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Abstract

In this work, quantum chemical methods are used to determine thermo-

dynamic properties (heats of formation, heat capacities and entropies)

and rate constants for combustion modeling. Combining those methods

with statistical thermodynamics and transition state theory allows the

determination of data, experimentally difficult, or impossible to obtain.

In the thermodynamic section of this work, the accent is put on the de-

termination of standard heats of formation through the use of isodesmic

processes. This leads to the determination of Ring Conserving Isodesmic

Reactions to account for the ring strain in certain hydrocarbons, to the

definition of an extrapolation procedure for the heats of formation of

open-shell systems, allowing the removal of spin contamination effects,

and to the proposal of an isodesmicity index, which can be used for

the evaluation of the error conservation within a given bond conserving

process. The kinetic part of the work starts with the determination of

potential mechanisms from the analysis of energy surfaces (C6H5, C6H7

for a first aromatic ring, C10H7 and C14H9 for the further growth of

Polycyclic Aromatic Hydrocarbons). From these analyses, new mech-

anisms are proposed, leading to new product distributions. The data

concerning the formation of the first aromatic ring is introduced into

a combustion kinetic model to evaluate its impact. This shows no un-

realistic results, and highlights potential incompleteness in the initial

mechanism, and therefore provides leads for future improvements of the

combustion model.
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Université catholique de Louvain, Belgium

Prof. Jacques Vandooren (supervisor)

Université catholique de Louvain, Belgium

Prof. Daniel Peeters (supervisor)

Université catholique de Louvain, Belgium



iii

Publications associated to this work

Journal articles and letters

• Xavier Lories, Jacques Vandooren, Daniel Peeters, Theoretical cal-

culation of the heat of formation of fulvene, Chemical Physics Let-

ters, 452 (2008) 29-32

• Xavier Lories, Jacques Vandooren, Daniel Peeters, Cycle forma-

tion from acetylene addition on C4H3 radicals, Physical Chemistry

Chemical Physics, 12 (2010) 3762-3771

• Xavier Lories, Jacques Vandooren, Daniel Peeters, Definition of an

isodesmicity index from G3B3 energy components, accepted for

publication in the International Journal of Quantum Chemistry

on December the 13th 2010

• Xavier Lories, Jacques Vandooren, Daniel Peeters, Theoretical

study of the isomerization of 6-dehydro fulvene radicals to the

phenyl radical and application to the growth of Polycyclic Aro-

matic Hydrocarbons, submitted to Physical Chemistry Chemical

Physics

• Xavier Lories, Jacques Vandooren, Daniel Peeters, Heats of for-

mation and hydrogenation of fused bicyclic benzene isomers: the

use of Ring Conserving Isodesmic Reactions, in writing

• Xavier Lories, Jacques Vandooren, Daniel Peeters, Theoretical

study of the dehydrofulvene +H2 → fulvene+ H reactions, in writ-

ing



iv

Conference proceedings

• Xavier Lories, Jacques Vandooren, Daniel Peeters, Computation

of Heats of Formation of Precursors of the First Aromatic Ring,

Proceedings of the Third European Combustion Meeting, 2007

• Xavier Lories, Jacques Vandooren, Daniel Peeters, Theoretical De-

termination of Thermodynamic Data of Precursors of the First

Aromatic Ring In Flames, Proceedings of the 29th Task Leaders

Meeting of the International Energy Agency Implementing Agree-

ment on Energy Conservation and Emissions Reduction in Com-

bustion. 2007

• Xavier Lories, Jacques Vandooren, Daniel Peeters, Theoretical

Study of the C6H7 Energy Surface, Proceedings of the Fourth Eu-

ropean Combustion Meeting, 2009



v

Table of acronyms

AO Atomic Orbital

AR Atomization Reaction

BDE Bond Dissociation Energy

BSR Bond Separation Reaction

CBS Complete Basis Set

CC Coupled Cluster

CGTO Contracted Gaussian Type Orbitals

CI Configuration Interaction

CID CI with Double excitations

CIS CI with Single excitations

CISD CI with Single and Double excitations

CombR Combustion Reaction

DFT Density Functional Theory

FC Frozen Core

GTO Gaussian Type Orbitals

HACA Hydrogen Abstraction C2H2 Addition

HF Hartree-Fock

HLC Higher Level Correction

HTR Hydrogen Transfer Reaction

HyR Hydrogenation Reaction

i.i. isodesmicity index

JPCRD Journal of Physical and Chemical Reference Data

KS Kohn and Sham

LCAO-MO Linear Combinaison of

Atomic Orbitals-Molecular Orbitals

MO Molecular Orbital

(Continued on next page)



vi

(Continuing from previous page)

MP Møller-Plesset

NIST National Institute of Standard and Technology

PAC Phenyl Addition Cyclization

PAH Polycyclic Aromatic Hydrocarbon

PES Potential Energy Surface

QCISD Quadratic CISD

QCISD(T) QCISD with non-iterative Triple excitations

RBSR Radical Bond Separation Reaction

RCIR Ring Conserved Isodesmic Reaction

RHF Restricted Hartree-Fock

ROHF Restricted Open-shell Hartree-Fock

RRKM Rice Ramsperer Kassel Marcus

SC Spin Contamination

SD Slater Determinant

SPC Single Point Calculation

STO Slater Type Orbital

TAE Total Atomization Energy

TST Transition State Theory

UHF Unrestricted Hartree Fock

ZPE Zero-Point Energy



Contents

1 Introduction 9

1.1 Hydrocarbon combustion . . . . . . . . . . . . . . . . . . 9

1.1.1 Polycyclic aromatic hydrocarbons and soot . . . . 9

1.2 Combustion modeling . . . . . . . . . . . . . . . . . . . . 11

1.2.1 Formation of a first aromatic ring . . . . . . . . . 13

1.2.2 Data for combustion modeling . . . . . . . . . . . 16

1.3 Objectives of the thesis . . . . . . . . . . . . . . . . . . . 18

1.4 Results presentation . . . . . . . . . . . . . . . . . . . . . 20

I Theoretical background 23

2 Quantum chemistry 25

2.1 Schrödinger equation . . . . . . . . . . . . . . . . . . . . . 25

2.2 Wave function and Slater determinants . . . . . . . . . . . 26

2.3 Hartree-Fock Method . . . . . . . . . . . . . . . . . . . . . 28

2.3.1 Restricted and unrestricted Hartree-Fock theories . 28

2.3.2 LCAO-MO . . . . . . . . . . . . . . . . . . . . . . 30

2.3.3 Basis sets . . . . . . . . . . . . . . . . . . . . . . . 32

2.3.4 Spin contamination . . . . . . . . . . . . . . . . . . 36

2.3.5 Correlation energy . . . . . . . . . . . . . . . . . . 38

1



2 Contents

2.4 Post Hartree-Fock methods . . . . . . . . . . . . . . . . . 38

2.4.1 Configuration interaction . . . . . . . . . . . . . . 38

2.4.2 Perturbation and Møller-Plesset theories . . . . . . 40

2.5 Density functional theory . . . . . . . . . . . . . . . . . . 43

2.5.1 Hohenberg-Kohn theorems . . . . . . . . . . . . . 43

2.5.2 Kohn and Sham orbitals . . . . . . . . . . . . . . . 45

2.6 Model chemistries . . . . . . . . . . . . . . . . . . . . . . 47

2.6.1 Gaussian model chemistries . . . . . . . . . . . . . 48

2.6.2 Complete Basis set Model chemistries . . . . . . . 51

2.6.3 Weizmann theories . . . . . . . . . . . . . . . . . . 53

2.7 Structures and energy surfaces . . . . . . . . . . . . . . . 54

2.7.1 Energy surface . . . . . . . . . . . . . . . . . . . . 54

3 Obtention of thermodynamic and kinetic data 59

3.1 Statistical Thermodynamics . . . . . . . . . . . . . . . . . 60

3.1.1 Partition function . . . . . . . . . . . . . . . . . . 60

3.1.2 Practical calculations . . . . . . . . . . . . . . . . 61

3.2 From energies to heats of formation . . . . . . . . . . . . 65

3.2.1 Methods applied to closed-shell systems . . . . . . 67

3.2.2 Methods applied to open-shell systems . . . . . . . 70

3.3 Transition state theory . . . . . . . . . . . . . . . . . . . . 72

3.3.1 Tunneling . . . . . . . . . . . . . . . . . . . . . . . 74

3.3.2 Practical calculation of a rate constant . . . . . . . 74

3.3.3 The effect of pressure . . . . . . . . . . . . . . . . 75

4 Combustion and combustion modeling 77

4.1 Combustion phenomena . . . . . . . . . . . . . . . . . . . 77

4.2 Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.2.1 Types of flame . . . . . . . . . . . . . . . . . . . . 79



Contents 3

4.3 Combustion modeling . . . . . . . . . . . . . . . . . . . . 80

4.3.1 The mechanism . . . . . . . . . . . . . . . . . . . . 80

II Results 85

5 Heats of formation of closed-shell systems 87

5.1 Test set . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.1.1 G3B3 energy components . . . . . . . . . . . . . . 88

5.1.2 Heats of formation . . . . . . . . . . . . . . . . . . 92

5.1.3 Atomization and Bond Separation Reactions . . . 95

5.1.4 Empirical corrections . . . . . . . . . . . . . . . . . 95

5.1.5 Isogyric Reactions . . . . . . . . . . . . . . . . . . 97

5.1.6 Combustion reactions . . . . . . . . . . . . . . . . 97

5.1.7 Effect of reference values . . . . . . . . . . . . . . . 98

5.1.8 Effect of hindered rotations . . . . . . . . . . . . . 99

5.2 Outliers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.2.1 Experimental data . . . . . . . . . . . . . . . . . . 100

5.2.2 Heat of formation of cyclopropene . . . . . . . . . 101

5.2.3 Heat of formation of cyclobutene . . . . . . . . . . 107

5.2.4 Heat of formation of methylenecyclopropane . . . . 109

5.2.5 Heat of formation of bicyclobutane . . . . . . . . . 110

5.2.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . 111

5.3 Benzene isomers . . . . . . . . . . . . . . . . . . . . . . . 111

5.3.1 Heat of formation of fulvene . . . . . . . . . . . . . 112

5.3.2 Strained, fused bicyclic isomers . . . . . . . . . . . 118

5.4 Other six-carbon species . . . . . . . . . . . . . . . . . . . 129

5.4.1 Heat of formation of bismethylenecyclobutene . . . 130

5.4.2 Heat of formation of 3-acetylcyclobutene . . . . . . 130



4 Contents

5.4.3 C6H8 isomers . . . . . . . . . . . . . . . . . . . . . 131

5.5 Isodesmicity index . . . . . . . . . . . . . . . . . . . . . . 132

5.5.1 The index . . . . . . . . . . . . . . . . . . . . . . . 133

5.5.2 Results and discussion . . . . . . . . . . . . . . . . 134

5.5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . 143

5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 143

6 Heats of formation of open-shell systems 145

6.1 Test set . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.1.1 Reference heats of formation . . . . . . . . . . . . 146

6.1.2 G3B3 energy components . . . . . . . . . . . . . . 152

6.1.3 PG3B3 corrections . . . . . . . . . . . . . . . . . . 155

6.1.4 Heats of formation of the test set systems . . . . . 156

6.2 Heats of formation of C6H5 radicals . . . . . . . . . . . . 161

6.2.1 Cyclic systems . . . . . . . . . . . . . . . . . . . . 161

6.2.2 Linear systems . . . . . . . . . . . . . . . . . . . . 162

6.3 Heats of formation of cyclic C6H7 radicals . . . . . . . . . 165

6.3.1 Choice of reference closed-shell systems . . . . . . 167

6.4 Heat of formation of bicyclic radicals . . . . . . . . . . . . 168

6.4.1 Bicyclic C6H7 radical. . . . . . . . . . . . . . . . . 170

6.4.2 Bicyclic C6H5 radicals . . . . . . . . . . . . . . . . 170

6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 172

7 Reactions on the C6H5 energy surface 173

7.1 Cycle formation from acetylene addition on C4H3 radicals 174

7.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . 174

7.1.2 Notations . . . . . . . . . . . . . . . . . . . . . . . 176

7.1.3 Spin contamination . . . . . . . . . . . . . . . . . . 177

7.1.4 Cycle formation from n-C4H3 +C2H2 . . . . . . . 179



Contents 5

7.1.5 Cycle formation from i-C4H3 + C2H2 . . . . . . . 187

7.1.6 Rate constants . . . . . . . . . . . . . . . . . . . . 193

7.1.7 Conclusions on the surface analysis . . . . . . . . . 194

7.2 Isomerization of dehydrofulvene radicals . . . . . . . . . . 195

7.2.1 Results an discussion . . . . . . . . . . . . . . . . . 196

7.3 Determination of global rate constants . . . . . . . . . . . 202

7.4 n-C4H3+ C2H2 reaction . . . . . . . . . . . . . . . . . . . 203

7.5 i-C4H3 + C2H2 reaction . . . . . . . . . . . . . . . . . . . 208

7.6 b-C6H4 + H reaction . . . . . . . . . . . . . . . . . . . . . 210

7.7 Phenyl decomposition to o-benzyne +H . . . . . . . . . . 211

7.7.1 Finding a transition structure . . . . . . . . . . . . 211

7.8 Rate constants for the isomerization of dehydrofulvene

radicals . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

7.9 Unimolecular fate of the phenyl radical . . . . . . . . . . . 215

7.10 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 217

8 Reactions on the C6H7 energy surface 219

8.1 Dehydrofulvene + H2 reactions . . . . . . . . . . . . . . . 219

8.1.1 Spin contamination . . . . . . . . . . . . . . . . . . 220

8.1.2 Rate constants for hydrogenation of dehydroful-

vene radicals . . . . . . . . . . . . . . . . . . . . . 221

8.1.3 Hydrogen abstraction from fulvene . . . . . . . . . 222

8.2 Dehydrofulvene + H reactions . . . . . . . . . . . . . . . . 224

8.3 Hydrogen atom assisted isomerization of fulvene to benzene226

8.3.1 Results and discussion . . . . . . . . . . . . . . . . 226

8.3.2 Hydrogen addition on fulvene . . . . . . . . . . . . 226

8.3.3 Intramolecular hydrogen transfer reactions . . . . 228

8.3.4 Formation and degradation of the bicyclic system . 232



6 Contents

8.3.5 Formation and degradation of the cyclohexadienyl

radical. . . . . . . . . . . . . . . . . . . . . . . . . 232

8.3.6 Global reaction rate . . . . . . . . . . . . . . . . . 234

8.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 234

9 Introduction in a combustion model 235

9.1 Kinetic mechanism . . . . . . . . . . . . . . . . . . . . . . 236

9.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236

9.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 249

9.3.1 Suggestions . . . . . . . . . . . . . . . . . . . . . . 250

9.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 251

10 Growth of a second and third aromatic cycle 255

10.1 Energies and rate constants . . . . . . . . . . . . . . . . . 256

10.2 Formation of a second aromatic ring . . . . . . . . . . . . 257

10.2.1 The mechanisms . . . . . . . . . . . . . . . . . . . 257

10.2.2 Rate constants . . . . . . . . . . . . . . . . . . . . 262

10.3 Formation of a third aromatic ring . . . . . . . . . . . . . 265

10.3.1 Rate constants . . . . . . . . . . . . . . . . . . . . 267

10.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 269

11 Conclusions and perspectives 271

11.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 271

11.1.1 Heats of formation . . . . . . . . . . . . . . . . . . 271

11.1.2 Energy surfaces and rate constants . . . . . . . . . 273

11.1.3 Combustion modeling . . . . . . . . . . . . . . . . 274

11.2 Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . 274

11.2.1 Isodesmicity index . . . . . . . . . . . . . . . . . . 274

11.2.2 Extrapolation methodology. . . . . . . . . . . . . . 275



Contents 7

11.2.3 Rate constant . . . . . . . . . . . . . . . . . . . . . 275

11.2.4 Reaction mechanisms . . . . . . . . . . . . . . . . 276

A Heats of formation of closed shell systems 277

B Heat of formation of open-shell systems 285

C Reactions on the C6H5 energy surface 301

D Reactions on the C6H7 energy surface 307

E Combustion modeling 311





Chapter 1

Introduction

1.1 Hydrocarbon combustion

The combustion of hydrocarbons remains an important source of energy.

It is used for transportation, heating and electricity production. The

combustion of those fossil fuels causes the emissions of pollutants and/or

greenhouse gases such as carbon oxides, nitrous and sulfur oxides and

soot. The incomplete combustion of hydrocarbons is responsible for the

formation of polyynes and Polycyclic Aromatic Hydrocarbons (PAH).

The size of the latter may increase to form soot.

1.1.1 Polycyclic aromatic hydrocarbons and soot

The formation of soot is an unwanted phenomenon as it causes sev-

eral different types of issues. Here we briefly discuss some of those

issues.

9
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Effects on health

The effects of PAH and soot on human health has been the subjects

of numerous studies and are now well recognized [1, 2, 3]. Historically,

soot induced skin cancer is the first discovered cancer cause (Sir Per-

cival Pott, 1775 [4]). Important exposure to PAH and soot may cause

lung cancer (by inhalation) and skin cancer (by contact) cancers. It can

also be the source of other pulmonary afflictions (such as chronic bron-

chitis, pulmonary oedema, asthma ... ) and of decrease of the cardiac

functions.

Effects on climate

The effect of soot and PAH on climate is also a recognized fact. It is now

quite clear that the particulate matter in the atmosphere contributes to

global warming and the ice meltdown. The soot absorbs solar radiations

and warms the atmosphere. To this may possibly be added a reduction of

cloudiness. Furthermore, deposited particulate matter blackens the snow

and reduces its ability to reflect incoming radiation. It is also stated that

soot may be the primary cause of ice meltdown (more important than

carbon dioxide)[5, 6, 7]. Globally, the effects of soot on global climate

are believed to be quite important. As soot has a shorter lifetime in

air, and as it is more easily filtered, the effect of targeting soot to limit

global warming and ice meltdown could be noticed faster than the ones

induced by the reduction of carbon dioxide emissions.
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1.2 Combustion modeling

It is clear that the understanding of soot production during combustion

processes is an important field of combustion chemistry. For many years,

combustion scientists have established models in order to be able to pre-

dict the formation of pollutants in flames. Such modeling is carried out

at the Université catholique de Louvain. (For recent experimental and

modeling studies, see references [8, 9, 10, 11, 12, 13, 14, 15]). A descrip-

tion of a combustion model is given in chapter 4.3. The good modeling

of the formation of PAH needs chemical mechanisms for their growth

from intermediates of combustion processes. Different hypotheses have

been presented and are shortly described in the following sections.

