOH and [5 to the radical center lower the barrier heights consistently by 1 kcal/mol (see

also Table 2-5).
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Figure 2-2. Evans-Polanyi plot of CBS-QB3 (A, ) and BH&HLYP/6-311G** (A, o) barrier heights
(in kcal/mol) vs. CBS-QB3 heats of reactions (in kcal/mol) leading to oxirane (A, A) and oxetane (,
n) rings. BH&HLYP heats of reactions are not used because of their 5 kcal/mol overestimation. For
those BH&HLYP data points where CBS-QB3 heats of reactions are not available, the X-axis values
are estimated using group additivity.

On the other hand, in oxolane case, substitution of one or two methyl groups a to

the OOH group and 13 to the primary radical center does not have much influence on the

barrier height (Table 2-6).

We can see that for both oxirane and oxetane, SEa/ 6AHr : 1. Such a high slope

is unexpected since usually exothermic reactions have Evans-Polanyi slopes < 0.5. It is

possible that this correlation reflects some other physical phenomena. The implication of

this nearly 1 Evans-Polanyi slope is that the barrier for the reverse reaction OH + cyclic

ether 'QOOH is insensitive to alkyl substitutions, even if they change the

thermochemistry. Unfortunately there is no known experimental result that could

confirm this prediction.
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Table 2-6. Effect of alkyl substitution on five-membered cyclic ether formation barrier heights Eo (in
kcal/mol), reaction enthalpies AHR at OK (in kcal/mol), reactive moiety geometries (bond length in A),
imaginary frequencies (vi in cm-l) at transition states and the low frequency (vRM in cm1' ) torsional
vibrations treated as hindered rotations in the reactant and transition structures. The CBS-QB3
number in braces comes from correcting the erroneously computed AAE(Emp)
text). <S2> refers to spin contamination at the level of geometry optimization.

by +2.5 kcal/mol (see

Transition State Parameters Reactant Parameters

Method Eo AHR o-0 C-0 i 00 CH <82> VHIR <s>

*CH2CH2CH2CH(CH3)OOH - 2-MeOxolane

CBS-Q 16.6 1.562 1.930 1547 172 235 1.032 75, 89, 141,149, 0.763
213, 261 

CBS-QB3 15.0 -35.8 1.665 2.170 653 117 237 0.789 72,104,109,117, 0.754c_ _ _ i _ _ __ _ _ _ _ __ _ __ _ _ _ _ _ 211,256 I

BH&HLYP 16.5 -41.1 1.697 2.181 832 141 234 0.914 77,109,113, 0.755
_____ ____ _ _ _ __ _ _ _ _ __ _ _ _128,216,261 "

*CH2CH2CH2C(CH) 2 00H - 2,2-diMeOxolane

CBS-QB3 14.7 -36.9 1.667 2.169 650 164 220, 0.789 65,92,106,126, 0754

BH&HLYP 15.4 -43.1 1.636 2.081 818 153 233, 0.923 63,95,11,147 0.755
262 233, 252, 275

*CH2CH(CH3)CH2CH200H -+ 3-MeOxolane

CBS-QB3 14.2 -36.3 1.661 2.131 662 69 214 0.4,78,125 
154,183,242

BH&HLYP 17.4 -42.0 1.667 2.157 839 116 245 0.912 78, 83,145, 0755
___ _ _1~ _159,194,252

eCH 2C(CH3)2CH2CH2 00H -- 3,3-diMeOxolane

CBS-QB3 1{ -37.4 1.658 2.157 661 71 246 0.788 69,71,130,151
{13.6} 263 182,243,273

BH&HLYP 16.7 -43.1 1.661 2.144 851 117 259, 0.905 74,76,151,157, 0755
I_____ _ _ 16.7_ -311 4 851_ _ _ 1 1 7 274 1 196,253,285

** CBS-QB3 extrapolation term umnreliable for this case, see text.

2.3.2.6 Determination of Kinetic Parameters

Rate constants k(T) were calculated by standard transition state theory (TST)

methods (see Section 2.2.2.) These k(T) were then fitted to the Arrhenius expressions
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k(T)=A exp(-Ea/RT) to obtain the activation energies Ea and frequency factors A. The

computed TST k(T)'s give nearly linear Arrhenius plots; the fitted k(T) never differs

from the TST k(T) by more than 4%. Table 2-7 lists the fitted Arrhenius parameters A

and Ea of the oxirane, oxetane and oxolane formation reactions from primary, secondary

and tertiary hydroperoxyalkyl radicals together with literature estimates.

Barrier heights Ea for reactions to form oxetanes or oxiranes from 'QOOH

with any kind of alkyl substitutions can be computed from the Evans Polanyi

relationships presented in Figure 2-2. For reactions to form oxolanes (THFs), since the

barrier height Ea only depends on the nature of radical center, and doesn't vary with alkyl

substituents at positions other than ac to the radical center, Ea values can be taken

directly from Table 2-7.
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Table 2-7. Computed rate parameters (A and E.) for cyclic ether formation from 'QOOH radicals,
from fitting ab initio k(T) together with literature estimates. Recommended values are in bold.
Uncertainties in recommended values are - 2 kcal/mol in E..

Reaction log E in Reaction log Ea in
_ Ain s1 ) kcal/molA in s') kcal/mol

'CH 2 CH2 00H--Oxirane 'CH2(CH 2)2 00H-- Oxetane
CBS-QB3 12.60 17.0 CBS-QB3 11.65 21.9
BH&HLYP 12.67 16.7 BH&HLYP 11.89 24.2

BH&HLYP(Chan et al.) 14.0 16.5 BH&HLYP(Chan et al.) 13.1 24.4
(20.8)

Baldwin et al. 12.45 17.11 Benson 11.0 15.06
+1.2

Benson 11.5 14.0 Ranzi 11.3 15.0

Ranzi 11.3 15.0 Curran 10.87 15.25
Curran 11.78 22.0

CH3CHCH2 00H CH3CH(CH2)2 00H
-+ 2-MeOxirane -+2-MeOxetane
CBS-QB3 12.14 15.9 CBS-QB3 11.31 19.5
BH&HLYP 12.21 15.2 BH&HLYP 11.51 22.0

BH&HLYP(Chan et al.) 13.6 15.0 BH&HLYP(Chan et al.) 12.7 22.1
Baldwin et al. 12.15 14.89

±1.2
Ranzi 11.3 15.0 Ranzi 11.3 15.0

Curran 11.78 22.0 Curran 10.87 15.25
(CH3)2 C'CH2 00H (CHa)2C'(CH2 )2 00H

-2,2-DiMeoxirane -+2,2-DiMeOxetane
CBS-QB3 12.49 13.4 CBS-QB3 11.52 17.4
BH&HLYP 12.57 14.2 BH&HLYP 11.52 20.6

BH&HLYP(Chan et al.) 13.9 14.5 BH&HLYP(Chan et al.) 12.5 20.4
Ranzi 11.3 15.0 Ranzi 11.3 15.0
Curran 11.78 22.0 Curran 10.87 15.25

*CH2 CH2)3OOH- Oxolane
CBS-QB3 10.71 14.8

BH&HLYP 10.86 17.0
BH&HLYP(Chan et al.) 12.0 16.4

Ranzi 11.3 9.5
Curran 9.97 7.0

CH3CH'(CH 2)300H (CHs) 2C'(CH 2)3OOH

-,2-MeOxolane -2,2-DiMeOxolane
CBS-QB3 10.56 13.0 CBS-QB3 10.41 11.5
BH&HLYP 10.47 15.7 BH&HLYP 10.53 14.7

Barrier heights computed at CBS-QB3 and BH&HLYP differ by - 2 kcal/mol,

thus here we estimate -2 kcal/mol uncertainties in the E. values. The difference in the

optimized geometry of the transition state between BH&HLYP and B3LYP does not
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cause any significant difference in the rotational contribution to the A factor. The major

source of uncertainty in the A factors arises from the low frequency vibration of the

transition state. Experimentally7 7' 78, the ring puckering vibration of oxetane is found to

absorb at 53 cm7' while the harmonic vibrational frequency obtained for the fully

optimized geometry at B3LYP/CBSB7 corresponds to 89 cm'. One can expect

comparable errors (± 36 cm1) in the ring puckering frequency of the transition state.

This corresponds to uncertainties of ± 0.2 in the log(A) values. In oxolane case, the ring

puckering vibrations obtained in present work at B3LYP/CBSB7 (261 and 581 cm') are

in good agreement with experiment7 9 (286 cm' and 591 cm'), thus we can expect even

less uncertainties.

Curran et al. rate parameters in their iso-octane mechanisms lie outside the

uncertainty range of our calculated rate constants. Their oxolane formation rate

constant is higher than CBS-QB3 rate constants by up to 1 order of magnitude at 1000K,

and even more at lower temperature, up to more than 2 orders of magnitude at 500K.

Their oxetane formation rate constant is higher by a factor of 5 at 1000K, and up to 2

orders of magnitude at 500K. Their rate constant for oxirane formation meanwhile is 2

orders of magnitude lower at 1000K compared to CBS-QB3 rate constants (for primary

'QOOH radical), and up to 5 orders of magnitude lower at 500K. These discrepancies are

highest for primary 'QOOH radical, and lowest for tertiary 'QOOH radicals for oxolane

and oxetane formation rate constants, and the other way around for oxirane formation.

It must be stressed that in computing the A factors, all torsional motions about the

single bonds between the non-hydrogen atoms are treated as hindered rotations in the

reactant, while at the TS the constrained torsions of the cyclic structure are treated as

harmonic oscillators (the free methyls and O-OH are treated as hindered rotations). This

is a significant improvement compared to the rate estimates presented by Chan et

al.43, wherein all torsional modes were treated as small amplitude vibrations.

Consequently, the A values of Chan et al.4 3 are more than an order of magnitude higher

than ours.
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The A factor for oxirane formation (log A/s' =12.60) is a factor of -9 higher

than that for oxetane (log A/s' l =11.65) which in turn is a factor of -9 higher than for

oxolanes (log A/s-l = 10.71). This is consistent with the loss in entropy as one extra rotor

is getting frozen with progressive increase of ring size. Curran's mechanisms accounts

for this entropy loss by reducing the pre-exponential factor by a multiple of 8 for every

additional frozen rotor.

2.3.2.7 Comparison with experimentally-derived rate estimates

Our calculated upper limit rate constant (1.5 s '.) at 298 K for oxirane formation is

consistent with Baldwin's estimation3 8 (0.8 s') derived from gas phase experiments. The

solution phase rate constant from Bloodworth4 ' at 298 K for oxirane formation from t-

butylperoxyalkyl radicals is of the order 4 x 103 s '. Although rate constants for a

particular reaction in the gas phase and in the liquid phase frequently differ by many

orders of magnitude owing to solvent effects, Mayo80 has shown that unimolecular

reactions usually have similar rate constants in both gas and liquid phase. So we don't

attribute this discrepancy to solvent effects. The difference observed here is largely due

to the difference in the 0-0 bond strength when the leaving group is varied from OH to t-

BuO. The 0-0 bond strength in H202 (49.3 kcal/mol) is stronger than in RO-OH (Table

2), which in turn is stronger than in RO-OCH 3 (CH 30-OCH 3 = 39.2 kcal/mol; CH3CH 20-

OCH3 = 39.8 kcal/mol; (CH3)2CHO-OCH 3 = 41.1 kcal/mol; (CH3) 3CO-OCH3 = 41.1

kcal/mol at the CBS-Q level). So, the reaction studied by Bloodworth in solution is

expected to be about 6 kcal/mol more exothermic than the simpler hydroperoxyethyl

reaction studied by Baldwin. At room temperature this could easily explain the 3 orders

of magnitude difference in rates.

Our A factor for oxetanes formation from tertiary hydroperoxyalkyl radicals

(log(A/s') =11.52) is in excellent agreement with Mill's4 2 liquid phase measurement of

2,2,4,4-tetramethyloxetane formation (log(A/s'l) =11.5). Baldwin's39 estimate for the

barrier height of formation of 3,3-dimethyloxetane from primary hydroperoxyalkyl

radical is lower than the CBS-QB3 prediction (Ea = 16.6 and 19.5 kcalmol respectively).
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However, at the temperature range of their study (380 - 500 °C) our k(T) is only lower

by a factor of 3 than Baldwin's measurement.

2.3.2.8 Comparison with previous theoretical work

The present barrier-height calculations are largely consistent with those of DeSain

et al.59, and Chan et al.61, except that we disagree with DeSain et al. 59 about the effects of

alkyl substituents on the barrier to oxetane formation. Our A factors, which carefully

include the effects of the hindered rotors in the reactant 'QOOH, are significantly lower

than those from Chan et al61. Our calculations suggest that the change in A factor with

ring size is modeled correctly in Curran's iso-octane mechanisms, though their A-factors

are all about a factor of 6 smaller than ours.

Our thermochemistry is in good agreement with that of Chen and Bozzelli 32and

here we add several new HBI groups and ring-strain corrections. Our finding that the

BH&HLYP method used by Chan et al.,61 systematically over predicts the exothermicity

of the cyclic ether formation provides a caution about their computations; though it

appears that their forward reaction barriers are quite good.

2.3.2.9 Thermochemical values for hydroperoxyalkyl radicals ('QOOH)

and cyclic ethers

Thermochemical parameters for alkylhydroperoxy radicals calculated with CBS-

QB3 and CBS-Q are given in Table 2-8 and Table 2-9 together with THERM predictions

using group additivity (GA) and hydrogen bond increment (HBI)29. It should be stated

that the available HBI values are probably no more accurate than the present calculations,

as they come either from very rough estimates or nearly the same level of theory as

employed in this work. Often they are derived from a very narrow test set or even from

calculations on a single species. Thermodynamic parameters of the parent

hydroperoxides ROOH also are not well defined experimentally, adding uncertainty in
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the GA predictions. Consequently, the present comparison could only help us to evaluate

them.

The radical center in 'CRR'(CH 2)nOOH (n = 2,3) species is far away from the

OOH group and so it is acceptable to use the HBIs for alkyl radicals (we used Bozzelli's

HBI value for 3° bonds though the correct value for this group is the subject of long-

standing debate"1). For these cases we also did estimations using Benson's GA values for

free radicals.

The GA predictions are generally in good agreement with our calculated

results for the unsubstituted and mono-methyl substituted radicals. The observed

discrepancies in entropy (up to -2 cal/mol-K) and low temperature heat capacities arise

from their strong dependence on the magnitude of the low frequency vibrations and

hindrance potentials.
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Table 2-8. Thermochemical properties of 8-bydroperoxyalkyl radicals (QOOH) that form 5-
membered ring cyclic ethers. Heats of formation in kcallmol, S2s9 and Cp(T) in cal/mol-K.

Species

'CH 2 CH2CH2CH2 00H

CH3'CHCH 2CH 2CH2 00H

(CH3)2'CCH2CH2CH 200H

'CH 2CH2CH2CH(CH3)OOH

'CH 2CH2 CH2 C(CH3)2 00H

'CH2CH(CH3)CH 2CH200H

'CH 2C(CH3)2CH2 CH200H

Method

CBS-
QB3

CBS-Q
THERMa

S&pb

CBS-
QB3

CBS-Q
THERM;

S a

THERM;
RCCJC a

S&P

CBS-
QB3

CBS-Q
THERM a

S&P

CBS-
QB3

CBS-Q
THERMa

CBS-
QB3

THERMa

CBS-
QB3

THERMa

CBS-
QB3

THERM·

AH2 u

-0.10

-0.38
-0.86
0.40

-8.20

-9.18

-8.44

-8.44

-8.00

-17.00

-18.16
-17.56
-16.50

-9.57

-9.03
-10.16

-18.70

-18.96

-6.07

-7.23

-13.45

-14.23

S298

97.16

96.94
96.65
97.00

106.73

106.95

107.10

107.79

107.30

11.5.54

114.68
113.26
114.60

103.84

104.82
105.46

108.56

109.75

105.82

104.77

110.77

108.59

Cp(T)

300 400 500 600 800 1000 1500

29.98 36.64 42.48 47.33 54.77 60.21 68.64

30.79 37.68 43.60 48.46 55.83 61.17 69.35
30.52 37.26 43.06 48.02 55.58 61.45
30.50 36.80 42.80 47.40 54.90 59.80

34.66 42.52 49.65 55.71 65.12 72.02 82.66

35.81 43.80 50.97 57.00 66.30 73.08 83.44

35.29 43.24 50.12 56.38 66.06 73.08

35.25 42.80 49.73 55.87' 65.46 72.89

35.70 43.30 50.50 56.10 65.40 71.80

38.54 47.90 56.49 63.82 75.26 83.66 96.55

40.64 49.76 58.21 65.41 76.65 84.88 97.43
41.24 49.98 57.99 65.11 76.32 84.99
41.50 50.80 59.00 65.90 77.00 84.60

37.54 45.28 52.10 57.80 66.60 73.05 83.13

38.31 46.14 52.97 58.65 67.40 73.80 83.71
36.52 44.89 52.26 58.11 67.30 74.29

42.62 52.69 61.03 67.83 78.14 85.67 97.45

42.24 52.28 60.81 67.87 78.71 86.90

36.90 44.56 51.41 57.16 66.08 72.64 82.90

35.75 44.15 51.38 57.51 66.84 73.93

43.28 52.39 60.37 67.04 77.39 85.07 97.13

41.77 52.12 60.97 68.37 79.32 87.41

' Using Bozzelli's2 9 HBI (hydrogen bond increment) values. Correction for gauche interactions has
been added properly. RCCJC and S are slightly different HBI groups appropriate for secondary
alkyl radicals. Calculated using NIST "Structures and Properties" program 
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For 'CRR'CH 2 00H radicals, Benson has not reported a value for the

{C/H2/O/C')} group. The alkyl radical HBI values are not appropriate for estimation

of this [5-hydroperoxyalkyl radical thermochemistry, since we calculate that a 1-OOH

group increases the bond strength of primary and secondary C-H bonds:

CH3CH2 -H + CH2 CH2 00H -> CH3CH2 + CH3 CH2 00H (AHR = -2.25 kcal/mol)

CH3CH2CH3 + CH(CH 3 )CH 2 00H --> CH3CH'(CH 3)+ CH3CH 2CH2 00H (AHR = -1.39

kcal/mol)

(CH3)3CH + C(CH3)2CH2 00H - (CH3)3C+ (CH3)2 CHCH2 00H (AHR = 0.24

kcal/mol)

We therefore arrived at new CJCOOH, CCJCOOH and C2CJCOOH HBIs using

our CBS-QB3 thermochemical properties of CH3CH2 00H, CH3CH2CH200H and

(CH3)2CHCH 200H, respectively (Table 2-9).
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Table 2-9. Thermochemical properties of y- and 0- hydroperoxyalkyl radicals ('QOOH) involved in
oxetane and oxirane formation reactions and values for the HBI groups CJCOOH, CCJCOOH and
C2CJCOOH. Heats of formation in kcal/mol, S29s and Cp(T) in cal/mol-K.

Species Method AH2; e S29 C(300) 400 500 600 800 1000 1500

'CH2 (CH2)2 00H CBS-QB3 5.32 88.04 24.89 29.95 34.38 38.07 43.72 47.87 54.36
THERM' 4.07 87.23 25.02 30.31 34.81 38.67 44.51 49.11

S&P b 5.30 87.60 25.00 29.90 34.60 38.00 43.80 47.50

CH3CH'(CH2)200H CBS-QB3 -2.70 98.23 29.54 35.84 41.59 46.47 54.09 59.70 68.39
THERM; S' -3.51 97.68 29.79 36.29 41.87 47.03 54.99 60.74

THERM; -3.51 98.37 29.75 35.85 41.48 46.52 54.39 60.55RCCJCa
S&P b -3.00 97.90 30.20 36.30 42.30 46.80 54.30 59.50

(CH3)2C (CH2)200H CBS-QB3 -11.80 105.99 33.55 41.29 48.47 54.63 64.30 71.40 82.34
THERMa -12.63 103.84 35.74 43.03 49.74 55.76 65.25 72.65

S&Pb -11.60 105.20 36.00 43.90 50.80 56.50 65.90 72.30

°CH2CH 200H CBS-QB3 11.10 79.04 19.69 23.29 26.39 28.94 32.83 35.68 40.18
CH3CH200H CBS-QB3 -40.06 74.69 19.94 24.05 27.73 30.85 35.69 39.27 44.87

CJCOOH CBS-QB3 103.26 3.54 -0.25 -0.76 -1.34 -1.91 -2.87 -3.60 -4.69
CJCOOH THERM' 102.87 2.73 -0.66 -1.28 -1.86 -2.35 -3.14 -3.72

CH3CH'CH2 00H CBS-QB3 2.66 89.57 24.39 29.22 33.61 37.34 43.17 47.47 54.17
CH3(CH2)2 00H CBS-QB3 -45.21 84.78 25.04 30.61 35.61 39.84 46.44 51.31 58.90

CCJCOOH CBS-QB3 99.98 4.79 -0.65 -1.40 -2.00 -2.50 -3.27 -3.84 -4.73

(CH3)2 C'CH200H CBS-QB3 -6.81 96.80 28.29 34.58 40.42 45.45 53.34 59.16 68.13
(CH3)2CHCH200H CBS-QB3 -51.91 90.87 31.84 38.74 44.86 50.03 58.08 64.04 73.36

C2CJCOOH CBS-QB3 97.20 7.31 -3.54 -4.16 -4.44 -4.58 -4.74 -4.88 -5.23

C2CJCOOH THERMa 96.44 4.59 -0.49 -2.12 -3.22 -3.88 -4.53 -4.87 -5.31

" Using Bozzelli's2 9 HBI (hydrogen bond increment) values. Correction for gauche interactions has been
added properly. RCCJC and S are slightly different HBI groups appropriate for secondary alkyl radicals.

b Calculated using NIST "Structures and Properties" program 31

For the cyclic ethers, there are few experimental thermochemical data

available and they are in excellent agreement with our calculated values (Table 2-10

and Table 2-11). Group additivity predictions, however, show considerable deviations,

especially in the case of oxolane and oxetane. This immediately makes one suspect the
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ring strain correction (RSC) values used in the GA estimate. The ring corrections used in

the S&P program31 are the ones reported recently by Cohen8 2 and are often taken as equal.

to those of the corresponding cycloalkanes.

We improved the ring strain correction (RSC) values based on

thermochemical properties obtained from CBS-QB3 calculations. While the S and Cp(T)

correction factors for the unknown groups were taken as the averages of the differences

between the ab initio calculations and the known constituent group values, additional

non-next neighbor corrections were incorporated for the enthalpy term. The

unsubstituted oxolane, oxetane and oxirane provide the base RSC. The 2-methyl and all

dimethyl-substituted oxolanes, oxetanes and oxiranes require additional stabilizing

corrections. However, these corrections seem to be nearly the same irrespective of the

size of the ring. An alkyl group to the ether linkage stabilizes it by 1 kcal/mol in

methyloxirane, 2-methyloxetane and 2-methyl-oxolane while a dialkyl substitution in any

vertex of the ring (as in 2,2-dimethyl-oxirane, 2,2-dimethyl-oxetane and 2,2-dimethyl-

oxolane, 3,3-dimethyl-oxolane) stabilizes it by -2 kcal/mol. The extra stabilization with

dialkyl substitution can be ascribed to compression of the internal angle of the ring,

which leads to expansion of the external angle and thereby a relief of steric strain

between the alkyl groups.
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Table 2-10. Thermochemical properties of Oxolanes (THFs). Ring strain corrections are derived by
taking the difference between the ab initio result and the sum of constituent group values from
Benson. Heats of formation in kcal/mol, S295 and Cp(T) in cal/mol-K.

Species Method AH2 S298 Cp(300) 400 500 600 800 1000 1500

Oxolane NIST -44.03 72.11 18.45 25.59 32.13 37.64 46.07 52.08 60.97
CBS-QB3 -44.58 71.09 19.31 26.29 32.72 38.14 46.48 52.46 61.45

GA (wlo RSC) -49.26 45.74 24.38 31.30 36.80 41.36 48.76 53.94

2-Me-oxolane CBS-QB3 -54.58 80.86 25.43 33.84 41.45 47.86 57.73 64.87 75.71
GA (w/o RSC) -58.56 55.92 30.38 38.93 46.00 51.45 60.48 66.78

3-Me-oxolane CBS-QB3 -51.82 79.20 25.38 33.67 41.24 47.65 57.57 64.77 75.67
GA (w/o RSC) -56.43 53.86 29.61 38.19 45.12 50.85 60.02 66.42

2,2-diMe-oxolane CBS-QB3 -64.61 84.56 31.80 41.87 50.73 58.09 69.37 77.56 90.08
GA(w/o RSC) -68.16 60.21 36.10 46.32 54.55 61.21 71.89 79.39

3,3-diMe-oxolane CBS-QB3 -60.38 84.98 31.63 41.52 50.33 57.71 69.08 77.36 90.00
GA (w/o RSC) -64.23 59.05 35.63 46.16 54.71 61.71 72.50 79.90

Derived Ring strain corrections (RSC)
Oxolane RSC 4.68 25.35 -5.07 -5.01 -4.08 -3.22 -2.28 -1.48

2-Me-oxolane RSC 3.98 24.94 -4.95 -5.09 -4.55 -3.59 -2.75 -1.91

3-Me-oxolane RSC 4.61 25.34 -4.23 -4.52 -3.88 -3.2 -2.45 -1.65
2,2-di-Me-oxolane RSC 3.55 24.35 -4.3 -4.45 -3.82 -3.12 -2.52 -1.83
3,3-diMe-oxolane RSC 3.85 25.93 -4.0 -4.64 -4.38 -4.0 -3.42 -2.54

Average RSC 25.18 -4.51 -4.74 -4.14 -3.43 -2.68 -1.88
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Table 2-11. Thermochemical properties of Oxetanes and Oxiranes. Ring strain corrections are
derived by taking the difference between the ab initio result and the sum of constituent group values
from Benson. Heats of formation in kcallmol, S2 and Cp(T) in cal/mol-K.

Species Method AH298 S298 Cp(300) 400 500 600 800 1000 1500

Oxetane NIST -19.25 64.87 14.80 20.07 24.91 28.99 35.24 39.70 46.35
CBS-QB3 -19.65 65.08 15.10 20.28 25.10 29.16 35.39 39.86 46.59

GA (wlo RSC) -44.33 36.32 18.88 24.35 28.55 32.01 37.69 41.60

2-MeOxetane CBS-QB3 -30.67 74.56 21.18 27.86 33.89 38.94 46.70 52.32 60.86
GA (w/o RSC) -53.63 46.50 24.88 31.98 37.75 42.10 49.41 54.44

3-MeOxetane CBS-QB3 -27.21 73.96 21.05 27.60 33.58 38.65 46.48 52.16 60.80

GA(w/oRSC) -51.50 44.44 24.11 31.24 36.87 41.50 48.95 54.08

2,2-
2,2- diMexetane CBS-QB3 -41.70 79.98 27.67 35.84 43.02 48.99 58.16 64.85 75.15

GA (w/lo RSC) -63.23 50.79 30.60 39.37 46.30 51.86 60.82 67.05
Derived Ring strain corrections (RSC)

Oxetane RSC 24.68 28.76 -3.78 -4.07 -3.45 -2.85 -2.30 -1.74
2-MeOxetane RSC 23.55 28.06 -3.70 -4.12 -3.86 -3.16 -2.71 -2.12
3-MeOxetane RSC 24.29 29.52 -3.06 -3.64 -3.29 -2.85 -2.47 -1.92

2,2- RSC 21.53 29.19 -2.93 -3.53 -3.28 -2.87 -2.66 -2.20
diMeOxetane

Average RSC 28.88 -3.37 -3.84 -3.47 -2.93 -2.54 -2.00

Oxirane NIST -12.58 58.08 11.30 14.74 17.90 20.55 24.57 27.46 31.82
CBS-QB3 -13.20 57.98 11.39 14.80 17.93 20.55 24.52 27.38 31.74

GA (wlo RSC) -39.40 26.90 13.38 17.40 20.30 22.66 26.62 29.26

MeOxirane NIST -22.63 68.69 17.43 22.23 26.53 30.15 35.77 39.88 46.14
CBS-QB3 -23.32 68.50 17.33 22.05 26.31 29.90 35.48 39.57 45.88

GA (w/o RSC) -48.70 37.08 19.38 25.03 29.50 32.75 38.34 42.10

diMeOxirane CBS-QB3 -33.89 74.30 23.65 29.69 35.02 39.53 46.61 51.86 60.06

GA (w/o RSC) -58.30 41.37 25.10 32.42 38.05 42.51 49.75 54.71

Derived Ring Strain Corrections (RSC)
Oxirane RSC 26.20 31.08 -1.99 -2.6 -2.37 -2.11 -2.1 -1.88

1-MeOxirane RSC 25.38 31.42 -2.05 -2.98 -3.19 -2.85 -2.86 -2.53
1,1-diMeOxirane RSC 24.41 32.93 -1.45 -2.73 -3.03 -2.98 -3.14 -2.85

Average RSC 31.81 -1.83 -2.77 -2.86 -2.65 -2.70 -2.42
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2.3.3 Conclusions

Cyclic ether formation reactions from a variety of hydroperoxyalkyl radicals,

important in the low temperature oxidation of hydrocarbons, were studied. From our

calculations on oxolanes formation using a variety of quantum chemistry methods (CBS-

Q, CBS-QB3, QCISD, B3LYP and BH&HLYP), we found that the MP2 optimization in

the CBS-Q procedure gives inaccurate TS geometries. The commonly employed B3LYP

functional consistently underestimates the barrier heights of the cyclic ether formation,

though its TS geometries are accurate. BH&HLYP barrier heights, on the other hand, are

mostly parallel to those of CBS-QB3. However, BH&HLYP thermochemistry is not

accurate and it tends to overestimate the reaction exothermicity. CBS-QB3

thermochemistry appears to be accurate, and we used these calculations to derive new

thermochemical group values for 'QOOH and for cyclic ethers. In overall, CBS-QB3 is

the most appropriate method, in term of the predictions of barrier height, exothermicity,

and TS geometries.

A few of the CBS-QB3 barrier heights are inaccurate due to problems with the

higher order extrapolation, denoted AE(Emp). Correcting AAE(Emp) in those cases by

+2.5 kcal/mol results in better agreement between BH&HLYP and CBS-QB3 levels.

BH&HLYP barrier heights are -2 kcal/mol higher than CBS-QB3. Experimental results

are needed to narrow down this uncertainty.

For a given radical center, the reaction rate to form oxirane is fastest, to form

oxolane is next, and oxetane formation is slowest. For a given ring size, the barrier for

ring closure follows the order: tertiary < secondary < primary correlating strongly with

the overall exothermicity of the reactions. Substitution of alkyl groups adjacent to the

OOH group or the radical bearing carbon has little impact on the barrier height for

formation of oxolanes, but affects the barrier for forming oxetanes and oxiranes, because

of release of alkyl strain in the cyclic TS.
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The rate constants calculated using TST are in good agreement with the limited

experimental results. Rate rules parameters were derived for the reactions of QOOH to

form 3-, 4-, and 5- membered ring cyclic ethers using the CBS-QB3 results. The CBS-

QB3 and CBS-Q thermochemical parameters are in overall in good agreement with the

group additivity (GA) predictions. Improvements were made using our CBS-QB3 results

for the GA hydrogen bond increment (HBI) values for the 13-QOOH and the GA ring

strain correction (RSC) for the 5-, 4-, and 3- membered ring cyclic ethers.