Formation of PAH

Different pathways for PAH growth have been suggested. The most ac-

cepted one is the Hydrogen Abstraction C2H2 Addition path, known as

the HACA path (see Figure 1.1). This mechanism has recently been re-

viewed by Kislov and coworkers [16], who provided a more complete anal-

ysis of the different possible reaction pathways. Quite recently, Mebel

and coworkers have described a mechanism, involving ethynyl radicals

rather than acetylene, which could be responsible for the low tempera-

ture formation of PAH in the atmosphere of Titan [17]. Another mech-

anism is the so-called biphenyl path (See Figure 1.2), which involves, as

a first step, the formation of biphenyl. This may be due to the addition

of a phenyl radical on benzene followed by hydrogen elimination or by

the recombination of phenyl radicals. Similarly to the HACA path, the

growth of the PAH is ensured by acetylene. Using bicyclopentadiene as
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Figure 1.1: Major path of the HACA mechanism, as presented by

Frenklach and coworkers [18].

Figure 1.2: Major path of the biphenyl mechanism, such as presented

by Frenklach and coworkers [19].
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Figure 1.3: Bicyclopentadiene path for PAH growth (Melius and

coworkers [20]).

a starting point has also been considered by Melius and coworkers [20] for

the formation of polycyclic systems (See Figure 1.3). Recently, another

mechanism from a similar starting point has been studied by Mebel and

Kislov [21](See Figure 1.4). This mechanism however presents impor-

tant activation barriers, making it an unlikely path for PAH growth. In

a more recent work, Shukla and coworkers [22] have suggested a Phenyl

Addition Cyclization (PAC) path for the growth of PAH. An illustration

of PAH growth from benzene using the latter path is given on Figure

1.5.

1.2.1 Formation of a first aromatic ring

Figures 1.1 and 1.2 suggest that the growth of PAH needs a first aro-

matic ring. It is indeed a commonly accepted fact that the formation of

a first aromatic ring is the rate limiting step to the formation of PAH.

There has also therefore been an important number of hypotheses on

the mechanisms of formation of a first aromatic ring from intermediates
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Figure 1.4: Bicyclopentadiene path for PAH growth (Mebel and Kislov

[21]).

Figure 1.5: Growth of PAH by the PAC path of Shukla and coworkers

[22].
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of combustion processes. The different suggested mechanisms are com-

monly divided in two categories, the odd paths, involving the reaction

between species having an odd number of carbons and the even paths,

involving species having an even number of carbon atoms. The relative

weight of each of those paths are dependent on the nature of the flame,

and therefore, their relative importance must be discussed for a given

burning condition.

Odd carbon pathways

The two categories of odd pathways include C3 + C3 reactions, and the

C5 + C1 reactions.

C3 + C3 reaction The propargyl radical recombination is the main

C3 + C3 path. The reaction mechanism has been described in detail

by Miller and Klippenstein [23]. It is commonly considered to be the

most important path for the formation of a first aromatic ring in most

combustion conditions.

C5 + C1 reactions Those paths are generally considered as negli-

gible. However, the dissociation of benzene to C5H3 + CH3 has been

described by Mebel and coworkers [24]. Recently, the addition of methyl

to cyclopentadienyl radical has also been considered. These reactions

may yield fulvene or fulvene related radicals, which may isomerize to

produce benzene.
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Even carbon pathways

Even carbon pathways generally involve acetylene and a four-carbon

radical. Most commonly n- or i-C4H3 or n- or i-C4H5. Those paths

have been the subjects of numerous discussions concerning their relative

importance, based on the relative stability of the n- and i- form of the

radical reactant. A detailed discussion is given in chapter 7. The even-

carbon paths are among the oldest considered pathways [25, 26] and

have also been the subject of numerous studies, both experimental and

theoretical. The interest in those paths diminished as the consideration

of the propargyl radical recombination gained popularity. There is now

a regain of interest for even carbon pathways [27, 28, 29, 30].

1.2.2 Data for combustion modeling

The different models established to describe combustion phenomena

need thermodynamic and transport data concerning the reactants, inter-

mediates and products that are involved in the different kinetic schemes.

Rate constants are also needed for every reaction included in the model.

Thermodynamic data

The thermodynamic properties needed for combustion modeling are:

heats of formation, entropies and heat capacities. As experimental prop-

erties exist and are quite accurate for relatively simple and stable com-

pounds such as ethane, ethylene, acetylene or benzene, the values for less

common systems may be quite inaccurate or poorly defined, especially

when the size of the hydrocarbon increases (see cyclopentadiene). As

is shown in this work, if the compounds are highly unstable, the heats
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of formation may be quite inaccurate. Concerning open-shell systems,

the available experimental data may cover an important range of values.

Examples are the propargyl and cyclopentadienyl radicals, for which ex-

perimental data range from 79 to 86 kcal.mol−1 [31] and from 57.8 to

64.7 kcal.mol−1 [32]. If no accurate experimental heat of formation is

available, the data may be obtained following different methods:

• A first method is the group additivity of Benson and coworkers

[33]. This method is highly parametrized. The accuracy of the

results depends on how close the system is from the system used

in the parametrization, and how accurate the data used for the

parametrization were (as is presented in section 5.2 , this method

for cylopropene derivatives is probably inaccurate).

• A second possibility, for radical systems, is to use analogy with

similar data. For instance, Wu and Kern [34] established the stan-

dard heat of formation of propen-1-yl using the heat of formation

of allene and the bond dissociation energy of ethylene. As is dis-

cussed in section 6.1.1 , their result is inaccurate.

• Finally, a common alternative to experimental measurements for

the determination of heats of formation is the use of quantum

chemical methods. These methods may be more accurate than

experiment for very unstable species for which experimental mea-

surements are difficult, or even impossible to carry out. This how-

ever depends on the quality of the quantum chemistry method

used.

This last method is the one used for the determination of the standard

heats of formation of several systems in this thesis.
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Kinetic data

As mentioned earlier, accurate experimental kinetic data, for the sys-

tems under investigation and in combustion conditions, only exists for

very few reactions. Most commonly, even for quite simple reactions,

experimental data may vary greatly. Alternatives to experimental data

also exist. As can be done for heats of formation, analogy with simi-

lar reactions is an important source of data for combustion modelists.

As is noted in section 8.1, this method can provide accurate rate con-

stants. In using this method, it is important that the reaction used for

the analogy is similar to the reaction under investigation. Results from

quantum chemistry can also be used for the determination of rate con-

stants, through the identification of transition states. In this work, this

is done using transition state theory (see section 3.3).

1.3 Objectives of the thesis

The objective is to develop and test a reaction sub-mechanism leading to

the formation of a first aromatic ring in hydrocarbon flames. This test-

ing is done by introducing the data in a combustion modeling software

to evaluate its impact on the results. The use of the modeling software

requires the knowledge of different thermodynamic data concerning the

different intermediates of the sub-mechanism. Those data are the heats

of formation, the constant pressure heat capacities and the entropies.

From a kinetic point of view, the software also requires the rate con-

stant for every reaction introduced, under the form of the Arrhenius

equation parameters or the modified Arrhenius equation parameters.

Most of the compounds that are to be studied are unstable and in the
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gas phase, this makes quantum chemistry the most practical tool for

accurate estimation of the thermodynamic and kinetic data.

• The first part of this work consists in evaluating the performances

of a quantum chemistry method on the determination of the ther-

modynamic data of hydrocarbons. This is done through a series

of comparisons with experimental data. This allows defining the

best method for each category of system (radicals, bicyclic, ...).

• The next step consists in defining reaction mechanisms by search-

ing stationary points on chosen potential energy surfaces. Those

stationary points are either minima or first-order saddle points.

The former are the intermediates for which the thermodynamic

data have to be calculated, and the latter are transition states,

which allow the calculation of rate constants based on transition

state theory. In this work, this part is called the surface analysis.

The results from the surface analyses may provide an important

number of elementary reactions and intermediates.

• This number has to be reduced for practical combustion modeling.

A part of the work is dedicated to the simplification of the obtained

mechanism, and to the obtention of global rate constants.

• Once all the data is obtained, it is gathered into a reaction sub-

mechanism and introduced in the combustion modeling software.

• Finally, it has to be mentioned that it is not the aim of this work

to provide a combustion mechanism which correctly describes the

formation of soot precursor. The combustion modeling part of this

work is used to test the validity of theoretically obtained thermo-

dynamic and kinetic data.



20 Chapter 1. Introduction

1.4 Results presentation

The presentation of the results is divided into three main parts.

• The first is the thermodynamic part, itself subdivided into two

chapters, one concerning the closed-shell systems, and the other

the open-shell ones.

• The second part is the kinetic part, which contains the surface

analyses and the determination of reaction mechanisms and ele-

mentary and global rate constants.

• Finally, in a third part, the results are included in the combustion

model. Comparisons are made with and experimental data and

with results from the original model.

The chart presented on Figure 1.6 shows those different parts and their

main subdivisions. The thermodynamic results include, as main points,

the highlight of strain as a source of error, the development of Ring Con-

serving Isodesmic Reactions and of an isodesmicity index. There also

is the development of a new extrapolation method to remove the spin

contamination error from Møller-Plesset heats of formation. In the ki-

netic part, two surfaces are studied, the C6H5 and C6H7 energy surfaces.

Mechanisms and rate constants are obtained from those analyses. The

combustion modeling part presents the results obtained by including

the determined sub-mechanism into an already existing and validated

model. Finally, a last chapter deals with the ring closing reactions in

the growth of a second and third aromatic cycle. This last chapter in-

cludes reaction mechanisms, rate constants for elementary reactions as

well as the determination of global rate constants.
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Chapter 2

Quantum chemistry

In this chapter, the various methods of quantum chemistry used in this

thesis are described. Most of the descriptions have been taken from the

work of Jensen [35] or the one of Widmark [36].

2.1 Schrödinger equation

In quantum chemistry one tries to solve the Schrödinger equation

ĤΨk = EkΨk (2.1)

In which Ek is the energy spectrum of the system, Ψk is the set of wave

function solutions of Ĥ the Hamiltonian energy operator.

Ĥ = −
N�

A

1

2mA
∇2

A −
n�

i

1

2
∇2

i −
N�

A

n�

i

ZA

|ri −RA|

+
n�

i

n�

j<i

1

|ri − rj |
+

N�

A

N�

B<A

ZAZB

|RA −RB|

(2.2)

This operator may be divided into two parts. First a kinetic part (T̂ ),

which includes the kinetic energy of the nuclei (T̂N ) and the kinetic

25
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energy of the electrons (T̂e). The second part of the Hamiltonian is

the potential term V̂ , which decomposes in three contributions, V̂Ne,

the interactions between nuclei and electrons, Vee, the electron-electron

interactions, and V̂NN , the nuclei-nuclei interactions. The Hamiltonian

operator can be rewritten in a more compact way.

Ĥ = T̂N + T̂e + V̂Ne + V̂ee + V̂NN (2.3)

The Ĥ operator does not contain any time-dependent variable. We are

therefore dealing with the time-independent Schrödinger equation. One

of the most common approximations used to solve this equation is the

Born-Oppenheimer approximation. The latter approximation is based

on the fact that, due to the mass difference, the nuclei may be considered

as immobile with respect to the electronic motion. Variables in equation

2.3 can therefore be separated and the wave function split into form an

electronic equation and a nuclear equation.

(T̂e(r) + V̂Ne(r) + V̂ee(r))Ψel(r;R) = Eel(R)Ψel(r;R) (2.4)

(T̂N (R) + V̂NN (R) + Eel(R))Ψnucl(R) = EnuclΨnucl(R) (2.5)

with Ψ = Ψel(r;R)Ψnucl(R). Chemists are mostly interested in the

solutions of the electronic equation. For the remainder of this theoretical

description Ĥel and Ψel and Eel will be denoted Ĥ, Ψ, and E.

2.2 Wave function and Slater determinants

To solve the Schrödinger equation, one needs an expression of the wave

function Ψ. A first possibility is to describe the n-particle wave function

as a product of n one-particle wave functions.

Ψ = ϕ1(1)ϕ2(2)ϕ3(3)...ϕn(n) =
n�

i

ϕi(i) (2.6)
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In which all ϕi describe a single electron, and are called Atomic Orbitals

(AOs) in the case of atomic systems and Molecular Orbitals (MOs) for

the molecular systems. The wave function such as approximated in equa-

tion 2.6 does not respect Pauli’s exclusion principle and must be anti-

symmetrized with respect to the permutation of any two electrons. To

do so, the wave function is expressed as a Slater determinant (SD).

ΨSD =
1

(n!)
1

2

������������

ϕ1(1) ϕ2(1) . . . ϕn(1)

ϕ1(2) ϕ2(2) . . . ϕn(2)
...

...
. . .

...

ϕ1(n) ϕ2(n) . . . ϕn(n)

������������

(2.7)

The energy associated to the approximated wave function is

E =
�ΨSD|Ĥ|ΨSD�
�ΨSD|ΨSD� = �ΨSD|Ĥ|ΨSD� (2.8)

which may also be written as

E =
n�

i

�ϕi|ĥ|ϕi�+
1

2

n�

i,j

�ϕiϕj |
1

|rµ − rν |
|ϕiϕj�

−1

2

n�

i,j

�ϕiϕj |
1

|rµ − rν |
|ϕjϕi�

(2.9)

In which

ĥ = −1

2
∇2 −

N�

A

ZA

|r −RA|
(2.10)

defines the mono-electronic operator. The remaining part of equation

defines the classical Coulomb operators (Ĵ)

Ĵ =
�

j

Ĵj , Ĵjf(µ) = [

�
ϕ∗
j (ν)ϕj(ν)

|rν − rµ|
dτ ]f(µ) (2.11)

and the exchange operators (K̂)

K̂ =
�

j

K̂j , K̂jf(µ) = [

�
ϕ∗
j (ν)f(ν)

|rν − rµ|
dτ ]ϕj(µ) (2.12)
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2.3 Hartree-Fock Method

The orbitals defining the SD have to be determined. To do so, the

variational principle is applied. According to this principle, any approx-

imated wave function leads to an energy superior or equal to the energy

obtained with the correct wave function. The assumption is made that

the best orbitals are the ones providing the lowest energy. Application

of this principle leads to the Hartree-Fock equation in its canonical form

(see equation 2.13).

F̂ϕi = εiϕi (2.13)

with the Fock operator defined as

F̂ = ĥ+ Ĵ − K̂ (2.14)

The ϕi orbitals of equation 2.13 are known as canonical Hartree-Fock

orbitals and the eigenvalues εi are the orbital energies. The total energy

is obtained by

E =
n�

i

εi −
1

2

�

i

�ϕi|Ĵ − K̂|ϕi� (2.15)

2.3.1 Restricted and unrestricted Hartree-Fock theories

Up to this point, the spin properties of the electrons have been neglected.

In order to introduce electron spin, we have to let the MOs depend on

the spin and become spin-orbitals, of α or β type.

ϕα
i = ϕα

i (r)α(ω) (2.16)

ϕβ
i = ϕβ

i (r)β(ω) (2.17)
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If those new orbitals are used, the energy may be redefined

E =
n�

i

�ϕi|ĥ|ϕi�

+
1

2

n�

iα,jα

[�ϕiϕj |
1

|rµ − rν |
|ϕiϕj� − �ϕiϕj |

1

|rµ − rν |
ϕjϕi�]

+
1

2

n�

iβ ,jβ

[�ϕiϕj |
1

|rµ − rν |
|ϕiϕj� − �ϕiϕj |

1

|rµ − rν |
|ϕjϕi�]

+
n�

iα,jβ

[�ϕiϕj |
1

|rµ − rν |
|ϕiϕj� (2.18)

As exchange only occurs between electrons of the same spin, the Fock

operator may be defined for α or β electrons

F̂α = ĥ+ Ĵ − K̂α (2.19)

and

F̂ β = ĥ+ Ĵ − K̂β (2.20)

with

K̂α =
�

jα

K̂j (2.21)

and

K̂β =
�

jβ

K̂j (2.22)

Unrestricted Hartree-Fock (UHF) theory is the straightforward imple-

mentation of this duplication of orbitals. In this case, the UHF wave

function is not necessarily an eigenfunction of the Ŝ2 spin operator. This

latter issue is known as spin contamination and will be discussed in a

further section. In the case of closed-shell systems (even number of elec-

trons, singlet state), it is possible to require that the spin-orbitals have

the same spatial functions. This is known as the Restricted Hartree-

Fock (RHF) theory. A similar spin constraint may be used for open-

shell systems (odd number of electrons) by considering doubly-occupied
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space orbitals for the paired electrons and spin-orbital(s) for the un-

paired electron(s). This last method is called the Restricted Open-Shell

Hartree-Fock (ROHF).

2.3.2 LCAO-MO

The Linear Combination of Atomic Orbitals (LCAO) method is com-

monly used to obtain the molecular orbitals. This method defines the

molecular orbital ϕi as a linear combination of known, atom centered

orbitals χp.

ϕi =
∞�

p=1

Cipχp �
N�

p=1

Cipχp (2.23)

In this case deriving equation 2.13 requires the minimization of the en-

ergy with respect to the Cip coefficients which define the MOs. The HF

equation can be written

�ϕa|F̂ |ϕi� =
�

p,q

C∗
paFpqCqi (2.24)

with

Fpq = �χp|F̂ |χq� (2.25)

The Fock operator must be constructed via the actual MOs in their

LCAO form. The equation has to be solved under the orthonormality

constraint

C†SC = 1 (2.26)

with

Spq = �χp|χq� (2.27)

Simultaneous solution of 2.24 and 2.26 is achieved and leads to the

Rothaan-Hall equation

FC = SCε (2.28)
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where ε is the diagonal matrix of orbital energies. This equation is a

generalized matrix eigenvalue equation, in order to solve it, it is con-

venient to turn it into a conventional matrix eigenvalue form, without

the S matrix. This can be achieved if we express the orbitals in an

orthonormal basis of atomic orbitals. By a transformation, usually a

Lowdin orthogonalisation, the original basis set is transformed into an

orthonormal set, for which equations 2.28 may be written as

F̃ C̃i = C̃iεi (2.29)

where C̃i denotes the i-th column vector of C̃. Using the LCAO-MO

expansion, one can also express the total energy and the Fock matri-

ces using the density matrices (D) constructed from the orbital coeffi-

cients

Dα
rs =

�

iα

Cα
riC

α
si (2.30)

Dβ
rs =

�

iβ

Cβ
riC

β
si. (2.31)

This leads to a new expression of equation 2.18.

E =
�

p,q

[Dα
pq

+ Dβ
pq]hpq +

1

2

�

p,q,r,s

Dα
pqD

α
rs[�χpχr|χqχs� − �χpχr|χsχq�

+
1

2

�

p,q,r,s

Dβ
pqD

β
rs[�χpχr|χqχs� − �χpχr|χsχq� (2.32)

+
�

p,q,r,s

Dα
pqD

β
rs[�χpχr|χqχs�

The two Fock matrices of equations 2.19 and 2.20 become

Fα
pq = hpq +

�

rs

{[Dα
rs +Dβ

rs]�χpχr|χqχs� −Dα
rs�χpχr|χsχq�} (2.33)

F β
pq = hpq +

�

rs

{[Dβ
rs +Dβ

rs]�χpχr|χqχs� −Dβ
rs�χpχr|χsχq�} (2.34)
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with

hpq = �χp|ĥ|χq� (2.35)

the Fock operators are constructed from the molecular orbitals. We

therefore have to know the solutions of the HF equation before being able

to define the operators needed to obtain these equations. To solve this

problem, the method used is the Self Consistent Field method (SCF). It

consists in

1. Make an initial guess of molecular orbitals and construct a trial

density matrix. (Or directly guess the density matrix.)

2. Determine an orthonormal set of functions within the basis set

used.

3. Construct the Fock Matrix.

4. Transform the Fock matrix to the orthonormal basis and diago-

nalize it to obtain an improved set of orbitals.

5. If new orbitals obtained are equal to the initial set, convergence is

reached. If not, construct a new density matrix and repeat from

point 3.

2.3.3 Basis sets

The LCAO-MO expansion of molecular orbitals has been introduced in

section 2.3.2. It is now time to open a small parenthesis to explain

what atomic basis sets are. It is quite obvious from equation 2.23 that

the results of the calculation grow more accurate as the basis set grows

larger. Due to atomic symmetry, atomic orbitals have the form of

χ(r) = R(r)Ylm(Θ, φ) (2.36)



2.3. Hartree-Fock Method 33

In which R(r) and Ylm(Θ, φ) are respectively describing the radial and

angular part of the wave function. The form of those orbitals can only

be obtained analytically for one electron atoms. For which the wave

function decays exponentially with increasing distance to the nucleus.

It would therefore seem reasonable to use exponential wave functions as

basis functions, especially since they are known to be exact solutions for

atomic systems. The first basis used are the Slater Type Orbitals (STO)

characterized by a exponential factor in the radial part.

χSTO(r) = P (r)e−ζrYlm(Θ, φ) (2.37)

where P(r) is a polynomial in the radial coordinate, which can take

several different forms. Gaussian basis functions were introduced to

remedy the difficulties associated with evaluating multi-center integrals

with STOs. They can be written in a similar form

χGTO(r) = P (r)e−αr2Ylm(Θ, φ) (2.38)

With, usually, a different polynomial P(r), but will preferentially be

expressed using cartesian coordinates:

χGTO(r) = (x−Ax)
k(y −Ay)

l(z −Az)
ke−αr2 (2.39)

The GTO is entirely defined by its center A, the orbital exponent α and

the k, l, m powers. A single Gaussian has a qualitatively wrong behavior

both at the nuclei and in the asymptotic limit for a Hamiltonian with

point charge nuclei and Coulomb interaction. Nevertheless, the cusp

behavior represents an idealized point nucleus and for more realistic

nuclei of finite extension, the Gaussian behavior is acceptable. Although

the gaussian basis does not represent the correct asymptotic behavior,

this does not lead to important errors. Indeed, if accurate solutions for
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a point charge model Hamiltonian are desired, they can be obtained at

any desired accuracy by expanding the basis functions in a sufficiently

large number of Gaussians to ensure their correct behavior. In almost

all ab initio calculations today, basis sets of contracted GTO are used.

Those are linear combination, or contraction, of GTO, and reproduce

quite well the STOs

χSTO ≈ χCGTO
p =

�

a

Capχ
GTO
a (2.40)

The use of such CGTO reduces the number of basis functions to consider

in the SCF procedure and facilitates calculations. The aim is to describe

the MOs as accurately as possible with a reduced number of atomic-like

basis functions, and thus rectify the shortcoming of GTO. In a molecule,

it is likely that an atom experiences the field from all others, the electrons

on that atom may thus shift away from the center of the nucleus, causing

a displacement of the electron density, which is no longer symmetrically

centered on the nucleus. If this situation is to be described accurately,

we need to supply basis functions with higher L-quantum numbers than

the original ones (polarization functions). Most of the time is is sufficient

to augment the basis by a few or just one polarization function. If the

molecule studied presents a charge distribution much more diffuse than

in neutral atoms (anion, polar systems), it will be necessary to still

augment the basis set by adding diffuse functions.

Pople basis sets

Pople and coworkers have designed a series of basis sets of the following

nomenclature: k-nlmG. The k indicates how many GTOs are used in

the description of the core orbitals. The nlm after the dash indicates
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both how many functions the valence orbitals are split into, and how

many GTO are used for their representation. Two values (nl) indicate a

split valence and three values (nlm) indicate a triple split valence. The

values before the G indicate s and p functions in the basis set. For

instance:

• 6-31G is a split valence basis where the core orbitals are a contrac-

tion of 6 GTOs, the inner part of the valence orbitals is described

by a contraction of three GTOs and the outer part is described by

a single GTO.

• 6-311G is a triple split valence where core orbitals are a contraction

of six GTOs and the valence split into three functions, represented

by three, one, and one GTO respectively.

To those bases may be added diffuse and or polarization functions. Dif-

fuse functions are usually s- and p- functions and consequently come

before the G. They are denoted by a + or ++, with the second + in-

dicating that a diffuse s- function is added to hydrogen. Polarization

functions are noted after the G with a separate designation for heavy

atoms and light ones. The 6-31G(d) basis is the 6-31G basis set with d

functions added to heavy atoms. The 6-31G(d,p) basis is the 6-31G(d)

basis with p functions added on hydrogen. The largest basis set of this

type is 6-311++G(3df,3pd), and is not used in this work.

Correlation consistent basis sets

From a series of calculations using Pople style basis sets of increasing

size, it is not obvious whether the properties of interest are converged.

To this end, correlation consistent basis sets have been developed. The
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Figure 2.1: Six possible states ( Φ0 to Φ5 from left to right ) constructed

from the RHF Slater determinant.

systematic nature of those basis sets allows the determination of formulas

permitting the extrapolation of the energies to the infinite basis set.

Several extrapolation formulas exist and are extensively used in model

chemistries (as we shall see later on in section 2.6).

2.3.4 Spin contamination

As mentioned earlier, spin contamination is an issue that arises when

unrestricted wave functions are used. To illustrate the nature of this

issue, let us consider the H2 system, and let us describe this system

with a minimal basis set. Within RHF, two orbitals are created.

φ1(ν) = (χA(ν) + χB(ν)) (2.41)

φ2(ν) = (χA(ν)− χB(ν)) (2.42)

The RHF approach indicates that φ1 and φ2 may be doubly occupied.

The ground state Slater determinant is defined by

Φ0 =
1√
2

������

φ1(1) φ̄1(1)

φ1(2) φ̄1(2)

������
(2.43)

In which , the ¯ notation indicates the β spin of the occupying elec-

tron.
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Five excited configurations may be created (see Figure 2.1).

Φ1 =
1√
2

������

φ2(1) φ̄2(1)

φ2(2) φ̄2(2)

������
(2.44)

Φ2 =
1√
2

������

φ1(1) φ̄2(1)

φ1(2) φ̄2(2)

������
(2.45)

Φ3 =
1√
2

������

φ̄1(1) φ2(1)

φ̄1(2) φ2(2)

������
(2.46)

Φ4 =
1√
2

������

φ1(1) φ2(1)

φ1(2) φ2(2)

������
(2.47)

Φ5 =
1√
2

������

φ̄1(1) φ̄2(1)

φ̄1(2) φ̄2(2)

������
(2.48)

Now, let us consider the UHF ground state. In this case, spin orbitals

must be used.

φ1(ν) = (χA(ν) + cχB(ν))α (2.49)

φ̄1(ν) = (cχA(ν) + χB(ν))β (2.50)

The ground state SD is

ΦUHF
0 =

1√
2

������

φ1(1) φ̄1(1)

φ1(2) φ̄1(2)

������
(2.51)

This determinant may be written as

ΦUHF
0 = [c(χAχA + χBχB) + (χAχB + χBχA)](αβ − βα)

+ (1− c2)[χAχBβα− χBχAαβ] (2.52)

In this notation, electrons have been omitted, for instance, χAχBβα −

χBχAαβ stands for χA(1)χB(2)β(1)α(2) − χB(1)χA(2)α(1)β(2). The

first term of this last equation may be written as a linear combination



38 Chapter 2. Quantum chemistry

of pure singlet states, namely, states 0 and 1 of the RHF determinants.

The second part of this determinant is however common with the triplet

combination (2)+(3) of RHF determinant. The UHF determinant con-

tains therefore a singlet and a triplet term. This feature is called spin

contamination. The amount of spin contamination is given by the �S2�

value. The theoretical value for a pure spin state (no spin contamina-

tion) is S(S+1). In this work, beside singlets, we only encounter doublet

open-shell systems, which expected �S2� value is 0.75. The < S2 >value

of an UHF wave function is calculated from the spatial overlap between

pairs of α and β spin-orbitals [35], and turns out to be

�S2� = Sz(Sz + 1) +Nβ −
OM�

ij

�φα
i |φ

β
j �

2 (2.53)

2.3.5 Correlation energy

The energy obtained at Hartree-Fock level is higher than the energy

of a system. This is mainly due to the approximate description of

the electron-electron interactions within this theory. The difference

between the HF energy and the exact energy is called the correlation

energy.

2.4 Post Hartree-Fock methods

2.4.1 Configuration interaction

The simplest way to deal with the correlation energy is the Configuration

Interaction (CI) method. In this method, the wave function is expressed

as a linear combination of determinants. The coefficients of this linear
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combination are variationally optimized. In general, the CI wave func-

tion contains the HF determinant as well as other excited configuration

obtained from this determinant.

ΨCI = a0ΦHF +
�

S

aSΦS+
�

D

aDΦD+
�

T

aTΦT . . . =
�

i=0

aiΦi (2.54)

Subscripts S, D, T,... indicate determinants that are Singly, Doubly,

Triply,... excited relative to the HF configuration. The wave function

including all possible determinants (Full CI) would provide the best non-

relativistic energy within a given basis set, and the exact energy is at

the complete basis set limit. However those calculations are not feasi-

ble due to the computational cost of such a procedure. Most common

simplification is the truncation of the linear combination to only single

excitations, only double excitations or only single and double excita-

tions. The truncation to CIS does not provide significant improvement

to the HF results as singly excited states do not interact with the HF

wave function. The lowest truncation that brings an improvement is

the truncation to CID, including double excitation but not single ones.

CISD is also used, single excitation do not interact with the ground

state but do interact with the doubly excited determinants. This lat-

ter method suffers from size inconsistency and inextensivity, meaning

that the energy of non interacting fragment is not equal to the sum

of the energy of the two fragment taken separately. The main cause

is the lack of triple and quadruple excitations. This latter deficiency

is often corrected by using the QCISD(T) method developed by Pople

and coworkers [37]. This method introduces Quadratic Configuration

Interaction (QCI) with Single and Double excitations (SD) and Triple

excitation (T) taken from Møller-Plesset calculations. This correction

guarantees the size consistency of the method.
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2.4.2 Perturbation and Møller-Plesset theories

Perturbation theory is based on the idea that the problem only slightly

differs from an already solved problem. The solution to the given prob-

lem should therefore be close to that of the already solved problem.

H = H0 + λH � (2.55)

This is described by dividing the Hamiltonian operator into two parts.

The first is the reference (H0) and the second part is the perturbation

(H �). Perturbation methods can be used in quantum mechanics to add

corrections to solutions that uses an independant particle model approx-

imation, and the theory is then called Many Body Perturbation Theory.

We assume that the Schrödinger equation is solved for the unperturbed

Hamiltonian

H0Φi = EiΦi i = 0, 1, 2, . . . ,∞ (2.56)

The solutions for the unperturbed Hamiltonian operator form a com-

plete set which can be chosen to be orthonormal, and λ is a variable

parameter determining the strength of the perturbation. The perturbed

Schrödinger equation is given by

HΨ = WΨ (2.57)

If λ = 0, then Ĥ = Ĥ0, Ψ = Φ0 and W = E0. As the perturbation

increases from zero to 1, the new energy and the new wave function

must also change continuously. Those energies and wave functions can be

expressed as a Taylor expansion in powers of the perturbation parameter

λ.

W = λ0W0 + λ1W1 + λ2W2 + λ3W3 + . . . (2.58)

Ψ = λ0Ψ0 + λ1Ψ1 + λ2Ψ2 + λ3Ψ3 + . . . (2.59)
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The zeroth-order, or unperturbed wave function corresponds to λ = 0,

H = H0, Ψ = Φ0 and W = E0. The following Ψi and Wi terms corre-

spond to the i-th order corrections. It is convenient to choose the per-

turbed wave function to be intermediately normalized, i.e. the overlap

with the unperturbed wave function should be one. This has the conse-

quences that all correction terms are orthogonal to the reference wave

function. With the expansion, the Schrödinger equation becomes

(H0+λH �)(λ0Ψ0+λ1Ψ1+λ2Ψ2+λ3Ψ3+ . . .) = (λ0W0+λ1W1+λ2W2

+ λ3W3 + . . .)(λ0Ψ0 + λ1Ψ1 + λ2Ψ2 + λ3Ψ3 + . . .) (2.60)

The terms with the same λ power values may be put together:

H0Ψ0 = W0Ψ0

H0Ψ1 +H �Ψ0 = W0Ψ1 +W1Ψ0

H0Ψ2 +H �Ψ1 = W0Ψ2 +W1Ψ1 +W2Ψ0

H0Ψn +H �Ψn−1 =
n�

i=0

WiΨn−i

(2.61)

The zeroth-order equation is the Schrödinger equation for the unper-

turbed problem. The first-order equation contains two unknowns, which

are the first-order correction to energy, W1, and the first-order correc-

tion to the wave function, Ψ1. If the unperturbed Hamiltonian is chosen

to be a sum of Fock operators, the theory becomes the Møller-Plesset

perturbation theory. As the sum of Fock operators counts twice the av-

erage electron-electron repulsion, the perturbation is the exact electron-

electron repulsion operator V̂ee minus twice the average repulsion oper-

ator �V̂ee�. The unperturbed Hamiltonian is written

H0 =
n�

i=1

Fi =
n�

i=1

(hi +
n�

j=1

(Jj −Kj)) =
n�

i=1

hi + 2�V̂ee� (2.62)
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The perturbation operator is

H � = H −H0 =
n�

i=1

n�

j>i

1

|rν − rµ|
−

n�

i=1

n�

j>i

� 1

|rν − rµ|
� (2.63)

The zeroth order wave function is the HF determinant and the corre-

sponding energy is the sum of the MO energies. The first-order energy

correction is the average of the perturbation operator over the zeroth

order wave function.

W1 = �Φ0|H �|Φ0� = �V̂ee� − 2�V̂ee� = −�V̂ee� (2.64)

This indicates that the first-order energy (W0+W1) is the Hartree-Fock

energy. From now on, E(MPn) is used to express the n-th order energy

correction and MPn is used to indicate the energy sum up to order n.

As we have seen, introduction of correlation starts at order 2. This first

contribution to the correlation energy involves a sum over doubly excited

determinants, generated from promoting two electrons from occupied i

and j orbitals to virtual orbitals a and b.

W2 =
occ�

i>j

virt�

a>b

�Φ0|H �|Φab
ij ��Φab

ij |H �|Φ0�
E0 − Eab

ij

(2.65)

the second-order energy correction is given by

E(MP2) =
occ�

i>j

virt�

a>b

�φiφj |φaφb� − �φiφj |φbφa�
εi + εj − εa − εb

(2.66)

MP2 is considered as introducing 80 − 90% of the correlation energy.

The full fourth-order Møller-Plesset energies introduce about 95− 98%.

There is very little work with MPn beyond MP4. Practically, the MP2

energies are often too low (overestimation of the correlation effect) and

the MP3 ones too high. The correct energy is most commonly between

MP3 and MP4. Møller-Plesset methods are not variational. As those
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methods are based on HF wave function, they are also submitted to spin

contamination issues. Formulas have been derived for removing all spin

contaminants from UMP2 energies and the first few states for UMP3 and

UMP4. Those methods are preferred as RMPn presents stability issues

when bonds get larger. The projected UMPn methods are however more

time consuming as there are twice as many orbitals.

2.5 Density functional theory

Density Functional Theory (DFT) has become a widely used tool to

describe ground state systems. This is mainly due to the fact that

this method introduces part of the electron correlation, which makes it

superior to HF and similar to MP2 results. DFT does not look for wave

functions but rather for the electron density ρ(r).

2.5.1 Hohenberg-Kohn theorems

Density functional theory is based on the two Hohenberg-Kohn theo-

rems. The first one states that the external potential ν(r) is determined,

within a trivial additive constant, by the electron density ρ(r). Since

ρ(r) determines the number of electrons N, it follows that ρ(r) also de-

termines the ground state wave function and many electronic properties

of the system. The energy can then be written as

E(ρ) = T (ρ) + Vne(ρ) + Vee(ρ) (2.67)
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In which T (ρ) is the kinetic energy, Vne(ρ) is the electron nucleus inter-

action, which can be written

Vne(ρ) =

�
ρ(r)ν(r)dr (2.68)

ν (r) being the external potential due to the position of the nuclei. Vee(ρ)

describes the electron electron interaction and is given by a classical

Coulomb repulsion term J(ρ ) (see Equation 2.69) and a non-classical

term called exchange correlation energy. This last term is discussed in

more details later on.

J(ρ) =
1

2

� �
1

r12
ρ(r1)ρ(r2)dr1dr2 (2.69)

The second Hohenberg-Kohn theorem makes DFT a variational method.