2.3.4 Appendix

The isodesmic reactions, literature heat of formation values, and BH&HLYP/6-

311G** enthalpies (298K) used in calculating heats of formation of 'OH, RO' and ROOH

are given in TABLE A. Individual component energies viz., E(SCF), AE(MP2),

AE(MP34), AE(CCSD), AE(CBS), AE(Int), AE(Emp), AE(ZPE) (in Hartrees) of the

absolute CBS-QB3 energies of the reactants and transition states are given in TABLE B.

The difference in the component energies between the reactant and the corresponding

transition states viz., AAE(components) are given in kcal/mol. The B3LYP/CBSB7

optimized Cartesian coordinates (in A) and unscaled harmonic vibrational frequencies of

the transition structures involved in the reactions forming oxolanes, oxetanes and

oxiranes are tabulated in TABLES C and D, respectively. The BH&HLYP/6-311G**

optimized Cartesian coordinates (in A) and unscaled harmonic vibrational frequencies of

the transition structures involved in reactions forming oxetanes and oxiranes from methyl

substituted ( a to OOH and 3 to radical center) 'QOOH are given in TABLES E and F.
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Supplementary Table A: The isodesmic reactions, literature heat of formation values,
and BH&HLYP/6-31 1G** enthalpies (298K) used in calculating heats of formation of
'OH, RO' and ROOH. Also in the same table heats of formation calculated using
BH&HLYP/6-31 1G** atomization energies without the spin-orbit and bond additivity
corrections.

'OH+ CH
'OH

CH 3OCH 3

CHsOH

'OCH 3

CH30O

CH3 0'
HOH

CH3OH

CH300H + CH3s
CH300H

CH 3CH 20H

CH3CH200H
CH30H

CH 3CH2O

BH&HLYP
(Hartree)

3aOCH3 CH30H + OCH3
9.319 -75.71140079
-43.99 -154.8865871

-48 -115.6301048
4.1 -114.981591

+ HOH -) CH3OH + 'OH
4.1 -114.981591

-57.8 -76.3796062
-48 -115.6301048

CH2 OH -) CH3CH2 00H + CH3OH
-31.8 -190.7366315
-56.23 -154.9034373
-39.9 -230.0092391
-48 -115.6301048

+ HOH CH3CH2OH + 'OH
CH 3CH 20' -4.1 -154.2523991

CH3CH20H -56.23 -154.9034373
CH3CH200H + CH3 0H - CH3OOH + CH3CH2OH
CH3CH2OOH -39.9 -230.0092391

CHsOH -48 -115.6301048
CH3 00H -31.8 -190.7366315

CH3CH2OH -56.23 -154.9034373

(CH 3J2CHO + HOH (CH3) 2CHOH + 'OH

(CH3)2CHO' -12.5 -193.52591
(CH3)2CHOH -65.19 -194.1769418

(CH 3) 2CHOOH + CH 3CH2 OH 
CH300H + (CH3)2CHCH2OH

(CH3)2CHOOH -49 -269.2821763
CH3CH2OH -56.23 -154.9034373
CH3 00H -31.8 -190.7366315

(CH3)2CHCH20H -67.8 -233.4395433

(CH3) 3Ca + HOH -) (CH3)COH + 'OH

(CH 3 )3CO'
(CH3)3COH

(CH3)3COOH + 
(CH 3)3COOH

C2He

CH300H

(CH3) 4C

-232.7970333
-233.4492766

CH3C(CH3) 3

-308.5535388
-79.71235716
-190.7366315
-197.516984

AHf " (kcal/mol)
using isodesmic

reactions

8.7

6.8

-32 1

0.1

-39.6

-8.8

-49.3

-17.6

-59.6

AHf w (kcallmol)
using atomization

energy I

17.0

19.0

8.6

20.6

9.1

20.6

9.4

22.0

10.7
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Lit. AHf 298

(kcallmol)

i2Hs I.

-21.6
-74.72

- CH3 00H
-58.4
-20.04
-31.8
-40.14
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Supplementary Table B: The CBS-QB3 component energies of reactants and TSs

involved in cyclic-ether formations from hydroperoxyalkyl radicals. Difference (AA) in
the component energies between reactants and transition states of reactions investigated
in this work.
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'(CH2)400H -* CH3CH'(CH2)3OOH - (CH3)2C'(CH2)300H -*
THF + OH (TS) 2-Me-THF +OH 2,2-diMe-THF +OH

TS Reactant TS Reactant TS Reactant

E(SCF) -306.358613 -306.382828 -345.410381 -345.433152 -384.461235 -384.481910

AE(MP2) -1.094434 -1.131954 -1.266402 -1.302851 -1.440830 -1.476903

AE(MP34) -0.076811 -0.062542 -0.089278 -0.075166 -0.100988 -0.086944

AE(CCSD) -0.052520 -0.029688 -0.058368 -0.034666 -0.064145 -0.040079

AE(CBS) -0.112675 -0.112735 -0.129069 -0.129446 -0.145426 -0.146217

AE(INT) 0.035416 0.036658 0.041263 0.042516 0.047063 0.048382

AE(Emp) -0.056547 -0.056615 -0.069125 -0.065509 -0.078007 -0.074360

AE(ZPE) 0.123051 0.123276 0.150705 0.151274 0.178254 0.179411
Total -307.593133 -307.616428 -346.830655 -346.847000 -386.065314 -386.078621

AE(SCF) 15.20 14.29 12.97

AE(MP2) 23.54 22.87 22.64

AE(MP34) -8.95 -8.86 -8.81

AAE(CCSD) -14.33 -14.87 -15.10
AE(CBS) 0.04 0.24 0.50

AE(INT) -0.78 -0.79 -0.83

AE(Emp) 0.04 -2.27 -2.29
AE(ZPE) -0.14 -0.36 -0.73
Barrier 14.62 10.26 8.35



E(SCF)
AE(MP2)
AE(MP34)
AE(CCSD)
AE(CBS)
bE(INT)
AE(Emp)
AE(ZPE)
Total

AE(SCF)
AAE(MP2)
AAE(MP34)
AAE(CCSD)
AAE(CBS)
AAE(INT)
AAE(Emp)
AAE(ZPE)
Barrier

E(SCF)
AE(MP2)
AE(MP34)
AE(CCSD)
AE(CBS)
AE(INT)
AE(Emp)
AE(ZPE)
Total

AE(SCF)
AAE(MP2)
AAE(MP34)
AAE(CCSD)
AAE(CBS)
AAE(INT)
AAE(Emp)
AAE(ZPE)
Barrier

SCH2CH(CH 3 )' (CH 2) 2 00H

3-Me-THF + OH

TS Reactant

-345.404377 -345.428423
-1.269131 -1.306068
-0.088368 -0.074115
-0.057715 -0.035047
-0.128855 -0.129034
0.041220 0.042451
-0.065304 -0.065426
0.150688 0.151277

-346.821842 -346.844385

15.09
23.18
-8.94

-14.22
0.11
-0.77
0.08
-0.37
14.15

'(CH 2 )3 C(CH3) 2 00H --
2,2-diMe-'

TS
-384.454236
-1.445593
-0.099846
-0.063689
-0.144954
0.046970
-0.0741.77
0.177839

-386.057686

15.11
24.20
-9.29

-14.41
0.10
-0.79
0.01
-0.19
14.74

THF +OH

Reactant
-384.478321
-1.484154
-0.085042
-0.040729
-0.145105
0.048226
-0.074194
0.178142

-386.081178

*CH2C(CH3)2(CH2)2 00H - '(CH 2)3CH(CH3)OOH-
3,3-diMe-THF + OH 2-Me-THF + OH

TS Reactant TS Reactant

-384.449844 -384.472451 -345.408421 -345.432795
-1.446466 -1.483228 -1.268792 -1.306482
-0.099174 -0.084994 -0.088606 -0.074142
-0.063060 -0.040663 -0.057484 -0.035045
-0.145071 -0.145166 -0.128852 -0.128935
0.047024 0.048221 0.041218 0.042452
-0.077706 -0.074197 -0.065312 -0.065422
0.178171 0.178721 0.150659 0.150845

-386.056126 -386.073758 -346.825590 -346.849523

14.19 15.29
23.07 23.65
-8.90 -9.08

-14.05 -14.08
0.06 0.05
-0.75 -0.77
-2.20 0.07
-0.34 -0.12
11.06 15.02
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'(CH2)300H -- CH3CH(CH2)200H -* (CH3)2C'(CH2) 200H -+
Oxetane + OH 2-Me-Oxetane + OH 2,2-diMe-Oxetane + OH

TS Reactant TS Reactant TS Reactant

E(SCF) -267.301738 -267.336007 -306.355124 -306.385742 -345.407072 -345.435312
AE(MP2) -0.922205 -0.961049 -1.092718 -1.132467 -1.266963 -1.305850
AE(MP34) -0.064913 -0.050264 -0.077495 -0.062837 -0.089291 -0.074779
AE(CCSD) -0.047100 -0.024827 -0.053149 -0.029876 -0.059299 -0.035146
AE(CBS) -0.096705 -0.096606 -0.113094 -0.113423 -0.129429 -0.130063
AE(INT) 0.029703 0.030874 0.035486 0.036757 0.041294 0.042609
AE(Emp) -0.047854 -0.047771 -0.056774 -0.056664 -0.065559 -0.065519
AE(ZPE) 0.094800 0.095405 0.122398 0.123568 0.149806 0.151265
Total -268.356011 -268.390244 -307.590470 -307.620684 -346.826514 -346.852794

AE(SCF) 21.50 19.21 17.72
AAE(MP2) 24.37 24.94 24.40
AAE(MP34) -9.19 -9.20 -9.11
AAE(CCSD) -13.98 -14.60 -15.16
AAE(CBS) -0.06 0.21 0.40
AAE(INT) -0.73 -0.80 -0.82
AAE(Emp) -0.05 -0.07 -0.03
AAE(ZPE) -0.38 -0.73 -0.92
Barrier 21.48 18.96 16.49

'(CH2)200H - CH3CHCH200H -, (CH3)2CCH2 00H -
Oxirane + OH 2-Me-Oxirane + OH 2,2-diMe-Oxirane + OH

TS Reactant TS Reactant TS Reactant

E(SCF) -228.275145 -228.287620 -267.327625 -267.337798 -306.379349 -306.388064
AE(MP2) -0.742744 -0.791060 -0.914181 -0.962697 -1.087560 -1.135765
AE(MP34) -0.052034 -0.038016 -0.064590 -0.050600 -0.076611 -0.062661
AE(CCSD) -0.038392 -0.020019 -0.044328 -0.025115 -0.050651 -0.030366
AE(CBS) -0.079823 -0.080396 -0.096241 -0.097153 -0.112715 -0.113813
AE(I NT) 0.023760 0.025099 0.029518 0.030966 0.035311 0.036827
AE(Emp) -0.039172 -0.038886 -0.046370 -0.047787 -0.056950 -0.056645
AE(ZPE) 0.065622 0.067318 0.093487 0.095484 0.120853 0.123214
Total -229.137928 -229.163580 -268.370330 -268.394700 -307.607671 -307.627272

AE(SCF) 7.83 6.38 5.47
AE(MP2) 30.32 30.44 30.25

AAE(MP34) -8.80 -8.78 -8.75
AAE(CCSD) -11.53 -12.06 -12.73
AAE(CBS) 0.36 0.57 0.69
AAE(INT) -0.84 -0.91 -0.95
AAE(Emp) -0.18 0.89 -0.19

AE(ZPE) -1.06 -1.25 -1.48
Barrier 16.10 15.29 12.30
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Supplementary Table C:

The B3LYP/CBSB7 optimized Cartesian coordinates (in A) of the transition structures
involved in THF, 2-Me-THF, 2,2-diMe-THF, 3-Me-THF, 3,3-diMe-THF, oxetane, 2-Me-
Oxetane, 2,2-diMe-Oxetane, oxirane, 2-Me-Oxirane, 2,2-diMe-Oxirane from different
hydroperoxyalkyl radicals.

'(CH 2 )400H --> CH3CH'(CH2 )2 00H --> (CH3)2 C'CH2 00H --

THF + OH (TS) 2-Me-Oxetane + OH (TS) 2,2-diMe-Oxirane + OH (TS)
C 0.009 0.039 -0.019 C 0.000 0.000 0.000 C 0.000 0.000 0.000
O 0.022 0.091 2.146 C 0.000 0.000 1.508 C 0.000 0.001 1.490
C 1.431 0.033 2.365 C 1.511 0.000 1.753 C 1.281 0.000 2.231

C 2.063 -0.625 1.142 0 1.937 0.468 0.460 O 1.231 1.393 2.148
C 1.495 0.054 -0.117 0 3.597 0.659 0.734 0 2.656 2.002 2.981
O -0.510 0.524 3.665 H 3.720 1.285 0.009 H 2.192 2.787 3.303

H -1.445 0.378 3.468, H 1.860 0.678 2.535 H 2.132 -0.440 1.699
H 1.620 -0.551 3.269 H 1.914 -1.002 1.940 H 1.228 -0.379 3.258
H 1.823 1.048 2.514 H -0.466 0.911 1.893 C -1.294 0.066 2.225
H 1.808 -1.690 1.130 H -0.512 -0.862 1.946 H -0.676 0.762 -0.404
H 3.155 -0.545 1.191 C -0.581 1.103 -0.807 H 0.999 0.171 -0.402
H 1.845 -0.476 -1.014 H 0.155 -0.954 -0.493 H -0.358 -0.970 -0.377
H 1.865 1.081 -0.184 H -0.147 1.134 -1.810 H -1.942 0.856 1.831
H -0.572 0.933 -0.198 H -1.668 0.973 -0.931 H -1.844 -0.879 2.104
H -0.517 -0.905 -0.081 H -0.421 2.072 -0.327 H -1.145 0.235 3.292

CH3CH'(CH2)300H -+ '(CH 2)3CH(CH3)OOH-* 'CH2CH(CH3) (CH2)2 00H-
2-Me-THF +OH (TS) 2-Me-THF + OH (TS) 3-Me-THF + OH(TS)

C -0.008 0.020 -0.016 C 0.000 0.003 -0.018 C 0.000 0.000 0.000
0 0.017 0.108 2.191 0 0.004 0.018 2.153 C 0.000 0.000 1.493
C 1.426 0.054 2.404 C 1.421 0.008 2.397 C 1.417 0.000 2.081

C 2.060 -0.586 1.171 C 2.059 -0.640 1.161 C -0.838 1.225 1.928

C 1.481 0.087 -0.084 C 1.486 0.004 -0.117 C -0.309 2.479 1.233
O -0.514 0.587 3.692 0 -0.613 0.136 3.695 0 -0.104 2.159 -0.143
H -1.389 0.187 3.598 H -1.369 0.683 3.443 O 0.236 3.666 -0.760
H 1.626 -0.538 3.302 H 1.588 -0.647 3.257 H 0.116 3.405 -1.683
H 1.814 1.069 2.562 C 1.933 1.409 2.722 H -1.034 3.294 1.300
H 1.824 -1.655 1.153 H 1.816 -1.706 1.163 H 0.635 2.818 1.674
H 3.150 -0.490 1.217 H 3.150 -0.549 1.203 H -1.880 1.065 1.636
H 1.864 -0.414 -0.986 H 1.827 -0.568 -0.991 H -0.818 1.361 3.015
H 1.809 1.130 -0.135 H 1.865 1.022 -0.236 H -0.526 -0.897 1.856
C -0.885 1.172 -0.357 H -0.573 0.903 -0.193 H 0.917 -0.151 -0.555
H -0.452 -0.971 -0.031 H -0.536 -0.935 -0.076 H -0.928 -0.166 -0.533
H -1.881 1.055 0.078 H 1.380 1.799 3.576 H 1.389 0.042 3.174
H -0.462 2.113 0.003 H 2.997 1.386 2.976 H 1.954 -0.908 1.794
H -1.018 1.267 -1.447 H 1.794 2.092 1.879 H 1.995 0.855 1.722

_ _ _ 
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(CH 3)2C°(CH2) 3 00H -> '(CH 2)3C(CH 3) 200H -> *CH2C(CH 3)2(CH2) 200H -

2,2-diMe-THF +OH (S) 2,2-diMe-THF +OH (S) 3,3-diMe-THF + OH (TS)
C -0.004 0.001 -0.001 C -0.017 0.004 0.003 C -0.003 0.003 0.000
C 0.000 0.001 1.493 C -0.001 -0.002 1.490 C -0.001 0.001 1 ;500

C 1.328 -0.001 2.178 C 1.464 0.002 1.955 C 1.446 -0.002 2.044
C -1.200 0.512 2.238 C 2.264 -1.138 1.283 C -0.757 1.226 2.045
C -1.648 -0.526 3.282 C 1.924 -2.510 1.878 C -0.705 -1.320 1.907
C -1.794 -1.884 2.601 O 1.850 -1.095 -0.108 C -2.045 -1.452 1.191
O -0.608 -2.123 1.851 0 2.886 -2.135 -0.899 0 -1.843 -1.108 -0.182
O -0.757 -3.751 1.546 C 3.763 -0.841 1.393 0 -3.317 -1.520 -0.820
H 0.092 -3.829 1.091 H 2.176 -2.595 -1.367 H -3.009 -1.537 -1.736
H -1.908 -2.679 3.342 H 1.920 0.956 1.672 H -2.416 -2.479 1.244
H -2.667 -1.901 1.935 H 1.544 -0.088 3.044 H -2.804 -0.790 1.624
H -0.902 -0.601 4.078 H -0.507 0.884 1.900 H -0.062 -2.160 1.623
H -2.595 -0.238 3.750 H -0.530 -0.875 1.880 H -0.852 -1.373 2.992
H -0.975 1.466 2.737 H -0.648 -0.676 -0.554 H -0.298 0.884 -0.554
H -2.021 0.702 1.540 H 0.359 0.867 -0.530 H 0.600 -0.728 -0.527
H 0.732 -0.703 -0.399 H 2.441 -3.285 1.311 H -0.824 1.189 3.137
H -0.984 -0.266 -0.401 H 2.238 -2.572 2.923 H -0.237 2.148 1.773
H 0.256 0.996 -0.396 H 0.850 -2.708 1.828 H -1.770 1.285 1.642
H 1.965 -0.805 1.800 H 4.346 -1.644 0.947 H 1.977 0.908 1.752
H 1.862 0.946 1.993 H 4.000 0.088 0.871 H 1.445 -0.055 3.138
H 1.239 -0.120 3.260 H 4.050 -0.736 2.444 H 2.009 -0.859 1.665
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'(CH 2)2 00H -> (CH3)2 C(CH 2)2 00H -,
Oxirane + OH TS) 2,2-diMe-Oxetane + OH ()

0o.ooo 0.000 0.000 C 0.000 0.000 0.000
C 0.000 0.000 1.474 C . -0.001 -0.001 1.514
O 1.391 0.000 1.325 C 1.508 0.001 1.786
O 2.090 0.258 2.916 0 1.978 0.397 0.487
H 2.820 0.791 2.569 0 3.635 0.529 0.794
H -0.394 -0.898 1.959 H 3.796 1.141 0.064
H -0.387 0.908 1.943 H 1.837 0.718 2.542
H 0.097 -0.927 -0.547 H 1.902 -0.988 2.042
H 0.068 0,934 -0.540 H -0.478 0.901 1.904

H -0.513 -0.871 1.940
C -0.491 1.196 -0.743
C 0.056 -1.309 -0.717
H -0.066 1.238 -1.751
H -1.587 1.164 -0.856
H -0.240 2.121 -0.221
H 0.520 -1.202 -1.701
H 0.615 -2.057 -0.153
H -0.960 -1.705 -0.878

CH3CHCH 200H - '(CH2) 3 00H -
2-Me-Oxirane + OH (TS) Oxetane + OH(TS)

C -0.002 0.000 0.000 C 0.001 -0.007 -0.009
C -0.001 0.001 1.476 0 0.004 -0.003 1.994
O 1.392 0.003 1.360 C 1.433 -0.008 1.792
O 2.049 0.110 2.988 C 1.432 -0.357 0.300
H 2.750 0.720 2.719 0 -0.079 0.296 3.658
H -0.402 -0.904 1.947 H -0.903 -0.193 3.781
H -0.403 0.901 1.950 H 1.907 -0.739 2.449
C 0.041 -1.241 -0.811 H 1.841 0.986 2.001
H 0.071 0.960 -0.498 H 1.621 -1.419 0.137
H 0.853 -1.217 -1.545 H 2.159 0.220 -0.281
H 0.163 -2.125 -0.183 H -0.712 -0.769 -0.293
H -0.893 -1.352 -1.380 H -0.263 1.017 -0.245



Supplementary Table D:

The unscaled harmonic vibrational frequencies (in cm ') of the transition structures
involved in THF, 2-Me-THF, 2,2-diMe-THF, 3-Me-THF, 3,3-diMe-THF, oxetane, 2-Me-
Oxetane, 2,2-diMe-Oxetane, oxirane, 2-Me-Oxirane, 2,2-diMe-Oxirane from different
hydroperoxyalkyl radicals at the B3LYP/CBSB7 level.
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(CH2)400H - CH3CH(CH2)200H -* (CH3)2 CCH 200H -+
THF + OH (S) 2-Me-Oxetane + OH S) 2,2-diMe-Oxirane + OH S)

-666.7 61.6 92.3 -723.0 96.3 100.3 -641.0 72.3 82.3
173.6 241.8 297.7 119.6 136.1 192.5 91.1 117.0 190.3
346.3 458.8 503.6 282.2 388.9 395.1 199.8 281.3 385.4
543.3 756.1 825.4 583.0 728.5 834.9 405.1 432.4 765.9
861.0 899.7 950.8 892.3 957.0 985.4 926.3 938.5 977.8
973.1 1031.4 1081.3 989.7 1023.4 1107.7 995.3 1015.5 1051.3
1120.1 1171.1 1194.4 1145.9 1167.5 · 1202.8 1104.5 1174.9 1284.3
1242.8 1271.5 1342.9 1232.4 1294.6 1347.2 1314.3 1365.3 1404.9
1362.9 1382.2 1467.9 1388.6 1412.6 1473.4 1411.7 1459.3 1474.3
1478.3 1491.6 1523.1 1481.2 1490.0 1531.6 1478.8 1500.1 1535.8
2985.5 2998.9 3027.8 2962.3 3017.1 3025.7 2979.5 2985.2 3002.8
3054.3 3069.2 3079.2 3054.4 3070.9 3089.2 3045.7 3049.8 3051.8
3148.0 3250.3 3802.4 3098.2 3163.8 3806.8 3117.8 3120.4 3795.3

6.44 2.36 1.85 5.89 2.25 1.76 6.28 1.99 1.74

CH3CH'(CH2)300H -> '(CH 2)3 CH(CH3)OOH-> 'CH 2CH(CH3) (CH2)200H-+
2-Me-THF +OH (TS) 2-Me-THF + OH (TS) 3-Me-THF + OH(TS)

-623.9 75.4 82.0 -653.5 83.7 116.8 -662.7 52.0 86.9
109.7 118.0 192.5 144.0 222.8 237.5 157.0 211.7 237.5
254.1 283.4 344.5 241.5 330.0 377.9 244.6 337.4 368.2
391.9 434.6 546.7 432.3 473.5 494.4 403.1 - 489.2 502.8
684.7 830.7 872.7 620.0 756.6 802.6 620.8 754.6 806.5
894.5 911.6 989.5 841.7 874.1 900.3 864.1 901.2 950.2
994.9 1029.0 1054.5 956.0 1001.0 1033.6 976.2 1001.6 1038.0
1115.3 1150.9 1175.4 1074.6 1105.7 1139.6 1056.6 1123.1 1158.4
1195.7 1241.1 1264.9 1167.5 1201.0 1262.2 1180.6 1220.4 1240.0
1324.6 1363.4 1382.6 1325.5 1344.6 1363.6 1292.9 1353.2 1361.3
1398.1 1419.5 1475.1 1380.0 1404.1 1469.4 1382.9 1411.9 1468.2
1476.2 1482.5 1487.6 1477.6 1485.2 1495.2 1483.3 1498.5 1508.0
1525.4 2962.8 2973.7 1510.2 2987.6 3027.0 1527.7 2957.1 3012.4
2996.3 3025.6 3042.0 3032.1 3046.0 3062.1 3024.7 3030.2 3061.2
3053.9 3063.0 3073.7 3080.5 3093.1 3122.6 3074.0 3090.9 3098.7
3096.1 3156.0 3803.3 3150.6 3251.5 3800.5 3144.0 3245.6 3802.9
3.16 2.08 1.36 3.58 2.04 1.58 4.36 1.61 1.49



75

(CH3) 2C(CH 2) 300H -) '(CH 2)3C(CH 3 )2 00H -> *CH2C(CH3) 2(CH 200H -,
2,2-diMe-THF +OH (TS) 2,2-diMe-THF +OH (S) 3,3-diMe-THF + OHTS)

-596.4 44.5 74.2 -650.7 76.5 151.9 -662.2 50.1 89.6
115.3 143.2 147.4 164.0 220.6 226.2 156.8 212.3 227.4
170.6 199.6 257.7 234.8 260.2 304.9 252.8 266.5 303.5
286.1 335.5 385.4 345.8 360.6 437.0 314.7 381.7 408.1
390.0 478.9 543.0 457.0 469.7 499.1 412.9 484.2 502.4
746.7 874.5 877.0 563.9 724.9 742.6 589.5 735.0 774.2
906.8 940.5 971.5 833.6 856.6 883.9 864.5 885.4 932.7
986.4 1006.8 1055.3 930.9 953.1 964.0 955.7 963.5 986.3
1059.1 1084.5 1131.3 1005.0 1069.2 1078.0 1014.2 1050.5 1070.5
1187.2 1230.3 1256.1 1097.4 1148.4 1210.0 1129.4 1189.0 1214.3
1278.0 1309.6 1359.7 1223.8 1243.0 1290.0 1227.2 1258.5 1313.4
1369.8 1384.7 1402.9 1347.5 1368.7 1393.1 1353.2 1382.3 1395.6
1413.6 1468.0 1474.2 1410.7 1468.3 1471.1 1415.5 1467.2 1479.8
1482.6 1487.4 1489.4 1481.4 1492.4 1496.3 1488.3 1496.4 1504.3
1496.7 1519.4 2954.1 1499.8 1517.1 2979.6 1514.2 1531.6 3014.3
2958.6 2976.8 2988.5 3026.2 3031.6 3039.3 3016.0 3019.0 3028.3
3030.3 3045.6 3053.6 3059.2 3077.5 3095.5 3056.9 3072.2 3080.6
3056.3 3062.9 3076.7 3101.4 3123.1 3138.6 3086.6 3092.5 3104.1
3101.5 3104.7 3804.2 3149.5 3250.0 3806.1 3138.1 3241.1 3802.8
2.40 1.55 1.22 2.59 1.70 1.37 3.82 1.15 1.12
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'(CH 200H - (CH3)2C'(CH2) 200H ->
Oxirane + OH S) 2,2-diMe-Oxetane + OH (S)

-738.1 85.1 125.4 -679.5 89.6 96.6
256.3 390.8 497.0 103.8 137.9 148.1
764.9 837.2 937.7 188.9 219.0 294.8

1002.2 1165.8 1168.1 370.5 380.5 407.8
1200.6 1313.1 1468.7 585.8 779.1 846.4
1535.0 3029.4 3083.5 931.7 970.0 979.1
3165.2 3281.2 3789.0 987.5 1016.8 1037.6
26.89 4.45 4.06 1067.6 1115.2 1195.4

1216.6 1269.0 1297.0
1336.1 1353.2 1400.2
1410.1 1465.4 1475.3
1481.6 1490.3 1498.1
1533.3 2955.1 2962.6
3015.6 3024.4 3054.5
3058.9 3067.8 3087.6
3104.3 3106.2 3808.5

3.75 1.66 1.58
CH3CHCH 2 0H -> '(CH 2)3OOH -

2-Me-Oxirane + OH (S) Oxetane + OH(S)
-783.9 103.4 139.6 -688.1 83.0 109.5
153.5 264.3 396.6 133.4 179.9 272.9
533.5 614.7 788.2 362.2 429.5 695.5
833.5 887.0 974.4 871.5 935.7 955.6
1005.1 1040.7 1098.6 988.4 1067.3 1164.4
1168.8 1201.2 1240.3 1190.2 1197.2 1307.5
1306.4 1345.2 1469.9 1398.4 1414.7 1465.7
1493.1 1530.3 3025.3 1489.6 1532.5 2985.3
3036.9 3079.3 3100.0 3012.0 3051.8 3064.6
3148.2 3251.8 3803.1 3112.2 3188.0 3792.0
11.54 3.25 2.69 14.35 2.46 2.32

--



Supplementary Table E:

The BH&HLYP/6-3 11G** optimized Cartesian coordinates (in A) of the transition
structures involved in 2-Me-Oxetane, 2,2-diMe-Oxetane, 3-Me-Oxetane, 3,3-diMe-
Oxetane, 2-Me-Oxirane, 2,2-diMe-Oxirane from different hydroperoxyalkyl radicals.
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'CH 2CH(CH3)OOH-> CH 2C(CH3)200H->
2-Me-Oxirane + OH (TS) 2,2-diMe-Oxirane + OH S)

C -0.031 -0.038 -0.015 C -0.068 0.005 -0.023
C 0.055 0.048 1.455 C 0.006 0.027 1.454
O 1.435 0.125 1.309 0 1.398 0.049 1.307
O 2.141 0.168 2.910 0 2.126 0.101 2.879
H 2.914 0.640 2.603 H 2.800 0.716 2.594
H -0.235 -0.874 1.953 C -0.473 -1.236 2.136
C -0.569 1.257 2.104 C -0.527 1.292 2.093
H 0.115 -0.979 -0.512 H 0.028 -0.926 -0.552
H -0.034 0.864 -0.599 H -0.024 0.925 -0.577
H -1.652 1.173 2.103 H -1.613 1.310 2.064
H -0.223 1.339 3.127 H -0.201 1.341 3.125
H -0.286 2.159 1.570 H -0.149 2.166 1.572

H -1.557 -1.303 2.106
H -0.052 -2.108 1.648
H -0.150 -1.236 3.171

*CH2 CH2CH(CH3)OOH - *CH2CH 2C(CH3)2 00H 
2-Me-Oxetane + OH (TS) 2,2-diMe-Oxetane + OH (rs)

C 0.016 0.306 0.117 C 0.016 -0.005 -0.010
C 0.074 -0.257 1.506 C 0.015 -0.021 1.493
C 1.548 -0.019 1.813 C 1.519 -0.029 1.713
0 2.005 0.160 0.462 0 1.937 0.460 0.443
O 3.685 0.018 0.656 0 3.582 0.769 0.748
H 3.892 0.474 -0.158 H 3.811 0.879 -0.172
C 1.831 1.201 2.656 H 1.875 0.626 2.500
H 2.048 -0.890 2.224 H 1.915 -1.030 1.872
H -0.591 0.244 2.204 H -0.393 0.919 1.853
H -0.164 -1.314 1.504 C -0.738 -1.179 2.128
H -0.129 1.361 -0.029 H -0.382 0.826 -0.562
H -0.172 -0.330 -0.728 H 0.134 -0.933 -0.544
H 2.895 1.401 2.669 H -1.798 -1.126 1.901
H 1.319 2.072 2.255 H -0.362 -2.131 1.761
H 1.490 1.042 3.676 H -0.626 -1.170 3.208
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'CH2CH(CH3)CH200H - 'CH2C(CH3) 2CH200H -*
3-Me-Oxetane + OH (TS) 3,3-diMe-Oxetane + OH (TS)