For any trial density ρ̃ ≥ 0 and
�
ρ̃dr = N ,

E(ρ̃) ≥ E(ρ) (2.70)

In which ρ(r) is the exact ground state electron density. This allows us to

write the condition that the energy is stationary with respect to changes

in the electron density, subject to the constraint
�
ρ(r)dr = N :

δE(ρ)− µδ(

�
ρ(r)dr −N) = 0 (2.71)

for which the Euler Lagrange equation is, in terms of functional deriva-

tives:

µ = ν(r) +
δT (ρ)

δρ(r)
+

δVee(ρ)

δρ(r)
(2.72)

the Lagrange multiplier µ being named the chemical potential. This last

equation would be exact for ρ(r) if the functional forms of T (ρ) and Vee

were exactly known. As this is not the case, one has to use an alternative

approach. This alternative approach is Kohn and Sham theory.
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2.5.2 Kohn and Sham orbitals

Kohn and Sham proposed introducing orbitals into the problem in such

a way that the kinetic energy can be computed simply to good accuracy,

leaving a small residual correction handled separately. For a determi-

nantal wave function, describing exactly N non-interacting electrons,

in N orbitals ψi. The representation of the exact kinetic energy and

density are given respectively by

Ts(ρ) =
N�

i

�ψi| −
1

2
∇2|ψi� (2.73)

ρ(r) =
N�

i

|ψi(r)|2 (2.74)

Where the orbitals for the system of non-interacting electrons moving

in the external potential ν(r) obey an equation of the form

[−1

2
∇2 + νs(r)]ψi = εiψi (2.75)

The energy written as a functional of density may be rewritten

E(ρ) =

�
ρ(r)ν(r)dr + T (ρ) + Vee(ρ)

=

�
ρ(r)ν(r)dr + Ts(ρ) + J(ρ) + [T (ρ)− Ts(ρ)]

+[Vee(ρ)− J(ρ)]

=

�
ρ(r)ν(r)dr + Ts(ρ) + J(ρ) + Exc(ρ) (2.76)

The Exc(ρ) term is called the exchange correlation energy. It contains

the difference between T an Ts and the non-classical part of Vee(ρ). The

chemical potential becomes

µ = νeff (r) +
δTs(ρ)

δρ(r)
(2.77)
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In which νeff is the effective Kohn and Sham potential defined by

νeff (r) = ν(r) +
δJ(ρ)

δρ(r)
+

δExc(ρ)

δρ(r)

= ν(r) +

�
ρ(r�)

|r − r�|dr
� + νxc(r) (2.78)

This defines the exchange correlation potential νxc. Equation 2.77 with

the constraint
�
ρ(r)dr = N is precisely the same one obtains from

conventional DFT when one applies it to a system of non-interacting

electrons moving in the external potential νs(r) = νeff (r). Therefore,

for a given νeff (r) one can obtain ρ(r) that satisfies equation 2.77 by

solving the N one-electron equations

[−1

2
∇2 + νeff (r)]ψi = εiψi (2.79)

Those last two equations are Kohn and Sham (KS) equations for the

Kohn and Sham orbitals ψi, which gives the exact density once the ex-

act exchange correlation functional is known. The effective potential

depends on the electron density, therefore, those equation have to be

solved self consistently. One begins with a guessed electron density from

which the effective potential is obtained, then finds the ψi orbitals and

so on until self consistency is reached. As the orbitals in HF develop-

ment, the KS orbitals were approximated by a LCAO-MO development.

Different expressions for the exchange-correlation potential have been

proposed, each carrying a certain number of parameters. Historically,

the first exchange correlation functionals depended solely on ρ(r) and

are called Local Density Approximation (LDA). Improvement came from

Generalized Gradient Approximation (GGA) , which depended both on

ρ(r) and on its gradient. Meta-GGA functionals include higher order

derivatives of the electron density. In most of recent literature, the hy-

brid functionals are used. Those functionals include a part of the exact
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HF exchange. In this thesis, the functional used is an hybrid functional

called B3LYP, defined as:

Exc(B3LY P ) = AEDirac
x + (1−A)EHF

x +B∆EBecke88
x

+(1− C)EVWN
C + CELY P

c (2.80)

introducing the Dirac exchange, the exact HF exchange and Becke gra-

dient exchange correction and the Vosko, Wilk and Nussair as well as

the Lee, Yang and Parr correlation functional. A, B and C are fitting

parameters which are respectively 0.8, 0.72 and 0.81.

2.6 Model chemistries

Ab initio (HF and post-HF methods) and DFT methods to obtain en-

ergies have been described. The accuracy of the energies resulting from

those calculations is limited by three main factors. The first of these

is the limitation of the size of the basis set used in the LCAO-MO ex-

pansion. The second limitation is the limited description of electron

correlation. Finally, the last one is the single determinant limitation.

In this work, we only used single reference methods. In this context,

the quality of our energies is therefore only limited by the quality of the

electron-electron interaction description and by the size of the basis set

(See Figure 2.2). Despite being in constant growth, the computational

capacities are not sufficient to carry out calculations with methods in-

cluding important part of electron correlation combined with very large

basis set. In the early 90’s, those computational capacities were more

limited. This led to the development of what we call model chemistries.

In this part of the work we describe the three main categories of model

chemistries. Those are the Gaussian family of model chemistries, the
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Figure 2.2: Variation of the quality of the energies with the levels of

theory used (within the single determinant approach).

Complete Basis Set family and finally the Weizmann one. All those

methods rely on an energy correction additivity assumption. The latter

assumption is only confirmed a posteriori by the quality of the results

obtained.

2.6.1 Gaussian model chemistries

The first Gaussian model (G1) appeared in 1989 [38]. Since then, an

important number of variation have been developed such as G2 [39],

G2(MP2, rcc), G3 [40], G3(MP2), G3B3 (this method will be described

in details hereafter). All those methods rely on additive schemes and

follow similar procedures that include the determination of geometries

and frequencies at a relatively low level of theory (HF, MP2 or DFT in

most cases), a series of single point calculations (SPC) to account for

various effects, such as electron correlation (at QCISD(T) or CCSD(T)
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levels), or basis set effects (using extended basis sets with diffuse and/or

polarization functions). Most of the total energies also include an empir-

ical correction based on the number of α and β valence electrons in the

system. Whether calculations are carried out using restricted or unre-

stricted wave functions depends on the method used, however, most com-

monly, unrestricted wave functions are used. The latest versions of Gaus-

sian model chemistry are G4 [41], G4(MP3) and G4(MP2) [42]. Those

methods include an extrapolation to the infinite basis set, which was not

the case of the earlier versions of Gaussian model chemistries.

G3B3

This section describes in detail the G3B3 model. This model has been

extensively used in this work. Most information in this description comes

from the reference G3B3 article [43]. Unlike previous Gaussian meth-

ods, (G1, G2, G3) the G3B3 geometry and frequencies are obtained

using a DFT method, more precisely, B3LYP with the 6-31G(d) basis

set (the G3B3 name comes from the modification of theG3method with

B3LYP geometries and frequencies). This modification was applied as

DFT shows better agreement with experiment at the 6-31G(d) level than

MP2 (method used in previous Gn model chemistries). The frequencies

are then scaled by a factor of 0.96 to fit as well as possible theoretical

data to experimental results. In the G3B3 case, energy corrections are

obtained by carrying out several SPC at the B3LYP/6-31G(d) geometry.

The results of those calculations are then used to calculate the energy

corrections. The preliminary SPC provides the starting point energy, it

is a MP4SDTQ/6-31G(d) calculation within the frozen core approxima-

tion (FC). The energy corrections are added to this energy.
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• A first calculation is carried out at the QCISD(T, FC)/6-31G(d)

level and provides a first energy correction. This correction ac-

counts for electron correlation and is obtained through:

∆(QCI) = E[QCISD(T, FC)/6− 31G(d)]

−E[MP4(FC)/6− 31G(d)] (2.81)

• The second correction is used to correct the energy for the ef-

fects of diffuse function in the basis set. This is done through a

MP4SDTQ(FC)/6-31+G(d) basis set SPC and the correction is

obtained through:

∆(+) = E[MP4(FC)/6− 31 +G(d)]

−E[MP4(FC)/6− 31G(d)] (2.82)

• Polarization of the basis set is also accounted for through the

∆(2df,p) correction. The SPC consists in an MP4SDTQ(FC)/6-

31G(2df,p). Similarly to ∆(+), the ∆(2df,p) correction is obtained

through:

∆(2df, p) = E[MP4(FC)/6− 31G(2df, p)]

−E[MP4(FC)/6− 31G(d)] (2.83)

• A correction for larger basis set effects, core correlation and for

non-additivity caused by the assumption of separate basis set ex-

tension for diffuse and polarization functions is obtained by a

MP2(FU)/GTLarge calculation. FU indicates full electron cor-

relation and is to be opposed to FC.
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Table 2.1: Parameters of the ∆(HLC) correction (mhartree).

Parameter Atoms Molecules

A 6.786 6.760

B 1.269 3.233

The GTLarge basis set is sometimes referred to as GTL and con-

sists in a 6-311+G(3d2f, 2p) for the second row atoms and 6-

311+G(2df, 2p) for the first row ones.

∆(GTL) = E[MP2(FU)/GTLarge]

−E[MP2(FC)/6− 31G(2df, p)]

−(E[MP4(FC)/6− 31 +G(d)]

−E[MP4(FC)/6− 31G(d)]) (2.84)

• A Higher Level Correction corrects remaining deficiencies in the

energy calculation. This ∆(HLC) is a parameterized empirical

correction function of the number of α and β valence electrons

∆(HLC) = −Anβ −B(nα − nβ) (2.85)

Parameters A and B (see Table 2.1) have been optimized to give

the smallest average absolute deviation from experiment for the

G2/97 test set [44]. Separate corrections are used for atomic and

molecular species. For atomic species, a spin-orbit correction is

added to the energies.

2.6.2 Complete Basis set Model chemistries

A year before G1; Petersson and coworkers presented their first Com-

plete Basis Set (CBS) model chemistry. There are also a wide variety of
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CBS methods (CBS-Q, CBS-QB3, CBS-4M, CBS-APNO, CBS-q, CBS-

RAD,...) first developed by Petersson, which include an energy correc-

tion coming from a complete basis set extrapolation of MP2 energies.

Those also include energy correction similar to those included in Gn

models. Among all CBS methods, we note the presence of a spin con-

tamination correction in the CBS-Q and CBS-QB3 methods [45]. The

method considered being the most accurate is CBS-APNO [46]. This

method has been used in this thesis and is described hereafter.

CBS-APNO

The CBS-APNO (Complete Basis Set - Atomic Pair Natural Orbital)

method is a seven step model chemistry, quite computationally demand-

ing. The first step is a HF/6-311G(d,p) geometry optimization followed

by a frequency calculation at that same level. The frequencies obtained

are then scaled by a factor of 0.9251 to fit as well as possible theoretical

to experimental data. The geometry is then refined at the QCISD(T)

6-311G(d,p) level to obtain the geometry at which SPC are carried out.

The first is a QCISD(T) 6-311++G(2df,p) calculation for higher or-

der correlation energy corrections. The final three calculations use HF,

MP2(FU) and MP2(FC) with CBS methods specific basis sets to extrap-

olate the MP2 energies to the complete basis set. Those extrapolations

provide energy corrections for truncation of the basis set. Finally, an

empirical correction is also added to yield the final CBS-APNO energy.

Due to its computational cost and the relatively poor accuracy of the

heats of formations obtained from CBS-APNO energies, the method was

not extensively used.
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2.6.3 Weizmann theories

Weizmann theories (W1, W2 [47], W3 [48], W4 [49],...) have been de-

veloped by J. M. L. Martin and coworkers. This last type of model

chemistries is often much more accurate than experimental data itself

as it aims at the 1 J accuracy. These methods imply several complete ba-

sis set extrapolations (other extrapolation than in CBS methods) which

allow the calculation of infinite basis set energy corrections, relativistic

effects,... The accuracy of the result is an attractive aspect of those

methods, however they are hardly applicable to relatively large com-

pounds due to their computational costs. As this method was not used

in this thesis, only a short description is given.

W1

The W1 model is the first of the Wn developped by J. L. M. Martin

and coworkers. As implemented into Gaussian03, it involves a geometry

optimization at the B3LYP/cc-pvTZ + d level of theory followed by a

harmonic frequency calculation. A series of SPCs are then carried out at

that geometry. First CCSD(T FC)/augh-cc-pVDZ +2df and CCSD(T

FC)/augh-cc-pVTZ +2df are carried out. Then the CCSD(FC)/augh-

cc-pVDZ +2df energy is computed. Energies resulting from those calcu-

lations are used in extrapolation formulas to obtain SCF energy at the

complete basis set, correlation contribution of CCSD at infinite basis

set and the contribution of the connected triples at infinite basis set.

Finally, two supplementary SPCs are carried out to account for rela-

tivistic effects and core correlation. Those are CCSD(T, FC)/MTSmall

and CCSD(T, Full)/MTSmall with Douglas-Kroll-Hess relativistic cor-
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rection. It has to be mentioned that despite being named “small”, the

MTSmall basis set is larger than the GTLarge basis set in the G3B3

method.

2.7 Structures and energy surfaces

2.7.1 Energy surface

The Born-Oppenheimer approximation leads to the separation of the

motion of the nuclei and electrons. There is therefore one electronic en-

ergy for each possible nuclear geometry. Once the electronic Schrödinger

equation has been solved for an important number of those geometries,

the Potential Energy Surface (PES) of the system is known. For an

N nuclei system, the PES has 3N-6 dimensions (3N-5 for linear com-

pounds).

Stationary points

The determination of the complete energy surface of a system is an al-

most impossible task. Luckily, the description of a chemical reaction

does not need the complete PES. The only points of importance are sta-

tionary points; minima and first-order saddle points, representing stable

structures and transition states respectively (see Figure 2.3). A station-

ary point x on a n dimension energy surface f may be characterized in

terms of the derivatives of f at point x.
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Figure 2.3: Minima and saddle points on a 2-dimensional surface.

The gradient vector and Hessian matrix at that point are given by

∇f(x) =





δE
δx1

...

δE
δxn




, ∇2

f (x) =





δ2E
δx1x1

. . . δ2E
δx1xn

...
. . .

...

δ2E
δxnx1

. . . δ2E
δxnxn




(2.86)

In order to have a stationary point at x, it is required that

∇f(x) = 0 (2.87)

If the Hessian matrix is positive definite (positive curvature in all direc-

tion), the stationary point is a minimum. If the Hessian matrix presents

a negative eigenvalue, the stationary point is a first-order saddle point.

In extension, if the Hessian matrix has k negative eigenvalues, the sta-

tionary point is a kth order saddle point.
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Minimum energy path

The minimum energy path of a given reaction is the lowest energy path

on the potential energy surface connecting the reactants to the products.

This path has its maximum at the transition state of the reaction. It is

the most likely path to be followed when the reaction takes place.

Optimization of stationary points

To obtain the energy of a stationary point, one has to know its geome-

try. Using the harmonic approximation to locally describe the PES, one

has

E(x) = E0 +∆xT∇E +
1

2
∆xT∇∇E∆x (2.88)

in which ∇E is the molecular gradient containing the negative molecular

forces acting on the nuclei, and∇∇E is the molecular Hessian containing

the quadratic force constants.

∇E =
δE

δx
= −F and ∇∇E =

δ2E

δx2
(2.89)

Considering this harmonic PES, the localization of a stationary point

requires

∇E =
δE

δx
= 0 (2.90)

from the quadratic model,

FG−1 = ∆x (2.91)

With ∆x being the displacement vector leading to the stationary point

and ∆xT the transposed vector. If the exact Hessian is used, the ∆x

step is called the Newton step, if an approximate Hessian is used, the

step is called the quasi-newton step. The quadratic description of the



2.7. Structures and energy surfaces 57

PES remains an approximation and the quadratic expression has to be

re-evaluated at the new geometry, and a new displacement is commonly

calculated. This leads to a stepwise procedure towards the stationary

point. Optimization of a minimum often starts with an estimated Hes-

sian, as analytical evaluation of the Hessian is a large, time demanding

computation effort, which can be updated at each step of the proce-

dure, based on the forces in the previous step. The determination of

the structure of a transition state calls for a good approximation of the

starting Hessian, which is therefore often calculated analytically. In the

search of the transition state, the energy is increased in the direction

of the negative force constant, and minimized in all other directions.

For this procedure to succeed, one has to have a good initial idea of

the structure of the transition state, for instance, a structure already

having one negative force constant. It is not always easy to obtain the

initial guess of the transition state structure. To that end , some meth-

ods to guess starting geometries have been developed. The Synchronous

Transit Quasi Newton Methods [50, 51] determine a starting geometry

from the structures of the reactants and the one of the products (QST2)

or from the structures of the reactant, products and a first estimate of

the transition state structure input by the user (QST3). Ideally, once

a transition structure is obtained, one should verify the connectivity

of this saddle point to make sure it connects the considered reactants

and products. This can be done through Intrinsic Reaction coordinate

calculations [52, 53]. Those calculations start at the transition state

and follow the negative force constant downhill to the connected min-

ima.





Chapter 3

Obtention of

thermodynamic and kinetic

data

Ab initio computational methods provide detailed molecular informa-

tion such as the geometry or the molecular energy. Further calculations

are needed to generate gas properties, such as entropies and heat capac-

ities. The link between the molecular (microscopic) level and the molar

(macroscopic) level is made by the use of statistical thermodynamics.

The first part of this chapter gives the necessary information for prac-

tical calculation of the needed thermodynamic quantities. In a second

section, we define different methods used to obtain heats of formation

from the energies obtained by ab initio calculations and the thermal

energy correction from statistical thermodynamics. Finally, we provide

a description of transition state theory, which is used in this work to

obtain rate constants.

59
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Table 3.1: Thermodynamic properties expressed as a function of the

partition function.

Property Relation to the partition function Q

Internal energy U = kT 2[ δ(lnQ)

δT ]N,V

Enthalpy H = kT (T [ δ(lnQ)

δT ]N,V + V [ δ(lnQ)

δV ]N,T )

Cv Cv = [ δUδT ]N,V = 2kT [ δ(lnQ)

δT ]N,V + kT 2[ δ
2
(lnQ)

δT 2 ]N,V

Entropy S = kT [ δ(lnQ)

δT ]N,V + kln(Q) = U
T + kln(Q)

3.1 Statistical Thermodynamics

3.1.1 Partition function

The partition function Q (see equation 3.1) allows the determination

of thermodynamic quantities such as thermal corrections to energy, en-

tropies and heat capacities (see Table 3.1).

Q(N,V,T ) =
�

j

exp(
−Ej

kT
) (3.1)

in which N is the number of particles, V is the volume, T the tem-

perature and Ej is the energy of the system in state j. This partition

function may be written in term of the individual atomic or molecular

partition function q(V,T).

Q(N,V,T ) =
qN
(V,T )

N !
(3.2)

The molecular energy levels,�i , are used to compute the molecular par-

tition function noted q(V,T).

q(V,T ) =
�

i

exp(
−�i
kT

) (3.3)
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3.1.2 Practical calculations

Using the complete set of molecular energy levels is almost never pos-

sible. To simplify the problem, one generally adopts a model in which

translation, rotation, vibration and electronic excitations are uncoupled.

This leads to the separability of the partition function in four factors cor-

responding to four partition functions (translation, rotation, vibration

and electronic excitation).

q(V,T ) = qtrans
(V,T )

.qrot
(T )

.qvib
(T )

.qelec
(T )

(3.4)

Thermodynamic molar functions can be derived from the molecular par-

tition function. Using the uncoupled partition function allows the deter-

mination of the contribution of each partition function to the different

thermodynamic data.

Translational partition function

The translational partition function qtrans is calculated from a sum over

all energy levels.

qtrans
(V,T )

= [
∞�

n=1

exp(− h2n2

kT8ma2
]3 (3.5)

As the translational energy levels are close to each other, the sum is

approximated by an integral. The resulting expression for the partition

function is

qtrans
(V,T )

=
(2πmkT )

3

2

h3
V (3.6)



62 Chapter 3. Obtention of thermodynamic and kinetic data

This partition function leads to the expression of the different contribu-

tion to the thermodynamic functions

U trans =
3

2
RT (3.7)

Ctrans
v =

3

2
R (3.8)

Strans = R(
5

2
+

3

2
[ln(T ) + ln(m) + ln(

2πk

h2
] + ln(

V

N
)) (3.9)

Rotational partition function

The free rotation of a molecule is also quantized. The rotational energy

levels are therefore also restricted to certain discrete levels.

εi =
�2J(J + 1)

2I
(3.10)

In which I is the moment of inertia. The rotation partition function

therefore becomes

qrot
(T )

=
∞�

J=0

(2J + 1)exp(−�2J(J + 1)

2IkT
) (3.11)

At high enough temperatures, the sum over all levels may be replaced

by an integral, as was done for the translation partition function. We

define here the partition function for the general case and for the linear

systems.

qrot
(T )

=

√
π

σ
(
T

ΘA
)
1

2 (
T

ΘB
)
1

2 (
T

ΘC
)
1

2 with ΘN =
�2

2INk
(3.12)

qrot,linear =
1

σ

T

ΘA
(3.13)

In which IN is the moment of inertia and σ is the rotational symmetry

number.
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The contribution of rotation to the various thermodynamic functions

are

U rot =
3

2
RT

U rot
linear = RT

Crot
v =

3

2
R

Crot
v,linear = R

Srot = R[
3

2
+

1

2
lnπ +

3

2
ln(T )− 1

2
ln(ΘAΘBΘC)− ln(σ)]

Srot
linear = R[ln(T )− ln(Θ)− ln(σ) + 1]

Vibrational partition function

If the vibrational energy levels are measured relative to the bottom of

the internuclear potential well, the energies are given by

εν = (ν +
1

2
)hν (3.14)

The vibrational partition function is given by equation 3.15.

qvib
(T )

=
∞�

ν=0

exp(−
(ν + 1

2
)hν

kT
) (3.15)

Once the sum is evaluated , the vibrational partition function becomes

qvib =
exp(−Θν

2T )

1− exp(−Θν

T )
with Θν =

hν

k
(3.16)

In a polyatomic molecule having N atoms, there are 3N-6 normal modes

(or 3N-5 for linear molecules). The partition function becomes a product

of the partition functions of the individual vibrators.

qvib
(T )

=
vib. modes�

i=1

qvibi (3.17)



64 Chapter 3. Obtention of thermodynamic and kinetic data

The participations of each vibration mode to the thermodynamic func-

tions are given by the following equations.

Uvib = RΘvi [
1

2
+

1

exp(
Θvi

T )− 1
] (3.18)

Cvib
v = R(

Θvi

T
)2

exp(
Θvi

T )

[exp(
Θvi

T )− 1]2
(3.19)

Svib = R[(
Θvi

T
)

1

exp(
Θvi

T )
− ln(1− exp(

Θvi

T
))] (3.20)

Electronic partition function

The electronic partition function is given by

qelec =
nb levels�

i=0

giexp(
−εi
kT

) (3.21)

In this equation, g0 and ε0 correspond to the degeneracy and the en-

ergy of the ground state respectively. This energy is set to zero. All

energies of excited states are measured relative to this ground state. If

there are no low lying excited states the partition function becomes a

constant, which is the degeneracy of the ground state. The electronic

partition function being constant, it only has an effect on entropies (see

Table 3.1). In the case of doublet systems, the entropy is increased by

Rln(2). If there are low lying electronic states, the partition function

must be developed using the number of significant electronic states. The

electronic contribution to the various thermodynamic functions are then

obtained by applying the relations given in Table 3.1 to the electronic

partition function.
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Internal rotations

Internal rotation refers mostly to torsional motion. There are three ways

of dealing with such a rotor. If the rotation barrier is much greater than

kT , the motion can be treated as an harmonic oscillator. The second

way is to treat the motion as a free rotor. This is usually done if the

barrier is much smaller than kT . The third way, when the torsional

barrier (Vmax) is comparable to kT , is the hindered rotor treatment. If

the torsional potential is assumed to have a simple sinusoidal form (see

equation 3.22), then the tables of Pitzer and Gwinn [54] are used to

compute the contribution of the hindered rotor to the thermodynamic

functions.

V (φ) =
Vmax

2
(1− cos(σintφ)) (3.22)

In the ab initio software package used (Gaussian03), all normal modes

are treated as vibrations. If one mode has to be treated as a free rotor

or a hindered one, the contribution of this mode has to be removed and

replaced by the contribution of the corresponding rotor.

3.2 From energies to heats of formation

The ab initio, as all methods described previously, only provides total

energies at 0 K (fixed nuclei). Those energies may be corrected for

thermal effects through the use of computed normal mode frequencies

and statistical thermodynamics to obtain the total energies at a given

temperature. Those energies still have to be converted into heats of

formation. According to the definition, the standard heat of formation

of a compound is the heat exchanged when the compound is formed

from its elements in their standard state.
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In the case of a CnHm hydrocarbon this reaction should be

nCs,gr +
n

2
H2,g −→ CnHm (3.23)

This definition can however not be used to compute heats of formation

as ab initio calculations on condensed phase elements are not available.

This section describes the methods used in this work to deduce heats of

formation of hydrocarbons from total energies or enthalpies. Two differ-

ent cases appear: the closed-shell systems (molecules) and the open-shell

ones (radicals). Apart from the atomization reaction method, the meth-

ods used to obtain the heat of formation of closed and open-shell systems

are different. They are therefore presented in different sections.

Atomization Reactions (AR)

The first method, uses atomization reactions. According to this scheme,

the standard heat of formation for a CnHm hydrocarbon is obtained by

equations.

∆H◦
f (CnHm, 0K) = n∆H◦

f (C, 0K) +m∆H◦
f (H, 0K)−

�
D0 (3.24)

�
D0 are the calculated molar atomization energies

�
D0 = nE(C, 0K) +mE(H, 0K)− E(CnHm, 0K) (3.25)

Atomic heats of formation are taken from literature and are respectively

for carbon and hydrogen 169.98 and 51.63 kcal.mol−1. The next step

corrects the value at 0 K to obtain the heat of formation at 298.15 K.

The enthalpy corrections for carbon and hydrogen atoms are respectively

0.25 and 1.01 kcal.mol−1 [55].
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∆H◦
f (CnHm, 298.15K) = ∆H◦

f (CnHm, 0K)

+[H(CnHm, 298.15K)−H(CnHm, 0K)]

−n[H(C, 298.15)−H(C, 0K)]

−m[H(H, 298.15)−H(H, 0K)] (3.26)

3.2.1 Methods applied to closed-shell systems

Apart from the atomization reactions, three methods were applied to

closed-shell systems. Those are the hydrogenation, combustion and

isodesmic reactions.

Hydrogenation reaction (HyR)

In this method the compound is completely hydrogenated into methane.

Contrarily to the atomization scheme, this method is isogyric, meaning

that it offers conservation of the number of electron pairs. It also con-

serves the number of radicals and their multiplicity, however, those re-

actions are not applied to open-shell systems in this work. The reaction

for a CnHm hydrocarbon is

CnHm + (
4n−m

2
)H2 −→ nCH4 (3.27)

The standard heat of formation is then obtained from the heat of reac-

tion using the experimental value for the heat of formation of methane

at 298.15 K. From a theoretical point of view, this method should be

more accurate than the atomization scheme [23].
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Combustion reactions

Combustion reactions are also considered. Those are interesting because

experimental data is available for the heats of reaction. This allows

analysis of the error on the heat of combustion, and on the final heat

of formation, therefore separating the error from the energies from the

error on the experimental references. As is seen later on, most of the

error on the resulting heats of formation comes from the energies.

Isodesmic reactions

Isodesmic reactions have been introduced by Hehre and coworkers [56].

As defined in their work, this term is used to describe reactions in which

all the formal bonds between heavy atoms are separated into the simplest

molecules with the same type of bonds. Methane is used to ensure stoi-

chiometry. Later, George and coworkers [57] introduced homodesmotic

reactions, which conserve the number of carbon atoms in their vari-

ous states of hybridation and the number of carbon atoms with one,

two or three hydrogen attached. With time, various other names were

used, such as homodesmic reactions, bond separation reactions, hypoho-

modesmotic reactions, semihomodesmotic reactions, .... The important

number of names for the different types of reactions makes the discus-

sion uneasy. In this work, the term Bond Separation Reaction is used

to describe the isodesmic reactions as defined by Herhe. Those are used

extensively. Very recently, bond separation reactions have been the sub-

ject of a classification by Wheeler and coworkers [58]. This classification

is shortly described here, as it is discussed in section 5.5.
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Hierarchy in homodesmotic reactions The highest level in this

hierarchy is occupied by the hyperhomodesmotic reactions. Those re-

actions conserve the number of carbon-carbon bond types (H3C-CH2,

H3C-CH, H2C-CH2, H3C-C, H2C-C, HC-CH, HC-C, C-C, H2C=CH,

HC=CH, H2C=C, HC=C, C=C, HC≡C, and C≡C). They also conserve

the number and type of carbon atom with zero, one, two and three hydro-

gens attached in reactants and products. The second level is the homod-

esmotic one in which there is an equal number of carbon-carbon bond

type (sp3-sp3, sp3-sp2, sp3,sp, sp2-sp2, sp2-sp, sp-sp, sp2=sp2, sp2=sp,

sp=sp, sp≡sp) and an equal number of each type of carbon atom with

zero, one, two or three hydrogens attached in reactants and products.

Hypohomodesmotic reactions conserve the number of carbon in their

various states of hybridation and the number of carbon atoms with zero,

one, two or three hydrogens attached. The bond separation reactions as

defined by Raghavachari and coworkers are now simply called isodesmic

reactions. They retain the number and type of carbon-carbon bond and

carbon hydrogen bonds. This type of reaction is used extensively in this

work, as the number of references remains limited, and thermodynamic

data on those are accurately known. The acronym BSR for those reac-

tions is maintained throughout this work. Finally, the fifth and lowest

level of their hierarchy is occupied by the isogyric reactions we have

previously called HyR. As defined by Wheeler and coworkers, all those

reactions are isodesmic bond separation reactions, apart from the iso-

gyric level. They show the advantage of being uniquely defined. There

can however be a limitless number of bond conserving reactions for a

given system. Figure 3.1 shows the different possible isodesmic bond

separation reactions for 2-methylhexa-1,3-diene-5-yne.
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Figure 3.1: Illustration of hierarchy in bond separation isodesmic re-

action, from isogyric (top) to hyperhomodesmotic (bottom) reactions.

3.2.2 Methods applied to open-shell systems

The open-shell systems are treated using unrestricted wave functions,

which involves having to deal with spin contamination.

Hydrogen transfer reactions (HTR)

An example of such a reaction for the determination of the heat of

formation of the phenyl radical is given on Figure 3.2. This method

consist in considering hydrogen transfer reaction from a closed-shell sys-

tem (benzene in the example) to a open-shell one (the methyl radical in

the example). The heat of formation of the radical under investigation

(the phenyl radical in the example) is obtained from the heat of the hy-

drogen transfer reaction and the experimental heats of formation of the

open and closed-shell references (the methyl radical, methane and ben-
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Figure 3.2: Hydrogen Transfer Reaction for the phenyl radical.

zene). From an isodesmicity point of view, this method retains almost

completely the electronic environment and should therefore provide very

accurate data. There are however two main drawbacks to that method.

The first is the need to compute the energy of the corresponding closed-

shell systems for each radical to be studied. This significantly increases

the computational cost of the determination of a heat of formation. Fur-

thermore, for unusual systems, the experimental heat of formation of the

closed-shell system may not be available. Further work is, in those cases,

needed to establish the heat of formation of that system. Secondly, if

the open-shell system is studied using unrestricted wave function, an

important spin contamination may cause a significant overestimation of

the heat of formation [59].

Radical Bond separation Reaction (RBSR)

To avoid the practical drawbacks of the HTR method, we introduced

open-shell references into the BSR test set. Those references are C2H,

C2H3, and C2H5 and have to be used in a way that best reflects the elec-

tronic environment of the radical site (see Figure 3.3). This method has

well defined references and eliminates the first drawback of the hydrogen

transfer method at the expense of a diminution of the conservation of

electronic environment. By introducing open-shell systems in the refer-

ence set, we also introduce spin contaminated systems.
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Figure 3.3: Radical bond separation reactions for the propene-2-yl and

1,3-butadiene-4-yl radicals

By doing so, we hope to partially cancel the error linked to spin con-

tamination in the radical under investigation.

Notations Different methods have been described to obtain heats of

formation. Each calculated heat of formation is therefore obtained com-

bining the energy from an ab initio method and one of the presented

methods to turn this energy into a standard heat of formation at 298.15

K. A heat of formation obtained using an energy E and a method M will

be noted noted E/M. For instance, a heat of formation obtained with

G3B3 energies and the hydrogenation method is noted G3B3/HyR. This

notation is maintained throughout this work.

3.3 Transition state theory

Transition state theory views a reaction between A and B to form prod-

uct P to proceed via de formation of a transition state C �=. The transi-

tion state then decomposes unimolecularly to the product P.

A+B � C �= → P (3.28)

Using this scheme, one can establish Eyring’s equation (equation 3.30),

providing the bimolecular rate constant k2 (for reaction A + B → P).
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The rate of that reaction is defined as the rate of formation of the product

P, or the rate of consumption of any of the two reactants.

d[P ]

dt
= −d[A]

dt
=

d[B]

dt
= k2[A][B] (3.29)

Eyring’s equation defines the rate constant k2:

k2 = κ
RT

p

kT

h
K �= (3.30)

In whichK �= is the equilibrium constant for the A+B � C �= equilibrium,

and κ is the transmission coefficient. The latter classically has a value

between 0 and 1. If κ=0, all the systems reaching the transition state

go back to the reactants, if κ=1, all systems reaching the transition

state continue to form the products. Generally, κ is set to 1. As the

equilibrium constant may be expressed as a function of the Gibbs free

energy, equation 3.30 may be rewritten:

k2 = κ
RT

p

kT

h
e(

−∆G
�=

RT
) (3.31)

In which ∆G �= is the activation free energy, namely, the difference in

Gibbs free energy between the transition state and the reactants. The

latter expression can also be developed to define the Arrhenius param-

eters as a function of the activation entropy (∆S �= ) and activation

enthalpy (∆H �=). This development leads to the general expression of

the rate constant k for unimolecular or bimolecular reactions.

k = κ
kT

h
e(1−∆n �=

)(
RT

p
)−∆n �=

e(
∆S

�=
R

)e(
−Ea

RT
) (3.32)

In which Ea = ∆H �= + (1 − ∆n �=)RT is the activation energy. The

remainder of the expression defines the pre-exponential term.



74 Chapter 3. Obtention of thermodynamic and kinetic data

3.3.1 Tunneling

Tunneling is the process by which a particle or a set of particles crosses

a barrier on its potential energy surface without having the energy re-

quired to surmount this barrier. In the theoretical determination of a

rate constant, not accounting for this tunneling may lead to an under-

estimation of the rate constant. The easiest way to correct the rate

constant for tunneling effect is to use Wigner’s formula (see equation

3.33), which provides a corrected transmission coefficient.

κ(T ) = 1 +
1

24
(
hIm(ν �=)

kT
)2 (3.33)

This method is quite widely used as it only requires the value of the

imaginary frequency (ν �=) of the transition state. The Eckart method

takes into account, not only the imaginary frequency of the transition

states, but also the barrier height and the energies of the two minima

connected by the transition state (details may be found in the work of

Vandeputte and coworkers [60]). The Eckart method is the one used in

this thesis.

3.3.2 Practical calculation of a rate constant

The practical determination of a rate constant involves both the quan-

tum chemical methods described in chapter 2 and the statistical ther-

modynamic ones presented earlier in this chapter. Quantum chemical

methods allow the determination of (among others) the geometries, en-

ergies (at 0 K, without residual vibrational energy), moments of inertia

and vibrational frequencies of the reactants (minima) and transition

state (first-order saddle points). The statistical thermodynamic formu-

las presented in this chapter are used to obtain the entropies of the
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reactants and products as well as their thermal correction to enthalpies,

∆S �= and ∆H �= are then easily obtained, and so is the rate constant, as

defined in equation 3.32. Once the rate constants have been obtained

at different temperatures, the parameters for the Arrhenius (A and Ea)

or modified Arrhenius (A, n and Ea) expression may be obtained by a

least square fit.

3.3.3 The effect of pressure

A number of gas phase reactions involve an elementary unimolecular step

in which the reactant molecule changes into the product (A → P ). Those

are generally called “unimolecular” reactions. Such reactions present

first-order rate laws (see equation 3.34). The mechanism present both

unimolecular and bimolecular steps.