C 0.022 0.055 -0.013 C -0.003 -0.034 0.002
C 0.020 -0.013 1.482 C -0.009 -0.015 1.511
C 1.524 0.007 1.771 C 1.503 -0.038 1.712
O 1.943 0.463 0.457 0 1.912 0.467 0.445
O 3.599 0.748 0.631 0 3.544 0.820 0.749
H 3.803 0.483 -0.263 H 3.781 0.893 -0.173
C 1.918 1.002 2.842 H 1.867 0.607 2.504
C 2.092 -1.374 2.031 H 1.897 -1.041 1.853
H -0.467 0.857 1.908 C -0.601 1.294 2.022
H -0.467 -0.902 1.874 C -0.718 -1.215 2.124
H -0.334 0.930 -0.525 H -0.414 0.782 -0.564
H 0.107 -0.845 -0.595 H 0.135 -0.968 -0.515
H 2.991 1.023 2.982 H -1.783 -1.187 1.908
H 1.588 1.998 2.563 H -0.319 -2.148 1.736
H 1.445 0.731 3.783 H -0.597 -1.223 3.204
H 3.174 -1.335 2.029 H -1.646 1.384 1.737
H 1.754 -1.748 2.995 H -0.542 1.345 3.106
H 1.770 -2.071 1.262 H -0.060 2.141 1.612

�11--"-1- - -



Supplementary Table F :

The unscaled harmonic vibrational frequencies (in cml) of the transition structures
involved in 2-Me-Oxetane, 2,2-diMe-Oxetane, 3-Me-Oxetane, 3,3-diMe-Oxetane, 2-
Me-Oxirane, 2,2-diMe-Oxirane from different hydroperoxyalkyl radicals at the
BH&HLYP/6-3 1 1G**
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'CH 2 CH(CH3 )OOH-> 'CH 2C(CH 3)200H-
2-Me-Oxirane + OH (TS) 2,2-diMe-Oxirane + OH (TS)
-678.3 75.2 147.2 -697.2 123.8 148.3
217.3 248.8 304.8 07.3 216.3 253.9
400.9 424.5 516.6 308.9 360.6 387.4
721.6 880.6 956.3 409.9 488.2 521.7
960.0 1010.3 1156.8 722.2 787.2 927.8
1211.9 1243.9 1358.8 946.2 990.5 1017.9
1441.6 1479.4 1514.8 1068.5 1080.6 1221.7
1538.0 1553.1 3119.4 1322.4 1378.6 1458.6
3133.0 3188.3 3215.4 1468.4 1514.4 1524.6
3244.2 3363.7 3960.3 1542.5 1550.1 1563.3
7.52 3.96 2.85 3120.3 3126.2 3190.5

196.3 3208.6 3213.8
3242.9 3361.5 3965.2
4.32 2.82 2.76

CH2CH2 CH(CH 3)OOH -> CH2CH2C(CH 3)2OOH ->
2-Me-Oxetane + OH (TS) 2,2-diMe-Oxetane + OH (TS)
-879.7 96.6 120.4 -862.9 78.9 108.9
172.5 246.4 261.0 173.7 209.5 257.0
309.1 381.0 438.4 312.6 368.0 433.5
529.0 651.3 799.4 518.1 566.6 813.0
817.1 883.9 974.3 880.0 939.3 974.6
1013.5 1062.3 1082.6 999.4 1036.3 1146.6
1139.4 1172.3 1218.5 1151.9 1209.2 1223.1
1295.8 1357.3 1375.3 1273.7 1378.8 1397.8
1432.9 1466.1 1520.3 1431.6 1465.7 1522.6
1532.9 1550.1 1556.7 1548.4 1550.0 1580.8
3111.9 3124.6 3152.8 3106.0 3113.1 3137.3
3177.7 3186.3 3215.7 3173.6 3178.8 3186.7
3239.2 3345.6 3976.2 3226.7 3337.0 3974.5
4.88 2.92 2.14 8.17 1.97 1.70
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-CH2CH(CH3)CH 2 00H -- CH2C(CH3) 2CH 2 00H ->
3-Me-Oxetane + OH (TS) 3,3-diMe-Oxetane + OH TS)
-895.6 71.8 151.1 -867.1 71.5 109.3
173.3 236.0 253.9 176.9 210.7 252.3
275.1 303.4 342.5 295.9 302.4 336.8
366.5 452.8 456.2 359.4 423.4 434.1
538.0 594.1 776.4 522.5 569.5 807.9
792.8 835.6 941.3 811.0 951.2 964.9
968.8 1010.9 1033.1 990.0 1006.0 1032.2
1082.8 1091.0 1107.1 1044.0 1095.4 1154.1
1227.5 1270.6 1306.4 1243.4 1287.2 1301.5
1341.6 1380.2 1457.6 1345.4 1415.7 1455.5
1467.9 1519.5 1525.3 1470.3 1518.8 1540.2
1543.8 1546.4 1550.1 1542.0 1555.6 1564.3
1567.2 3113.8 3118.1 1579.8 3103.0 3108.5
3125.0 3177.8 3178.8 3117.2 3168.9 3173.2
3186.6 3213.9 3221.4 3178.0 3180.9 3186.6
3239.7 3345.6 3978.7 3224.9 3333.8 3973.9
3.17 2.34 1.94 4.60 1.55 1.53



Supplementary Table G: Two Electrons Interaction (Oii) Contribution and Spin
Contamination (<S2>) Contribution in AAEmp

'(CH 2) 400H -> CH 3CH'(CH 2)300H -> (CH 3) 2C(CH 2) 3 00H ->

THF + OH (TS) 2-Me-THF +OH 2,2-diMe-THF +OH

TS Reactant TS Reactant TS Reactant

Oiii 8.9235552 9.7560573 11.0933056 11.2903334 12.621583 12.81753
S2 1.261537 0.763313 1.263067 0.764439 1.2666 0.765386
DEL<S2> 0.511537 0.013313 0.513067 0.014439 0.5166 0.015386

AE(Empirical) -0.056547 -0.056615 -0.069125 -0.065509 -0.078007 -0.074360

Oiii contribution 3.02 0.72 0.71
DEL<S2> contribution -2.98 -2.99 -3.00
AAE(Empirical) 0.04 -2.27 -2.29

*CH2CH(CH3) (CH 2) 200H -> *CH2C(CH3)2(CH2) 2 00H - *(CH2) 3CH(CH3)OOH-)
3-Me-THF + OH 3,3-diMe-THF + OH 2-Me-THF + OH

TS Reactant TS Reactant TS Reactant

Oiii 10.4438149 11.2779046 12.6018507 12.7929095 10.4394634 11.27719
S2 1.256722 0.763265 1.246976 0.76325 1.260249 0.763319
DEL<S2> 0.506722 0.013265 0.496976 0.01325 0.510249 0.013319

AE(Empirical) -0.065304 -0.065426 -0.077706 -0.074197 -0.065312 -0.065422

Oiii 3.03 0.69 3.04
contribution
DEL<S2> -2.95 -2.90 -2.97
contribution _ 
AAE(Empirical 0.08 -2.20 0.07

*(CH2)3C(CH3) 2 00H -+
2,2-diMe-THF +OH

TS Reactant

Oiii 11.9529823 12.7922372
S2 1.270915 0.763294

DEL<S2> 0.520915 0.013294

AE(Empirical) -0.074177 -0.074194

Oiii contribution 3.05
DEL<S2> contribution -3.04
AAE(Empirical) 0.01
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2.4 .QOOH " HOQO.

2.4.1 Background & Motivation

In section 2.3 we showed that the cyclic ether formation reaction from

hydroperoxyalkyl radicals 'QOOH is very fast, even dominant, when it is forming a five-

membered ring cyclic ether (.CCCCOOH - Oxolane + OH). However, the reaction to

form a four-membered ring cyclic ether (.CCCOOH -' Oxetane + OH) has a much

higher barrier, since it involves a strained four-membered-ring transition state. In this

case, it is possible that the radical would prefer to attack the other O, viz. .CCCOOH --

HOCCCO., which would presumably go through a less strained five-membered-ring

transition state.

One can also expect the competition between the five-membered-ring cyclic ether

formation reaction .CCCCOOH 4 Oxolane + OH (which goes through a five-membered-

ring transition state) and the intramolecular OH migration reaction .CCCCOOH -

HOCCCCO. (which would go through a six-membered-ring transition state), since the

six-membered-ring structure is usually less strained than the five-membered-ring

structure.

To the best of our knowledge, there has been no previous studies on this

intramolecular OH migration reaction .QOOH - HOQO., and this channel has not been

included in any existing oxidation models. Herein, we used quantum chemistry (CBS-

QB3 method), to study the intramolecular OH migration reaction through a six-, five-,

and, four-membered-ring transition state, from the 1°, 20, and 3° hydroperoxyalkyl

radicals 'QOOH. CBS-QB3 method was chosen because it gives highly accurate TS

geometries and energies, as demonstrated in our previous study of the cyclic ether

formation (Section 2.3). Portions of the 'QOOH - HOQO' work were presented in

Foundations of Molecular Modeling and Simulation 2nd international conference in July

2003, and have been submitted for publication83 .
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2.4.2 Results and Discussions

Here also we have done the imaginary frequency vibrations analysis, IRC

calculations, and dominant eigenvectors analysis, to confirm that each TS structure we

obtained corresponds to the desired reaction. Table 2-12 gives the CBS-QB3 and

B3LYP/CBSB7 barrier heights Eo at 0 K, CBS-QB3 reaction enthalpies AIt at 0 K,

reactive moiety geometries, transition states imaginary frequencies, UHF/CBSB3 spin

contamination <S2> at the transition state, and low frequency torsional vibrations treated

as hindered rotations in reactants and transition states. There are no experimental data

available for comparison on the 'QOOH - HOQO' reactions, however, previous studies

suggest that the uncertainty in CBS-QB3 barrier heights is less than 4 kcal/mol.

The intramolecular OH migration is exothermic, and in accordance with

Hammond's postulate, the transition state geometry is close to that of the reactant, though

in a cyclic geometry (Figure 2-3) The cleaving 0-0 bond length decreases from 4- to 5-

to 6- membered TS, and in every case, the forming C-O bond length increases from 1° to

2° to 3°. Another observation is that for all the cases studied, the DFT spin

contaminations <S2> at the geometry optimization level - B3LYP/CBSB7 - are 0.754 for

the reactants and no larger than 0.81 for the transition states, while the UHF/CBSB3 spin

contamination <S2 > for the transition states is significantly higher (Table 2-12). This is

not surprising, since it is usually observed that DFT spin contamination is small, but HF

spin contamination is large.
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a) 6-membered-ring TS b) 5-membered-ring TS c) 4-membered-ring TS

Figure 2-3 'QOOH - HOQO' TS structures

Although the 'QOOH -) HOQO' reactions are highly exothermic (AHr -50

kcal/mol), the barriers are quite significant, especially for the 4- and 5- membered ring

TS (>25 kcal/mol). As the size of the ring of the TS increases from 4 to 5 to 6, the

computed barrier heights decrease, and the reaction through a 6-membered ring TS has a

relatively low -15 kcal/mol barrier height. In all cases the barrier heights decrease

progressively with alkyl substitution, presumably due to the strain release experienced by

the TS. We have also calculated barrier heights at the B3LYP level (with the CBSB7

basis set), and as expected they are systematically lower than the CBS-QB3 barrier

heights.

The discrepancy between CBS-QB3 and DFT barrier heights for the 5-membered

ring TS, however, is quite large (6 kcal/mol). This, and the relatively higher spin

contamination in the MP2 calculation which is a major contribution to the CBS-QB3

energy, suggests that the barrier height for the reaction .CCCOOH HOCCCO. has

higher uncertainty than for the 4- and 6- membered rings.
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Table 2-12. Hydroxyl migration CBS-QB3 barrier heights Eo, B3LYP/CBSB7 barrier heights Eob

(in kcal/mol), CBS-QB3 reaction enthalpies AHR at O K (in kcal/mol), reactive moiety geometries
(bond length in A), imaginary frequencies (vi in cm-l) at the transition state, low frequency (vjmin
cm l) torsional vibrations treated as hindered rotations in reactants and transition states, and spin
contaminations <S2> at MP2/CBSB3.

The relationships between the barrier heights Eo and the change in heats of

reaction AAH, (which is AH- AHx,(unsubstituted)) are shown in the Evans-Polanyi

plots in Figure 2-4. As in the cyclic ether formation case, we observed strong substituent

effects on both the heats of reaction and barrier heights. The Evans-Polanyi slopes are
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Transition States Reactants

CH3 2>
Reactants IEoa Eob AHR 0-0 C-0 <COO<COH vl <S 2 > VHIR

VHIR

.CRR'CH2CH2CH200H 

'CH 2CH2CH2CH2 00H 16.2 13.1 -49.29 1.639 2.157 126 100 765 - 1.24 
145,173

44, 69,

CH3'CHCH2CH2CH200H 15.3 12.6 -50.84 1.639 2.198 127 100 747 150 1.25 98,105,

119, 177

37, 55, 98,

(CH3)2CCH 2CH2CH200H 14.1 12.0 -51.17 1.641 2.222 127 104 727 1.25 121,123,
178

136,183

.CRR'CH 2CH2 00H 

°CH 2CH2CH200H 27.5 21.7 -50.4 1.690 2.138 103 106 1181 - 1.37
125, 195

CH3'CHCH 2CH 200H 26.1 20.3 -50.9 1.698 2.196 102 107 1116 155 1.39 41, 99,
117,190

172, 40, 86,

(CH3)2'CCH 2 CH2 00H 25.3 20.2 -52.3 1.704 2.238 102 113 1124 1.40 94,112,
189

119, 179

.CRR'CH200H -)

'CH 2CH 200H 26.3 27.1 -49.37 1.837 2.242 68 115 1040 - 0.89 118,163, 221

CH3 CHCH 200H 23.6 22.8 -50.94 1.840 2.306 67 122 862 128 0.89 62, 89,
164, 201



again quite high (a > 0.5), indicating that this correlation is also accounting for some

other physical phenomena.

35.0

30.0

25.0

20.0-

15.0-

10.0

-3 -1 1

Figure 2-4. Evans Polanyi plot of the relationship between barrier height and heat of reaction for the

OH migration reaction through a 6- and 5- membered ring TS.

The fitted rate parameters A and Ea are listed in Table 2-13. As in the cyclic

ether formation case, the A factors are decreasing with the increase in ring size, due to the

additional rotor getting frozen in the TS. In computing the A factors, here also we treated

all torsional motions about the single bonds between the polyvalent atoms as hindered

rotors in the reactant, while at the TS the constrained torsions of the cyclic structures are

treated as harmonic oscillators. As mentioned in Section 2.3 this correction for hindered

rotor is important in such reaction from an acyclic reactant going through a cyclic TS,

and neglecting this could result in orders of magnitude overestimations of A factors.
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Table 2-13. Rate parameters for the OH migration from the 'QOOH reactions

Loglo A(s"' ) Ea (kcallmol)
.CH2(CH2)3 00H 10.05 16.3
1Me-C4H700H 10.00 15.6

1,1-diMeC4H600H 9.94 14.9

C3H600H 10.65 27.8
1 Me-C3H500H 10.46 26.6

1,1-diMeC3H400H 10.68 26.3

C2H400H 11.53 26.9
1Me-C2H300H 11.43 24.3

1,1-diMeC2H200H 12.38 25.7

As can be seen in Table 2-13, similar to the cyclic ether formation case, the A

factors do not differ much with methyl substitution. This, and the fact that the Evans-

Polanyi relationships can reasonably capture the substituent effect on the barrier heights

suggests we can use the following simple rules for estimating rate constants k(T) of the

intramolecular OH migration reactions:

k(T) = A exp (-(Eao + ct AAH,)/RT)

6-membered ring TS logloA=10.05s Ea0 = 16.3 kcal/mol a = 0.7

5-membered ring TS log0oA=10.65s Ea0 = 27.4 kcal/mol a = 0.7

and AAH,= AH - AH (unsubstituted). These generalized rate rules are useful in the

automated reaction mechanism generation program.

Comparisons with the cyclic ether formation channel studied in Section 2.3 show

that

1. CCCCOOH HOCCCCOO' (Ea=15-16 kcal/mol, logloA=10.Os 1 ) has energy

barrier 3 kcal/mol higher than the .CCCCOOH -> Oxolane + OH (Ea=12-15

kcal/mol, logloA=10.7s',), suggesting the OH migration to be less important, but

still competitive with the cyclic ether formation channel.

2. .CCCOOH HOCCCOO. (Ea=26-28 kcal/mol, logloA=10.6s') has much

higher energy barrier than the competing reaction .CCCOOH Oxetane + OH
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(Ea=17-22 kcal/mol, logloA=l 1.7s'1), and is so much less important even though

the OH migration reaction proceeds through a presumably less strained 5

membered-ring-TS. This is consistent with the common observation that

reactions where the radical center is expelled from the ring are favored over those

where the radical center remains in the ring, and with Baldwin's general

stereoelectronic rules for ring closures84.

3. The reaction .CCOOH - HOCCOO. (Ea=24-27 kcal/mol, logloA=1 1.5s1) is

much less important than .CCOOH - Oxirane + OH (Ea=13-17 kcal/mol,

loglOA=12.6sl1), as expected.

We also calculated the thermochemical properties of the HOQO radicals using

Group Additivity (GA) and Hydrogen Bond Increment (HBI) values32 (Table 2-14).

Combining the GA heats of formation AHf298 of HOQO with AH298 of the QOOH (Table

2-8 and Table 2-9 in Section 2.3.2.9 ), gives GA heats of reaction AHrxn29 of the

'QOOH - HOQOH reactions (Table 2-15) that are similar to those of CBS-QB3 (Table

2-12), confirming the accuracy of the CBS-QB3 energetics.

Table 2-14. Thermochemical Properties of HOQO calculated using Group Additivity and Values of
the HBI Group ROJ3 2. Heats of formation AHf298 in kcal/mol, S29 and Cp(T) in cal/mol-K.

HOCH 2CH 2CH 2CH 20

HOCH(CH3)CH 2CH2CH 20

.HOC(CH 3)2CH2CH 2CH20*

HOCH 2CH 2CH 20

HOCH(CH 3)CH 2CH20*

HOC(CH 3)2CH2 CH20*

HOCH 2CH20

HOCH(CH3)CH20
°

HOC(CH 3)2CH 20*

HBI - ROJ

AHf
-49.90
-59.20
-68.80
-44.97
-54.27
-63.87
-40.04
-49.34
-58.94

104.06

-2gB-

S8:

95.12
104.73
112.58
85.70
95.31

103.16
76.28
85.89
93.74

-1.46

300 400 500 600 800 ooo0 1500

28.60 35.30 41.13 46.13 54.02 59.76 -49.90
34.60 42.93 50.33 56.22 65.74 72.60 -59.20
40.32 50.32 58.88 65.98 77.15 85.21 -68.80
23.10 28.35 32.88 36.78 42.95 47.42 -44.97
29.10 35.98 42.08 46.87 54.67 60.26 -54.27
34.82 43.37 50.63 56.63 66.08 72.87 -63.87
17.60 21.40 24.63 27.43 31.88 35.08 -40.04
23.60 29.03 33.83 37.52 43.60 47.92 -49.34
29.32 36.42 42.38 47.28 55.01 60.53 -58.94

-0.98 -1.3 -1.61 -1.89 -2.38 -2.8 104.06
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Table 2-15. Heats of reaction AHxn2"8 in kcal/mol calculated using Group Additivity.

AHrxn2 (GA) AH,n 298 (CBS-QB3)
.CH2(CH2) 300H HOCH2(CH2)30. -49.04 -49.3

1 Me-C4H700H -50.76 -50.8
1,1-diMeC4H600H -51.24 -51.2

C3H600H -49.04 -50.4
1 Me-C3H500H -50.76 -50.9

1,1-diMeC3H400H -51.24 -52.3

C2H400H -51.14 -49.4
1 Me-C2H300H -52.00 -50.9

1,1-diMeC2H200H -52.13 -52.2

2.4.3 Conclusions

The intramolecular OH migration QOOH HOQO° reactions through six-, five,

four-membered ring TS were studied using quantum chemistry method CBS-QB3.

Substituent effects were also studied and generalized rate rules were derived for use in

the automated generation of reaction mechanism.

The 'QOOH - HOQO' reactions are quite exothermic (-50 kcal/mol), but the

barriers are quite significant (>25 kcal/mol for the 4- and 5- membered ring TS).

Apparently only the migration through a 6- membered ring TS (.CCCCOOH 

HOCCCCO.) can come close to being competitive with the cyclic ether formation

channel.
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2.4.4 Appendix

Supplementary Table A gives CBS-QB3 component energies of reactants and TSs

involved in OH migration in hydroperoxyalkyl radicals. Supplementary Table B gives

CBS-QB3 component energies of products of the OH migration. Supplementary Table C

gives charges and spin densities atom O, O(H), and 'C of transition state (TS) in OH

migration. Supplementary Table D gives Cartesian coordinates of optimized geometries

of OH migration TS.

Supplementary Table A: The CBS-QB3 component energies of reactants and TSs involved in OH
migration in hydroperoxyalkyl radicals. Difference (AA) in the component energies between
reactants and transition states of reactions investigated in this work.

90

(CH 2 ) 4 00H -> CH 3 CH(CH 2 ) 3 00H -> (CH 3 )2 C(CH 2) 3 00H ->

HO(CH 2) 40 ° CH3CH(OH) (CH2)3 0' (CH3 )2 C(OH)(CH 2)30'

TS Reactant Reactant TS Reactant TS
E(SCF) -306.346483 -306.382828 -345.397615 -345.433152 -384.447346 -384.481910

AE(MP2) -1.099584 -1.131954' -1.270493 -1.302851 -1.444693 -1.476903
AE(MP34) -0.077043 -0.062542 -0.089604 -0.075166 -0.101343 -0.086944
AE(CCSD) -0.054758 -0.029688 -0.060175 -0.034666 -0.065965 -0.040079
AE(CBS) -0.111220 -0.112735 -0.127786 -0.129446 -0.144178 -0.146217
AE(INT) 0.035142 0.036658 0.040993 0.042516 0.046806 0.048382
E(Emp) -0.059894 -0.056615 -0.068820 -0.065509 -0.077695 -0.074360

AE(ZPE) 0.123296 0.123276 0.150944 0.151274 0.178286 0.179411
Total -307.590544 -307.616428 -346.822556 -346.847000 -386.056128 -386.078621

bE(SCF) 22.81 22.30 21.69
AAE(MP2) 20.31 20.31 20.21

AAE(MP34) -9.10 -9.06 -9.04
AAE(CCSD) -15.73 -16.01 -16.24
AAE(CBS) 0.95 1.04 1.28
AAE(INT) -0.95 -0.96 -0.99

AAE(Emp) -2.06 -2.08 -2.09
AAE(ZPE) 0.01 -0.21 -0.71

Barrier 16.24 15.34 14.11
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'(CH2) 300H - CH3CH'(CH2)200H -> (CH3)2C'(CH2)200H -+
HO(CH) 3 0' CH3CH3CH()(CH 2)2 0 (CH3 )2 C(OH)(CH 2)20

TS Reactant TS Reactant TS Reactant
E(SCF) -267.291675 -267.336007 -306.345604 -306.385742 -345.396998 -345.435312

AE(MP2) -0.917108 -0.961049 -1.085362 -1.132467 -1.257619 -1.305850
AE(MP34) -0.066349 -0.050264 -0.079117 -0.062837 -0.091060 -0.074779
AE(CCSD) -0.053122 -0.024827 -0.058573 -0.029876 -0.064126 -0.035146
AE(CBS) -0.094708 -0.096606 -0.111104 -0.113423 -0.127497 -0.130063
AE(INT) 0.029195 0.030874 0.035030 0.036757 0.040894 0.042609
AE(Emp) -0.047296 -0.047771 -0.056591 -0.056664 -0.065602 -0.065519
AE(ZPE) 0.094679 0.095405 0.122221 0.123568 0.149564 0.151265

Total -268.346384 -268.390244 -307.579100 -307.620684 -346.812444 -346.852794

AE(SCF) 27.82 25.19 24.04
AAE(MP2) 27.57 29.56 30.27
AE(MP34) -10.09 -10.22 -10.22

AAE(CCSD) -17.76 -18.01 -18.19
AAE(CBS) 1.19 1.46 1.61
AAE(INT) -1.05 -1.08 -1.08
AAE(Emp) 0.30 0.05 -0.05
AAE(ZPE) -0.46 -0.85 -1.07

Barrier 27.52 26.09 25.32

*(CH2) 200H -+ CH3CHCH 200H -
HO(CH 2)20° CH3CH( H) CH20'

TS Reactant TS Reactant
E(SCF) -228.180685 -228.287620 -267.239497 -267.337798

AE(MP2) -0.843025 -0.791060 -1.018888 -0.962697
AE(MP34) -0.030104 -0.038016 -0.038521 -0.050600
AE(CCSD) -0.037755 -0.020019 -0.037960 -0.025115
AE(CBS) -0.083138 -0.080396 -0.099788 -0.097153
AE(INT) 0.025962 0.025099 0.031784 0.030966
AE(Emp) -0.038864 -0.038886 -0.047599 -0.047787
AE(ZPE) 0.065940 0.067318 0.093370 0.095484

Total -229.121669 -229.163580 -268.357099 -268.394700

AE(SCF) 67.10 61.68
AAE(MP2) -32.61 -35.26

AAE(MP34) 4.96 7.58
AAE(CCSD) -11.13 -8.06
AAE(CBS) -1.72 -1.65
AAE(INT) 0.54 0.51
AAE(Emp) 0.01 0.12
AAE(ZPE) -0.86 -1.33

Barrier 26.30 23.60



Supplementary Table B: The CBS-QB3 component energies of OH migration products. AA is the
difference in component energies between product and reactant of reactions investigated in this
work.

HO(CH2)4 0
-306.486403
-1.107528
-0.066054
-0.028704
-0.112354
0.03645

-0.056901
0.126521

-307.694973

-64.99
15.33
-2.20
0.62
0.24
-0.13
-0.18
2.04

-49.29

CH 3CH(OH)(CH 2)30
-345.537434
-1.280700
-0.077891
-0.033899
-0.128571
0.042243
-0.065716
0.153949

-346.928019

-65.44
13.90
-1.71
0.48
0.55
-0.17
-0.13
1.68

-50.84

(CH3)2 C(OH)(CH 2)3 0'
-384.584426
-1.457210
-0.089035
-0.039444
-0.144770
0.048024
-0.074499
0.181202

-386.160158

-64.33
12.36
-1.31
0.40
0.91
-0.22
-0.09
1.12

-51.17

HO(CH2)3 0
-267.441644
-0.936143
-0.053901
-0.02388
-0.09628
0.030685
-0.048044
0.098711

-268.470496

-66.29
15.63
-2.28
0.59
0.20
-0.12
-0.17
2.07

-50.36

CH3CH(OH)(CH 2)20
-306.490697
-1.109509
-0.065762
-0.029038
-0.112464
0.03647

-0.056862
0.126101

-307.701762

-65.86
14.41
-1.84
0.53
0.60
-0.18
-0.12
1.59

-50.88

(CH3) 2C(OH)(CH 2)20'
-345.540496

-1.285303
-0.07691

-0.034531
-0.1286

0.042242
-0.065645
0.153109

-346.936136

-66.00
12.89
-1.34
0.39
0.92
-0.23
-0.08
1.16

-52.30

HO(CH 2)20'
-228.394789

-0.762312
-0.041906
-0.018451
-0.079857
0.02485

-0.039241
0.069447

-229.242259

-67.25
18.04
-2.44
0.98
0.34
-0.16
-0.22
1.34

-49.37

CH3CH(OH)CH 20'
-267.446368
-0.935498
-0.053773
-0.023619
-0.09612
0.030661
-0.048058
0.096901

-268.475874

-68.13
17.07
-1.99
0.94
0.65
-0.19
-0.17
0.89

-50.94
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E(SCF)
AE(MP2)

AE(MP34)
AE(CCSD)
AE(CBS)
AE(INT)
AE(Emp)
AE(ZPE)

Total

AE(SCF)
AAE(MP2)
AAE(MP34)
&AE(CCSD)
AAE(CBS)
AAE(INT)

AAE(Emp)
AAE(ZPE)

AH rxn

E(SCF)
AE(MP2)
AE(MP34)
AE(CCSD)
AE(CBS)
AE(INT)

AE(Emp)
AE(ZPE)

Total

AE(SCF)
AAE(MP2)
AAE(MP34)
&AE(CCSD)
AAE(CBS)
AAE(INT)

AAE(Emp)
AAE(ZPE)

AH rxn

I
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Supplementary Table C: Charges and
in OH migration

spin densities on atom 0, O(H), and 'C of transition state (TS)

93

Charges Spin densities
O O(H) C 0 O(H) 'C

C4H800H TS -0.284589 -0.028611 0.051881 0.278902 -0.021904 0.801216
1 Me-C4H700H TS -0.285841 -0.038558 -0.027512 0.269706 -0.019246 0.754650

1,1-diMeC4H600H TS -0.287000 -0.052225 -0.102698 0.267408 -0.018623 0.709211

C3H600H TS -0.267975 -0.036275 0.068288 0.345472 -0.041277 0.724761
1 Me-C3H500H TS -0.272945 -0.058198 0.002017 0.339081 -0.032328 0.674768

1,1 -diMeC3H400H TS -0.277046 -0.077146 -0.081234 0.340403 -0.028593 0.627134

C2H400H TS -0.278543 -0.085900 0.151609 0.324694 0.112794 0.631038
1 Me-C2H300H TS -0.292358 -0.126508 0.069631 0.313606 0.138309 0.585035



Supplementary Table D:

The B3LYP/CBSB7 optimized Cartesian coordinates (in A) of the transition structure of OH
migration reactions.