[dP ]

dt
= k[A] (3.34)

The problem is that the molecule acquires the necessary energy through

collision with another molecule, and a collision is a bimolecular event.

How can this result in a first-order rate law. A first successful explana-

tion of this is provided by the mechanism of Lindemann and Hinshelwood

[61]. The A → P reaction actually begins with the collisional exciation

of A to A∗:

A+A → A∗ +A
d[A∗]

dt
= ka[A]2 (3.35)

The energized molecule A∗ might lose its excess energy by collision

A∗ +A → A+A
d[A∗]

dt
= −k�a[A][A∗] (3.36)

Alternatively, A∗ might also continue to form the product P

A∗ → P
d[A∗]

dt
= −kb[A

∗] (3.37)
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The rate of formation of P is given by

d[P ]

dt
= kb[A

∗] (3.38)

Considering the steady state approximation for the net rate of formation

of A∗, we obtain

d[A∗]

dt
= ka[A]2 − k�a[A][A

∗]− kb[A
∗] ≈ 0 (3.39)

which leads to

[A∗] =
ka[A]2

kb + k�a[A]
(3.40)

The rate of formation of P then becomes

d[P ]

dt
= kb[A

∗] = kb
ka[A]2

kb + k�a[A]
(3.41)

If the collisional deactivation of A∗ is much faster than the formation of

P , as would be the case in a high pressure environment, we have

kb[A
∗] ≪ k�a[A][A

∗] or kb ≪ k�a[A] (3.42)

We can then neglect kb and the rate of formation of P becomes

d[P ]

dt
≈ k[A] with k =

kakb
k�a

(3.43)

which is a first-order rate law. In the opposite situation, if the formation

of P is very fast compared to the collisional deactivation, the latter

becomes the rate limiting step. In this case, we have

kb[A
∗] ≫ k�a[A][A

∗] or kb ≫ k�a[A] (3.44)

leading to a bimolecular rate law for the formation of P

d[P ]

dt
≈ ka[A]2 (3.45)

This mechanism explains the particular pressure dependance of uni-

molecular reaction by a change of rate limiting step accompanying the

changes in pressure.



Chapter 4

Combustion and

combustion modeling

This chapter is divided into two sections. The first is dedicated to the de-

scription of the fundamental concepts in combustion chemistry. The sec-

ond provides information about the modeling of combustion processes,

such as it is carried out within the university’s combustion unit.

4.1 Combustion phenomena

Combustion is a non-spontaneous self-sustained oxidation reaction. Most

commonly, the oxidizer is molecular oxygen. The nature of the co-

reactant is much more varied. The global combustion equation for a

C, H, O, N system is given by equation 4.1.

CxHyOzNw + (x+
y

4
− z

2
)O2 −→ xCO2 +

y

2
H2O +

w

2
N2 (4.1)
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Fresh gases 

Flame front 

Burned gases 

Burner 

Figure 4.1: Schematic representation of the flame front above a flat

flame burner.

4.2 Definitions

This section lists some definitions of concepts that are specific to com-

bustion chemistry.

Equivalence ratio

The equivalence ratio (see equation 4.2) defines whether a flame is rich

stoichimetric or lean. A rich flame (Φ >1) has an excess of fuel, and

therefore leads to incomplete combustion processes and to the formation

of carbonaceous species. A lean flame (Φ < 1) has an excess of oxidizer

and therefore allows more complete combustion phenomena.

Φ =
(

χfuel

χoxidizer

)fresh gases

(
χfuel

χoxidizer

)stoichiometry
(4.2)

Flame front

The flame front is the zone in which the combustion process takes place.

This front is located between the incoming fresh gases and the burned

products (see Figure 4.1). It is a very thin zone at atmospheric pressure

and may be widened by working at lower pressure.
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4.2.1 Types of flame

Premixed and diffusion flames

We distinguish two types of flames, diffusion flames and premixed ones.

In diffusion flames, there is no premixing between the oxidizer and the

fuel. This leads to incomplete and therefore to carbonaceous combustion

products. Examples of diffusion flames are candles, lighters, and more

generally, accidental flames (fire, explosions). In premixed flames, as

indicated by the name, there is a premixing of the fuel and oxidizer

before the beginning of the combustion process. This premixing allows a

more complete combustion and therefore the production of less unburned

carbon containing species.

Laminar or turbulent flame.

The difference between those two types of flames is only the nature of

the flow of fresh gases. Laminar flames correspond to a laminar flow of

fresh gases and turbulent ones to a turbulent flow.

One-dimensional laminar premixed low pressure flames

In the combustion studies carried out at the Université catholique de

Louvain, flames are mostly one dimensional laminar premixed flames

burning at low pressures. The laminar and premixed characteristics

bring homogeneity to the flame behavior. The low pressure ensures a

sufficiently large flame front. Sampling is done at different points of the

flame front to analyze the variation in the concentration of the various

detectable species.
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Temperature profiles can also be established by measuring the temper-

ature at different point of the flame front.

4.3 Combustion modeling

This section describes what a combustion model is composed of, what

data is needed, and what equations are solved.

4.3.1 The mechanism

At the heart of the combustion model, there is the mechanism. This

mechanism consists in a series of reactions considered to be the most

important in the description of the different chemical processes occurring

during the combustion process. Commonly, only important reactions are

kept to limit the size of the model. For all the reactions included in the

mechanisms, one must also know:

• The different gas properties concerning the species present in the

mechanism. The properties to be provided to the modeling soft-

ware (see further) are : the geometry of the molecule (monoatomic,

linear, non linear), the Lennard-Jones potential, the Lennard-

Jones collision diameter, the dipole moment, the polarizability,

and the collision frequency.

• For each compounds in the mechanism, one must provide the heat

of formation, the entropy and the heat capacity. This data has

to be introduced in the form of the coefficients of the seven co-

efficient NASA polynomial, which provides a description of the
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temperature dependence of the thermodynamic data:

Cp

R
= a1 + a2T + a3T

2 + a4T
3 + a5T

4

∆H◦
f

RT
= a1 +

a2
2
T +

a3
3
T 2 +

a4
4
T 3 +

a5
5
T 4 +

a6
T

S◦

R
= a1ln(T ) + a2T +

a3
2
T 2 +

a4
3
T 3 +

a5
4
T 4 + a7

• For all reactions composing the mechanism, one needs to intro-

duce the three parameters A, n, and Ea of the modified Arrhenius

expression for the rate constant (see equation 4.3).

k = ATnexp(
−Ea

RT
) (4.3)

This equation is used to account for non-linear behavior of the

Arrhenius plot. This effect can be quite important. Those pa-

rameters are obtained by a least square fit on the calculated rate

constants.

Once all the information is gathered, the model can be introduced in

adequate software (COSILAB, CHEMKIN). Equations describing the

freely propagating one dimensional premixed laminar flame are solved.

Those equations account for mass conservation (equation 4.4), energy

conservation (equation 4.5), species conservation (equation 4.6). The

perfect gas law is also added to the system (equation 4.7).

Ṁ = ρµAf (4.4)

Ṁ
dT

dz
− 1

Cp

dT

dz
(λAf

dT

dz
)

+
Af

Cp

K�

k=1

ρYkVkCp,k
dT

dz

+
Af

Cp

K�

k=1

ω̇khkWk = 0 (4.5)
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Ṁ
dYk
dz

+
d

dz
(ρAfYkVk)−Af ω̇kWk = 0 (4.6)

ρ =
pW̄

RT
(4.7)

The meaning of the different parameters in equations 4.4 to 4.7 are given

in Table 4.1. When those equations are solved, one obtains, (among

others), the evolution of the mole fraction of any species included in the

mechanisms with respect to the distance to the burner and the different

pathways of formation of those species, through the net reaction rates.
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Table 4.1: Meaning of the different parameters of equations 4.4 to 4.7.

Symbol Meaning units

z distance to the burner [m]

Ṁ mass flow rate [kg s−1m]

T Temperature [K]

Yk mass fraction of species k [-]

p pressure [Pa]

µ gas flow rate [m s−1]

ρ volume density [kg m−3]

Wk molar weight of species k [kg mol−1]

W̄ average molar weight of the mixture [kg mol−1]

R gas constant [J mol−1K−1]

λ thermal conductivity of the mixture [W K−1m−1mol−1]

Cp Constant pressure heat capacity [J mol−1K−1]

of the mixture

Cp,k Constant pressure heat capacity [J mol−1K−1]

of species k

ω̇k net molar production rate of [mol m−3s−1]

species k per unit of volume

hk specific enthalpy of species k [J kg−1]

Vk diffusion rate of species k [m s−1]

Af surface including the flux lines [m2]
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Chapter 5

Heats of formation of

closed-shell systems

The determination of the heats of formation of closed-shell systems is

a major part of this thesis. It allows the evaluation of the method

through the comparison with available experimental values (as discussed

in the next chapter, such comparisons are harder to make for open-

shell systems.). In this chapter, G3B3 energies are used to establish

standard heats of formation using the different methodologies described

in section 3.2. The results are analyzed and compared to establish the

best way to deal with systems for which those heats of formation are

inaccurately known or not known at all. Comparison with the test set

leads to different types of results:

• First, the standard heats of formation of several small unsaturated

cyclic hydrocarbons are redefined, others are just questioned.
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• A new type of isodesmic reactions is considered, ring conserving

isodesmic reactions. These reactions are used to define the heats

of formation of bicyclohexadiene isomers.

• As a result of the analysis of the ring conserving processes, an

isodesmicity index is defined and tested.

5.1 Test set

Several methods to determine the heats of formation of closed-shell sys-

tems have been presented in section 3.2. All those methods present

different advantages and drawbacks. To determine the method to be

used and the error we should expect from that method, we introduced

a hydrocarbon test set. The G3B3 method coupled with atomization

reactions has already been tested on the hydrocarbons contained in the

G2/97 test set [43]. Among those hydrocarbons there are only a few

large (5-6 carbons) ones, we therefore decided to create our own hydro-

carbon test set.

5.1.1 G3B3 energy components

The following sections will discuss the various G3B3 energy components

(∆(QCI), ∆(+), ∆(2df, p) and ∆(GTL) corrections). The empirical

correction is not discussed as its behavior is known by definition. Values

of the different energy corrections are provided in the appendix of this

chapter (see Table A.1).
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∆(QCI) corrections: The correlation correction

The ∆(QCI) corrections accounts for the correlation that has not been

accounted for at the MP4SDTQ 6-31G(d) level. As was mentioned in

section 2.4.2, a full fourth-order calculation includes between 95 and

98% of the correlation energy. It is therefore not surprising that this

correction has the lowest magnitude of the four. On average, this cor-

rection brings a stabilization of the energies of 1.27 kcal.mol−1, which

only represents 0.45 % of the overall G3B3 stabilization. This small ab-

solute magnitude does not make the ∆(QCI) correction less important

than the others. For example, the energy difference induced between

propyne and allene by the ∆(QCI) is larger than the ones induced by

all the other corrections. On the whole test set, no clear tendency can

be found, such as a direct dependence of the correction with the number

of electrons, bonds or others. Nevertheless, tendencies in sub-groups can

be found:

• For linear alkanes, there is a very good correlation between the

∆(QCI) correction and the number of electrons in the system.

This relation is described by equation

∆(QCI) = −0.054nb(e−)− 0.33 R2 = 0.998 (5.1)

• For cyclic hydrocarbons, alkanes (equation 5.2) or alkenes (equa-

tion 5.3), the ∆(QCI) correction also follows a linear behavior

when cycle size is increased.

∆(QCI) = −0.042nb(e−)− 0.37 R2 = 0.949 (5.2)

∆(QCI) = −0.047nb(e−)− 0.26 R2 = 0.956 (5.3)
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Figure 5.1: Evolution of the ∆(+) correction with the number of elec-

trons.

• The ∆(QCI) is positive for two compounds, which are benzene

and toluene. The aromatic ring is probably responsible for this

situation.

All those observations are however made on very small sub-groups which

do not guarantee their validity with increasing system sizes.

∆(+) corrections: The diffusion functions correction

The ∆(+) correction is the second smallest in magnitude. Again, this

could be expected, as the use of diffuse functions is known mainly to be

useful for the description of weak bonds or ions (see section 2.3.3). This

time, the importance of the correction clearly increases with the size of

the system, without showing a good correlation coefficient (See Figure

5.1).
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Figure 5.2: Evolution of the ∆(2df, p) correction with the number of

electrons.

∆(2df, p) corrections: The polarization functions corrections

The ∆(2df, p) correction accounts for 32 % of the overall correction. It

exhibits a systematic increase of its magnitude with the size of the sys-

tem (see Figure 5.2). This figure shows, at first glance, a better linear

behavior than the equivalent figure for the ∆(+) (see Figure 5.1). We

however must mention that the variation for a given number of elec-

trons is greater for the polarization corrections. The use of polarization

functions is known to be useful in the description of spaces having im-

portant electron density. As a result, the correction is more important

for compounds containing triple bonds or strained patterns.

∆(GTL) corrections: Remaining corrections

The ∆(GTL) correction includes the effects of core electrons as well as

those linked to the consideration of separate basis set effects in the two

preceding corrections. If this correction is plotted against the number
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Figure 5.3: Evolution of the ∆ (GTL) correction with the number of

electrons.

of electrons (see Figure 5.3), one can clearly distinguish the effect of a

carbon atom and its core electrons on the magnitude of the correction.

The plot is indeed divided into a series of parallel series of points. Within

each series, the decrease is linked to the number of hydrogen atom in the

system. As shown in Table 5.1, slopes of the linear plots of ∆(GTL) as

a function of the number of hydrogen within a given number of carbon

atoms are very similar for two to six-carbons species.

5.1.2 Heats of formation

Results for the 34 hydrocarbons test set are presented in Table 5.2 along

with the corresponding experimental data. Unless mentioned otherwise,

the experimental value is taken from the Journal of Physical and Chem-

ical Reference Data (JPCRD) [62]. In this table, * indicates a value

from Pedley’s compilation, ** indicates a value from the NIST Ther-

mochemistry Webbook. The three last lines of that table provide Mean

Deviation (MD), Mean Absolute Deviation (MAD, see equation 5.4)
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Table 5.1: Slopes of the linear plots of ∆(GTL) as a function of the

number of hydrogen for a given number of carbon atoms, and standard

deviation of those slopes.

slope s.d.

2 carbons -1.17 0.02

3 carbons -1.12 0.14

4 carbons -1.15 0.11

5 carbons -1.23 0.13

6 carbons -1.12 0.16

and Maximum Absolute Deviation (MaxAD). Those deviations are cal-

culated as: experiment-calculated. As methane and two-carbon species

are references in the BSR method, average values are calculated on three

to seven carbon species to maintain consistency in the method compar-

isons.

MAD =
1

n

n�

1

|∆Hf,expt. −∆Hf,calc.| (5.4)

Results from Table 5.2 indicate that AR and BSR both provide accu-

rate data while the use of HyR or CombR yields very poor heats of

formations.

Table 5.2: Experimental and calculated standard heats of formation for

the test set hydrocarbons (kcal.mol−1). Uncertainties on experimental

values are provided when available.

Molecule Expt AR HyR BSR CombR

Hydrogen 0 -0.42 - - -0.66

Methane -17.8 ±0.1 -17.89 - - -16.81

Ethane -20.1 ±0.05 -20.09 -20.32 - -17.68

Ethylene 12.5 ±0.2 12.30 11.65 - 14.95

Acetylene 54.5 ±0.25 54.34 53.27 - 57.23

(Continued on next page)
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(Continuing from previous page)

Allene 45.6 ±0.2 44.95 43.56 45.26 49.17

Propyne 44.6 ±0.5 44.08 42.69 44.14 48.30

Cyclopropene 66 ±0.7 68.24 66.84 68.13 72.45

Propene 4.8 ±0.2 4.77 3.79 4.86 8.74

Cyclopropane 12.7 ±0.2 13.44 12.46 13.12 17.42

Propane -25 ±0.1 -24.97 -25.53 -25.09 -21.24

1-buten-3-yne** 70.4 68.80 66.67 68.97 74.59

1,3-butadiene* 26.3 26.49 24.77 26.69 32.03

1,2-butadiene 38.8 ±0.1 39.55 37.83 39.75 45.09

Methylenecyclopropane 48 ±0.5 46.25 44.53 46.04 51.79

Bicyclobutane 51.9 ±0.2 54.31 52.59 53.69 59.85

Cyclobutene 37.5 ±0.4 39.30 37.58 39.09 44.84

1-butyne* 39.48 39.67 37.96 39.63 45.22

2-butyne 34.7 ±0.2 34.54 32.82 34.49 40.08

cyclobutane 6.8 ±0.2 7.07 5.77 6.65 12.37

(E)-2-butene -2.9 ±0.2 -2.49 -3.80 -2.51 2.81

(Z)-2-butene -1.9 ±0.1 -1.04 -2.34 -1.05 4.26

Isobutene -4 ±0.1 -3.87 -5.17 -3.88 1.43

Butane -30.2 ±0.1 -29.97 -30.85 -30.19 -24.91

Isobutane -32.1 ±0.1 -31.92 -32.80 -32.14 -26.86

Cyclopentadiene 32.12 32.59 30.13 32.49 39.69

Spiropentane 44.2 ±0.2 44.55 42.50 43.82 51.41

Cyclopentane -18.7 ±0.2 -17.59 -19.22 -18.12 -10.96

(Z)-2-Pentene -6.3 ±0.1 -5.78 -7.41 -5.90 0.84

Pentane -35 ±0.1 -34.96 -36.18 -35.30 -28.58

2,2-dimethylpropane -40.1±0.1 -39.94 -41.15 -40.27 -33.56

Benzene 19.8 ±0.1 20.33 17.13 20.34 29.00

bismethylenecyclobutene 80.4 81.22 78.01 81.22 89.89

1,3-cyclohexadiene 25.4 ±0.1 26.09 23.30 25.88 34.52

1,4-cyclohexadiene 25.8 ±0.5 26.17 23.38 25.96 34.59

(E)-1,3,5-hexatriene 40 39.77 36.98 39.97 48.20

(Z)-1,3,5-hexatriene 41 41.35 38.56 41.55 49.78

Cyclohexene -1.03 -0.69 -3.06 -1.11 7.50

(Continued on next page)
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(Continuing from previous page)

Toluene 12.1 ±0.1 11.86 8.33 11.76 21.85

MD -0.32 1.49 -0.20 -6.65

MAD 0.63 1.58 0.55 6.65

MaxAD 2.41 3.77 2.13 9.75

5.1.3 Atomization and Bond Separation Reactions

Those two methods provide accurate results with BSR giving the best

ones. Using both methods provides a MAD below 1 kcal.mol−1. The

MD of those two methods indicates a slight tendency to overestimate

the heats of formation. In both cases, the MaxAD appears for strained

compounds, respectively for bicyclobutane and cyclopropene for AR and

BSR. Those methods seem to overestimate the heats of formation of

small cyclic patterns. This is further discussed in section 5.2. On the

whole test set, the data obtained with those two methods are very simi-

lar. It is therefore necessary to determine whether the use of BSR really

brings an improvement. This has been evaluated through a bilateral Stu-

dent test. Results indicate that the two methods do provide different

values (details are provided in the appendix; see Table A.4).

5.1.4 Empirical corrections

The empirical correction (∆(HLC)) has been left out of the discussions

in section 5.1.1 because of its well defined behavior. In this section,

we examine the effect of this correction on the AR heats of formation.

Considering the empirical correction for bond conserving reactions is

useless, as, in those cases, the correction is completely canceled in the
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Figure 5.4: Evolution of the error with respect to the number of elec-

trons, using AR and G3B3 energies from which the empirical correction

has been removed (R2=0.86).

calculation of the heat of reaction. The results in Table 5.2 showed

that AR and BSR results are very close leading to unexpectedly low

improvement from isodesmic reactions. To assess the impact of this

empirical correction on the resulting heats of formation, those have been

computed using AR and with G3B3 energies from which the empirical

corrections has been excluded (details of the results are given in Table

A.2 of the appendix of this chapter). Results are quite poor indicating

the importance of the empiric correction. The MD and MAD become

-21.65 and 21.65 kcal.mol−1 respectively. Those two values indicate a

systematic overestimation of the data is observed. The error on the

compounds can be correlated to the size of the system, in terms of the

number electrons (see Figure 5.4).
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5.1.5 Isogyric Reactions

Results obtained using HyR are of quite poor quality when the level

of theory is taken into consideration. The method clearly underesti-

mates the heats of formation. From a theoretical point of view, the

isogyric processes should provide better results than atomization reac-

tions. Observation made on the AR heats of formation indicate that

the improvement linked to the use of isogyric reactions is smaller than

the one induced by the introduction of the empirical correction. HyR

results are however much more accurate than AR results if the empirical

correction is excluded, and this is in agreement with expectations.

5.1.6 Combustion reactions

Again, the method provides poor results with a systematic overestima-

tion of the data. The case of combustion reactions is interesting because

experimental data exist for the heats of reaction. This allows us to com-

pare, not only the resulting heats of formation, but also to compare the

heats of combustion (see Table A.3 in the appendix). Figure 5.5 shows

clearly that the error on the heats of formation is already present in the

heat of reaction. Those reactions are not isodesmic, the electronic en-

vironment are far from being conserved, replacing C-C and C-H bonds

by C=O and O-H bonds. Furthermore, those are not even isogyric as

the number of paired electrons is not retained due to the triplet oxygen.

This might be a cause for such poor results.
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Figure 5.5: Absolute error on the heats of formation (strong black line)

and on the heats of reaction (gray surface), in kcal.mol−1.

5.1.7 Effect of reference values

As mentioned earlier, all those methods depend on the values used for the

reference heats of formation. Several databases exist and do not system-

atically provide the same value. In this section, we compare BSR values

obtained with different sets of reference values coming from JPCRD

[62], Pedleys compilation [63] and the NIST Chemistry Webbook [64]

(see Table 5.3). As the NIST database proposes different values for sev-

eral compounds we choose to use the most recent ones. The values are

not compared with experimental data but only to each other through

a bilateral Student test. Table A.5 indicates that the results from the

use of JPCRD and Pedley reference values do not provide significantly

different results, while the use of NIST reference values differs from the

two others. The similarity between results obtained with JPCRD and

Pedley references probably comes from the compensation of the aug-

mentation of the heat of formation of methane by a variation of the
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Table 5.3: Sets of reference values tested (kcal.mol−1). Uncertainties

are provided when available.

Molecule ∆H◦
f (JPCRD) ∆H◦

f (Pedley) ∆H◦
f (NIST)

Methane -17.8 ±0.1 -17.89 ±0.1 -17.89

Ethane -20.1 ±0.05 -20.24 ±0.1 -20.04 ±0.07

Ethylene 12.5 ±0.2 12.57 ±0.1 12.54

Acetylene 54.5 ±0.25 54.2 ±0.3 54.19 ±0.2

heats of formation of ethane and ethylene. Those variations compensate

each other in the determination of reaction heats and therefore lead to

results similar to those observed using JPCRD references. This kind of

compensation is not observed with the NIST references, chosen as the

most recent ones.

5.1.8 Effect of hindered rotations

Hindered rotations are generally considered to have a significant impact

on heat capacities and entropies, but not on energies at room tempera-

tures. Their effect on energies is generally accepted as negligible. Indeed,

the consideration of the hindered rotation in ethane increases the 298.15

K thermal correction to energy by only 0.052 kcal.mol−1 (result obtained

using the HinderedRotor keyword in Gaussian03, using the method of

Ayala and Schlegel [65]), which is a minor increase. However, in com-

pounds such as cyclopentane, five of those rotors are present on one side

of the BSR and none on the other. Considering the hindered rotation in

ethane would lower the resulting heat of formation by 0.26 kcal.mol−1,

which becomes an important modification. The heats of formation of
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the different cyclic system were recalculated using the corrected ethane

energy. Results show no improvement in the MD or the MAD. Errors

in the small cyclic systems may be due to strain energy which is not

conserved in our BSR processes.

5.2 Outliers

The analysis of the test set results indicated several cases for which the

error is much greater than the MAD. Those outliers are cyclopropene,

cyclobutene, methylenecyclopropane and bicyclo[1,1,0]butane (from now

on, simply referred to as bicyclobutane).

5.2.1 Experimental data

The experimental values provided by the different databases can be

tracked down to their original measurements. The heat of formation

of cyclopropene comes from a combustion calorimetry experiment car-

ried out by Wiberg and coworkers [66]. The heats of formation of the

three other outliers also come from combustion calorimetry experiments

carried out by Wiberg and Fenoglio [67]. Their work covered a range

of cyclic C4H6 isomers. Table 5.4 shows the results of Wiberg and

Fenoglio’s work along with our G3B3/BSR heats of formation. In this

table, values for non cyclic systems are from Prosen and coworkers a

(see ref. [66] and references therein). All those measurements (both

cyclopropene and C4H6 isomers) have been carried out using the same

procedure and similar calorimeters. The experimental set up was tested

on the measurement of the heat of formation of propene, which provided

a -491.83 kcal.mol−1 heat of combustion leading to a 4.02 kcal.mol−1
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Table 5.4: Experimental heats of combustion, and formation for C4H6

isomers and G3B3/BSR data (kcal.mol−1).

C4H6 Isomer ∆H◦
c ∆H◦

f,exp ∆H◦
f,calc

1,3-butadiene -607.16 ±0.18 26.0 ±0.2 26.69

2-butyne -615.84 ±0.23 34.7 ±0.2 34.49

cyclobutene -618.60 ±0.36 37.5 ±0.4 39.09

1,2-butadiene -619.93 ±0.13 38.8 ±0.1 39.75

1-butyne -620.04 ±0.20 39.5 ±0.2 39.63

methylenecyclopropane -629.07 ±0.43 48.0 ±0.4 46.04

bicyclobutane -633.05 ±0.19 59.1 ±0.2 53.69

1-methylcyclopropene -639.36 ±0.27 58.2 ±0.3 57.55

heat of formation of propene, which is already an underestimation of

the data of about 0.8 kcal.mol−1. This comment is valid for both the

measures of Wiberg and coworkers, Wiberg and Fenoglio and Prosen

and coworkers. We do not wish to mean that old measurements are

surely inaccurate, but all those combustion results seem to be the only

experimental data for those small cyclic systems. Those were never con-

firmed by any other experimental measurements and their accuracy has

never been tested.

5.2.2 Heat of formation of cyclopropene

Comparison of experimental and theoretical data for the heat of forma-

tion of cyclopropene reveals quite important discrepancies. Most com-

monly used Databases (NIST Chemistry Web-Book , JANAF ) provide

a 66 ±0.7 kcal.mol−1 heat of formation for cyclopropene.
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A 66.2 ±0.6 kcal.mol−1 heat of formation is also available (Pedleys com-

pilation ). All those databases make reference to the work of Wiberg

and coworkers, which surprisingly provides a 66.6 ±0.6 kcal.mol−1 heat

of formation for cyclopropene. This difference is not explained for sure

but the value of the heat of formation may be lowered by using more

recent data concerning carbon dioxide and water. However, if such pro-

cedure is applied on cyclopropene, it should also be applied on the other

results of Wiberg and Fenoglio which use the same data. In most cases,

it would lead to more important discrepancies between experiment and

G3B3 data. It would also lead to a 3.4 kcal.mol−1 heat of formation

of propene. The heat of formation of cyclopropene has been computed

using a wide variety of model chemistries, mainly because it is part of

the G2/97 test set [68, 40, 69, 44]. As this compound is one of the most

strained monocyclic pattern, it is also included in several studies on ring

strain energies [70, 71]. Its computed heat of formation using different

high-level model chemistry shows an almost systematic overestimation

of about 2 kcal.mol−1 when compared to the experimental data (see

Table 5.5). Such an error is possible for G2 based model chemistry, as

this procedure presents a 1.66 kcal.mol−1 MAD on the G2/97 hydrocar-

bon sub-set (using atomization reactions). This MAD goes down to 1

kcal.mol−1 if G3 is used. The issue is not specific to the Gaussian fam-

ily of model chemistries, several CBS models have also been applied and

show similar errors. The range of errors of those CBS methods goes from

MADs of 3.59 kcal.mol−1 (CBS-4) to 1.08 kcal.mol−1 (CBS-QB3). The

HL1 and HL2 methods of Miller and Klippenstein [72], which provide a

67.5 kcal.mol−1 heat of formation, are claimed to be accurate within a

few tenths of a kcal.mol−1. The former is a Gaussian-like approximate of

the QCISD(T, full)/6-311++G(3df,2pd) level and the latter an estimate
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of the QCISD(T, full) level at the CBS limit. Most of the calculated data

lie above the experimental value. Two exceptions appear. First, is the

66.5 kcal.mol−1 result from Pan and coworkers [70]. This value is in good

agreement with the experimental data. However, in this same work, we

note that an underestimation of about 2 kcal.mol−1 appears for the two

other C3H4 isomers. The second exception is the CBS-4 value from Pe-

tersson and coworkers [68]. This latter method has a Mean Absolute

Deviation (MAD) of 3.59 kcal.mol−1 on hydrocarbons with a clear ten-

dency to underestimate (mean deviation from experiment (exp-calc)=

3.14 kcal.mol−1) the heats of formation of the hydrocarbon contained in

the test set. When the level of chemistry is quite low, the experimental

data falls within the typical error margin of the method. However, when

this level of theory is raised, the difference appearing is much greater

than the one expected on such a small hydrocarbon.

Results and discussion

The experimental data of Wiberg and coworkers is the only one avail-

able and previous discussion has shown reasons to doubt the accuracy

of this value. This discussion aims at establishing the value for this

heat of formation. In their recent review of bond separation processes,

Wheeler and coworkers [58] have indicated that strain could be a source

of additional error. Indeed this ring strain is not reproduced in the BSR

processes. We therefore choose to use cyclopropane as reference (with

a ∆ H◦
f=12.7 kcal.mol−1) for the determination of the standard heat of

formation of cyclopropene.
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Table 5.5: Calculated heats of formation of cyclopropene in kcal.mol−1.

Experimental value is 66 (JPCRD) or 66.2 (Pedley) or 66.6 (original

value) kcal.mol−1.

Reference Method ∆H◦
f,exp

Curtiss and coworkers [44] G2/AR 69.1

G2MP2/AR 69.7

G2MP2SVP/AR 67

Notario and coworkers [73] G2/BSR 67.9

G2MP2/ BSR 68.1

Curtiss and coworkers [40] G3/AR 68.4

Miller and Klippenstein [72] HL1, HL2/HyR 67,5

Pan and coworkers [70] B3LYP/6-311+G(3df,2dp)/BSR 66.5

Petersson and coworkers [68] CBS-Q/AR 70.1

CBS-q/AR 69.6

CBS-4/AR 65

Petersson and coworkers [69] CBS-4M/AR 65.4

CBS-QB3/AR 69.5

G3(MP2)/AR 67.8

Karton and coworkers [74] W4.2/AR 67.51
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Strain effects The use of cyclopropane aims at conserving the strain

in the reference hydrocarbon. This can only be the case if strain in

cyclopropane also induces an unexpected error. However we also note

that the heat of formation of cyclopropane is not among the outliers

as it lies within half a kcal.mol−1 of the experimental data. Table 5.2

provides the heats of formation of cyclopropane along with the error

on similar compounds: propane (same number of sp3 carbons) propene

(isomer) and butane (same number of bonds). At the BSR level, the

error (expt.-calc.) on those heats of formation are -0.42, 0.09, 0.06 and

-0.01 kcal.mol−1. It is obvious that the error on cyclopropane is much

more important than the others and we may therefore expect an error

coming from strain effects, leading to an overestimation of the data.

By using cyclopropane as a reference, we can expect the variation in

the heat of formation to be an improvement linked to the conservation

of strain effects. The heat of formation of cyclopropene obtained by

such a process is 67.71 kcal .mol−1. The latter value might still be an

overestimate due to remaining strain effects.

Support for the new value If the original value from Wiberg and

coworkers is corrected for the error noted on propene, it becomes 67.4

kcal.mol−1, and a better agreement appears between experiment and

theory. However, an experimental value, obtained as such is only a small

indication. The theoretical value can obtain support from hydrogenation

process. We consider the hydrogenation of cyclopropene and 1- and 3-

methylcyclopropene (1- and 3-mcp) to the corresponding cyclopropanes.

We consider that the heat of hydrogenation should be very similar in

cyclopropene and 3-mcp and a lower value is expected for the 1-mcp,

from which strain is released through hyperconjugaison.
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Table 5.6: Calculated heats of formation and hydrogenation of cyclo-

propene and substituted cyclopropenes (kcal.mol−1). Standard heat of

formation of methylcyclopropane : 5.59 kcal.mol−1.

Compound ∆H◦
f,expt. ∆H◦

f,calc. ∆H◦
hyd.,expt. ∆H◦

hyd.,calc.

cyclopropene 66 ±0.7 67.71 53.30 55.01

1-mcp 58.2 ±0.3 57.12 52.61 51.53

3-mcp [75] 61.42 ±0.47 60.32 55.92 54.73

Table 5.6 provides the results for the heats of formation and of hydro-

genation reactions. It shows that, using experimental heats of formation,

the heat of hydrogenation of cyclopropene is closer to that of 1-mcp; the

opposite is expected and is provided by the theoretically obtained data.

In a recent work, Karton and coworkers have carried out W4.2 calcula-

tions on cyclopropene [74]. Using their results and experimental energy

corrections provide a heat of formation of 67.51 kcal.mol−1. Energies

obtained using Wn families of model chemistry are very accurate. If

this value is considered as correct, we may establish that the remaining

strain error linked to the inner cycle double bond is of ± 0.2 kcal.mol−1.

As a result, the heat of formation of 3-mcp should be lowered by the

same value and is believed to be close to 60.12 kcal.mol−1. The value

presented in Table 5.6 for 1-mcp is an upper bond and 56.92 kcal.mol−1

should be considered as a lower one for this heat of formation.

Conclusions

The heat of formation of cyclopropene has been discussed from both

experimental and theoretical points of view. Results indicate that the

experimental value is most likely inaccurate and should be replaced by



5.2. Outliers 107

Table 5.7: Heats of formation (298.15 K) of cyclobutene with different

model chemistries (kcal.mol−1).

Reference Method ∆H◦
f,calc.

Curtiss and coworkers [44] G2/AR 40.3

Pan and coworkers [70] B3LYP/BSR 39.5

Curtiss and coworkers [40] G3/AR 39.5

Montgomery and coworkers [69] G3(MP2)/AR 38.8

CBS-4M/AR 40.2

CBS-QB3 40.8

Karton and coworkers [76] W3.2/AR 38.53

a theoretically obtained value. It has also been shown that strain effects

are responsible for an overestimation of the data. We consider that the

67.51 kcal.mol−1 value of Karton and coworkers should be considered as

the reference value for the heat of formation of cyclopropene.

5.2.3 Heat of formation of cyclobutene

As has been observed in the case of cyclopropene, the heat of formation

of cyclobutene is also importantly overestimated by our methodologies.

Again, the heat of formation of that compound has been computed using

a variety of methodologies and again, almost systematic overestimation

is noticed (see Table 5.7). The initial idea in this section was to compute

the heat of formation of cyclobutene using cyclobutane as reference, as

was done with the cyclopropene/cyclopropane couple. An error from

strain not being accounted for is expected to be an overestimation; this

was confirmed in the previous section. The heat of formation of cyclobu-
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tane is underestimated by the BSR method, and only slightly overesti-

mated by the AR method. If strain is responsible for the error on the

heat of formation of cyclobutene, it cannot be cancelled by the use of

cyclobutane has reference in an isodesmic process. The error using the

latter method is not superior to the one that can be expected by looking

at the errors on the heats of formation of pentane or butane.

Theoretical support Most model chemistries have shown results about

two kcal.mol−1 higher than the experimental data. Recently, Karton and

coworkers have carried out high level W3.2 calculation on cyclobutene

[76]. If their value for the 0 K data is used together with experimental

energy corrections, the resulting data is 38.53 kcal.mol−1. This value is

0.56 kcal.mol−1 of our data, which is an acceptable error of G3B3 data.

Furthermore, it is 1.02 kcal.mol−1 over the value of Wiberg and Fenoglio,

which is also in agreement with the underestimation observed on propene

(0.8 kcal.mol−1) and on cyclopropene (0.91 kcal.mol−1).