'(CH2)4 00H -- CH3CH'(CH2)300H -) (CH3)2C(CH2)300H -
HO(CH 2)40' CH3CH(OH) (CH2)3 0' (CH3 )2 C(OH)(CH 2)30'

C -0.00048 0.00079 0.000022 C -0.00865 0.012109 0.001591 C 0.000089 -0.00017 -0.00012
C -0.00012 -0.00059 1.493084 C -0.0003 0.000912 1.497525 C -0.00022 0.000307 1.49584
C 1.392729 0.000326 2.176007 C 1.386621 0.00202 2.188726 C 1.33306 0.000158 2.194101
C 2.141018 -1.34121 2.171732 C 2.12114 -1.34781 2.21969 C 1.457633 0.756436 3.543772
O 2.78607 -1.67183 0.967422 0 2.788885 -1.70264 1.035571 C 1.551004 2.287833 3.4565
O 1.559943 -1.48424 -0.10398O0 1.594927 -1.48884 -0.06687O0 0.330859 2.959921 3.281911
H -0.53876 0.892509 1.844773 H -0.54909 0.888058 1.852836 0 -0.26673 2.151169 1.98481
H -0.57287 -0.85879 1.861329 H -0.57363 -0.86265 1.857222 H 1.613888 -1.0497 2.381722
H 2.03727 0.764391 1.726696 H 2.04309 0.749447 1.728913 H 2.095581 0.392018 1.511735
H 1.248337 0.287279 3.223934 H 1.239094 0.313087 3.229356 H 0.636426 0.494623 4.218714
H 2.966191 -1.30055 2.894108 H 2.929027 -1.30623 2.961548 H 2.377044 0.4049 4.026318
H 1.459898 -2.14828 2.483676 H 1.422831 -2.14197 2.527839 H 1.92245 2.682747 4.411068
H -0.77694 -0.52094 -0.54395 C -1.14657 -0.58183 -0.75718 H 2.270727 2.572771 2.672814
H 0.493557 0.815039 -0.52007 H 0.552227 0.811269 -0.47728 C -1.15884 -0.64356 2.19374
H 2.097029 -1.12372 -0.82441 H 2.155451 -1.11189 -0.76001 H -1.20289 2.234433 2.217321

H -0.94884 -0.61664 -1.8311 H -0.99643 0.191086 -0.40773
H -1.35868 -1.59923 -0.4146 H 0.684932 0.752857 -0.39741
H -2.07335 0.000713 -0.61827 H 0.325852 -0.97747 -0.39855

H -2.11037 -0.39413 1.715417
H -1.07004 -1.74322 2.167003
H -1.21855 -0.35848 3.24699

'(CH 2)300H - CH3CH'(CH 2)200H - (CH3)2C'(CH 2)2 00H --
HO(CH 2)30' CH3CH(OH)(CH 2 )20 (CH3 )2 C (OH)(CH 2 20

C 0 0 0C 0.002863 -0.00268 -0.01702 C -4E-06 -0.00013 -3.6E-05
0 0 0 2.137915 0 -0.00655 -0.00749 2.178808 0 -0.00018 -0.00043 2.237526
O 1.647418 0 2.513264 0 1.652401 0.005774 2.539318 0 1.668965 0.000523 2.582257
C 2.141471 -0.40453 1.247503 C 2.136683 -0.39604 1.272821 C 2.122833 -0.4937 1.340836
C 1.454622 0.359426 0.111581 C 1.451441 0.369679 0.139556 C 1.484456 0.25337 0.165198
H -0.23447 -0.90448 2.407868 H -0.22545 -0.9098 2.466005 H -0.25161 -0.86001 2.615095
H 2.014221 -1.48921 1.098309 H 2.00977 -1.48079 1.119915 H 1.944739 -1.57671 1.249671
H 3.220269 -0.19731 1.27626 H 3.216193 -0.19042 1.295036 H 3.212921 -0.34656 1.348859
H 1.977067 0.144089 -0.83475 H 1.990859 0.181904 -0.80485 H 2.007591 -0.03048 -0.76452
H 1.563166 1.43098 0.300246 H 1.539432 1.441547 0.345571 H 1.659126 1.322285 0.315492
H -0.71559 0.747344 -0.31876 C -0.97086 0.96447 -0.59311 C -0.85585 1.154719 -0.40323
H -0.27146 -1.03559 -0.17321 H -0.21632 -1.06164 -0.12108 C -0.44701 -1.37264 -0.3896

H -1.99738 0.599403 -0.52238 H -1.91963 0.915166 -0.33318
H -0.91018 1.932665 -0.08681 H -0.65292 2.031717 0.216011
H -0.76419 1.151511 -1.66076 H -0.6571 1.443935 -1.45014

H -1.51451 -1.51679 -0.20446
H -0.2852 -1.53921 -1.46889
H 0.106217 -2.15695 0.13295

94

__



95

'(CH2) 2 00H -> CH3CHCH 200H -+
HO(CH2)20 CH3CH(OH) CH20

C 0.045312 -0.09397 -0.07744 C 0.000074 0.00114 0.00008
O -0.0674 0.056427 2.157005 C -8.4E-05 0.001887 1.474581
O 1.646999 -0.23478 1.564635 C 1.19604 -0.001 2.331983
C 1.269826 -0.78257 0.349943O0 1.003107 -0.92859 3.338872
H 2.09679 -0.57681 -0.35793O0 0.118359 -2.1524 2.287496
H 1.124482 -1.87522 0.380783 H 1.303298 0.981687 2.83239
H 0.043368 0.987369 -0.08645 H 2.108017 -0.17058 1.733813
H -0.76964 -0.61416 -0.56779 H -0.94738 0.061014 1.998855
H -0.05035 -0.7918 2.623269 H 0.934578 -2.66936 2.264991

H -0.42769 -0.95674 -0.33506
H -0.63666 0.787725 -0.4211
H 1.005244 0.083586 -0.41877



25 y'QOOH C=C + C=O + 'OH

2.5.1 Background & Motivation

It has been shown in Section 2.4 that the OH migration from y-'QOOH is less

dominant than the cyclic ether formation channel. However, there is another also not

well-studied decay channel from y-*QOOH, that is the -scission to form olefin +

carbonyl + OH. This channel is included in Curran et al. mechanisms 5'8, but the rate

constants used are very roughly estimated. There are very few studies on this reaction,

and so far none of them are direct measurements.

Traditionally 3-scission from y-.QOOH has been treated as a stepwise pathway,

where the first step is C-C bond scission to form 'CH 2 00H, and the second step is 0-0

bond scission. The 'CH 2 00H radical is highly unstable (in fact at some levels of theory,

it is not even a minimum on the PES), thus the second step is expected to be essentially

barrierless, and the first step is the rate-limiting step. Curran et al. in their iso-octane

oxidation models estimated the rate parameters of the reverse reaction of the first step,

the addition of 'CH2 00H to olefin to be the same as addition of an alkyl radical across

the double bond of an aldehyde or ketone, A = 1.OE+101l cm3 mol1 s' and Ea = 11.9

kcal/mol. Using these values, we calculated from thermochemistry the forward reaction

rate constants A = 5.15E+13 s-' and Ea= 36.3 kcal/mol. Previously in n-heptane

oxidation model5 they estimated the y-'QOOH -scission rate constants A = 5.OE+13 s4

and E = 25.5 kcal/mol, based on the recommendation of Pollard8 5.

Baldwin et al.39 in their experimental and modeling study of neopentane

oxidation, suggested two sets of parameters: A = 2.5E+13 s4, Ea = 109 kJ/mol (26.2

kcal/mol), and A = 4.5E+13 s, Ea = 116 kJ/mol (27.8 kcal/mol) for the y-'QOOH f3-

scission reaction (CH3)2C(CH2 00H)CH 2 - (CH3)2C=CH2 + HCHO + OH. Both values

were from indirect and complicated calculations.
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Clearly there is need for accurate rate estimation for the y-°QOOH -scission.

Here we studied y-°QOOH -- C=C + C=O + 'OH reaction using the quantum chemistry

method CBS-QB3, and derived the rate parameters for use in the modeling work.

2.5.2 Results and Discussions

Our calculations suggest that there are two possible pathways from the y-'QOOH

to C=C + C=O + OH, concerted (i) and stepwise (ii) reactions:

y-'QOOH C=C + C=O + 'OH (i)

y-'QOOH - C=C + 'CH 2 00H - C=C + C=O + 'OH (ii)

At CBS-QB3, the concerted pathway has barrier 3.1 kcal/mol higher than the stepwise

one (29.9 kcal/mol vs. 26.8 kcal/mol) (Figure 2-5). The difference in the barrier height is

not that significant to justify omission of the concerted pathway, and we will include the

concerted pathway in calculating the total rate constants of the y-QOOH f3-scission.

The CBS-QB3 results confirmed that in the stepwise pathway, once formed, the

°CH200H decomposes rapidly into C=O + *OH, making it a barrier-less reaction, and

the first step y-'QOOH - C=C + 'CH 200H is the rate limiting step in the stepwise

pathway.
u' {

29.9

P*Ir

71% +)S+ .OH

Figure 2-5. Stepwise and Concerted pathways of the P-scission of the y-'QOOH. Energies
calculated at CBS-QB3.
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Table 2-16 listed the geometries of the two TS depicted in Figure 2-6. Notice

how the breaking C-C bond is much longer (by 0.4 A) in the stepwise TS than in the

concerted TS. Naturally, the 0-0 bond in the stepwise TS is still intact. Another

interesting observation is that the dihedral angle <0(1)0(2)C(1)C(2) is 180° in the

concerted TS, but 60° in the stepwise TS.

0(2) 40(1)

c °2.(1)
C(2) ... C()

ft C(3)

a) Concerted b) Stepwise

Figure 2-6. Concerted TS and Stepwise TS structures

Table 2-16. Geometries of the Concerted and Stepwise Transition States at B3LYP/6-31G(d) and
B3LYP/CBSB7

Concerted TS Stepwise TS
B3LYP/ B3LYP/ B3LYP/ B3LYP/
6-3 1G(d) CBSB7 6-3 1G(d) CBSB7

C(1)-C(2) bond 1.936 1.904 2.308 2.274
O(1)-0(2) bond 1.800 1.805 1.474 1.470
<O(1)0(2)C(1) 106 107 107 107
<C(1)C(2)C(3) 107 107 111 112

<HO(1)O(2)C(1) -127 -133 151 159
<O0(1)O(2)C(1)C(2) 171 170 65 66
<0(2)C(1)C(2)C(3) -179 -179 178 -178

We performed the IRC calculations to follow the reaction path from each of the

TS, and confirmed that each TS structure corresponds to the desired reaction pathway.

IRC calculation of the concerted TS indicated the minimum at both the y-'QOOH and the

olefin + carbonyl + OH, and the IRC calculation of the stepwise TS indicated the

minimum at the y-'QOOH and the 'CH 200H + olefin.

The only existing quantum chemistry study on this reaction type in the literature

is from Chen and Bozzelli3 2. They calculated the barrier height and the A factor of the
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stepwise -scission from 'CH2CH(CH3 )CH2 00H to form CH3CH=CH2 + CH2 00H,

using CBS-q//MP2(full)/6-3 lg* and CBS-q//B3LYP/6-3 lg*. The CBS-q compound

method uses smaller basis sets at every level of calculation compared with the CBS-Q or

CBS-QB3, and thus is usually less accurate though less expensive. (The CBS-q

optimizes the geometry and calculates the frequency at HF/3-21G*, then uses a CBSB1

basis set HF calculation as a base energy, and an MP2/6-3 1+D** calculation with a CBS

extrapolation to correct the energy through second order. Higher order contribution is

approximated through an MP4SDQ/6-31G(d') and a QCISD(T)/6-31G calculation. It

also includes the empirical corrections for the one-electron and intraorbital pairs, but does

not account for spin contamination.)

Their calculated barrier height for the stepwise P-scission from the 2-methyl-

C3H500H is 26.00 kcal/mol at the CBS-q//MP2(full)/6-3 lg* and 25.79 at the CBS-

q//B3LYP/6-3 lg*, close to the 26.8 kcal/mol that we calculated at the CBS-QB3. The

discrepancy comes from the different level of calculations employed and the substituent

effect. In present work we only studied the 3-scission from the unsubstituted y-'QOOH,

due to the current limitation in the computational resources. The substituent effect will

be examined later when necessary. The reaction coordinate of the -scission reaction of

the substituted y-'QOOH is exactly the same with the unsubstituted case, but one need to

be careful with the gauche interactions resulting from the alkyl substitutions, and take

only the lowest energy conformers.

The rate determining step in the stepwise pathway is the first step, the C-C bond

scission, and we calculated the rate parameters for the stepwise pathways Ea = 28.5

kcal/mol and A = 1.70E+13 s. The concerted pathway has higher activation energy, but

similar A factor; the rate parameters are Ea = 31.8 kcal/mol and A = 1.58E+13 s1 (there

is no hindered rotor included in the TS, since all the bonds between the polyvalent atoms

contribute to the reaction coordinates). Since the two pathways are quite comparable to

each other, the overall rate constants of the 3-scission reaction of the y-'QOOH are the

sum of the concerted and stepwise pathway rate constants. The total rate constants
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follow the Arrhenius expression k(T) =A exp(-Ea/RT), with Ea = 28.7 kcal/mol and A =

2.23E+13 s'.

Comparison with the rate parameters suggested by Baldwin et al. 39 showed that

they are in fair agreement. Our A factor is in good agreement with the first set

parameters A factor (A = 2.5E+13 s'), with the activation energy higher by 2.5 kcal/mol

(28.7 kcal/mol vs. 26.2 kcal/mol), possibly due to the substituent effect. The rate

constants of their second set of parameters are consistently higher than ours, due to the

difference in the A factors (A = 4.5E+13 s theirs versus A = 2.23E+13 s ours).

Figure 2-7 shows the potential energy diagram for the cyclic ether formation, OH

migration, and 3-scission channels from y-'QOOH. The barriers to -scission are

comparable to the barrier to OH migration, but several kcal/mol higher than the barrier

for oxetane formation. The stepwise pathway of the -scission channel has the energy

barrier higher by 5.3 kcal/mol than the oxetane formation, and the concerted pathway has

the energy barrier higher by that of the oxetane formation by 8.4 kcal/mol, suggesting the

3-scission channel to be unimportant. However the -scission A factor is almost 2 orders

of magnitude higher than the oxetane formation A factor, and under high pressure and

high temperature starting from around 900 K, the -scission from the y-'QOOH is

comparable and can be more dominant than the oxetane formation.
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Figure 2-7. Potential energy diagram for CCCOOH - products based on the CBS-QB3 energies.
Numbers in parentheses are the energies (in kcal/mol) with the 'CCCOOH energy as the reference.

2.5.3 Conclusions

The 3-scission of y-'QOOH can proceed via concerted and stepwise pathways. The

barrier of the concerted pathway is 3 kcal/mol higher than the stepwise one at CBS-QB3,

but not that significant enough to neglect the concerted pathway. We calculated the

overall rate constant of the y-'QOOH 3-scission from the sum of the concerted and

stepwise pathway rate constants, and derived rate estimation rules for the y-'QOOH 13-

scission for use in automated reaction mechanism generation.

The barriers to 3-scission are comparable to the barrier to OH migration, but several

kcal/mol higher than the barrier for oxetane formation. However the [-scission A factor

is almost 2 orders of magnitude higher than the oxetane formation A factor, and under

high pressure and sufficiently high temperature starting from around 900 K, the [3-

scission from the y-'QOOH is comparable and can be more dominant than the oxetane

formation.
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2.5.4 Appendix

2.5.4.1 B3LYP/6-31G(d) and CBS-QB3 Energies

Supplementary Table A: Barrier heights and energies of reactants, TS, and products of y-'QOOH 0-
scission calculated at B3LYP/6-31G(d) and CBS-QB3.

B3LYP/6-31G(d)a CBS-QB3
Energy (OK) Barrier height Energy (OK) Barrier height

(Hartree) (kcal/mol) (Hartree) (kcallmol)
C3H600H -268.8068705 -268.390244

TS (C3H600H --> CH200H + C=C) -268.7627931 -268.347607
CH200H -190.1817209 -189.940157

TS (CH200H --> C=O + OH) -190.1814619 -189.941132
C3H600H -268.8068705 -268.390244

TS (C3H600H --> C=C + C=O + OH) -268.7667364 -268.34255
Ethylene -78.5874581 -- -78.416625 --

Formaldehyde -114.5004725 -- -114.344133 --
OH -75.7234548 -- -75.649692 --

a Zero point energy (ZPE) uncorrected. b 0.6 kcal/mol is within the uncertainty range, thus it essentially
means zero barrier.
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2.6 Kinetic Model Analysis

In previous three sections we have derived the rate parameters for several

reactions important in low temperature oxidation. Now to check the importance of the

new values for the 'QOOH rate parameters, we will use those rates in oxidation models,

and see the effect they make in model predictions. Specifically our objectives here are:

1) to examine the effect of correcting the rate parameters for one particular reaction

family, i.e. cyclic ether formation from 'QOOH, and 2) to observe the total effect of

improving the oxidation model by simultaneously correcting the rate parameters of

'QOOH cyclic ether +'OH, 'QOOH olefin + carbonyl + *'OH, and at the same time

including several missing reaction families such as direct HO2' elimination from RO2'.

The first objective was achieved by substituting the rate parameters for 'QOOH

- cyclic ether + OH reactions in Curran et al. n-heptane mechanism5 with CBS-QB3

derived rate constants, performing an idealized simulation of ignition in an HCCI engine

using CHEMKIN ICEN module for an n-heptane/air mixture, and observing the resulting

difference in model predictions (Section 2.6.1).

The second objective was accomplished by extracting butane oxidation model

from Curran et al. iso-octane mechanisms, correcting simultaneously the rate parameters

for cyclic ether formation and OH migration from 'QOOH, adding several missing

reaction families, using the model for simulation of adiabatic and constant volume

autoignition of butane/0 2 mixture, and comparing the prediction of the model with the

originally extracted one (Section 2.6.2). Butane oxidation system was chosen because it

is large enough to give indication of the behavior of fuel oxidation in general, but it is

small enough to allow manual modifications of several reaction families in the model.

So in both cases simulations were done using one kinetic model based on the

'QOOH chemistry assumed in the literature, and one kinetic model based on the 'QOOH

chemistry we computed by quantum chemistry. None of the kinetic models employed are
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really comprehensive, but the comparison clearly demonstrates how sensitive the

simulations are to the details of the QOOH chemistry.

2.6.1 Effect of Improving Rate Constants of Particular Reaction

Family in N-Heptane Oxidation

We performed simulations of n-heptane oxidation in an internal combustion

engine (HCCI mode) using ICEN keyword in Chemkin86. The ICEN simulation is

basically single-zone homogenous charge compression ignition (HCCI) combustion with

no heat losses. We studied how improving 'QOOH - cyclic ether + 'OH rate constants

affects model predictions such as ignition timing. Substituting rate parameters for

'QOOH - cyclic ether + OH with our calculated rate constants has the overall effect of

increasing the temperature and pressure of the system, and reducing the ignition delay by

1-2ms (6-12 CAD) at the conditions studied. This is because oxolane and oxetane

formation rate constants are overestimated in the Curran et al. n-heptane mechanism,

resulting in lower reactivity of the system. Note however that oxirane formation rate

constant is underestimated in Curran et al. mechanism, so there is some canceling effect,

but in this case, the overestimation in oxolane and oxetane formation rate constants is to

larger extent than the underestimation in oxirane formation rate constants. The effects are

likely to be different for other fuel cases.

Shown below are temperature profiles for oxidation of n-heptane/air mixtures at

various compression ratios and inlet temperatures. At compression ratio 11 and inlet

temperature 400K, using our 'QOOH cyclic ether + OH shifts the ignition timing from

after top dead center (TDC) to before TDC. Clearly using accurate rate constants for

cyclic ether formation from 'QOOH is important in getting accurate prediction of ignition

timing.
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Figure 2-8. Temperature profiles for n-heptane oxidation with intake gas mole fraction n-
heptane=3.03E-04, 02 = 7.77E-03, N2 = 5.63E-02, CO2 = 1.51E-04, H20 = 1.5E-03. Engine speed 1000
rpm, inlet pressure 1 atm, LOLR 5. Top left: compression ratio 16, inlet temperature 312 K, top
right: compression ratio 16, inlet temperature 400 K, bottom left: compression ratio 11, inlet
temperature 400 K.
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2.6.2 Total Effect of Improvements in Butane Oxidation Model

A kinetic model (Model A) for low temperature oxidation of butane was

constructed by extracting 97 reactions from Curran et al. iso-octane mechanism8. To see

how using our calculated rate parameters will affect the prediction of various oxidation

attributes, we constructed a second kinetic model (Model B) using our CBS-QB3 rate

parameters for 'QOOH - cyclic ether + 'OH, 'QOOH -- olefin + carbonyl + 'OH

reactions, and including the OH migration channel. Model B also includes several other

pathways omitted in Curran et al. mechanism: 1) 3-scission of 'CCCCOOH to form

olefin and 'CCOOH, rate constants taken to be the same as alkyl 3-scission, 2) direct HO2

elimination from R0 2, rate constants from Sumathi et al. CBS-QB3 calculations8 7, 3) 02

addition to 'C2 H4OOH to form 0 2C2H4 00H, rate constants from Bozzelli et al.88, 4)

'O 2C2H4 00H isomerization to form ketohydroperoxide and OH (rate constants from

Bozzelli et al. 88), and the ketohydroperoxide decomposition to form 2 radicals and

aldehyde (rate constants taken to be the same as the decomposition of other

ketohydroperoxide molecules).

Reaction pathways included in Model B are depicted in Figure 2-9. These

pathways are the core reactions in low temperature oxidation scheme. Model B consists

of 122 reactions total, however Model B (as well as Model A) is not a complete oxidation

model, as pathways like cyclic ether decomposition, direct HO2 elimination from

0 2QOOH, are not included.
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Figure 2-9. Reaction pathways in Model B

We performed simulations of butane oxidation under constant volume and

adiabatic conditions using Chemkin 3.7 software86. Although both Model A and Model

B predict the same major radicals: 'OH, HO2, CH2C(O)H, etc., Model A (the model

extracted from Curran et. al. iso-octane mechanism) predicts much higher amount of total

radicals present in the butane oxidation system in the temperature range of 700K-900K

(shown in Figure 2-10 are the total radical mole fractions at 700K). It indicates the

ignition timing predicted by Model A is likely to be too short. This is an overall effect of

omission of several reactions that are competitive to chain branching pathway, such as

direct HO2 elimination from R0 2, and OH migration in QOOH, and inaccurate rate

parameters for others. Some of these have the effect of promoting ignition (e.g. omission

of direct HO2 elimination from RO2), others have the effect of inhibiting ignition (e.g.

overestimation of the rate constants of QOOH decomposition to form oxolane or

oxetane), and in this case all combined give the total effect of shortening ignition timing.

Correcting these problems in Model B significantly increases the calculated

ignition time in this case. Note that the effect we see here is different from the previous
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n-heptane oxidation case, as here we included several missing reactions as well as

corrected rate parameters for 'QOOH - cyclic ether + OH, and y-'QOOH -scission,

while previously we only corrected the rate constants for cyclic ether formation from

°QOOH. Also the fuels are different.
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Figure 2-10. Total radical mole fraction predicted by Model A and Model B at Po = 5 atm, To =
700K, C4Ho1 / 02 = 2/13. Left: radical profiles for time up to 0.1 s, right: radical profiles for time up
to 0.025 s. Note however that the ignition timing predicted by even Model B is not exactly correct,
because we didn't include cyclic ether & alkene chemistry.

Analysis of the rate of production/consumption of various hydroperoxyalkyl

radicals 'QOOH shows that in the temperature range of 700K-900K a significant portion

of'QOOH decomposes into cyclic ether (shown in Figure 2-11 and Figure 2-12 are

analysis of CC'C(OOH)C and 'CCCCOOH at 900K with model using our rate

parameters, Model B). This supports the notion that cyclic ether formation from 'QOOH

is important in low temperature oxidation. According to our calculations, quite a portion

of 'QOOH also decomposes via -scission.
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Product distribution analysis shows that Model A (model extracted from Curran et

al. mechanism) tends to underestimate olefin in the system (shown in Figure 2-13 are 1-
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butene predicted by Model A and Model B at 900K). This is due to the fact that R02 -)

olefin + HO2' channel is omitted from Curran et al. mechanism.

.UUt-=-U !

.-

9 4.00E-07

o

0.00E+00
O.OOE+00 5.00E-06 1.00E-05

t (s)

Figure 2-13. 1-butene predicted by Model A and Model B at 5atm, 900K, initial concentration pC4H9
: sC4H9: 02 = 1:1:1E+06

Figure 2-14 shows cyclic ethers predicted by Model A and Model B at 900K. It

indicates that Model A tends to overestimate oxolanes and oxetanes. This is due to much

higher oxolane and oxetane formation rate constants used in Curran et al. mechanism

(see section 2.3.2.6 and Table 2-7), especially at temperature lower than 1000K. Oxirane

formation is under predicted in Model A, at 900K it is more than 2 orders of magnitude

lower than the Model B prediction, consistent with the discrepancies in rate constants.
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Figure 2-14. Cyclic ethers predicted by Model A and Model B at 5atm, 900K, initial concentration
pC4H9: sC4H9 : 02 = 1:1:1E+06. Thin lines: Model A predictions, thick lines: Model B predictions.

We have shown that correcting the butane oxidation model extracted from the

Curran et al. mechanism with our CBS-QB3 calculated rate constants, and adding several

important reactions, results in quite different prediction of total radicals, cyclic ether,

olefin, etc. Curran et al. rate constants for cyclic ether formation from QOOH differ by

orders of magnitude from the CBS-QB3 rate constants, and their values are outside the

uncertainty range of our calculated rate constants. Use of the CBS-QB3 derived rate

constants (which are in good agreement with experimentally derived rate constants where

these are available) has significant potential for improving the prediction of product

distribution, total radicals in the system, and ignition timing.
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2.7 Summary of the Quantum Chemistry Calculations

Three reactions important in low temperature oxidation: 1) cyclic ether formation

from hydroperoxyalkyl radicals QOOH, 2) OH migration in QOOH, and 3). 3-

scission of y-'QOOH, were studied using quantum chemistry. Rate constants were

calculated using the well-known transition state theory (TST) method, and

generalized rate estimation rules for these reactions were derived from quantum

chemistry CBS-QB3 calculation results. CBS-QB3 was chosen since it is deemed the

best method for characterizing hydroperoxyalkyl radicals QOOH and their reactions,

based on its performance in predicting the kinetics and thermochemistry of'QOOH

-+ cyclic ether + OH reactions.

The 3 reactions above are competitive to the main chain branching pathway in

low temperature oxidation, and their rate constants affect the ignition timing, as

indicated by sensitivity analysis results. Indeed, substituting the rate parameters of

'QOOH -- cyclic ether + OH reaction in Curran et al. n-heptane mechanism with our

calculated rate constants shifts the ignition timing of n-heptane oxidation in internal

combustion engine by 1-2 ms (6-12 CAD) at the conditions studied. Also correcting

the butyl + 02 model extracted from Curran et al. iso-octane mechanism with our

CBS-QB3 calculated rate constants for 'QOOH -* cyclic ether + OH, y-'QOOH ->

olefin + carbonyl + OH, in addition to adding several important reactions omitted by

Curran et al., results in considerable discrepancy in the prediction of total radicals,

rate of production/consumption of 'QOOH, and product distribution.

The rate constants derived in this work are highly valuable for constructing an

oxidation mechanism that can give accurate prediction of various oxidation properties

such as ignition timing. A detailed mechanism however, consists of thousands of

reactions, though fortunately many of these reactions have well known rate constants.

Still, building such a large mechanism is a laborious task if done manually by hand.
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One way to tackle this is by using automated generation of reaction mechanisms. In

the next chapter we will discuss my work on constructing the library of rate

estimation rules required for automated reaction mechanism generation.
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3 Rate Rules Searching Trees and Rate Rules Library

3.1 Introduction

The task to build a detailed kinetic mechanism - capturing all the important

reactions in oxidation - requires one to deal with thousands of reactions and rate

parameters. Curran's n-heptane oxidation5 and iso-octane oxidation8 mechanisms, for

example, contain 540 species/2400 reactions and 840 species/3600 reactions respectively.

Building such large mechanisms has traditionally been done by hand, which makes it

susceptible to human error such as inadvertent omission of reactions.

Enter the automated generation of reaction mechanisms - where a computer

algorithm is used for automatically constructing these large mechanisms. A new reaction

mechanism generation algorithm (called RMG) is currently under development by Jing

Song in the Green group. RMG can generate all possible reactions for any given species.

For example if we have a hydroperoxybutyl radical 'CH 2CH2 CH2CH 2 00H, RMG will

detect it as reactant candidate for the reaction of 'QOOH to form cyclic ether, by

matching CH2 CH2 CH2 CH2 00H with the 'QOOH functional group (Figure 3-1).

*1 *2*3

.CH 2 CH 2 CH 2OO H ICC... COOH
(.QOOH)

Figure 3-1. Matching species with the functional groups of certain reactions. The *'s indicate
reactive sites (sites that undergo bond breaking, bond forming, radical gaining, etc.)

RMG then generates the reaction using a reaction recipe. Shown in Figure 3-2 is

reaction recipe for the 'CCCOOH oxetane + OH reaction. Next the rates are estimated

using parameters for reaction families stored in a library (Section 3.3). The details of the

structure around and between sites * 1 and *2 affect the rate; the possible local structures

are classified in a hierarchical tree structure (Section 3.2) so that the specific reaction

parameters appropriate to this specific molecule can be rapidly found in the rate
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parameters library. The classification in the tree structure parallels human understanding

of functional group chemistry.

*1 *2
*1 *2 *3 C-O *3
C-C-C-O-OH I I + OH

C-C

(1) BREAK-BOND {*2,S,*3}

(2) FORM_BOND {*1,S,*2}

(3) GAIN_RADICAL {*3,1}

(4) LOSE_RADICAL {*1,1}

Figure 3-2. Reaction recipe for oxetane formation from 'CCCOOHL "S" means single bond. The
recipe tells the computer to break the single 0-0 (*2-*3) bond, form a C-O bond (*1-*2), add a
radical to atom O attached to H (*3), and get rid of the radical on C (*1).

Rate rules trees classify reactants based on for example ring size, nature of the

radical center, etc. The rate rules parameters for each node (or rather, pair of nodes) on

the tree are stored in a rate rules library. The rate rules trees are useful in assigning the

rate parameters. The computer will search down the tree until it finds the leaf node that

best matches the reactant, and then pick up the appropriate rate rules. We built trees for

the major reaction families in combustion (Section 3.4): H abstraction, radical addition to

multiple bond, radical recombination, etc.

Rate rules trees and a rate rules library are crucial in developing a complete

oxidation mechanism, as it is impossible to compute or even store every individual

reaction that possibly could become important, and a fast estimation procedure is needed.

Building a mechanism systematically using rate rules trees and rate rules library also

allows effective peer review, reduces complexity, and organizes the chemistry. Currently

it is very difficult for a human to check big mechanisms like those constructed by Curran

et al.5 8 to understand why it gives different predictions than some other model, and even

harder to check whether any given mechanism is internally consistent. Following are

discussions of the rate rules trees and rate rules library that we constructed.
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3.2 Rate Rules Trees

Together with Dr. R. Sumathi we have built rate rules trees for each of the following

important reaction families:

* Cyclic ether formation from hydroperoxyalkyl radical 'QOOH (Section 3.4.1)

* Intra-molecular OH migration (Section 3.4.2)

* Intermolecular H abstraction (Section 3.4.3)

* Radical addition to multiple bonds (Section 3.4.4)

* Radical addition to CO (carbon monoxide) (Section 3.4.4)

* Radical recombination (Section 3.4.5)

* Disproportionation (Section 3.4.6)

* 1,2- and 1,3- insertion reaction (Section 3.4.7)

* 1+2- and 2+2- cycloaddition (Section 3.4.8)

* Diels-Alder addition (2+4 - cycloaddition) (Section 3.4.9)

* Keto-enol tautomerism (Section 3.4.10)

* Intra-molecular H migration (Section 3.4.11)

o Intra-molecular addition across multiple bonds (Section 3.4.12)

* HO2 elimination from peroxy radicals (Section 3.4.13)

The logical structure of the rate rules tree for each of these reaction families are discussed

in the sub-sections of Section 3.4.

The rate rules trees that we built here are for "forward" reaction families. The rate

parameters for "backward" reactions are calculated from the corresponding "forward"

reaction rate constants using thermochemistry. For example -scission rate constants are

calculated from radical addition to multiple bonds rate constants, bond dissociation rate

constants are calculated from radical recombination rate constants, and so on.
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For bimolecular reaction families A + B- - product(s), one tree was built each for

reactant A and reactant B. For unimolecular reaction families A - product(s), the rate

rules tree consists of multiple trees, for e.g. one for characterizing ring type, another one

for radical type, etc. More discussion about a unimolecular tree can be found in QOOH

- Cyclic ether + OH sub-section below.

In the tree files, the functional group nodes are represented by string names. The

atoms and connectivity in the functional groups are specified in adjacency lists. The

adjacency lists are in separate file called dictionary. One example of a functional group

string name and its adjacency list is RCH2' ("C_prirad", C primary radical, 1° C') in the

radical recombination reaction family RCH2' + R' -- RCH2-R', for which the adjacency

list for RCH2' is

1 * C {2,S}, {3,S}, {4,S}

2H0 {1,S}

3H0 {1,S}

4 {R!H} 0 {1,S}

The * indicates reactive site, the "1" after the atom means it has an upaired electron (i.e.

this is a radical center), the "0" means all the electrons are paired. "{R!H}" means any

atom element but H. Inside the parentheses is the connectivity information, for example

in the first row, the C atom is connected to atoms 2, 3, and 4 each with a single bond. In

this example, atoms 2 and 3 must be H's, and atom 4 must not be an H. For functional

group in a ring structure, additional *'s are assigned to atoms which are inside the ring

and attached to reactive sites, to differentiate between atoms inside and outside the ring.

Several notations used in the rate rules trees are: "Cs" for a carbon atom with all

single bonds, "Cd" for C double bonded to C, "CO" for C double bonded to O, "Ct" for C

triple bonded to C, and "Cb" for C in a benzene ring. Additionally, "pri", "sec", "ter" are

abbreviations for primary, secondary and tertiary respectively.
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3.3 Rate Rules Library'

The rate rules parameters corresponding to nodes in the rate rules trees were

compiled and stored in the rate rules library. For the reactions important in low

temperature oxidation, we have done high level quantum chemistry calculations, and

validated with experimental results when available (e.g. the 'QOOH cyclic ether + OH

and 'QOOH - 'HOQO in this work, H abstraction by Sumathi et al.), and those results

can be used for rate rules. However, extensive literature review was needed to derive the

rate rules for most of the nodes in the rate rules tree. Several months were dedicated to

collect and review the various kinetic rates available in the literature, and to derive the

appropriate rate rules. The NIST Chemical Kinetics database was useful in helping

identifying the kinetic data available in the literature.

For cases where multiple values of rate constants are available, we used the data

that came from the most recent work, employed a highly reliable method in deriving the

rate parameters, and covered the widest range of temperature. All data that satisfy these

requirements are stored in the library, thus for a few cases we have multiple sets of rate

rules (e.g. see the reaction family for H abstraction from H2 by Cd primary radical

HC'=C). The first data set listed is always the one being used by RMG in generating the

reaction mechanism, but users can switch to the other(s) when needed.

Efforts were made to use data obtained from direct measurements in experiments

or high level quantum chemistry calculations validated with experimental results,

however, data from estimations derived from fitting to a complex mechanism were also

used when no better choice was available. Sources also include extensive literature

reviews from groups such as Tsang et al.89-93, Baulch et al.94,95, and Atkinson et al.9 6 98

The entries in the library are the string names of the nodes in the relevant tree(s),

temperature range where the rate parameters were derived, and the rate rules parameters

A, n, a, Eo, from fitting the Arrhenius expression k(T) = A T" exp(-EdRT) and Evans-

Polanyi relationship Ea=a(AH,)+Eo. Shown in Table 3-1 are the rate rules parameters
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for cyclic ether formation from CCOOH stored in our rate rules library. These rate rules

were derived from our quantum chemistry CBS-QB3 calculations.

Table 3-1. Rate rules parameters for cyclic ether formation from CCOOH

a Ring type tree of 'QOOH - cyclic ether + OH reaction. R200H_S is a node in ring type tree,
corresponds to 'CCOOH. b Radical type tree of 'QOOH - cyclic ether + OH reaction. Cpri_rad_intra,
C_sec_rad_intra, C_ter_rad_intra correspond to C primary, C secondary and C tertiary respectively.

Also included in the library are the error bars for the A, n, a, and Eo denoted

AA, An, Ac, and AEo respectively. AA is an uncertainty factor, for example AA = 5.0

means the real value of the A factor ranges from A/5 to 5A. A quality number is also

assigned to each set of rate rules parameters. The quality rank number ranges from 1 to

5, with the 1 being most reliable. Rank 1 is assigned to rate rules parameters that are in

good agreement with several literature data. Parameters obtained from direct

measurements in experiments, or from high-level quantum chemistry calculations that are

in good agreement with experimental results are ranked 2. Results from direct

measurements, but at very limited temperature and pressure range are ranked 3. When

using results from experiments, efforts were made to take only the rates at or near the

high-pressure limits. Rate rules from high level quantum chemistry calculations, but

without comparison with experimental results are also ranked 3. Rank 4 is for data from

indirect measurements, or extensive literature review. Finally, rank 5 is for rate

parameters estimated using a big mechanism to fit experimental data, usually in a limited

temperature and pressure range. A default value is assigned to the top level of the rate

rules tree of each reaction family. This is a very rough estimation of what the order of

magnitude of the reaction should be, and is ranked 10.

The discussion on the rate rules derived for each reaction family can be found in

the sub-sections of Section 3.4 below.
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RnOOH a Y_rad_intra b Temp. A n a Eo
300-

R200H_S C-pri_rad_intra 100 3.98E+12 0 1.3 37.0

300-
R200H S C sec rad intra 300 1.38E+12 0 1.3 37.0.... H_ C~tr~1500

300-
R200H S C ter rad intra 00 3.09E+12 0 1.3 37.0
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3.4 Major Reaction Families and their Rate Rules

In the following sub-sections we discuss each of the important reaction families:

the nature of the reaction, the structure of its rate rules tree, the sources of the rate rules,

etc. We start with two of the reaction families studied in this work using quantum

chemistry calculations, the cyclic ether formation from hydroperoxyalkyl radical 'QOOH,

and the OH migration from 'QOOH to form HOQO.

3.4.1 QOOH Cyclic ether + OH

For the QOOH decomposition to form cyclic ether + OH reaction family, one

tree was built for characterizing the ring formed in the TS, and another one for the type of

the radical center. In the ring type tree (Figure 3-3), the 'QOOH was first classified

according to the size of the ring: 3-, 4-, 5-, and 6- membered ring. Next is the type of

bonds inside the ring. For example the 3-membered ring is categorized into C-C-OOH

and 'C=C-OOH, the 4-membered ring is categorized into 'C-C-C-OOH, 'C-C=COOH,

and 'C=C-C-OOH, and so on for the 5- and 6- membered rings.

The radical type tree (Figure 3-4) classifies the radical center 'C into whether it is

all single bonded inside and outside the ring (R2C'-C), double bonded inside the ring (R-

C'=C), or double bonded outside the ring (R=C'-C). It is further categorized into the

type of atom(s) (R's) it is connected to.
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Figure 3-3. Ring type tree for 'QOOH 4 cyclic ether + 'OH

Figure 3-4. Radical type tree for 'QOOH 4 cyclic ether + OH. "R" means any kind of atom that
satisfy the bond valence requirement, "R!H" means the same with "R" but not including H. Atoms
in italic bold lie in the ring formed at the TS.

Like this the rate rules tree for unimolecular reaction actually consists of multiple

trees, where each tree is for different classification. This way we have a tree system that

is more compact and easier to expand. Lumping everything together in one single tree

will result in a very large tree and dictionary files, and making necessary modifications to

such clumsy tree would be quite laborious.

Most of our rate rules for the cyclic ether formation from QOOH were from our

quantum chemistry method CBS-QB3 calculations results (Section 2.3). For convenience

they are recapitulated here.
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Table 3-2. Rate rules parameters for 'QOOH cyclic ether + OH from CBS-QB3 results.

No. RnOOHa Y_rad_intrab Temp. A N |a Eo
1. R200H S C pri rad intra 300-1500 3.98E+12 0 1.3 37.0
2. R200H S C sec rad intra 300-1500 1.38E+12 0 1.3 37.0
3. R200H S C ter rad intra 300-1500 3.09E+12 0 1.3 37.0
4. R300H SS C ..prirad intra 300-1500 4.47E+11 0 1.0 38.2
5. R300H SS C sec rad intra 300-1500 2.04E+11 0 1.0 38.2
6. R300H SS C ter rad intra 300-1500 3.31E+11 0 1.0 38.2
7. R400H SSS C pri rad intra 300-1500 5.13E+10 0 0 14.8
8. R400H SSS C sec rad intra 300-1500 3.63E+10 0 0 13.0
9. R400H SSS C ter rad intra 300-1500 2.57E+10 0 0 11.5

'Ring type tree of 'QOOH - cyclic ether + OH reaction. R200H_S is a node corresponds to 'CCOOH,
R300H_SS corresponds to 'CCCOOH, R400H_SSS corresponds to 'CCCCOOH. b Radical type tree of
'QOOH - cyclic ether + OH reaction. Cpri_rad_intra, C_sec_rad_intra, C_ter_rad_intra correspond to C
primary, C secondary and C tertiary respectively.

The uncertainties (not shown here, see the complete library in Appendix) for the

A factors, Evans-Polanyi slope a, and barrier heights Eo were derived from comparison

with the BH&HLYP results, which seems to give good prediction of barrier heights (and

the A factors), though it overestimates the exothermicity. The estimated uncertainties are

factors of 1.2 - 1.7 for the A factors, plus or minus 0.1 - 0.3 for the slope a, and plus or

minus 2.0 - 3.0 kcal/mole for the barrier heights Eo.

3.4.2 QOOH 4 HOQO Rate Rules

Similar to the 'QOOH 4 cyclic ether + OH, the 'QOOH 4 HOQO' rate rules

tree consists of two trees, one for the ring formed in the TS (Figure 3-5) and the atoms

inside it, another one for the radical center (Figure 3-6). Notice that in the ring type tree

here, the smallest ring (3-membered ring) corresponds to 'COOH (in cyclic ether tree it is

'CCOOH). The radical center tree is similar to the one used to classify the cyclic ether

formation reaction.
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Figure 3-5. Ring type tree for 'QOOH HOQO' reaction family

H-'C
CsIc- (Cd,Ct,Cb,CO)C

Figure 3-6. Radical type tree for 'QOOH HOQO' reaction family. "R" means any kind of atom
that satisfy the bond valence requirement, "R!H" means the same with "R" but not including H.
Atoms in italic bold lie in the ring formed at the TS.

In our rate rules library we used the rate rules we derived for the 4-, 5-, and 6-

membered ring OH migration using the quantum chemistry method CBS-QB3

calculations (Section 2.4). To our best knowledge no one else has studied the kinetics of

OH migration in hydroperoxyalkyl radical 'QOOH.

3.4.3 Intermolecular H Abstraction Rate Rules

One of the important reaction families in the oxidation is the intermolecular

(bimolecular) H abstraction reaction family, X-H + Y' - X' + Y-H. In the rate rules tree

for this reaction, one tree was built for the type of X-H (i.e. the nature of the H atom
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being abstracted) and another one for the type of the abstracting radical Y' (or biradical).

We categorized the X-H as shown in Figure 3-7:

· H-H (H attached to another H atom, "H2"),

* C-H (H attached to a C which only has single bonds, "Cs_H"). This is further

classified to CH3-H ("C_methane"), CH2R-H (CCpri"), CHR 2-H ("C_sec"), CR3H

("C_ter")

* C=C-H (H attached to a C which is double bonded to another C, "Cd_H"). This is

further classified to C=CH-H C(Cdpri"), C=CR-H ("Cdsec")

* C-C-H (H attached to a C which is triple bonded to another C, "Ct_H"),

* C(benzene)-H (H attached to a C in a benzene ring, "Cb_H"),

* O=C-H (H attached to a C which is double bonded to an 0, "CO_H"). This is further

classified to O=CH-H ("COpri"), O=CR-H ("CO_sec")

* O-H (H attached to an 0, "OH"). This is further classified to HO-H ("O_pri"), RO-

H ("O_sec")

This X-H classification continues to another level, Cri, C_sec, C_ter, Cd_sec, COsec,

O_sec are further classified based on the type of R atom they are attached to.
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Figure 3-7. Tree for R-H in H abstraction. "R" means any kind of atom that satisfy the bond
valence requirement, "R!H" means the same with "R" but not including H.

The abstracting radical-biradical was categorized to: biradical with 2 adjacent

centers (e.g. '0-0' and 'C-C'), 1-center biradical (O atom triplet, "CH 2 triplet), and the

radical Y' that, similar to the X-H, was further classified to

H'

· R 3C' (radical center on a C which only has single bonds, "Cs_rad"). This is further

classified to 'CH 3 ("C_methyl"), 'CH 2R ("CC rirad"), CHR2 ("C_sec_rad"), CR3

("C_terrad")

· C=C'(radical center on a C which is double bonded to another C, "Cd_rad"). This is

further classified to HC'=C ("Cdpri_rad"), RC'=C ("Cd_sec_rad")
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* C-C' (radical center on a C which is triple bonded to another C, "Ct rad"),

* C'(benzene) (radical center on a C in a benzene ring, "Cb_rad"),

* O=C' (radical center on a C which is double bonded to an 0, "CO_rad"). This is

further classified to O=CH ("CO_pri_rad"), O=C'R ("CO_sec_rad")

* O' (radical center on an 0, "O_rad"). This is further classified to HO' ("Opri_rad"),

RO' ("O_sec_rad")

Similar to the X-H tree, the Y' classification continues to another level, C ri_rad,

C_sec_rad, C_ter_rad, Cd_sec_rad, CO_sec_rad, O_sec_rad are further classified based

on the type of R atom they are attached to.

There are many kinetics studies on H abstraction reactions in literature, and thus

we were able to fill in the rate rules library for this reaction family to the point of almost

complete, (267 rate rules), with the exception of H abstraction from C-C-H and

C(benzene)-H, for which only very few rate rules are available.

The major sources for the H abstraction rate rules are Sumathi et al.21, 63 and Saeys

et al.99 quantum chemistry calculations results, Tsang et al.89-93 and Baulch et al.94,95

literature reviews, Curran et al.8 estimations in their iso-octane mechanism. The rest are

for example Jodkowski et al. 100 ab initio calculations, Cohen °01 TST, etc. (see the rate

rules library and its references list)

Sumathi et al. 21,63 calculated the rate parameters using quantum chemistry

method CBS-Q for H abstraction by hydrogen from various type of X-H (CH4, primary

1 , secondary 20, tertiary 30 C-H, aldehydic C(O)-H, alcoholic O-H, etc.), and H

abstraction by methyl, 1°, 20, and 30 C' radical from 1°, 2°, and 30 C-H. The hindered

rotor treatment was included, with the potential energy surfaces (PES) calculations done

at HF/6-3 1G(d') level.

Saeys9 9 used the quantum chemistry method CBS-QB3 to calculate the rate

parameters for H abstraction from H2, CH4, allylic hydrogen C/H3/Cd, tertiary 3° C-H,

and C=C-H by H, CH3, vinyl, and various 1°, 20, 30 C radicals, as well as abstractions
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from acetylene and benzene by CH3. His calculations however did not include treatment

of hindered rotor in the A factor calculations, and we estimated the uncertainty in the A

factor due to this to be factor of 4, from comparison with Sumathi et al. results.

The rate rules parameters stored in the library are rates for H abstraction per H

atom, and appropriate correction for this has been done properly when adapting rates

from literature.

3.4.4 Radical Addition to Multiple Bond Rate Rules

When the radical Y' adds to multiple bond XAZ (A here means multiple bond), it

can form Y-X-Z' (or Y-X=Z') and Y-Z-X' (or Y-Z=X'). The rate rules tree for this

reaction consists of the multiple bond XAZ tree and Y' radical tree. The multiple bond

XAZ was first sorted into isolated CC double bond C(RR')=C(R"R'"), two consecutive

double bonds C(RR')=C=, three consecutive double bonds =C=C=, two consecutive

double bonds =C=O, isolated CO double bond C(RR')=O, and triple bond C-C. Further

classification was made based on the substituents. The Y' radical categorization is

similar to that of the Y' radical in the H abstraction reaction.

The reverse of radical addition to multiple bonds is the P-scission reaction. 1-

scission reaction is of high importance in oxidation, (e.g. alkyl radical decomposition,

and 3-'QOOH decomposition to form olefin and HO2), and so is the radical addition to

multiple bonds (e.g. R + 02 RO2, and addition of H or CH3 to olefin).

There are quite a number of studies on radical addition reactions, though not as

many as for hydrogen abstraction reactions. Naturally, most kinetic rates available are

for radical addition to C(RR')=C(R"R"'), C(RR')=O, C-C, and only very few are for

addition to structures with consecutive double bonds such as C=C=C, C=C=O,

C=C=C=C, O=C=C=C, and O=C=C=C. There are several complications & interferences

which make it quite difficult to determine k.(T) for these reactions experimentally.
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Sources for the rate rules for this reaction family are Tsang et al.8 9-93 and Baulch

et al.94,95 literature reviews, Curran et al.8 estimations in their iso-octane mechanism, and

Saeys et al.99 quantum chemistry CBS-QB3 calculations results (again without hindered

rotor treatment), etc. Note that the rate rules stored in the library for the radical addition

to multiple bond are the rates of addition per site, i.e. to get the rate for 'H + C2H4

C2H5' one should multiply the values in the table by a factor of 2.

Similar to the radical addition to multiple bond reaction is the Ye radical addition

to carbon monoxide to form a carbonyl radical Y-C'=O. The reverse reaction is the CO

elimination from carbonyl radical. The rate rules for the radical addition to CO were

adapted from Arai et al. estimations102, Gordon et. a1'03 and Nam et al.'04 direct

measurements, Baulch et al.94and Tsang et al.89 literature reviews, and Wang et al.'0 5

RRK(M) extrapolation.

3.4.5 Radical Recombination Rate Rules

In the radical recombination reaction Y'+Y"' - YY', two radicals recombine to

form a stable molecule. The Y' radical tree is similar to the one in the radical addition to

multiple bond reaction family.

The radical recombination reaction is important in oxidation. The barrier of this

type of reaction is usually close to zero, with the A factor 1012 - 1014 cm3/mol-s. The rate

rules library for the radical recombination was completed to almost all possible

recombination reactions between level 3 nodes (H, CH3, C primary radical, C secondary

radical, C tertiary radical, HC'=C, RC'=C, C--C, phenyl, HC'=O, RC'=O, HO', and

RO'), with a few exceptions (e.g. 'CC + 'C-C, 'C-C + phenyl, 'C-C + 'C=O), for

which no reliable kinetics rates were available.
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The rate constants of the reverse reaction, bond dissociation from a stable

molecule to form two radicals YY' Y' + Y', are calculated in RMG from the forward

reaction, radical recombination, using thermochemistry.

3.4.6 Disproportionation

In disproportionation reaction, an H atom is abstracted (by a radical or biradical)

from a site adjacent to a radical center

Y + R'-XH -) YH + R=X

The rate rules tree for the disproportionation reaction consists of 2 trees, one for the

abstracting radical (or biradical), another one for the abstracted H. The tree for the

abstracting radical/biradical is similar to the one in the bimolecular H abstraction

reaction.

We categorized the abstracted H to:

· H from a primary C adjacent to a radical center (CH3-C', CH3-O'),

* H attached to a secondary C adjacent to a radical center (CH2R-C, CH2R-O'),

· H attached to a tertiary C adjacent to a radical center (HC(RR')-C', HC(RR')-O'),

· H attached to a C that is double bonded to another C and adjacent to a radical center

(HC(=C)-C, HC(:C)-O),

· H attached to a C that is double bonded to another O and adjacent to a radical center

(HC(=O)-C', HC(=O)-O'),

· H attached to an O adjacent to a radical center (HO-C', HO-O').

Next it is classified based on the type of the radical center that is adjacent to the H

abstraction site.

The disproportionation reaction is unlikely to be important in the moderate

temperature oxidation mechanism, but was recently found to be important in methane

pyrolysis. There have been very few direct experimental studies on the

disproportionation reaction. Most of the rate rules for the disproportionation reaction that
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we included in the rate rules library were adapted from Tsang et al. literature reviewss 93.

The uncertainty in the A factors range from the factor of 1.5 to 5.0.

The reverse reaction of the disproportionation is the molecular addition YH +

R=X - Y' + R'-XH, which is quite endothermic since it produces two radicals from two

stable species. The rate constants of this reverse reaction are calculated from the

disproportionation rate constants using thermochemistry.

3.4.7 1,2- and 1,3- Insertion

In the 1,2 insertion reaction, carbon monoxide is inserted into a single bonded

structure R-R' to form aldehyde or ketone R-C(=O)-R'. There is no classification for the

carbon monoxide reactant, in the tree we sorted the RR' to H-H, C-H, and C-C and then

categorized it further based on the type of the C atom (CH3, primary C, secondary C,

tertiary C, C double bonded primary, C double bonded secondary, C in benzene ring).

The insertion of CH2 triplet and O atom triplet is not favorable and thus not included

here.

There are two kind of 1,3-insertion reactions that we considered here, one is the

insertion of double bonded structure C=C to alcohol ROH to form alcohol R-C-C-OH or

ether RO-C-C-H. The C=C reactant is classified into C(RR')=C=O and

(RR')C=C(R"R"'), the ROH is sorted into HOH, HOC(single bonded), and

HOC(double bonded). Another 1,3-insertion reaction is the insertion of CO2 to R-R'.

The R-R' is treated similarly as in the 1,2-insertion, sorted into H-H, C-H, C-C and so on.

The rate rules for the 1,2- and 1,3- insertion reactions were from Sumathi et al.

CBS-QB3 calculations87 , with some of the torsional motions in the alkyl part of the TS

are treated as free rotations, as they are relatively loose TS.
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3.4.8 1+2-, 2+2- Cycloaddition

The 1+2- cycloaddition is the addition of either carbene r(CH 2), methyl-carbene,

dimethyl-carbene, phenyl-carbene or singlet O atom to a double bond R=R' to form a 3-

membered ring structure. We categorized the R=R' into carbonyl C=O, oxygen 0=0,

and olefin C=C, and then classified it further based on its substituents.

Most of the kinetic rates available for the 1+2- cycloaddition reaction is for the

addition of the singlet O atom to the double bond R=R', and almost all are from 1955 -

1975, with the exception of Cobos and Troe'0 6 transition state study on the reaction of O

+ 02 03. Although the barriers for the addition of singlet O atom to R=R' are less

than 1 kcal/mol, the A factors in the range of 1012 - 1013 cm3/mol-s, and the rate

constants are quite comparable with for example the radical addition to multiple bond

reaction, it is not dominant in oxidation, because of the very low concentration of the

singlet O atom in the oxidation system.

The 2+2- cycloaddition is the addition of two double bonds to form a 4-membered

ring structure. It is separated into 3 types: addition of C(O)=C to C(O)=C, C=C to C=C,

and C=O to C=O. Each was classified further based on the substituents. Most data in the

literature are for the reverse reaction, the ring breaking of the 4-membered ring structure,

thus thermochemistry calculation is needed to compute and derive the rate rules for the

2+2- cycloaddition. The simplest 2+2- cycloaddition, ethylene - ethylene addition to

form cyclobutane has quite high barrier, 44 kcal/mol and the A factor 7x 1 0 ° cm3/mol-

s 0 7, and so is not important in the oxidation system. In fact the [2+2] cycloaddition is

more common in photochemical reactions, and unlikely to happen under thermal

conditions. It may occur under vigorous thermal conditions, but the pathway is stepwise,

via diradicals, and not the concerted one.
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The reverse reaction of the 1+2-cyclo addition is the cleavage of a cyclic 3-

membered ring to form carbene and a double bonded structure or O atom and a double

bonded structure. The reverse of the 2+2-cyclo addition is the cleavage of a cyclic 4-

membered ring to form two double bonded structures. As always the rate constants for

these reverse reactions are calculated from the forward reactions using their

thermochemical parameters.

3.4.9 Diels-Alder Addition (2+4. cycloaddition)

The Diels-Alder reaction is the addition of a conjugated diene to a multiple bond

(ene) to form an unsaturated 6-membered ring (Figure 3-8).

:·1 + 3 1 2

1 3

5 6

6

Figure 3-8. Diels Alder reaction

The rate rules tree consists of 3 sub-trees, one for characterizing the substituents

at the edge of the diene (3,6), one for the substituents at the atoms inside the diene (4,5),

and one for the ene substituents (1,2). Most of the rate rules in the rate rules library for

this type of reaction were derived from Huybrechts et al.' 08limeasurements of the

Diels-Alder reaction between 1,3-cyclohexadiene and various enes, and from

Kistiakowsky et al." 2 kinetics study of gaseous Diels-Alder reactions of 1,3-butadiene.

3.4.10 Keto-Enol Tautomerism

In keto-enol tautomerism, keto structure R-C(=O)-R'-H undergo internal 1,2-H

migration to form alcohol R-C-(OH)=R '. The R-C(=O)R'-H reactant was first

categorized based on R (H, non-delocalized, delocalized), then further classified based on
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atoms attached to R' (combinations of H, non-delocalized, or delocalized). Most of

kinetics data available in literature are for aqueous phase keto-enol reactionsl3'1 4 . Our

rate estimation rules for keto-enol reaction were derived from Zhu and Bozzellil 5

kinetics and thermochemistry data for gas phase reaction of phenol 2,4-

cyclohexadienone, calculated using CBS-QB3 method.

3.4.11 Intramolecular H Migration

Intramolecular H migration is a unimolecular H abstraction reaction, where the

hydrogen migrates from one site to another site in the same reactant. Several factors that

effect the rate constants are the size of the ring formed in the TS, the nature of the radical

center, and the nature of the site of the abstracted H. The rate rules tree for the

intramolecular H migration thus consists of 3 trees, one tree each for: 1) ring size and

type of bonds inside the tree, 2) nature of radical center, and 3) nature of X-H.

The ring is first classified based on its size, the smallest being 3-membered ring

and the largest allowed here an 8-membered ring. Next is the bond structure inside the

ring, with all possible combinations of single, double, and benzene bonds. The radical

center was classified to C' radical with all single bonds, C' radical double bonded to C

atom inside the ring (these two type of radicals are further categorized based on their

substituents), C' radical double bonded to C atom outside the ring, C' radical triple

bonded to an atom inside the ring, O 'radical, phenyl radical, C' radical double bonded to

O atom outside the ring. The X-H was categorized similarly.

Many important reactions in oxidation are of this type, for example the alkyl

radicals R' isomerization, peroxy radicals R0 2 isomerization to form hydroperoxyalkyl

radicals 'QOOH, and 'O2QOOH isomerization. Most of the rate rules for the internal H

migration were from Sumathi et al. " 6quantum chemistry method B3LYP/CCPVDZ

calculations (the hindered rotor potentials were calculated at B3LYP/6-3 lg(d')).
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3.4.12 Intra-molecular Addition across Double Bond

A radical structure that contains multiple bonds, e.g. RI-R2-R3-R4=R5 can undergo

intra-molecular addition to form for e.g. 'CH2-cyclobutane (exo-cyclic radical) or

cyclopentyl radical (endo-cyclic radical). We have separate rate rules trees for intra-

molecular addition to form exo-cyclic and exo-cyclic radical, but they are similar. The

rate rules tree consists of 3 trees: ring size tree, multiple bond type tree, and radical type

tree. Rate estimation rules for this type of reaction were obtained from Sumathi et al.

B3LYP/cc-pVTZ and CBS-Q calculation resultsl 7 .

3.4.13 HO2 Elimination from Peroxy Radical

The peroxy radical RO2' with a 13 H (C(l)H-C(2)-O-O) can undergo HO2

elimination to form olefin C(,)=C(2) and HO2. We sorted the reactant based on the 2

atoms attached to C(1) (other than the C(2) and H): 2 H, one H and one non-delocalized

atom (C single bonded or 0), one H and one delocalized atom (C=C, C-C, C=O, C in

benzene ring), two non-delocalized atoms, one non-delocalized and one delocalized, and

two delocalized atoms. Further classification was made based on the atoms adjacent to

C(2).

This family of reactions was quite recently found 34 to be important in oxidation

particularly in the moderate temperature oxidation. The rate rules for this HO2

elimination from peroxy radical reaction were from Sumathi et al.87 CBS-QB3

calculations, with hindered rotor potential calculations done at B3LYP/6-3 lg(d') level.

The reverse channel is direct HO 2 addition to olefin to form peroxy radical RO2.

More favored than this pathway however, is the stepwise pathway where HO2° adds to

olefin R=R' to form first hydroperoxyalkyl radical, 'R-R'-OOH, then followed by
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intramolecular H migration through a 5-membered ring TS (1,4- H migration) to form the

peroxy radical, 'R-R'-OOH - RH-R'-OO'.

3.5 Summary

Rate rules trees and rate rules library were constructed for major reaction families for

example intermolecular H abstraction, cyclic ether formation from hydroperoxyalkyl

radicals QOOH, etc. The rate rules library contains > 800 rate estimation rules for 14

major reaction families, most of them were derived from kinetics data we obtained from

extensive literature review (a few are from our group's quantum chemistry calculations).

Efforts were made to use kinetics data from direct experimental measurements or high

level quantum chemistry calculations validated with experimental results, but data

estimated from fitting to a complex mechanism were also used when there was lack of

better option.

Rate estimation rules are useful in automated generation of reaction mechanism, as it

is impossible to compute or store the rate constant for each individual reaction. The rate

rules tree allows fast and systematic search of appropriate rate rules when generating

mechanism. In the rate rules tree reactants are classified based on various categories,

such as ring size, nature of radical center, substituent, etc. We have tried to make the

trees as complete as possible, both horizontally and vertically, but they can be expanded

in the future as needed.

135



0000 00 00000 00000000 F H 0 0 00 00 000

o _ o oooooo o o oo *oo o ooooo o oooo oooooooooo

_o OO _ E _ c: o ooc oo -o o _: ooo o o o _ o oo o ooo ooo oo oooo

d 0 ~ O ~o~~o.....ooooo.. 000000000000000

d>fU~t~~p I .M MNUt Nii

~!

e
'U

mJ
0
C·

0
am

co
0a

.
0.
51

a -

I~k Z

0

I.E 
E

�------



N

0. 0. 0 0 0 0 0 0 000 00 0 0. 000 0 0 0 0 00 0 0 0 0 0 0 0 00 0 0 o 0 00 0 0 00 01010l~l~ll0o 00 0 0 0 0 00

R 000000000000000000000000000000000000000 100000000000 

',-;i '-- i iD ii iS ii ; 'l l i i ; i i 4| l| {|] i~l ||i ell| E El-a

_ a a __,2 3 v __ _ xUUU 'U.. ii~i....u

D a ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.u 5 u u U u~~!!i!

ci0 0$i1 G ii 9 e 99 9-.; i 9 :9 99 9 



000 000 00000000 00000000000000000 000000000 0000000 000

oDo c o a Co ococs CD IC a a 0-0 0al acl a a -° a -1 °00 00 a ooooooooooooooolooooooOCICOl
00000...000000 000000 000000 000000 000000 00..... ... oooooooooo

o o o o o o oooc o oo ooe oo o o cooc o o o oo o o c o o o oooolololo x8oo o o oo looo~ooo ooo

1% O rq Iq"r r^ " | 1 'I -I " "It A .1 t1 ;; .1 S ||||,_ . A A A : in i',. -,_

+ OO "D COCO , w0 i-5 i ' ~ 
e4 laV a 0a 0fC C, a C

0000'00000,0000 ~ 000000000;000 0 0000,, ~ ' ~E~ ~ ! ~' .61 . .4
C.)C)U U 00

… 1Ql 4E1§ A; r 'a C} i1 f;;f~f L1;bi;;Ur

O~~~~~~~~~~~~ si i Pl I0 111I lIIP IIIt 

oo0

-.



r _ _ __ _ _ _ _ I _ rl __ _l i _ _ _ _ _ _ _ t I | | | | | I| II III | | | |I | | | | | | | 

10 0= 00 0 0 0 00 0 000 000 0 010 00 0 0 00 00. . .o 0 0 ooo o . .oooo oooo o o1°°

o oo oo o oo oo o oo oo oo oo o.i ool o 4 : lolo ilo lo;lololoqolo glo o

eli0 rq - 4 S - i o l e i R-i 4 eli Il .4 -C. - C.4 r lil etIi T 0

00I I I 8 0 8 -I 0 c) t o r.. 00 e4F + A 
..... ~~ _.+i i 

.....~~~ 4 - ~ ~ ~o.oooo _-~oo

,.4~~~~ ,_

'6 ' ',-;,- ; 000~ j ~ijC

'~~~~~~~~~~~~~~~-t4CC~44.C

0G
.1



c} c}oOo ocl}o o lo lloloO c o o ooOlO oo o o loOO o OOo ~o o o olololololololololo lolololooo l C dooo
14 O a * CO a Q n - I a . . - . -1 -I - I .-

IR C! ! qC" C IR0! 0 0 -

C.0S 0 M0 00 0 0 o 8 C 00C ,
Cdld C,6688888C>3388. C,000000

O
'-4



_, _ " _ 0 w v v o r _ _ _ . v v v I I v t v v V I I l vc oI 1- Iv l ~ Vri^ 'I m o l v

0000000000000000000 00000 00 000 0000
0000 D ooooooooo o o 00 o..QO...0 Qmo QOOOO

1 111 oo1 1 1ool0Mi1 1ITo ooeQi.1 1o1 0 

0 0 M s Il W W o i W W-0 . ' X | t. -.

0000000000000000000000 U U00 U 0 0 .000 )00

000000000008 01 u

A .! ' i1~ ~ ~,, 4 ,



:°I I J I I: I I : I J I I I I 1°1°1°1°1°1°1°l

oa s <^oo<rs 10 o11 -0 j o e0 0 -0 0 0 ° - - 0 1^i H - - 1tt" -1 1 . |-|0 i 0000000 00: 000 000 00 000 00 0 0000 000 000 000 000 000

oo o oo o oo oo o oooo o oo oo o olooo o o o oo ooooloolololoo olololo ololoooo....
000000000000000000000000ool0000000000000010000000000~0000000

0 -0 00 00 0 0 0 0 __ 0 0 0 0 0 0 -- 0 0 -00 0 0 00 0 00 0 0 00 0 00 0 0

o0 8ooooooOO0o O ° o oooo, ooioooooooooooooeoooooooloooooooooloooo0ooo

· | M 1 ' | ,· }| 8 4 i 'd § 4 t t - 8i . .. d 1 lx

1 1000 V0!000000)0. U U U'u U0O OIU0O O U!0 O Ur) UQ!L

.I I I. ... . ..

~ t~Vt~OI COO%0-.Va~t i~O(.'OO~t0 -.Va~t ~ -. (.4V- i0-Vt~t~t~' Vt~t~t~t Vt Vt~t~t~t~t9t9t t0t . . ... Egg t9,gt,
Vt~~t ~~t~t Vt a1Vt~~~~~~ .v~~ ~V



It I 

_146I0

o 0

I1
I0 $ 0I I

0 0 0 0

I I I I I

1TTT
EM mm, M~ In M~

I I I I I

v-VI V L -II

I I0 $ I

Q

.~ I1 11aI

,I n ... r i I...... I

IIt1
tml

+

.14!
t

010

Io

Ic4 1 1 , 1 I

o1

+

1i0.

ololololo

1 1 -4
+.

EI

+ MI

Io

I
-H-F- F-H-

,1t I IV iT IV

c 

a 1111
I I I I I I

-rn-__ii

I;t;

'+&

loi

0

~IL
.o o-

- I I I

_A o_

0

" ' lI

0

o CII
III u

CII]
dir-IOl

d11111 I11 1

V1 r 111]

0 0 0 . 10 .
,SI 

I I I I I I I I

WNW iffl i fi it AN H
_ . . . . . . . . . . . . . . . . . I 

X I 

- -- - - - - - - - - - - - - -

M I u 

9 g 9I~~~~-oo

Z
z

u

ui

+00

0

0

ol .

ooI.F.F.CD a11

-a

0 , I . .

M0 IV In I

0.-

- -

IMt~,I 1 

0

0 . . .

0

CI.F.FF

a I IL 

-e ullo o ' l rr I ol.ooll,

o o 0 0 000a -0 0 ole o o ololo

_ _ 1 1 Cst 1 -

I1°1°m°i°°°1°1°°-1B 111
it z .m. -' o''rz

I

0
1,

1

I9.1

I1 IIh

i'

lI.

I

.
,li

iU

3
u

1]1X1X1X1X1X1X -) .1 U1 Q uS

I
1 I I I I I I I I

- 4 1 11 AlW 0 EQ 4 a, -. Al i :14 i1

I I I1 1-

1r+

W+

I
IiTe In In In In

tIn

_

I . . I l ll I . . . . E I l l . . l. l l l l lI EI.I

_ i
.

-I

-t .

_

0

n

L
I i I 1 I I I T r i i i r I rl I Il t-

0

<I

o

cl

o 1.L 

I I I I I II < I I I II I I
illllllllllllllllll I I I I I I

1
n qt i1t1YqI !t~r~Ntl I 

= . - ------- , ,ov. -'

1111111111111111111 IIIIIIIII

I I I I I I I I I I . I ' -' ' -' _ _ _ _ _ _ _ ' _ - - - - - _ _' ' '
...... ... . . . .. . .. . ........ . ..

I . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . - - - - - - - - - -' ' ' ' ' ' ' 

.....................................

I I

11

1

. w X
I I

I

1^

V

i0 alO

I

Co
Iolo

'1

o 1

Mlolo
ol lo loo o 0 0o

I1
0

I0 i111111 l-
l

C~ O 'I I0 o 0 I1 O IO 'I

!o
lo'

0 l0 l o 0 o

I"

o o o o0 Io o

!2 M In v

0
. Iq.-; I I

I

-11E1 ;j

Rgi2

l l
i) 1I I] I IX

11

R1~1



oo Ooooooooo O OcOOOoolooooooo, oooooo oooootooooool

o c c c c 9oCO OO OcOOO O O0 cc 0000 00000000000O C O ·0

9 0 99,. 9 |i S 0 0 -= a 9 0 0 0 a 0 0 QC C :) 0000 000000 .

Ci 00 .000 00 0000000000000000 d0 /9 V"0,,

o ,. o~ r e4lllllZ i

_~,~~~ ~~~~~~~~~~~~~Bz t _ I n _ _i

I0 iIIOOOO 1 S !OOOOO 1U1 U Ul 00 

z 



Io1 1 I i t [ [ l i t t l e H i l l k i l l ]

O O O O O0 0 0 00 000 + + 0- -C- ooooo0o0o o 0 ooo0 0 oo o 0 0 0 a 0 0 0 0oo 0 00 0Q 0

IIli 11 1111.111 .1.1111111-11

It r 1. oo0 - a a o a 0 ao r ,- oo 0 00000 a oo o 0 .0oo o a 

000 I Q 0 .000. .000 00000000000000 000
~~~~~~'~~. t .

u~ 0 O~0 00U U U~~!!i !! ! !!! ! !!~~~~~~~~~I~~~~~i~ ~ !I!!!~~~~~~~~~~~~~
~ ~i~ ~ ~i~~~~~~~~~~i~ =~ ~ ~~'~ ~~~~~~~~~~~

srn



o

o

o

oli

0

rI.ico I-

0 500'b

0 I00

0DNO

,c o oa

i _

, Q l ;.

I?
A;

_ A

0ad9

6z

0

oo

0

109!
14

+i

0 00000

C_ "I __ o -o C

.of c . a,
000000 o'

0000000

0000000o

oooooooAV

000 00

_ . . _ I 

00g 00

.. . . . . .

U
[88i_ 0 Al

J I' I 
0 

I . .. .

I $i1

li
Ia

x

]i I a

aII
q-F500

0

N 00

00

z
I I I

M0:

0 C.)

I I

0

C0

q

o

0

o

I

E
C.U,

o

o

K

ac)

o

14i

I

~.oo
1101

Co & 1 =

o o

to;. ~oo0

z o C'oo'

+I:
Is

Ig jt§1WS1118X1S1SeZ

i
1: -

0

o

o

0

o

0

0

0o

la

0

O

r-

0 11

olo oo000

ooooo

I I L I

X

!

Ij

000000
I I I I I I I I I~s~

Ro
I. 0.

.. I I

0 0

R
6l

0

o

11

is

i

1

CI

0z

1

8

,.

I".

o

o0

.6

l

CI

z

u

I~

o

o

o

ol

I Nll

C.co

1
A~

-1

i I
Il!f

1R$2I~

0 0 0o

0

0

oon lo

I I

o00000

0 0 
a, a 0 

+0 1:011I

8 8 81
_ _

0

-0

io

lo

I

01001l0

II

Ii

1,

I,
I

0 0 0 O I

0

0o

o

o1

o.

14

11°1°

-- !Q L - I : I L l L I-

_ . _ .E I. . . . _.. . -
1 . . . L-' . . .. · .I I I I I .. ,,UZ ,; 11 ,+

m5

I I I I I I I I I

I

I

t

I I

I ". �'. - 1.

I

N 12m m

I

M C- -0

I,C) v I-oo oN 14 "u

a

o

oiC,

0ol I l0 I
1F o o

11

l0 Cl s0

1° 0 0° 10

I

Z

li

I

;-

i

i

L-

qigffi~ Z ~l



oo'ao, a 00a

I0I I

liii

I 
1c C.

OW-OC 

... Oo

I I1I 

.99 1 fl0

;- "' .1- N. --Vi t-
. V- -- -V *- .

(Y

oooo...e...Ioc ..... !oloo

.9 CC A - o A.S. A o .0 .9 A .0 ..

141UMM1 

1, 

il 
!$1

1fi 
r 

a1,. 

! 
1

odo..... .. 1ao'oao 1oo 
1.1NNX NN 1NN| B |@

]]l .11.1 11111 ji l

0

0

p

I I i
lT 

oooooiTF
°1°111°1°1ololokoo

10 'ol l 

III

10 to0o0o

0

I'IIl-r I n -

4:r

0$000F ITlcTl
°1°°1°°1

o oo0 olo

0

-0

I m I I I I I I
III 1 .1

0 0 0 00

F0H0FF0004011 R

'000000!~0001

I 'IC, Io c c1glc

II.LLLL ii Iii Ei

C.-.

~ ~~~, C,~

gill] filol o t v2U rj U u2-.5>-1111111110000000000001 it IX '~'
!h 0! jH 0 i !:SSo'H

I
I0

I I Idz
a

l It10

L-i | | l - X l . . . . - - - - . - - - - . . . . . .

C a a

.I I
7
7,

Io

I I I I I I I I I I I I I

I

I

A

I

2

C,

C.

2

0,

-

._ r-

0 -0 0 a 0 -0

- - - - - -

O 0 C� a a 0 -0 0 0
I

. . . . . . . . . .
A A l l l l l l l l l

c)~ o

ITIT

-0 01-1-1-

III

o a

0 O0

....... ...... ...................... 
. . .

I.................... 
l 

- I I I I I I I I I I I11 �� 9 PS -� lDq --! -2'd -; " A .-- A=g- - - - - -
C~

111111 11111 11111 I

II 'IC"! In n tp fl: In CR CP q q q q q q N Wi OR OR
Q� t- -% -i 'i 9 q A q 2 8 29 ig R 9 �5 to"

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I -1 I L- I I I-]

I t, I I I I I I I I I I I I i I I I I I I I I I I I I I I I I I I i I I I I I

I II I I
I II i

1m

I 

l12 Iu-1 II 
I 

" 1.
r.

('1

C1

I00- 0 o

I'

c C o) F o o) o

I

-t

I

I
I
II

I

iI ROUR
fififi

Ili
4

�'o

i61616�I~iD X-I
se - -oD

G

'1161�



c oo o o o c o c) o o o o c o o oaI o c o 0 o o 0. a 0 o oo oo o o o o o o o o o o o o o oo ool

o cocoo o oo c c c o oolco o o o oo>c c c o o ooloO olo o o o oo o oo:o o o oo ooollo
C, C4 C: -4 £ C.4Cr4Q a aLt CD(Q CD Q (4CD4(4((4(CD( a 0 a 4 CD a E a I 0 a( CD a (4CD

I 0o - l + o -I. + o IT QX0k*N* ~|swa"-880822388 

oocooocccooooc oooooololoooooooolooooooooooooooooooooo

0 1 0 maa0 (C-m0. 0( 0 0 0 C Q CD 4 ( (4 0 0(l -1-.

ce~~~~ ~~ X mXc XXXX 0 Q IQ Q - d o a d Dt Cs d 6 d di di vs CSIFX ad a 1ttt C, a 1XX -8" " 1 16 1 1
II IW 

.. -8 -1 ci I .. I

Zoj.~ Z ja.o |3 ~ ~ ~ ~ ~ ~ ~ ~ o ^, ~ _ _____a__Sfc___ lllilliglllli~~llllo~~~~u

o00



0 . a 0 0 n 0 0 00 0 , 0 a 0 0 0 0 0 0 0 0 0 00 0 0 0 .0 00 0 0 0 0 10 0 0 0 0 0 0a 0 a 0 0 0 00 a 0 0 0 0

IooIoo oooOOooo o oo oo oo oo oo oo oo o..... oolooo..o... o ooo

oooo oo oo o oo oo ooo oo oo oo oo o o oo o .o |. oo o..ooooo oo .

ao. . . . . . . . .o o o o o o o ooo ...... . . . . r.. . .oo. . . . . Iol. . . . . . . . . . . . .

~oeqo0- ~eMY- Yolo eqEWI * t I - -o
io o ~ oC d ~0 ~0 d~

0 ~o~ooo 0
00 c O c c

0 0
o 

~o,~i~~~~~0 O, t!o "I ,,~~~-~,, V. | || |I. b||~ 121 E 

' MF8F0FF ,iO 1 X !18$fgX | t M ' ' 1 I

'Ioc^iA5 o D O o Wo f r lD 0 0
to O a~~~O~~hWeq e

P AOroEs 24E W. 'WA 522q:W ;2 -2W .2P

C-- C--C-- C- C-- C- C-- -- C--C-- C'AC-"AO t-r-t [a, -e e -C -C- -C-t



o

o

oQ
0

0
ci

o01
c

0a.
cO

000000

0l 00 0 0I:I IoI 

CD 1C
-1ooo1-1oo

00oo00

0000000
: 1 t ~tC 

a,112

0
N
ai
C;

',

clcl
0020so10

000 '

t t t=%I Jsp%-v ~
I
~

I M~ c I C m

ao

C)

C)

o

't

c((
102

N

a

a

o

N N NqI

0000000000000000-000 0 -0 - 0 - - - - -

o0 0 0l0 C0 0 0 00 0 0 0000 0 o o Q c0 0 0 Co 0 00oC0 C00
i~~~~

oooooo-11oooooloooooloooo-· 0joJoojooooo

poloooooloooooo
00Oa0000000C00000000a0 000000000

O m w~ aa lct

000000000000000000000. .- -- -- 

N

0

06

00

0

CI

10
m-

o2

.-

01010

pi oM
'd1z

i

I
0I

0

0cs
lzIz
In

w

a

+

i-A

0

S!

0;

+ N

dl
.4

AM4I

IZ

+102

'4 11 LH4II LW
Igo M, OIuu~iuu

a: W iM a :

v-a 8 3 va 33 13a 3 8

N vv"N N Nl "' ItN11 1,~~~~~~~~~~

WrI0 , A, ·W Ea 042G C

(G

d 8 8

01o!

0

n

N

I
A

.4

:

0

0

2

q

m

Qli
a

N
.4

C. 

r

0

0

C.
a

+

I

a-

01010

0

0,
q

a
Ca
,N

0tn
OI

102

cY

Ac

KI

0

00c~

I
I
I

2o

it

i
I
11

-4

II

((
o:

m

CA
IIi

11

I
I

.1

.I .1laI

I

I

i
I

I

.c
I-)

Il

II~

CIII

A

-i

0i

-I

'2

0z

CA

((

,M

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . .·77 . . . .

0

r

a

r-

CD

. . . . . I . . . . . . . . . . . . . . . . . . I 1 I I I I Ip i i i i-i 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . . ' ' -'J' · S· ' 

It, y '15J'1 ~1~1·t6 188 ~ 11,1 silvisli k-d 1 1 1 1 1 1 1 1 -1

I
I

I I

I

i

I

I

t I

11.- . .1 " 

i

I

.N- -- 

0IN 1. 111. .14 cu (Y Cq

0 0 0

o,

C,

o0

o

o

9v CD

Q
10

c~

C, o o0

8
ci

w
ali

c-c0
cil1 .

0 C) 0 C,

sl
Y'

I

RARRMl

1

-cl c c

a

tsZ9t' gil-olls A Id7-d
Z



0

I I I I I

I I I I I 1

- l l lr1 10 I7T
I1 I I I I I I I I I

0l
olo

e-oil

0

I
i
I

li

K

-

I I I I I

C0

- -H

IIolololoooIo

-M
vi

-I

I III I

IIIII ILI~I~

I I181:

li i NNIL
6z

Il

c, X a

--- 1-1

oI I 

.s

' a1III
.0

Iii
liii

C- -. 0 .
VIIi9

1_

I--

C O O C

0
C C C c

0
c C C c

0
v

O

c

0

0

c c c

i

ojoo o

0

1 I! (I[
it

aI 0
+

'.4

) 

_ t-

i cl 

Al 

S. 

- - -

.0

i
.0

c) 

c

I

l,

.

, 

0

5a

0

* 0

8111I

I a,

_0

0C

II
. a

O 0D r

:1-Eip4

_ 9i cl 

z8 0, C

.l

_ili

I

i

I

I.

8

I.I wI
M ~Jr~ (

i-1
z

8

I

I

$

-4
o

8
8
9

6z

'--I-I I - -- - - - - - - - - . - -

F1
3

I

I- i i i

'"-c

I----I-!--

I"-I II----I-."-i r-o

.
taacI

1^ m

44F

_I._I,.-I-.

_II-I_-_

x -

.1--

I-

- l - l l IIt-I

--I.--.---1

I

-

L~

-,
, ts1

. . . . . . . . . . . . . . . . .

I

I I

I

I

'I

L]
II
1. IA o 1] ItIla

I t.4. 4. 4

Iol
g

O lI

'1t1
v c

4,---I

1 2

I c c¢

III

'II I
! i

~lC

t

I

II

I
iI'1

.-

I 
Vi
vI

ml1

fi

1t,

10
e.

1-l#"

IT
I



cq

~~~4 ~~~~2 
4- I R2 -- 4)~~~~~~~~~~~~~~I

i I. ,

0 .2

~ EI

4)'

3 0

12i

I

Fi U

SY 

a a Da. .P a ; ' * _ ! o ors g

S -U 2 ¢

i XXE 
' a -Ec

E , 0
4):

+3 ·~; .'

+ 4)~

0000 0
· io~

U

2 'c

Iru

i1I'~~
S` Vo o 1 4-4

C -D

i
DII

S

E000

- §' $

oo oo- ¢~.c_c

3:
.o o

a .- 2 i

20i 2E! I S5

, 4o +O _

i 0S,+D x i DD X u DOD 80o _

u +
p F·

.2 

2o+ *u*

o . o.~ I ;

~ -- 6c c 0 0cc c< c c 0 

_ _



CZ,

.

, d

N e x m o d o .X . . r -. . - - e
2 si F - o 0 0 0 0 0 0 o- -o

_l~ _ __ _(l S> n SN 

+

+ + 
0:0

i.g .: u .u 

vl~d 

A li

. . . . . . . . . . . . . . . . . . . . . . . . . . .



40

-o

lM

3

C)a'a

$q
C)!

4C)
0

t
ER
p+F

0

0.

Cto

0
S"04-iI
.0C

2

-d0

8i0
0,

'a

'0

o

R!0

t
00

N

t

N N N N N N N N N N r N N N N N N. . . . . . .117, I, l pp r- 9 Z 
14 .. .. . C- " 

ax o _ cs - - ) "0 - a', oR c 0 0o 00 0 00 00 00 00 00 00 " o "I o0
N N N NS NS N N N N N N N N N NS

In

S

-.9

�I�

i
. . . . . . .

!"Q ~ R A !C ": -- -s G ,A " D . .. .. .. .. C1 1



E
.n

aC4
110

0IL

a).

*a)

U0A
a.2a)
0

I1

0OO O CgO O 3 ! t 0 ° 6 - A m r ot t- C: O _ , , - t_ -
C.- o~~~~~ 0 .- . c-an A , ,c-a c-a ~ ~ ~ ~d,~,~~~ c-a~~d ....lncn MMM-

0.

a0

0'3
t~o

4S

-a)

a

0

-a)$t~t
K

4ti'
0
+R!

0
0,

0

-a

03
v

V

11
a

C) l
rt

-CV(u

- -a3x

0

a 
t,t

to +

sr u

'4C'

-a
Ia)

O D
tD g

m ;a)
4

Ea -

r
.En 

'.3

. .v

S

& a
0'A

t5o
:

t

. ..20- 4

L
'n

.g 0S

8

o0
11*tu

Odb"

V 9+ 

0 ..a)

<0.

-'4

- V .F qr !"t .' Q
Th0*'4

,I -C~ Oa, l 0l_, 0% 0\4 0

. . .



u

t

xb y ~~~~~I o Ii I C

t -.1v

+t ut + t
u t 

z
z o

C5 02 o6 ~ 9

0

0

0

t9

4EE
-

002j +

n

82

l o

.a D

'' I

V 'V
16 t. . . . . . . . . . . . . . ;X "i -.: . . . . . . . .t- r,; 0 m "r nnm2 ~ss s ~ ~ qoF~P'~ QQ -- TQ 4 4 



-S
'N
41

2

I

- F

o

o~
~ i. :

-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
9 d2 

B *X U mi # i@ 
B _ 

R ai e . _ _^CEi2 ^>.+SgM 

'~ -~ ' 9 )~r8 8 t5 

· ..K .xe -n u D '~ ~
'I'~. a. L ~ .

Li y t- - -

l uZ ~¥ 
uu·~oo U ~ ~ ~

++ . ~ u + +++ U ~ ~~F o. + 0C) +

+ +~ , ,

+ M O ++ N~~+ P ~eOU~C, + 
4ai g g Be g i a

;1 ;1 t~oo ~ rff ~ o ~ ~oa%$h~~i~ ~~o~

~~ t--; .. r- 6 -,, -od ~o{i '- ' -- - - - -o .o ,. ... . '''' -"- ' - t-- ["-t., It - ~, .I t-. _ A .0....
,I·I I ~_ 0 -0 ,o,, ~, .. A A~- ~.-~,~~bbbb~~~~~~,,,.~,, .........

I

I



00oo
kn

N a A fl
R o: s:~~~~~~~~e.!3 

o

oo ddd 90

F: 5~~~~~~~F

+ o+a 
S o~~0 

i ,j o6 c0, , 0, <D
- --- 0 01

E

t
V

C)
@

t
O

0
MXO

o

tg

1t

R

cri

*n 8? 8

" - Ei E0 0 a
4 23 9

I 1 1
9 0-

o s

+" 0 0m~~~ ,~+ o
+ 0 + BB

m ~: o 5 E'
.7 i 

6 iU C

t o
g V C

v- v9 v

t t 't 4 't 't't V) ) r),,~~~~~1, c - 1 -
v. v. v-r v) v) v. v. v. v. v. vo v) v, . . . . . . . .

9 V
" U

0 +IV

V 



ca~ ~~ cS d b i

S~~ B Wi 'D 

o o ' E 'E! o~o - -; .i

·f;B Eg 1·,, ,

+ +D + m 

s 2 >s Ai/ 

i i 1 6 -- ~ .o~~~~~ 0 .~~ o o ; ~ -. ~

Ma Z YjataS t~~~B c~+ 

,o o m

S 2 1 > = x11 m11o a'.. L ai' o~~~~~~~v
> > 8

. .- 4 S x . - A to O B. 48 Hi "O D 10 10 'S 02 190: 2 10 0 0 '" t - oo -z -o -- -- cx-



4 Conclusions and Recommendations

4.1 Conclusions of the Thesis

4.1.1 Section 2: Rate Constant Predictions using Quantum

Chemistry

Section 2 described our work in establishing the kinetics and thermochemistry of

three reactions important in low temperature oxidation: 1) 'QOOH cyclization to form

cyclic ether and OH, 2) OH migration in 'QOOH, and 3) 3-scission of y-QOOH to form

olefin, carbonyl, and OH. We did quantum chemistry calculations mainly using CBS-

QB3 method, and calculated rate constants using the well-known transition state theory

(TST) method. The estimated rate constants are in general in good agreement with the

limited available experimentally derived rate constants. We then derived generalized rate

rules for these reaction families for use in automated generation of reaction mechanisms.

These three reactions are competitive to the main chain branching pathway, and

their rate constants affect global observables such as ignition timing, as indicated by

sensitivity analysis results and our analysis of butane oxidation, and n-heptane oxidation

model predictions. The rate constants derived in this work are highly valuable for

constructing an oxidation mechanism that can give accurate prediction of various

oxidation properties.

4.1.2 Section 3: Rate Rules Searching Trees and Rate Rules

Library

Section 3 explained the work on constructing rate rules trees and rate rules library,

which are highly useful for automated generation of reaction mechanisms. Rate
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estimation rules are crucial in automated reaction mechanism generation, as it is

impossible to measure, precisely compute or store the rate constant for each individual

reaction that might conceivably be important. We derived > 800 rate estimation rules for

14 major reaction families, with emphasis on reaction families important in oxidation.

Most of the rate rules were derived from literature kinetics data (a few of them were from

quantum chemistry calculations in our group). Each rate rule is stored in rate rules

library, together with an explanation about the source, the quality of the parameters, and

the temperature range where the parameters are reliable.

The rate rules tree allows fast and systematic search in assigning rate rules to each

reaction generated by RMG. The tree sorts the reactant based on the ring size, nature of

radical center, etc. We have tried to build the trees as complete as possible and needed,

but they can be easily expanded in the future when necessary.

4.2 Recommendations for Further Research

Following are recommendations for further work related to the computation of

rate parameters, and for work on automated generation of reaction mechanisms.

4.2.1 Recommendations for Rate Parameter Computations

4.2.1.1 Recommendation 1: Compute k(T,P) to include pressure

dependence

Rate constants k(T) calculated using transition state theory (TST) method in

Section 2 of this thesis are high-pressure limit rate constants. It is usually appropriate to

use these rate constants in engine combustion simulation where the system is either at

low pressure and low temperature or high pressure and high temperature. However at

high temperature and low pressure, reactions will proceed through some non-thermal

chemically activated pathways. It is then necessary to compute and employ k(T,P).
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The k(T,P) can be calculated using CHEMDIS, a modified Quantum-Rice-

Ramsperger-Kassel/Modified-Strong-Collision (QRRK/MSC) code developed by Chang,

Dean and Bozzelli2 01. The required inputs are essentially the high-pressure limit rate

constants and the heat capacities of the isomers in the network. An algorithm for

automating the CHEMDIS calculations has been presented by Matheu et al '" 7

CHEMDIS however, is highly approximate; for more accurate estimation, a full,

thermodynamically consistent RRKM or inverse Laplace transform (ILT) approach might

be used to calculate k(E), and the Master Equations could be solved to determine k(T,P).

4.2.1.2 Recommendation 2: Examine reaction pathways in second 02

addition system

We have established the rate parameters for three reactions in the 'QOOH

reactions network. Combining them with Sumathi et al. work on intramolecular H

migration of RO2' - 'QOOH, 3-scission of 3-'QOOH, direct HO2 elimination from RO2,

will allow re-assessment of the RO2° - 'QOOH reaction network important in low

temperature oxidation. However, the addition of second 02 to hydroperoxyalkyl radicals

'QOOH to form '0 2QOOH will create yet another reaction pathway network: H shift

isomerization of the '0 2QOOH, direct HO2 elimination from the '0 2QOOH, 0-0 bond

dissociation in '0 2QOOH to form diradical + OH, etc.

Currently only the H shift isomerization pathway is included in existing

mechanisms 5's. 8. An oxidation mechanism generated by RMG will likely include the other

pathways as well, but the rate parameters will be estimated using rate estimation rules

derived for RO2' - 'QOOH. To obtain more accurate rate parameters for H shift

isomerization from the C(OOH) carbon to the peroxy oxygen, and direct HO2 elimination

from '0 2QOOH, and to make sure that we capture all possible reaction pathways of

'0 2 QOOH, it is recommended to examine more the second 02 addition. So far we found
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only one study on this second 02 addition system, the work by Bozzelli et al.88 using

quantum chemistry method CBS-Q//B3LYP/6-3 1G(d,p) and G3(MP2), where they

studied several of the 0 2QOOH reaction pathways.

4.2.2 Recommendations for Automated Reaction Mechanism

Generation

4.2.2.1 Recommendation 1: Check butyl + 02 mechanism generated by

RMG using model constructed in Section 2.6.2

Our butyl+O2 model was constructed to include pathways known to be important

in RO2' - 'QOOH reaction network, and all possible isomers. Thus it can be used to

check the mechanism generated by RMG, whether it includes all the important isomers,

reactions in the butyl + 02 system, and if it uses the correct rate constants. If necessary,

modifications could be made to the rate rules for other reaction families, to include more

appropriate or more recent rules when available.

If the butyl + 02 model generated by RMG is satisfactory, next step is to generate

an n-heptane or iso-octane oxidation mechanism. To evaluate the mechanism: 1)

examine whether it includes all important pathways in oxidation, 2) confirm its predictive

capability using experimental results available in literature7 ' 33 202' 203' ', 3) compare its

performance to other mechanism such as Curran et al. Once the model is deemed

reliable, it can be used in practical application such as HCCI engine simulation.
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4.2.2.2 Recommendation 2: Implement automated method for including

pressure dependence

Currently RMG can only generate mechanism with high-pressure limit rate

constants, omitting any chemically activated pathways. It is therefore necessary to

implement in RMG a method that can automatically include pressure-dependent reaction

networks. Matheu et al. l 7 have developed such method where pressure-dependent rate

constants k(T,P) are calculated using QRRK/MSC approximation method. Their method

however was implemented and tested in a different reaction mechanism generator (called

XMG), and additional programming work is needed to adapt it'to RMG.

4.2.2.3 Recommendation 3: Add rate rules for 2+2-cycloaddition, keto-

enol tautomerism, and intra-molecular additions across double

bonds

In present work we concentrated in deriving rate estimation rules for reaction

families important in oxidation; for example the rate rules for bimolecular H abstraction

reaction are almost complete (267 rate rules). Several reaction families that are not

thought to be important in oxidation however, have only few rate estimation rules

assigned to them (for some cases it is also because of the limited kinetics data available in

the literature). These reaction families are for example 2+2 cyclo addition, keto-enol

tautomerism, and intra-molecular addition across double bonds to form exo-cyclic or

endo-cyclic radical. If one wants to generate reaction mechanism for systems and

conditions where any of these reactions might be important, it is recommended to fill in

the rate rules for them in the rate rules library, perhaps by doing quantum chemistry

calculations.
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Our calculations show that a significant fraction of fuel alkanes are converted to

alkenes, in particular by the reaction RO2 alkene + HO2, and also a significant fraction

of the fuel appears to be converted to carbonyl species. Therefore reactions of double

bonds may be more important than has been assumed by prior researchers in this area.
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Executive Summary

An incident in chemical facility brings huge cost to the company, its insurers, workers,

nearby residents, etc. Losses to the company and its insurers come in various forms:

property damage, litigation charge, fines (in the case of negligence), and revenue lost

from halted production. Litigation charge and revenue lost in particular may exceed

$10M each. An accident can also affect the market negatively, in particular the

downstream and upstream companies. More accurate risk assessment is needed to reduce

the likelihood of accidents. Unfortunately it is not very feasible to do comprehensive risk

assessment with the common method of surveys and deduction.

More and more companies are using quantitative risk assessment tools, which can be

used to study many scenarios in short period of time. Accuracy of such quantitative tools

to predict chemical related incidents is determined by the chemistry model being

employed. Many times the model is not good enough, and it affects the predictive

capability of the quantitative risk assessment tool. It takes time to build one good model

by hand, and to simulate the various processes in real industry setting we need to have

several different models. Enter our software, which is among the first that can generate

various complex reaction mechanisms automatically. Coupled with transport model it

can be used to simulate various processes in real industrial setting, and analyze the

likelihood of many possible hazards.

Potential early adopters of our product are companies that design new processes/products

and technical consulting companies in particular risk assessment companies. Those

companies have technical experts that can appreciate our product, and are small & agile,

making them very likely to embrace new technology. Our software will be appealing to

new processes/products designers as they can use it to determine safety limits for their

new designs more accurately and timely. They can also bundle our software to increase

the value of their products. Risk assessment companies will like our product as it can

help them to do risk assessment work more efficiently, thereby reducing cost.
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Our next targets after the early adopters are large entities such as chemical companies

(risk managers), insurance firms and government organizations. Insurance firms can use

our software to identify chemical facilities that are safer, take only those safe risks, and

thereby avoid millions of dollars of loss in the future. (Insurance coverage for chemical

facilities typically covers property damage, liability and business interruption). Chemical

companies, on the other hand, can use our software to do comprehensive risk assessment,

and convince insurance firms that they have taken all necessary safety precautions, thus

their facilities deserve lower premiums. Government stands to benefit from our software

as well as if more companies are doing thorough risk assessment, public concern over

chemical plant safety may diminish somewhat. Since in most cases large entities will not

have people that can use the software right away, we plan to offer technical consulting

service first before they will buy our software.

We will need to do extensive amount of marketing to introduce our product to potential

customers. We project revenue to start coming in year 2, from a few number of licenses

and a small consulting contract. The number of licenses and consulting contracts will

keep increasing for several years, and we anticipate to break even by year 4.5. We will

start with three people as founders, and keep adding personnel as needed. We will need

start-up funds of-$150K per year in year 1 and 2, and -$500K per year in year 3 and 4.

The start-up funds are likely to be obtained from personal loan through family members

and banks.

We estimate potential market of 1,200 licenses and 20 consulting contracts. We plan to

charge for each license $3.5K/year in year 1-3, $5K/year starting from year 4, and $60K

for each technical consulting contracts. We anticipate the licensing business to be a

profitable one, as we aim to be the first mover and for our software to become standard.

Once we become standard it will be hard for other firms to enter. For the consulting

business to succeed it is necessary that we have a technical consultant with high

credibility and good understanding of risk assessment. In overall we think the company

will be a profitable small size business, yielding profit of $1.4M in year 6, and $6M in

year 9 (before founder salaries).
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1 Overview

In the main part of this thesis, we worked on improving low temperature oxidation model

and developing tools for automated reaction mechanism generation software. The

software has the capability to create reaction mechanisms for various different conditions,

and coupled with transport model, can be used to do comprehensive risk assessment.

Still challenges exist on how we can profitably market the product as well as benefiting

the society from this new capability. In this paper we will look more closely into why

society needs the new technology, and how to penetrate the market. We will discuss who

will be the customers for our product, who will be the early adopters, what are the

obstacles in marketing the product, what does the competitive landscape look like, how

should we package the product, how should we place the product, and what should we do

with the promotion and pricing. We will analyze the various stages of growth of the

company, and include some financial projections.

2 Modeling and Quantitative Risk Assessment

2.1 Background

Our work is part of the rapid improvement in chemistry and transport model for

oxidation-combustion system in the past few years, that makes it practical to use

chemistry model and get much more accurate prediction of various scenarios in the near

future. Curran et. al. constructed chemistry models for oxidation of n-heptanel and iso-

octane2 in recent past, by compiling reactions one by one by hand. The models were

reasonably comprehensive, though missing parts and errors in several places. We did

reasonable improvement on the low temperature oxidation part, a crucial part in

predicting auto-ignition. Our group, with Jing Song as the programmer, also created a

sophisticated automated reaction mechanism generation software (RMG), which will

Curran, H. J.; Gaffuri, P.; Pitz, W. J.; Westbrook, C. K. Combust. Flame 1998, 114, 149.
2 Curran, H. J.; Gaffiri, P.; Pitz, W. J.; Westbrook, C. K. Combust. Flame 2002, 129, 253.
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enable more systematic and comprehensive chemistry model construction, and in much

shorter time. Paul Yelvington in our group succeeded in coupling the chemistry and

transport models, making it closer for practical use in industrial processes.

With some additional improvements, our improved low temperature oxidation model and

automated reaction mechanism generation can be applied for industrial application in the

near future, one example is for risk assessment for chemical processes. Quantitative risk

assessment using computer modeling is becoming widely used in many chemical

companies. A typical risk assessment modeling usually involves generating data about

possible incidents, and calculating risks arising from those incidents. The use of

modeling in hazard analysis and risk assessment is very good as it provides a systematic

approach to predict and evaluate risks inherent in chemical processes. Building

quantitative risk assessment system also helps clarify key safety issues, as the parties

involve will have discussions over risk criteria and the definition of the types of criteria

to be used. The result of any modeling software is only as good as the base data and

models used, and our improved chemistry model may be the key to a more accurate risk

assessment.

2.2 Factors Driving Demand

Despite current safety precautions and risk assessment effort, incidents are still happening

everywhere. Public has long been nervous about whether chemical plants near them are

really safe. This is augmented by September 11. Suddenly people concerns about their

safety were magnified ten-fold. Terror attack is one fear, but there is also worry over

accidents from not taking enough safety precautions in daily operation.

An incident has vast costs, not only to the company and insurance firm, but also to the

market and the whole society. The new technical modeling capability, being more

systematic and comprehensive, can be used to get more accurate assessment of when

reactive chemical incidents will occur, and what the consequences are. Many parties
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such as chemical companies, insurance firms, risk assessment companies, government

and public will benefit from having more accurate risk assessment systems in place.

2.2.1 The Facts

We still have incidents happening around the country all the time. Many of them were

actually preventable if an accurate risk assessment had been done. Following are

examples of several recent incidents and their impacts, as reported by Chemical Safety

Board3 :

* December 3, 2004: A 40,000-gallon chemical storage tank exploded violently at

Marcus Oil and Chemical facility in southwest Houston. The explosion injured two

firefighters and damaged several off-site buildings near the facility. There is a

possibility that the explosion was due to unexpected chemical reactions leading to

auto-ignition, which could have been prevented if the likelihood of the explosive

chemical reactions was sufficiently assessed.

* August 19, 2004: explosion inside an ethylene oxide sterilization chamber and a

related thermal oxidizer at a Sterigenics facility in Ontario, CA. The incident injured

four employees and made the facility unusable. An accurate assessment of the

ethylene oxide sterilization process and thermal oxidizer process could have

prevented this.

* April 23, 2004: an explosion occurred in a polyvinyl chloride (PVC) production unit

at Formosa Plastics in Illiopolis, IL. The explosion apparently was due to a leak and

auto-ignition of highly flammable vinyl chloride. Four workers were killed, and three

others were seriously injured. The explosion also forced an evacuation of nearby

community. Leak of flammable materials sometimes results in fire, but usually not

an explosion if the storage facility has been correctly designed. A good

3 Chemical Safety Board Current Investigations
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chemical/transport model can provide an assessment on the design, to avoid explosion

given a certain amount of leak.

April 12, 2004: toxic allyl alcohol vapor was released inadvertently due to

overheating of a chemical reaction at MFG Chemical manufacturing plant, Dalton,

GA. The allyl alcohol vapor cloud sent 154 people to a local hospital and forced

residents nearby to evacuate. It also killed vegetation and aquatic life near the plant.

As in other examples this incident underscores the need of having a good

chemistry/transport model. In this case the model could have been used to determine

accurately the maximum allowable temperature, pressure, etc. for the process.

According to EPA data as of September 1, 2003, among the 15,000 plants in the U.S.,

there are 112 chemical facilities in the U.S. that each may threaten a million or more

nearby residents, and 7,605 plants that may threaten more than 1,000 people in the case

of toxic release. Those chemical facilities that have the potential to threaten more than

1M workers and local residents are spread over 30 cities in 25 states (Figure 1).

Figure 1. Many chemical facilities may put more than IM people at risk. Source: Greenpeace.
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2.2.2 Vast Costs of Incidents

In the event of an accident company typically bears losses from fines, worker

compensation, litigation charge, and revenue loss if there is unit shutdown. Property

damage is usually covered by insurance. Litigation charge and revenue loss are typically

much larger than fines and are of major concern for the company. An accident can have

quite large effect on the market as well, if the company is a large producer of a certain

material, and there is slowdown in production due to the incident. Apart from losses to

the company, its insurers and effect on the market, an incident has the potential to bring

huge loss to the society. Incidents injure and kill workers as well as nearby residents,

bring financial and mental losses to their families, and many times release toxic substance

to open air affecting people in far distance.

2.2.2.1 Losses to the Company in Case of an Incident

Fines

Fines are charged if during an inspection following an accident, it is found that the

company neglected to take proper safety precautions. Fines are relatively small however,

compared to litigation charge and loss in production, which we are going to discuss next.

One example is the Sigma Aldrich case. The company was fined a mere $250,000 by

Occupational Safety and Health Administration (OSHA) in 2004, related to an incident in

the company's facility in Miamisburg, OH. As reported in Chemical Week4, a tank

containing nitric oxide exploded during nitric oxide distillation, injured one employee

and forced evacuation of 2,000 residents nearby.

Another example is a $500,000 fine charged to Atofina in regards to a chemical

explosion in 2002. The fine is again small, but in this case the company also agreed to

4 Chemical Week, 166 (11): 48, March 31, 2004.
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spend $800,000 on new safety programs, $2.38 million on 13 specific workplace changes,

and $1.5 million for safety upgrades at its other plants, as reported by Warikoo et al.5

OSHA has occasionally issued high fines, for example in the case of Chevron Phillips

Chemical Co. LP. Its plant in Pasadena, Texas, exploded in June 1999 and again in

March 2000. Ledson et al.6 reported that OSHA issued 30 willful instance-by-instance

violations and charged the company $2.1 million in fines. Several other violations added

up to a final amount of $2.5 million. That plant was said to be persistently causing

tragedies, despite OSHA citing similar violations again and again. Three of the four

OSHA inspections in 1999 on Chevron Phillips facilities were in response to explosions.

Chevron Phillips Chemical Co. eventually reached an agreement with the Justice

Department and EPA in Oct 2004, and settled to an amount of $1.8 million, which is the

largest amount ever for such a case.

Litigation Charge

Litigation charge is obviously much more frightening to management and stockholders

than fines, as it is of much larger magnitude. For example, Gaylord Chemical was

ordered to pay $92 M in punitive damages, to 15,000 residents of Bogalusa, LA, in

regards to a rail-car explosion in 1995, as reported in Chemical Week7. The explosion

sent a cloud of nitrogen tetra oxide into the air, and approximately 3,000 residents within

a mile of the plant had to be evacuated. The residents litigated, and thus the $92M

punitive damage order.

Lost Production

An incident is typically followed by a unit shutdown which may cause significant loss in

revenue. The revenue loss is typically in the order of tens of millions of dollars in the

case of a month or longer shutdown.

5 Detroit Free Press (MI), May 03, 2002.
6 Plastics News, 12 (30): 1+, September 25, 2000.
7 Chemical Week, 165 (45): 15, December 17, 2003.
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Take for example Nova Chemical Corp.'s Bayport, Texas facility. Chemical Market

Reporter reported that Nova's styrene unit was off line for 30 - 40 days, due to ethyl-

benzene heater furnace explosion in June 11, 20038. The usual production in that facility

was 1.25 billion lbs/year. With price of styrene of $0.3/lbs at that time, we estimate the

loss of revenue of $36M due to the downtime.

Another company, DSM, which supplies 40% of European melamine capacity, had to

shutdown its melamine unit in Geleen, Netherlands for several months, after an explosion

in its gas-fired reactor in April 2003, as reported in Chemical Market Reporter9. It

normally produced 120,000 ton/year of melamine. With the melamine price of 1,150

Euro/ton (it jumped to 1,400/ton after the DSM's plant shutdown), we estimate the loss of

revenue of 46M Euro (-$61M) for a 4-months shutdown.

Apart from the losses to the company and insurance firm, the effect an incident has on the

market can be quite large, if the company is a large producer of certain material, and

there is slowdown in production due to the incident. Monetary and material losses aside,

an accident also has the potential to bring huge loss to the society.

2.2.2.2 Loss to the Society

In the U.S., it is predicted that more than 2M people could be killed or injured in a

terrorist attack on a chemical plant. Public is becoming more and more concerned on

whether chemical facilities nearby are taking sufficient safety precaution, particularly

after an accident. The LNG plant explosion in Skikda, Algeria, for example, resulted in

local opposition to the construction of LNG receiving terminals in Algeria and other

countries, even though LNG industry had excellent safety record previous to the Skikda

incident. After the incident, government officials everywhere were taking closer look at

what would happen if there were an attack to for example an LNG facility.

8 Chemical Market Reporter, 263 (25): 8, June 23, 2003.
9 Chemical Market Reporter, 263 (18): 6, May 05, 2003.
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2.2.2.3 Effect on Market

An incident can have large impact on the market. It will affect negatively both the

suppliers, consumers, and further up and down the chain. If public safety concern is not

enough reason for government to require increase in risk assessment effort, the huge

impact on market should certainly be.

One example of the effect on market is when styrene climbed more than $50 per ton

overnight'0 , after the 2003 incidents at Nova Chemical Corp which resulted in a styrene

unit going off-line for 30-40 days. Nova was one of the major suppliers of styrene.

Another example is melamine market shortages in 2003, after the explosion in DSM's

facility in Geleen, Netherlands shut down its melamine line" . Half of melamine in North

America is imported, with a big portion of it coming from Europe. DSM contributes

40% of Europe melamine capacity. The problem was worse because there was already a

drop in exports from Asia to Europe and North America, due to a Japanese plant

shutdown. The melamine spot price jumped during this period from 1,100 - 1,200

Euro/ton to 1,400 Euro/ton.

An explosion in Air Products' nitric acid purification unit on March 15th this year in

Pueblo, CO shut down the unit, and shook up the wet chemicals market, as reported in

Chemical Week'2. Air Products is the U.S. wet chemicals market leader. Although the

company claimed that it can cover wet chemical demand from its smaller plants at Easton,

PA and Dallas, the market was still affected by the shut down.

Global Markets'3 reported that an explosion at BP's 437,000 barrel/day refinery in Texas

City shut down one of the plant's two gasoline producing ultra-reformer units, helped lift

gasoline prices to record highs in April 2004. The LNG plant explosion in Skikda,

Algeria, was the main factor behind the recent rise in LNG price from $306/ton to

o0 Chemical Market Reporter; 6/23/2003, Vol. 263 Issue 25, p8, 2/3p
" Chemical Market Reporter, 263 (18): 6, May 05, 2003.
12 Chemical Week, 166 (12): 39, April 07, 2004.
13 Global Markets, 34 (14): 12, April 05, 2004.
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$317/ton. Because of the massive volumes involved in the energy and chemicals markets,

these relatively small price increases amount to a huge (but fortunately temporary) tax on

the world economy.

An incident can also affect the market indirectly. Take for example the ammonium

nitrate explosion in Toulouse back in September 2001. Urethanes Technology14 reported

that after the accident, the French authorities rewrote the legislation relating to chemical

plants, and took much tighter control over operational licensing. As one of the

consequences, Solvay Fluor und Derivate GmbH, the sole producer of the HFC-365mfc,

had to delay its plan to expand monochloroprene production on its Tavaux site by almost

a year. Monochloroprene is a key precursor for Solvay to produce HFC-365mfc. The

inability to expand the monochloroprene production forced Solvay to cease offering

HFC-365mfc to new customers, and instead directed customers to using HFC-245fa,

made by its arch-rival in the blowing agent business, Honeywell Inc.

Above we saw that an incident followed by temporary shut down of facility usually

results in price jump, which is good for competitors, but not so good for the rest of the

market. More accurate risk assessment will result in less incidents, which in turn

translates into less disruptions on the market.

14 Urethanes Technology, 21 (2): 4, April 2004.
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2.2.3 Costs of Inaccurately Estimating the Risk of an Incident

We want to avoid both underestimating and overestimating the risk of an accident. If a

chemical company underestimates the risk, for example, it may not take sufficient safety

precautions, and risk harming its employees as well as residents nearby, and incurring

losses in the form of fines, litigation charge, etc. If the company overestimates the risk, it

may take unnecessary precautions, incur extra costs, and end up with much lower

profitability.

Another example is an insurance company. If it underestimates the risk, it may set the

insurance premium too low, and then lose a lot of money if accidents happen. If on the

other hand it overestimates the risk, it may set the insurance premium too high, and then

lose market share to its competitors. One can argue that it will not lose market share to

its competitors if every insurance firm overestimates the risk and sets similarly high

insurance premiums, but this will have negative effect, directly on the companies in the

industry, and indirectly on the economy as a whole as the companies pass on this cost to

customers.

Government will also benefit from accurate risk assessment. If it underestimates the risk,

it may be too lenient in its regulations, and risk harming the public. If it overestimates

the risk, it may issues regulations that are too strict, and dampen the productivity of its

industry. Knowing the real consequences allows one to make much more rational safety

designs and laws. Better designs for safety can drastically reduce the likelihood and

consequences of incidents, benefiting everyone. More rational fire codes etc. also reduce

the likelihood of incidents, and additionally can avoid significant costs associated with

irrational regulatory requirements.
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2.3 Product Applications

Our product is applicable for assessing the risk of various hazards, starting from the more

common major fires15, bleve or fireball, flash fire, vapor cloud explosion, to accidents

caused by chemical reactions inside the unit.

* Major fires

Despite all precautions, some quantities of flammables do leak (or are vented

purposefully). Ignition of a leak of flammable material can result in a major fire.

Depending on the source major fires can be categorized into 1) flammable gas fires, 2)

liquefied flammable gas fires, 3) flammable liquid fires, 4) flammable powder fires, and 5)

highly reactive material fires.

Flammable gas fires occur when a leak of flammable gas is ignited. The gas will burn

with an intensity dependent on the nature of the gas and the leak. If the flammable gas

leaks into open air, it is quite unlikely for the gas to accumulate sufficiently to explode if

ignited. If it leaks into a confined space, however, even a small amount can result in a

very damaging explosion. The explosion can be prevented if we design a system so that

there is enough air flow outside the vessel to dilute the flammables, making it closer to

open air environment, or at least an environment where the flammables cannot

accumulate.

The key here is a good estimation of the mixing rate and the ignition limit. We want to

have a system where the mixing rate of the flammables with air outside the vessel is

sufficient to reduce substantially the risk of explosion. We also want to know the ignition

limit accurately, and use this knowledge to set our system parameters so the flammables

will not reach the ignition point. These can be achieved using our product. We may also

use the software to find the optimized way to set up the air flow so that it will be most

effective at diluting the leak. Our product is particularly useful when experiment is not

"5 Tweeddale, M. Managing Risk and Reliability of Process Plants; GPP, 2003.
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that feasible, for example where there is complicated geometry, or when we want to

simulate and study many different cases efficiently in a short time period.

Our product can also be used to assess the risk of liquefied flammable gas fires. When a

pressurized liquefied flammable gas such as LPG leaks, a proportion of it may turn into

vapor instantly. This vapor, if ignited, will form a turbulent, luminous, and very intense

flame. Liquefied flammable gas fires usually occur in pressurized storage such as LPG

stock tanks, etc.

Although our product currently only handles gas phase reactions, it can be expanded into

liquid phase and solid phase reactions as well, thus applicable for the assessment of

flammable liquid fires and flammable powder fires. Flammable liquid fires occur when

flammable liquid leaks and ignited. This type of fire typically occur in oil refineries or

other processing plants, road and rail transports, shipping ports and cross-country

pipelines. A large leak of flammable liquid at an oil refinery or other processing plant

can result in a very serious fire, causing damage to the plant and overheating other pipes

and vessels, resulting in further leaks and escalation of the fire. Flammable powder fire

typically does not present risk to public, although it is a serious threat to employees

nearby. Fires involving flammable powder have to be dealt with a fine spray, and not jet

of water, to prevent a dust explosion.

Another possible application of our product for major fires is to assess the risk of highly

reactive material fires. Highly reactive material fires occur when materials that are

highly reactive, for example organic peroxides and ethylene oxides, are not handled

properly.

* Bleve or fireball

Bleve is a fireball that is created when a pressurized container of a liquefied flammable

gas is ruptured due to weakening of the container by exposure to fire. Bleve can also

happen when a pressurized container of a flammable liquid, held at a temperature above

its normal atmospheric-pressure boiling point, ruptures. Bleve creates a intense radiation,
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though of a short duration (5-20 seconds). The heat radiation is highly intense, and can

burn people and property within a substantial distance. Our product can be used to

simulate the event leading to Bleve, and to examine the likelihood of Bleve. It can also

be used to estimate the maximum allowable pressure to have insignificant risk of Bleve.

* Flash fire

Our product is also suitable for the risk assessment for flash fire. When a cloud of

flammable vapor is ignited in open air, most likely the vapor will burn in what is called

flash fire. Flash fire is typically brief, and without a blast wave. Note however that the

fire can still kill or seriously injure anyone within the burning cloud. The cloud also

expands while burning. The cloud of flammable vapor that results in flash fire usually

comes from evaporation of either a leak of liquefied flammable gas, or a flammable

liquid heated to a temperature close to or above its atmospheric-pressure boiling point.

· Vapor cloud explosion

We talked how a cloud of flammable vapor in open air may ignite, and burn as a flash

fire without damaging blast wave. If the vapor is confined however, the flammable vapor

cloud may explode with a blast wave. This is known as vapor cloud explosion. Vapor

cloud explosion is also highly likely when there is large amount of vapor, or the mixture

is close to stoichiometric, or there is turbulence in the burning cloud. To reduce the risks

from explosion, one can either reduce the amount of material that can leak, or reduce the

confinement or the obstructions in the vicinity. Our product can be used to estimate the

maximum amount of material that can be used before the vapor cloud explosion risk

become significant. Coupled with a transport model, it can also be used to determine the

minimum space needed to eliminate the likelihood of vapor cloud explosion.

* Dust explosion

Dust explosion may happen if a mixture of flammable dust in air is ignited. One

important factor to be considered in dust explosion is the size of the particle. The

probability of a dust explosion becomes quite small once the mean particle diameter is

larger than 5001pm. Another important characteristic of this kind of explosion is the
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highly likelihood of secondary explosions. A primary dust explosion will cause settled

dust to whirl up, and ignited by the propagating flame of the first explosion. The

secondary explosions often have more severe effects than the primary ones.

Though our product currently does not handle solid phase, as mentioned above, it can be

expanded in the future and used to assess the risk of dust explosion.

· Highly reactive material explosion

Highly reactive materials such as ethylene oxide, organic peroxides, calcium hypochlorite,

can decompose and explode if become heated or contaminated. This is related to highly

reactive material fires, and can also be assessed using our product when it is expanded to

include liquid phase and solid phase.

* Accident caused by chemical reactions inside the unit

Another possible application is to simulate accident caused by chemical reactions inside

the unit. This type of accident is more unusual than fire or explosion from leak of

flammables for example, and is less known. Our product is very useful to assess the risk

of this type of accident, particularly the ones that occur during start-up, shut-down, etc.

when the system is not in its steady state, and thus the safety parameters assigned for

ordinary operation are not relevant. Another possible use is for scale-up problem. Heat

transfer and chemical reaction profiles in large vessels or where there is very large

quantity of material can be very different that what one observes in the smaller scale in

the lab/pilot-plants. Our product is applicable to do virtual experiments on all possible

conditions of the system and various sequences of events, which will be very expensive

and time consuming if done with actual system, to evaluate the likelihood of having an

unsafe condition inside the system.

· Toxic fumes from fires

Some materials that are normally safe may generate toxic fumes when burned. PVC and

polyurethane are two examples of those materials. The smoke resulting from the fire
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may travel and cause a health hazard to people at a distance as well. Our product can be

used to determine the various substances produced during fire, and how much they are

produced. This knowledge will help in the assessment of hazard from toxic fumes. As in

other cases, it is always useful to start by doing simulation on conditions that can be

tested experimentally, to confirm the accuracy of the software, and then simulate possible

flame/explosion which are difficult to study experimentally.

* Toxic gas, toxic liquid escape and chronic toxic exposure

Toxic gases such as hydrogen sulfide, hydrogen fluoride, chlorine, hydrogen chloride,

etc., are widely used in the oil and gas manufacturing industries. Some small amount of

those gases may escape, and imposes health hazard to both employees and public. Toxic

liquid such as pesticide may also escape and enter drinking water, food chain, creating

hazard to the public.

Chronic toxic exposure is common to people that are exposed over a long period to

materials like asbestos, vinyl chloride, benzene. These materials at normal concentration

do not produce any apparent health effect in near-time, but can be damaging in the case

of long period exposure.

One application of our product in this case is to simulate the reactions leading into the

formation of toxic gases and liquids, and also the possibility of subsequent reactions once

the toxic gas or liquid is released into open air or environment. The toxic gas or liquid

may undergo slow degradation process over years, and our product is particularly suitable

to simulate this slow degradation process, as it can be very expensive and time

consuming to follow the degradation experimentally. The breakdown products are

created very slowly and the concentration at any instant will be very small, making the

analytical chemistry to detect and measure the breakdown products expensive and

difficult.

A more interesting application will be to find out if any breakdown products from new

pharmaceuticals or new plastics designed for use inside people (e.g. implants, children's
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teething toys, dental materials) are toxic. This involves a big deal of chemistry and it will

be of great interest to pharmaceutical companies as the companies making them will be

liable if the materials are harmful to the users. It is not always obvious if a chemical is

toxic or not, but certainly the chance to making this determination is larger if we can

know what the breakdown products are, for example using our software.

PhDCEP Capstone Paper - 20 -



3 Market Landscape

3.1 Customer Segments

Our potential customers can be categorized into two large segments: early adopters and

large entities. Potential early adopters of our product are companies designing new

processes/products and technical consulting companies including risk assessment

consultants. These firms are small and agile, with many technical experts that will

understand and appreciate the new technology. Eventually we would like to get to bigger

entities such as chemical companies, insurance firms and government organizations.

Knowing who are the customers and why will they buy our product are very important.

Great technology alone will not make a successful business venture; we need to find the

customers. We need also to understand the different buying and adoption patterns for

different type of customers. Below we will discuss each potential customer segment.

3.1.1 Early Adopters

New Processes/Products Designers

There are many small firms that specialize in designing new processes and products.

They have the necessary components for early adopters: many technical experts that will

understand the new technology, and little to almost no bureaucracy. Our selling points to

the companies that design new processes/products are that they can use the new software

to:

· Determine safety limits for their new processes / products. Their engineers can

take the software, modify it so it is suitable for their processes, and do a more

accurate and time efficient risk assessment.

* Bundle the software with their new processes / products. It will give additional

feature to their product, which will help convince their customers that the new

processes / products are and can be reasonably tested for safety, and may help sell

their product for higher price.
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The challenge in selling the new software to these new processes/products designers are

how to convince them that the product really gives more accurate assessment than

existing systems.

Technical Consulting Companies, in Particular Risk Assessment Companies

More and more companies are outsourcing its risk management to specialized risk

assessment companies. One example of such risk assessment companies is Risk

International Services Inc. (RIS). A risk assessment company usually will bring in a

team, and the team will work on analyzing every process in the company, identifies

several different risk factors, including for example chemical storage, volumes, process

temperatures, pressure, reaction time and the flammability ratings of each feedstock and

of the final product. Risk management companies usually only accept risk management

jobs from companies that have good safety record and corporate culture where safety and

loss prevention are important.

Risk assessment companies are also potential early adopters of our product. Their

technical experts will understand and appreciate our product. Our product can make their

work more efficient, as it can be used to simulate various scenarios at short period of time.

Their main concern in using our product will be whether the product can be applied to

their many different clients, and not just limited to very small number of processes. One

possible solution is to work alongside them to make sure that the product is indeed

applicable in many situations.

Underwriters Laboratories Inc. (UL) is another kind of risk assessment companies. It is

an independent, not-for-profit organization which works on testing products for safety

issues and develops safety standards for products and processes. UL work is widely used

by companies, and if we can get UL to use our software it will surely open doors to many

entities. The challenge here is again how to convince them that our software will lead to

better risk assessment, and that it can be applied to various processes.
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3.1.2 Bigger Entities

Larger entities have different expectations than the early adopters regarding our product.

They will demand that the product is completely bug free, can be treated as a black box,

and can be used easily even by people without technical background. To have the

product ready to function as black box and completely bug free in the first two years are

quite difficult, and so for bigger entities, it is easier for us to penetrate the market by first

offering technical consulting service. We use our software on behalf of the clients to

model the processes that they are concerned about, and then give them the results. Once

they are comfortable with the idea of the software, they may want to buy the software and

use it in house, which is cheaper for them, and helps us in making the software a standard.

We need to pay attention to the fact that large organizations tend to have larger budget,

but slower decision making process and longer purchasing cycle. People in government

organizations for example in extreme case may tell you that they need to wait until the

new administration to get the budget.

Risk Managers in Chemical Companies

Our product could be highly attractive to risk managers in chemical companies, as better

models will help risk managers in persuading the top management to endorse certain

actions regarding safety issues. With incidents still happening everywhere in the U.S.,

and worries over terrorism, risk managers are pressured to step up their risk assessment

effort. The risk managers have great responsibility to make sure that their facilities are

safe and reduce these numbers substantially. Often however it is difficult to convince top

management that it is necessary to spend the extra money to do certain safety precautions.

People do not like to pay these additional costs as it will hurt the bottom line. Risk

managers can take our software, do a comprehensive analysis on what may happen if the

facility safety issues are not improved, and argue that the cost of improving the system is

much smaller than the possible loss.
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Our product can also be used to convince insurers that the facility is safe and deserves to

pay lower premiums. The risk manager can show the insurance companies that his

company has done comprehensive risk assessment and evaluated all possible scenarios

using our software. Accurate risk assessment is the key to proper safety precautions. It is

quite hard to accurately assess many different possible occurrences of incident just using

the common method of surveys and observations, but our software makes it practical.

The challenges in selling the product to risk managers in chemical companies is how to

convince them that 1) the product will give more accurate assessment than the existing

system, and 2) the cost of improving current system is relatively small compared to

potential losses. To show that the product will give more accurate assessment, we could

do small experiments involving a leak, for example, and compare the modeling results

using our product and the existing system. The assessment has to be done

comprehensively on several different type of possible accidents (see Product

Applications). To convince people that the cost of improving the system is relatively

small, we should simulate the potential losses in different cases, and do comparison

among the cost and potential losses.

Insurance Firms

Insurance firms are also our potential customers. Insurance firms have huge potential

losses in the event of an accident, as part of losses incurred by a company in the event of

accident is covered by insurance. Most chemical companies have liability, property and

business interruption coverage. Insured losses from September 2001 explosion at the

AZF chemical plant in Toulouse, France for example, were estimated to surpass 5 billion

francs ($703 million)' 6 . The estimate included claims for liability and for property

damage to the plant and to surrounding buildings, including at least two other industrial

plants.

16 Business Insurance. Chicago: Oct 1. 2001. Vol. 35, Iss. 40; pg. 15, 1 pgs
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Rogers et all7. reported that in many cases liability is a big factor since chemical and

energy companies are handling explosive, flammable materials - often within the

confines of metropolitan areas. Pollution liability is also a major concern. Loss to

insurance company from property coverage is also huge because energy and chemical

risks usually have high-valued property exposed to incidents that are capable of quickly

causing catastrophic losses. An oil-well fire, for example, can easily destroy a million-

dollar drilling rig in minutes. Adding to the property coverage is the boiler and

machinery exposure, which covers huge generators, compressors, boilers and pressurized

vessels, and can be very expensive as well.

Our software provides a tool for the insurance company to be able to select better risk and

be more profitable. If an insurance company can accurately assess which establishments

are the most likely to have incidents and which ones are the most unlikely, it can choose

its business smartly, and avoid huge loss in the future.

To make sure that prospects' risks are analyzed thoroughly, an insurance firm needs to do

comprehensive risk assessment. Ideally an insurance firm should have its own

quantitative risk assessment team, to simulate the potential losses that might occur from

the coverage. The argument for using a good quantitative risk assessment tool is that it

can be used to do comprehensive assessment in short period of time, so we can identify

which risk will give minimum loss, and may save millions of dollar just from property

damage and boiler and machinery exposure. The cost of implementing the system

including the technical service is significantly smaller, perhaps around $30,000 if we

include the time cost of the employee who needs to learn how to use new software. The

economics is even better if we think long term. The insurance company will be able to

avoid unnecessary losses every year, which will amount to several millions of dollar in

just a few years, by just spending a few thousand dollars to use the software. To

convince the insurance firms of the accuracy of our product, we could do simulation on

incidents that happened in the past, using our model, and show them how using our

product would give more accurate results.

17 American AQent & Broker. St. Louis: Aug 1997. Vol. 69, Iss. 8; pg. 20, 7 pgs
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Our software can also help insurance company to avoid taking unnecessary contingent

business-interruption exposures. Rogers et al.' 8 also reported that contingent business-

interruption exposures can be large as there are a limited number of suppliers and

customers for some energy and chemical companies. Take for example the methyl

tertiary butyl ether (MTBE) industry. MTBE producers need isobutane as one of their

raw materials. The world supply of isobutane is relatively fixed, and the loss of a major

supplier would likely cause an "upstream" contingent business interruption for some

MTBE producers. On the "downstream" side, MTBE producer could incur a contingent

business interruption loss if one of its clients (e.g., a gasoline refinery) had to shut down

for some reason. If the insurance firm has knowledge of the operation of the upstream

and downstream companies, which is quite likely, as insurance companies typically deal

with various companies along the chain, it can do risk assessment on those companies as

well, and determine whether contingent business interruption is likely to occur.

The timing is good for us to introduce our product to the insurance firms. Insurance

firms had tough time in 1990s, with years of poor returns. It changed recently; Wood et

al19 reported that price increased due to low capacity, and many insurance firms are also

able to impose more restrictions on new policies. Apart from the increase in premium

and additional exclusions, insurers are now paying a lot more attention to specific

exposures. They demand that each chemical company thoroughly explain and prove that

it has considerable plans in place to protect assets. They are also performing more due

diligence on companies than ever before, to ensure adequate loss control and that

engineering programs are in place and being followed. Naturally we can expect more

and more insurance firms to take advantage of quantitative risk assessment to do

comprehensive analysis on prospects, determine whether to take the business and how

much the premium should be. This translates into a larger market potential for our

product.

1 8 American Agent & Broker. St. Louis: Aua 1997. Vol. 69, Iss. 8; pg. 20, 7 pgs
'9 Chemical Week, 164 (39): 19(4), October 02, 2002.
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The chemical and energy insurers market worldwide is segmented into U.S. insurers,

Lloyd's of London and London-based companies, Bermuda firms, Central European

insurers and Norwegian companies. The U.S. insurers are our target customers for now.

Government

With the widespread public concern over terrorism threats and huge potential effect to the

market in the event of an accident, government is expected to impose more stringent

requirements on risk assessment. We can expect increase in the demand for a good

model to be used in quantitative risk assessment, either for government in house use, or

because non-government facilities are required to step up their risk assessment effort.

The key here is to increase the awareness of public and government officials of what a

good model can do, and that the cost is small compared to potential disasters.

Environmental Protection Agency (EPA) and Occupational Safety and Health

Administration (OSHA) are two well known government organizations that deal with

chemical and energy operations. Beside these two, there is also a relatively new and less

known federal agency called Chemical Safety Board (CSB) (see Government

Organizations section). Its main task is to investigate chemical related incidents and

issue safety recommendations. If a government organization like CSB could be

convinced that the improved model and reaction mechanism generation available through

our software can give more accurate risk assessments, they may include it in their safety

recommendations. At the same time government organizations may also step up their in

house quantitative risk assessment effort. Either way, it will enlarge the potential market

for our product.

Chemical Safety Board

The U.S. Chemical Safety and Hazard Investigation Board (CSB) became operational in

January 1998, and is relatively new compared to OSHA or EPA. As we summarized

from its Strategic Plan20 ,

20 U.S. Chemical Safety and Hazard Investigation Board (CSB) Strategic Plan
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CSB is an independent Federal Agency, with the mission of investigating major

chemical releases and issuing safety recommendations. CSB is a scientific

investigatory agency. It is not an enforcement or regulatory organization like

OSHA or EPA, and it does not issue fine or penalties. The main objective of CSB

is to promote the prevention of chemical incidents. CSB has the following job

flows: 1) conduct investigation, 2) CSB Board issues recommendations, 3) CSB

recommendation staff encourages adoption and track implementation activities.

Beginning in 2004, CSB expects to complete 12 investigations and other safety products

each year.

CSB added significant value recently in being the motor behind the process of

modernizing the fire code in New York City. Upon its investigation of a chemical

accident in downtown Manhattan, it issued a recommendation on September 2003, that

New York City modernizes the control of hazardous materials under its existing 86-year-

old municipal fire code. CSB held public meetings, testified before the city council, and

in 2004 the city announced that it would be hiring a new staff to spend the next couple of

years overhauling the entire city fire code.

Due to the nature of the organization, as a new and scientific investigatory agency, CSB

is the most likely to be our customer among other government organizations. We can

approach CSB by offering technical assistance in quantitative risk assessment using our

software. The risk assessment results can be used to issue recommendations for relevant

companies. Having our product mentioned in CSB recommendations will get us to many

chemical company doors.

Although CSB is not a regulatory organization, it gives inputs to OSHA and EPA

regarding the effectiveness of current regulations. For example, CSB called on OSHA

and EPA to revise several rules in 2002, after it found that more than half the chemicals

involved in these accidents are currently exempt from federal process safety regulation.

The close relationships between CSB, OSHA and EPA will help us eventually to get our

product to the other two government organizations.
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Occupational Safety & Health Administration (OSHA)

The Occupational Safety & Health Administration (OSHA) was established under the

Occupational Safety and Health Act in 1970. OSHA, together with EPA, regulates the

chemical industry and other industries that use chemicals. OSHA mission is to assure the

safety and health of America's workers by setting and enforcing standards; providing

training, outreach, and education; establishing partnerships; and encouraging continual

improvement in workplace safety and health21 .

In its 2003-2008 Strategic Management Plan, OSHA set a goal to reduce the rates of

workplace fatalities by 2008 by at least 15% and workplace injuries and illnesses by at

least 20%. It identified seven target industries, among them are oil & gas field service,

concrete & concrete products, blast furnace & basic steel products.

Oil & gas field service is one area where we can easily market our product, as it is where

explosion is prone to happen. Our selling point will be that having a better oxidation

model can help in reducing the risk of explosion. Of course we will also point out that

our improved model can be used to get more accurate risk assessment in wide variety of

chemical process areas, and not just oil & gas.

Environmental Protection Agency (EPA)

The Environmental Protection Agency (EPA) was established under the National

Environmental Policy Act in 1969. EPA started by focusing on pollution prevention and

control, but now overlaps a little bit with OSHA. Under Chemical Accident Prevention

Rule in Clean Air Act, EPA required covered facilities to22 1) develop and implement a

risk management program (RMP) that includes a five-year accident history, an offsite

consequence analysis (OCA), an accident prevention program, and an emergency

response program, 2) submit the RMP to EPA, 3) fully update and re-submit the RMP at

least once every five years.

21 OSHA website
22 Environmental Protection Agency (EPA) website
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Since EPA deals directly with company risk management program, a recognition from

EPA that our product can contribute to more accurate risk assessment is highly valuable.

If that happens, whenever a company submits a far from sufficient risk assessment, EPA

may direct the company to using more sophisticated tool, perhaps our product.

EPA recently revised the reporting requirements by removing the requirement for

facilities to describe their offsite consequence analysis (OCA) in the executive summary

of RMPs. EPA and federal law enforcement agencies have become concerned that OCA

descriptions may actually pose a security risk. EPA also now requires more timely

reporting of significant accidents and changes in emergency contact information. Now

facilities have to revise their RMPs to include an accident within six months of the

accident's happening.

If we can successfully show to EPA that a good quantitative modeling can lead into more

accurate risk assessment, EPA might add the requirement of employing an advanced

quantitative tool to perform risk assessment for the purpose of the RMPs.

Table 1 summarizes the different potential customers and how our product may appeal to

them.
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Table 1. Potential customers and why they may want to buy our product

3.2 Competitive Landscape

Once we create the value with our innovation, we want to make sure that we can capture

the value, and not be beaten by competitors. There are a few university groups which are

working on building tools with quite similar technical goal. Those groups are 1) Michael

Klein (Rutgers) and Linda Broadbelt (Northwestern), 2) Guy Marin (Ghent, Belgium):

pyrolysis code, 3) E. Ranzi (Milan, Italy): pyrolysis code, commercialized as SPYRO, 4)

F.Mauss and E.S. Blurock (Lund, Sweden), 5) F. Battin-Leclerc et al. (Nancy, France);

this one is likely to make combustion code with competitive capabilities with RMG, and

6) Miyoshi et al. (U. Tokyo, Japan). Dow Chemical and ExxonMobil have in-house

PhDCEP Capstone Paper - 31 -

Customers Our Product Appeals

Will be able to determine safety limits for new
New product/process

e products/processes more accurately and timely.
designers

Can bundle our software to increase the value of their products.

Technical consulting
Will be able to do risk assessment more efficiently.

/ risk assessment

companies

Will be able to convince insurance firms that the facility has

taken all necessary safety precautions, thus deserve lower
Chemical companies

premium.
(risk managers)

Can use analysis result to persuade top management to agree

with additional safety precautions.

Insurance firms Will be able to identify safer facilities, and reduce losses.

Government If more companies are doing thorough risk assessment, public

organizations concern may diminish somewhat.



groups which build and maintain softwares that have capabilities somewhat close to those

of RMG's.

Currently none of these groups however plan to build a tool for wide commercial

distribution. The tools built by those groups are mainly for academic use or in-house

company use. Wide commercial distribution requires great marketing effort and not

everybody has the resources, capability or intention to do it.

There is still the possibility that competitors may come in the future. We may prevent

this by copyrighting our software or patenting some of the features of the algorithms.

What works best though is if we are a first mover (which we are very likely to be) and

can get our software adopted as the standard. The first mover advantage here is quite

large. Customers are unlikely to switch once they implement the system, as it requires

additional cost and time, for something that is most likely only slightly better or slightly

cheaper. Speed (getting to market first) and locking in customer (by becoming standard)

work better than intellectual property in our case to deal with future competition. Also, at

that point we will have a much bigger cash flow than any likely competitor, so we can do

better maintenance, customer service, etc., or even buy innovations from university

groups before they get commercialized.

Bottom line is that the barrier to entry will be quite large, once there is an incumbent that

makes the standard. What is crucial now is how to make sure that we become the first

mover, and that our software gets adopted as standard. The market is likely able to

support only one or two companies, so rational people will decide against entering if

there are already incumbents in the market.

3.3 Marketing Model

3.3.1 Product

As mentioned before, our product is the improved oxidation model and automated

reaction mechanism generation (RMG). The value proposition of our product is that it
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allows comprehensive assessment of risk of various hazards in timely manner and where

experiments are not feasible. Our software can automatically generate a range of reaction

mechanisms for a variety of conditions, thus making possible a thorough analysis of any

chemical reaction events that may happen in a system. We plan to license the software

with yearly license, as in the case of Reaction Design with Chemkin.

We anticipate the software itself to be profitable but in the beginning our product

definition for larger entities will also include technical consulting service. Many

companies prefer to get consulting service as they do not have in house technical

expertise to use the software, and at the same time it provides higher revenue stream for

us.

The product is new and does not have brand name by itself, but the MIT brand name and

Green group reputation in advanced research in chemistry modeling will help in making

people interested in the product in the beginning. Warranty including free technical

service for the software for the first 2-3 years is a must for people to try the product.

3.3.1.1 Timing of Launch of Product

Before we start any commercialization process we need to make sure that the software is

ready, and can deliver what it promises: speed and accuracy. We will know that it is set

for commercialization once we are able to use it to construct and analyze a hundred

simulations in the time that it takes to build one conventional by-hand simulation, and

more importantly when it can successfully simulate some accident that was mis-predicted

by the simple tools people use now.

For the latter we should choose accidents that happened in the past that could have been

prevented if people had used more accurate quantitative tools. We need to be able to

demonstrate a handful of cases where predictions using our software give significantly

more accurate results than the simple tools that are typically used.
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3.3.1.2 Worry Over Bugs

Bugs are a common problem in most software. Obviously before launching our product

we will have looked for various possible bugs that we can think about. However it is

very difficult for a software particularly a new one to be 100% bug free, as we have seen

many times in Microsoft products.

By introducing our products to early adopters first (that have experts in quantitative

work), we hope they may catch the bugs that we overlook and provide good feedback on

our software. By the time we sell our products to large entities, it should be almost bug

free, with the exception of a few rare cases. Bugs are especially problematic for large

entity users, as their personnel that use the software typically does not have expertise in

detailed reactive chemistry modeling. Many times they will not realize that there are

bugs in the software, and use the false modeling result as it is. To avoid this we want the

software to be close to bug-free by the time it arrives in the hand of large entity users.

For this to happen we need to actively seek feedback on our software from the early

adopters.

Technical consulting businesses in the first few years are also useful to identify any

problems in the application of the software for processes in real industrial setting. We

may find problems in the software when we do simulations for our clients, and we can

use these opportunities to improve our products before they are widely distributed.

3.3.1.3 Future Development

Five years from now we anticipate various university groups around the world will have

developed new algorithms, databases, etc. It is imperative that we capture those

innovations and incorporate them into our product, otherwise our product will become

out-of-date. We can capture those innovations by working closely with university groups,

perhaps also give some sort of funding to graduate students in those groups, and actively

attend technical conferences. We may want to license some of the new algorithms and
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databases as well, if they.fit well with our software, and the corresponding university

groups are licensing them.

3.3.2 Placement

As mentioned above our target customers in the beginning are companies that design new

processes/products and technical consulting companies in particular risk-assessment

consultants. Those companies are likely to be early adopters given their technical

expertise in modeling and quantitative work. Our next targets after the early adopters

will be larger entities such as chemical companies, insurance firms, and government

organizations.

We will focus on U.S. market for the first 4-5 years, and going global afterward.

Potential international market five years from now will be Europe, Canada, Japan, Korea,

India, Singapore, and to much lesser extent other countries in Asia. We can start by

targeting offshore facilities of U.S. companies and chemical companies that do business

with U.S. firms. Going global obviously will increase the size of our potential market,

which may translate into larger revenue and possibly larger profit as well. At the same

time we can benefit more societies by introducing our software in global market.

In many developing countries however, many times accidents happen because people

neglect to follow certain safety rules, even though the consequence is widely known. Our

software will not do much good in that situation. Many times also facility owners do not

want to spend the money to make their plants safe, and workers are too powerless to

demand that. We have to be careful that we do not give false impression that just by

implementing our model, and not doing anything else, the certain plant will be much

safer all of a sudden. We do not want to be held liable afterwards if accidents happen

because workers do not follow the rules or facilities do not sufficiently implement the

safety system & rules and enforce them.
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Bottom line is that we want to guard the reputation of our software, and we need to

choose our customers carefully in expanding into international market. We want to make

sure that the customers really have the intention to create a safe working environment.

3.3.3 Promotion

Promotion is an important factor to increase consumer awareness of our product, as it is

still very new. Technical symposiums and conferences are good places to introduce the

product, explain what it can do, and make people interested in using it. Direct selling to

people and institutions that have had relationship with our group is also one possibility.

We should also offer a trial period, to get people to try the product for free. We estimate

the cost of the initial marketing and capability demonstration to be in the order of a

hundred thousand dollars annually. Specifically it is for travel expense to conferences

and prospective sites, conference fees, social events with potential customers, producing

marketing material i.e. brochures, etc (see Early Stage). Labor cost is omitted in the

initial stage because we will do the marketing, selling and technical support by ourselves

for the first few years.

Timing of the start of the promotion is important. Before we start with any kind of

promotion, we need to make sure that the software is fully functional in simulating real

chemical system in real facilities. The system does not have to be too complicated, but

we need to have several cases where the software predictions fit well with what happen in

real system.

We will target our early marketing effort to the potential early adopters: companies

designing new products and processes and technical consulting companies. Once we get

a stable product we will move some part of the marketing work to the larger entities:

chemical companies, insurance firms and government organizations. The marketing to

government organizations is more to get recognition and perhaps mentioned in safety

recommendations. It is somewhat unlikely that we will get any purchase order soon even

after they recognize our product, but the recognition from government organizations

alone will bring us more potential customers.
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Figure 2 depicts the flows of promotion for our product. We will do direct marketing to

our customers: new product/process designers, technical consulting/risk assessment

companies, insurance firms, chemical companies, government organizations, but we also

anticipate some kind of information flow from one customer to the others about our

product. For example companies that make new products/processes may include and

bundle our product into theirs, and mention the software to risk managers in chemical

companies. Risk assessment companies may refer on it to their customers, chemical

companies and insurance firms. Chemical companies that use our product to do risk

assessment are likely to mention it to their insurers, when they show that they have done

comprehensive risk assessment using sophisticated tools. Government organizations may

recommend the product to chemical companies and new product/process designers, etc.

For a risk assessment company to be willing to mention our name to their customers, we

have to assure the company that we are not a potential threat. We should emphasize that

our field is limited to the work of chemical reaction modeling.

After we get several early adopters to use our product, we can market our product and our

technical consulting service to large entities by citing that our software is being used by

several risk-assessment companies and new process/product designers. For the

marketing effort to succeed it is necessary to have a highly credible person as the

technical consultant, and show those potential customers that our software works. We

should approach entities that have had relationships with MIT and our group in particular,

that know about the quality of our work. We should offer to do simulations of part of

their processes free of charge in the beginning, convince them that we can pay individual

attention to their processes more so than established technical consulting companies with

many other customers, and we charge lower price. More than anything we have to show

them that we understand their processes and needs.
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Figure 2. Flows of promotion to and among our customers

3.3.4 Pricing

Pricing scheme is another important factor, given that our product does not have

established reputation yet. Introductory price should be very low to almost free, to gain

large customer base. Even if we sell it for free, we will gain from inputs from those early

users. Low introductory price makes sense because the network externality effect is quite

huge; people will be more interested in getting the software if there are many people

using it, as it is usually a sign of reliability. We can increase price gradually after the

software has gained reasonable acceptance, to several thousand dollars per license

annually. The optimal price will be at the level where it prevents new entrants to come in,

but yields reasonable profit for us.
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4 Company Projections

4.1 Potential Market

The American Institute of Chemical Engineers (AIChE) has about 60,000 members23 ,

including people that are or will be working outside of the U.S. Among these chemical

engineers we estimate 20% are working in a field related to new processes/products

design, risk-assessment, risk-managing and chemical insurance. This means 12,000

potential customers. If we think 10% of them will be interested in buying our software

eventually (the percentage also takes into account people that work for the same

organization), we can expect to have 1,200 licenses every year after the business is well-

established. This number includes the international customers expected several years

from now.

4.2 Early Stage

This is the stage where we start with our marketing effort to the point where we get one

major early adopter. It is likely to be 1-2 years. We can start with 3 people/founders in

the beginning. Among them they will distribute the marketing (including designing and

maintaining website), rewriting the software independent of the university, software

development (graphical interface, maintenance issues, developing new functionality, etc.)

and administrative work. The founders do not get salaries, but share profit afterwards.

(After a couple of years and a couple of customers however the work needed to be done

will be too much for just three people, and we may want to hire one or two engineers or

PhDs to do some of the software development work, get an administrative assistant and

perhaps fund a university student. This will happen in the growth stage.)

We will have substantial cash outflows for marketing, capability demonstration, etc. The

marketing effort at this stage is mainly to potential early adopters. The marketing

expense breakdown is as following:

23 AIChE website and http://web.mit.edu/cheme/resources/aiche.html
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* Potential customer visits. Let's say we have 15 potential customers (companies

that make new processes/products and technical consulting companies), visit each

one of them two to three times a year, so the average is 2.5 times, and spend

$1.5K each visit for travel expense, etc. The total expense for this will be

$56.25K annually.

* Conferences. We would want to send two representatives to 6 major conferences

each year, and perhaps have a booth at each conference. Taking into account

travel expense and conference booth fee, each conference is likely to cost about

$10K, so total is $60K annually.

* Creating, publishing and distributing promotional materials such as brochures,

etc., designing and maintaining website. Plan to spend $8K annually.

* Legal work in the beginning to incorporate etc. Total cost $30K.

The founders will include somebody that has been involved actively during the

development of the software, and can rewrite the software independent of the universities,

so we do not anticipate paying license fees or royalties for the software.

Starting from the second year we will also need a real office space, unlike during the first

year where we can work at somebody's home or working at home and meeting few times

a week for example. The cost related to office space, office equipments etc. could

amount to $20K annually. Total the cost would be $154.25K in year 1 and $144.25K in

year 2. In year 1 most likely there won't be any revenue, and in year 2 we may get

revenue in the order of tens of thousand dollars from software and a minor technical

consulting business.

We plan to get the early stage funds from family members, banks and perhaps angel

investors (We do not expect venture capitalists to be interested in our business as they

usually work with start-ups that project $50M - $100M revenue in 5-6 years after starting,

while as we will see later our projected revenue in year 5 is only $1M, but they may find

our product complementary to other business they are funding.)
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4.3 Growing Stage

This is the stage where we have growing number of customers and gradually penetrate

into large entities (year 3 to year 9), before it gets into mature stage.

On the cost side, as mentioned above we may need to hire an engineer or PhD for some

of the software development work starting from year 3, which will cost $100K annually

including tax and benefits. We may also need an administrative assistant, to take care of

the paperwork and phone calls; which means another $50K annually. We may also fund

a graduate student to do further software development, which will cost $50K including

tuition and benefits every year.

We may also need to hire somebody to do the technical consulting job, instead of one of

the founders doing it. This and additional marketing effort for the consulting and

licensing businesses will add another $150K to the cost starting from year 3.

Once our license number exceeds 100 in year 5, we will need to hire a full time person

handling license renewals and gradually adding people handling customer support. We

will add one person every year starting from year 5 for this purpose, with the annual cost

of $50K per person. We need to add another consultant in year 5 as the number of

consulting contracts goes beyond 10, and another one in year 6 as the number of contracts

reaches 20. This adds approximately $170K to the cost annually for each consultant,

which includes salary, benefits, taxes and travel (some of the travel will be paid by the

clients, and some by us).

During this period we will see increase in cash inflow, but we have to be careful that the

cash outflow does not increase in larger proportion. Many companies expand too fast

and fail; several common pitfalls are hiring too many people and lavish office/travel

expense. We also need to pay attention to the possibility of new entrants. We can protect

our market share by 1) constantly listening to customer needs and keep advancing our

product, 2) setting reasonable price. The marketing effort at this stage should be
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switched gradually to larger entities such as chemical companies (risk managers),

insurance firms and government organizations.

Following is a simplified projection of the cost for the first several years, and estimation

of the necessary revenue stream to break even by year 5 (Table 2), exempting the tax.

Initially revenue should increase from more early adopters using our software, then some

large entities using our technical consulting service, and finally from the fast growing of

the purchase of our software by large entities. If we get revenue of around $300K in year

3 and double every year until at least year 5, we may break even at year 4.5 (taking into

account previous year losses with 10% cost of capital).

In this scenario we will need fund of $154K, $144K, $494K, $494K for year 1, 2, 3, 4

respectively (and some amount for the beginning of year 5 as well before we get our

revenue in that year) to cover our costs. As mentioned previously we may get this from

family members, banks, angel investors, venture capitalists (in rare case), etc. In any

case the lending person or institution can get all of our revenue every year, until we repay

back all our principal and interests in year 4.5. The interest is compounded annually

using 10% cost of capital. The payment structure could be different depending on the

lending agreement.
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Table 2. Financial projections for the first several years

Year Year Year Year Year Year Year Year Year
in 0'$) 1 2 3 4 5 6 7 8 9

Total cost 154 144 494 494 714 934 984 1,034 1,084
Total revenue 0 30 344 688 1,376 2,325 3,450 5,700 7,200

Revenue from
icenuses" 0 11 44 188 563 1,125 2,250 4,500 6,000

Number of 0 3.0 12.5 37.5 112.5 225.0 450.0 900.0 1,200.0licenses
Revenue from

consultingb 0 20 300 501 814 1,200 1,200 1,200 1,200

Number of
consulting 0 small 5.0 8.3 13.6 20.0 20.0 20.0 20.0
contracts

Profit (losses) -154 -114 -150 194 662 1,391 2,466 4,666 6,116
Total cash (debt)
including previous
years (10% cost of -154 -284 -463 -315 315 1,738 4,377 9,481 16,544years (10% cost of

capital)
aLicense software at $3.5K/yr in year 1-3, then $5K/yr from year 4. Charge $60K/yr for each consulting

contract. %We can still expect to break even by year 5 even if the cost of capital is 25%.

We can see that we may be able to build a for-profit company using the new technical

capability, but it will only work if we can capture major customers and get considerable

revenue after few years of starting, and the revenue increases substantially for at least few

years after that. To get revenue of $344K in year 3 for example we need considerable

revenue from technical consulting service. It is quite unlikely that we can get hundreds

of thousands of dollars just from the software alone in year 3. If we charge $60K for a

one-year consulting service and $3.5K for the software, we may reach that amount by

having 5 consulting businesses and sell 12.5 licenses of the software.

Having 5 consulting businesses in year 3 is possible if, among the founders we have one

person that can provide good technical consulting service (good understanding of the

software and high credibility), or we can hire good technical consultant in the beginning

of year 3. Note that in the above case the founders did not get anything for the first three

or four years. The founders are practically investing about $1M in deferred salary, and

probably risking $1M in personal collateral as well to secure the loans, before the

company becomes self-sustaining and debt-free by year 5.
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The payoff afterward can be quite large however; we anticipate the profit to exceed a

million dollars in year 6 and keep increasing for few years, as our software and company

gain popularity and credibility, and we sell more of the license and charge more for the

technical consulting service. The profit will be distributed among the founders (and

venture capitalists in the unlikely case that we involved them). Note that we will have

paid back the original sum of loan including interest compounded at 10% annually by

year 5, so if we get our funds simply from family member loan, bank loan with personal

collateral, etc., all profits after year 5 can be enjoyed by the founders. The high risk -

high reward scenario will hopefully give plenty of incentive for the founders to work hard

and efficiently. (Obviously the break even point will be longer with higher interest rate,

although we can still expect to break even by year 5 if the interest rate is 25%.).

Although the profit is certainly there, the size of our business is too small to interest most

venture capitalists (VCs). As mentioned above VCs usually deal with companies that

have revenue projection of $50M - $100M in year 5-6. Our business meanwhile only

projects $1M revenue in year 5 and $7M in year 9. We will need to get funding from

personal resources, and not through VCs as many start-ups do. In any case the lending

person or institution should do due diligence on whether the potential market is indeed as

large as we think it is, and whether the team has the right combination of people to do the

marketing, product development, technical consulting, etc.

4.4 Mature Stage

The market is likely to mature after about 10 years of growing. The technology of

automated reaction mechanism generation itself will probably still improving slightly,

particularly in the solid phase field, but most companies will already have reasonably

sophisticated quantitative risk assessment tools, and so the demand will be only for

replacement and version upgrading.
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5 Conclusions

Our software promises to bring a profitable albeit small business. We estimate potential

market for 1,200 licenses, 20 technical consulting contracts, profit of $1.4M in year 6 and

$6. 1M in year 9. Our software can be used to simulate various chemical processes in real

industrial setting, analyze the likelihood of chemical related incidents, and lead to more

accurate risk assessment. Better risk assessment is highly needed, as accidents are still

happening frequently and they bring huge losses to the companies, insurers, as well as

affecting the market negatively.

We plan to start the business with three founders, and do extensive marketing in the first

several years. Our first target customers are potential early adopters like companies that

design new processes/products and technical consulting companies particularly risk-

assessment companies. We will go after large entities such as chemical companies (the

risk managers), insurance firms and government organizations after getting considerable

feedback from the early adopters.

We will need start-up funds of over $1M, broken down into - $150K in year 1 and 2 each,

and- $500K in year 3 and 4 each. We plan to get the funds mainly from personal

resources such as family members and bank loans with personal collaterals. We expect

to break even by year 5, and all profits afterward can be wholly owned by the founders.

In overall we anticipate the business to be a profitable one as implied in our financial

projections, under the condition that we can get considerable amount of business in few

years after starting (in the projection we estimate 37 licenses and 8 consulting contracts in

year 4), and revenue keeps increasing for the next few years after that.
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