The case of cyclobutadiene In our study of the heat of formation

of cyclopropene, we could not find a high level theoretical method which

could support the experimental data. The case of cyclobutene is differ-

ent on that point. In their experimental determination of the heat of

formation of cyclobutadiene, Fattahi and coworkers [77] have used the

experimental heat of formation of cyclobutene. The resulting heat of

formation of cyclobutadiene (102.33 kcal.mol−1) is in excellent agree-

ment with W1/AR heat of formation (102.06 kcal.mol−1) obtained in

that same work. The value obtained in their work is however provided

with a large 4 kcal.mol−1 error margin which could hide the error on the

heat of formation of cyclobutene.
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Conclusion

Several results concerning the heat of formation of cyclobutene have been

presented. Despite indications that the experimental data of Wiberg and

Fenioglio is probably underestimated, all high level results could not be

reconciled. Contrarily to the case of cyclopropene, the origin of the im-

portant deviation on this system could not be clearly identified. Despite

contradictory results from the experimental work on the determination

of the heat of formation of cyclobutadiene, we consider that the W3.2

value of Karton and coworkers should be retained as a new reference heat

of formation of cyclobutene with an uncertainty of 0.4 kcal.mol−1.

5.2.4 Heat of formation of methylenecyclopropane

We now focus on methylenecyclopropane. This compound is the only

one for which the important deviation from experiment is an underes-

timation. This compound therefore presents an error which is larger

than expected and in the “wrong direction”, as we observed a tendency

to overestimate data using both AR and BSR. This system also shows

another type of strain. One part is linked to forcing a ± 60 degree angle

on the sp2 carbon rather than the typical ± 120 degrees. This time

the additional strain added to the cyclopropane pattern comes from an

external double bond and cannot be expected to have the same effect as

an inner cycle double bond such as presented in cyclopropene. It is quite

an issue, as the simplest reference presenting similar strain is methylene

cyclopropane itself, which makes it difficult to determine a process con-

serving such a strain. There are data for methylmethylenecyclopropene

and ethylydenecyclopropane from the work of Turner and Goebel [78].
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Those values rely on several approximations which make them unusable

as references. If we consider increasing isodesmicity, the value for the

heat of formation of this system decreases, which increases the difference

between theory and experiment. However, none of those isodesmic reac-

tions conserve the strained sp2 site of methylene cyclopropane. As there

are no reliable experimental data, apart from the heat of formation of

methylcyclopropane, on methylenecyclopropane or any of its analog it

is impossible to determine an isodesmic reaction conserving the prob-

lematic pattern and to definitely establish the heat of formation of this

compound. In this case, solution would come from a more accurate

solution of the Schrödinger equation.

5.2.5 Heat of formation of bicyclobutane

This is the last of the four outliers considered. Again, there is very lit-

tle experimental data on this system or any of its analog. The heat of

formation obtained with AR is the highest deviation for that method

and the deviation is under two kcal.mol−1 for BSR. Under the hypoth-

esis that the strain in bicyclobutane is responsible for the deviation.

We have used cyclopropane as a reference compound for the isodesmic

process. The heat of formation obtained is 52.84 kcal.mol−1, which is

less than 1 kcal.mol−1 over the experimental one. We have shown that

strain was responsible for overestimation of the heat of formation of

cyclopropane pattern and therefore, this lowering is considered as an

improvement. The obtained value is 0.94 kcal.mol−1 over the one of

Wiberg and Fenoglio which is in good agreement with what is observed

for cyclopropene, cyclobutene and propene.
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5.2.6 Conclusions

Several compounds in the closed-shell test set showed deviations too im-

portant to remain unnoticed and uncommented. The four problematic

compounds were discussed. Only for cyclopropene were we able to es-

tablish a new heat of formation. The three other cases remain uncertain.

The W3.2 value for the heat of formation of cyclobutene is considered

as the most accurate available at this time. Concerning the two other

outliers, there are too few data on those systems to establish clearly new

reference values.

5.3 Benzene isomers

There is a very important number of stable (minima) structures for

C6H6 isomers [79]. During this work, several of those isomers were en-

countered in benzene formation mechanisms. Their heats of formation

were computed. The first isomer to be investigated is fulvene [80]. This

compound is one of the most frequently appearing isomers in benzene

formation mechanisms. The next series of isomers to be treated are fused

bicyclic compounds. Several of those are also present in benzene forma-

tion mechanisms in closed-shell or open-shell forms, the others have been

introduce for comparison purposes. As the strain in small cyclic patterns

has been shown to be an issue, a Ring Conserving Isodesmic Reaction

scheme is developped and used on those systems.
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5.3.1 Heat of formation of fulvene

Fulvene, or, 5-methylene-1,3-cyclopentadiene, is one of the many isomers

of benzene. Fulvene and its derivatives have already been the subject

of a number of studies because of their non alternant structure and

their aromatic/antiaromatic character [81, 82, 83]. It is also a major

intermediate in benzene formation mechanism in flames [24, 23, 27, 84].

Experimental values published for the heat of formation of fulvene are

53.5 [62] and 53.6 [85, 64] kcal.mol−1. Calculated heats of formation

for that particular compound vary greatly, from 48.8 [24] to 56.6 [86]

kcal.mol−1. On one hand, nowadays model chemistry provides fairly

accurate results. On the other hand, measuring the heat of formation

for such a transient molecular species is certainly not an easy task and

experimental uncertainty might be important. One should wonder why

such a discrepancy appears and what value should be recommended.

To try answering such a question, a careful analysis of the published

data must be performed. The main objective of this section will be

to recommend a reliable heat of formation for fulvene after performing

this analysis and carrying out high-level model chemistry, in order to

determine an accurate heat of formation.

Methods

In addition to the G3B3 method, a second method is used. The latter

is the CBS APNO model of Petersson [46]. This method is more com-

putationally demanding but is expected to provide results with a 0.5

kcal.mol−1 accuracy [47, 87]. Those two models have been extensively

described in an earlier section.
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Figure 5.6: Reference isodesmic reactions.

Heat of formation

As the preceding methods provide only a total energy, the latter must

be converted into a heat of formation, which can be obtained by using

different processes. The first one is the vastly used atomization scheme

[88, 89]. As it was shown that in many cases, the use of isodesmic reac-

tions [56] could significantly improve results [90, 91], we also considered

such isodesmic processes. Three such reactions are retained in this work.

The first reaction is the classical bond separation reaction (Figure 5.6.a

). In the second one, more structural similarities are introduced by using

cyclopentadiene as a reference (Figure 5.6.b.). Finally, the direct isomer-

ization reaction of benzene to fulvene is used (Figure 5.6.c). With this

reaction implying two structurally similar compounds, we hope that the

largest part of the error will cancel out. Reference values are taken from

Pedleys compilation [63] and give for CH4, C2H6, C2H4, C6H6, and C5H6

respectively -17.89, -20.24, 12.57, 19.80 and 32.12 kcal.mol−1.
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Table 5.8: Theoretical heats of formation of fulvene at 298.15 K

(kcal.mol−1).

Source Method ∆H◦
f

Melius Database 1987 BAC-MP4 56.3

Mebel and coworkers G2(rcc, MP2) 48.8

Miller and Melius BAC-MP4 52.22

Miller and Klippenstein HL1 51.44

HL2 51.34

Bouchoux and coworkers G2(MP2) 50.91

da Silva and Bozzelli CBS-QB3 55.3

The latter value is retained as most sources tend to agree on a heat of

formation of 32 kcal.mol−1 [64, 63, 92].

Results and discussion

Looking at literature, several other theoretically obtained heats of for-

mation can be found for fulvene. These are presented in Table 5.8. The

highest value [86] comes from the C. F. Melius database and was ob-

tained using the 1987 BAC-MP4 method, which is nowadays known to

give results of relatively poor quality [93]. The lowest value was ob-

tained by Mebel et al. [24] by using a G2-like method. This method has

a MAD of 1.28 kcal.mol−1 on the atomization energies of the 32 first row

G2 test set compounds. This value was obtained using benzene as refer-

ence in the isomerization reaction (reaction r.3.). The BAC-MP4 value

is printed with an error of 1.74 kcal.mol−1 in the Sandia Thermochemical

Database [94]. This is the only value that includes the experimental heat

of formation in its margin of error. The HL1 and HL2 values of Miller
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and Klippenstein [23] are very similar. Those two methods are claimed

to be highly accurate, rarely differing by more than 1 kcal.mol−1 with

a typical deviation of a few tenths of a kcal.mol−1. We have to men-

tion that only the 0 K value are given in the reference (HL1(0 K)=54.7

kcal.mol−1, HL2(0 K)=54.6 kcal.mol−1) and that the 298.15K data was

obtained using our calculated enthalpy thermal corrections. The value

from Bouchoux and coworkers [95] comes from a G2(MP2) calculation.

Such calculations give results with a MAD of 2 kcal.mol−1. Very re-

cently [96] da Silva and Bozzelli published a CBS-QB3 value of 55.3

kcal.mol−1 obtained by the atomization scheme. The expected error at

this level of theory is known to be around 1 kcal.mol−1. Such devi-

ations from experiment could be the results of the several theoretical

approximations (harmonic, incomplete basis sets, electron correlation).

It could also come from experimental measurements, considering that

the heat of formation is calculated from a hydrogenation reaction and

that fulvene is a highly unstable compound [97]. Of all theoretically ob-

tained results, only two propose values for the heat of formation higher

than the experimental ones. Among those values (56.3 kcal.mol−1) one

comes from a method of low precision and should be rejected. Apart

from the CBS-QB3 value, whenever high-level theoretical chemistry is

used, the results are lower than the experimental values, and only one

includes the experimental value in its typical error range. Our computed

atomization results are shown in Table 5.9, for fulvene as well as for the

reference compounds. Quite surprisingly, the CBS method does poorly

in predicting heats of formation compared to the high accuracy of G3B3

results. As example, the difference between G3B3 and experiment on

benzene is 0.54 kcal.mol−1 while for CBS it goes up to 2.35 kcal.mol−1,

the largest observed difference. The other reference compounds show
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Table 5.9: Standard heats of formation computed from the atomization

scheme (kcal.mol−1).

Molecule Expt. G3B3 CBS-APNO

methane -17.89 ±0.1 -17.89 -18.90

ethane -20.24 ±0.1 -20.08 -21.82

ethylene 12.57 ±0.1 12.31 12.14

cyclopentadiene 32.12 ±0.35 32.60 31.06

benzene 19.80 ±0.17 20.34 17.45

fulvene 53.50 51.72 50.66

slightly lower discrepancies. A further analysis of the numbers in Table

5.9 shows that CBS correlates very well to the G3B3 results (equation

5.5) but gives a systematic error of 1.40 kcal.mol−1.

∆H0

f (G3B3) = 0.999∆H0

f (CBS)− 1.407 R2 = 0.999 (5.5)

A similar behavior is found when experimental values are fitted to CBS

results.

∆H0

f (Exp) = 1.015∆H0

f (CBS)− 1.367 R2 = 0.999 (5.6)

Finally for fulvene, this analysis suggests that the obtained CBS at-

omization result is too low and should be corrected for the systematic

error. This correction leads to a heat of formation of 52.02 kcal.mol−1.

Nevertheless, after this analysis, both G3B3 and CBS are lower than

the experiment. Looking further at our selected isodesmic processes,

this first proposal could be refined. Table 5.10 reports the reaction en-

ergies of the isodesmic processes completed by the heats of formation

computed from the latter. Concerning the isodesmicity, the best G3B3
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Table 5.10: Heats of isodesmic reactions and resulting standard heats

of formation of fulvene (kcal.mol−1).

G3B3 ∆H◦
rxn ∆H◦

f

r.1. -32.29 52.04

r.2. -11.08 51.50

r.3. 31.37 51.17

CBS-APNO

r.1. -33.72 50.61

r.2. -11.44 51.13

r.3. 33.21 53.01

result should come from r.3, but, the poor quality of CBS atomiza-

tion result for benzene leads us to believe this reaction should not be

retained and that the best isodesmic result using CBS-APNO method

should rather come from reaction r.2. This is confirmed by the similari-

ties between the heats of isodesmic reaction r.2. using both methods. As

shown by Table 5.10 those results are close to each other, being respec-

tively equal to 51.50 for r.2. and 51.17 kcal.mol−1 for r.3. at G3B3 level,

and 51.13 kcal.mol−1 at CBS level for r.2.. These latter values are about

0.6 kcal.mol−1 under the G3B3 atomization value, which is consistent

with our expectations. Whatever the method being used, the best the-

oretical results remain below the experimental heat of formation of 53.5

kcal.mol−1. As measuring the heat of formation for transient species

leads to an experimental uncertainty we recommend retaining theoret-

ically obtained results. As there seems to be a systematic lowering of

the value with respect to the increasing structural similarities, and be-

cause of the use of the isomerization reaction (r.3.) with accurate G3B3
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data, we would retain 51.17 kcal.mol−1 as a new value for the heat of

formation of fulvene. As all methods give slightly different numbers, the

precision of our proposed value may be computed from the root mean

square deduced from these data, which gives ± 0.37 kcal.mol−1. Fig-

ure 5.7 shows that this value is within the typical error margin of most

calculated heats of formation.

Conclusion

In this section, we carried out two high-level model chemistry computa-

tions, G3B3 and CBS-APNO, in order to determine the heat of forma-

tion of fulvene. We used those energies to calculate the values using an

atomization scheme and different isodesmic reactions. Analysis of the

results shows that, while G3B3 provides accurate data, the CBS-APNO

method does poorly in predicting , as a systematic error is present. Even

though the quest of full precision is still open, nowadays most reliable

computations tend to a value close to 51.17 ± 0.37 kcal.mol−1, which

we will recommend. This value is obtained using G3B3 energies and

benzene as reference. The r.m.s. value is deduced from the distribution

of our various results and places experiment about 2 kcal.mol−1 above

this value.

5.3.2 Strained, fused bicyclic isomers

in this section, we determine the heats of formation of highly strained

bicyclic benzene isomers. Both bicyclo[2, 2, 0]hexadiene and bicyclo[3,

1, 0]hexadiene are considered. The latter systems are the closed-shell

equivalent of several open-shell intermediates in the reactions forming a
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Figure 5.7: Comparison of the different theoretical results. Experi-

mental value is 53.5 kcal.mol−1. Value for this work is 51.17 kcal.mol−1.

The G3B3 typical error used is 0.62 kcal.mol−1.

first aromatic ring in hydrocarbon flames. We therefore use a set of cyclic

references to assess the performances of Ring Conserving Isodesmic Re-

actions (RCIR). A similar type of reaction, conserving the benzene pat-

tern have already been used by Sivaramankrishnan and coworkers to

account for aromaticity in PAH [98]. We have seen in a previous section

that the heats of formation of small cyclic compounds are an issue. The

first subsection of this part of the work is therefore devoted to the de-

termination of the cyclic set of reference. The use of such references not

only accounts for the ring strain, but also removes the hindered rotation

issue presented in section 5.1.8.

RCIR references

The reference set for RCIR is the BSR reference set augmented by 3, 4

and 5-membered cycle references. In the cases of three-membered cy-
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cles, two patterns are considered, cyclopropane and cyclopropene. The

reference chosen are therefore cyclopropane and cyclopropene with the

experimental data for the first and the heat of formation established

from Karton and coworker’s value in section 5.2.2. References for four

membered rings are cyclobutane, cyclobutene and cyclobutadiene. The

heat of formation used for cyclobutane and cyclobutadiene are the exper-

imental ones while the value used for cyclobutene is again the Wn value

of Karton and coworkers. References for five membered rings are also

quite uncertain. The heat of formation of cyclopentadiene is between 31

and 33.4 kcal.mol−1 depending on the source. The heat of formation of

cyclopentene is between 8.1 and 8.6 , again depending on the source, and

finally, the heat of formation of cyclopentane also varies between -18.26

and -18.6 kcal.mol−1. As we have already used the Pedley value for cy-

clopentadiene in the determination of the heat of formation of fulvene

with success, we decide to keep the values from Pedley’s compilation for

the other five-carbons ring references. All those references account for

individual cycle strain. The fusion of the two cycles obviously generate

effects that will not be accounted for by those isodesmic processes. As a

matter of facts, the reference to be used to describe the strain linked to

the fusion of two rings are the system under investigation in the present

section. Table 5.11 lists the chosen experimental data for the RCIR test

set.

Results

Heats of formation The BSR and RCIR heats of formation of bi-

cyclic compounds are presented in Table 5.12 along with the uncer-

tainty resulting from the combination of the uncertainties on the refer-
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Table 5.11: BSR and RCIR reference heats of formation (kcal.mol−1).

Compound ∆H◦
f uncert.

methane -17.8 ±0.1

ethane -20.1 ±0.05

ethylene 12.5 ±0.2

cyclopropane 12.7 ±0.2

cyclopropene 67.51 ±0.4

cyclobutane 6.8 ±0.2

cyclobutene 38.53 ±0.4

cyclobutadiene 102.33 ±4

cylopentane -18.26 ±0.2

cyclopentene 8.1 ±0.33

cyclopentadiene 32.1 ±0.36

ence compounds. Reactions used to obtain the RCIR data are given in

the appendix of this chapter (see Table A.7). There is only one BSR to

be applied to C6H6 systems (1-9), whatever its structure. This is also

the case for the hydrogenation products. A more important number of

RCIRs must be used. Those reactions are provided in the appendix (See

Table A.7). A student test indicates that the two series of values are sig-

nificantly different with a tendency of RCIR values to be lower than the

BSR ones. The calculated uncertainties on the RCIR values are larger

than the ones on BSR data. Not much comparison can be made with

other results as there is very few data on those systems. For system

4, comparison is possible with other theoretical values. There is one

estimated value in JPCRD of 87 kcal.mol−1, which is obviously an un-

derestimation. Theoretical works on this system have also been carried
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Table 5.12: RCIR and BSR obtained ∆H◦
f (kcal.mol−1). Structures of

the different compounds are given in Figure 5.9.

Compound ∆H◦
rxn (BSR) ∆H◦

f (BSR) ∆H◦
rxn (RCIR) ∆H◦

f (RCIR)

1 95.73 162.63 32.69 161.92

2 65.18 132.08 49.99 131.29

3 56.12 123.02 40.93 122.23

4 29.88 96.78 14.69 95.99

5 26.80 93.70 27.99 92.89

6 39.95 106.85 10.02 107.03

7 42.59 109.49 12.66 109.67

8 57.31 124.21 27.37 124.38

9 49.39 116.29 50.58 115.48

10 48.79 83.29 25.35 82.85

11 27.80 62.30 4.36 61.86

12 2.59 37.09 -4.93 35.97

13 39.85 74.35 32.33 73.23

14 43.08 77.58 7.26 77.91

15 -25.45 25.95 - -

16 -25.52 25.88 - -

17 28.96 30.66 -2.73 30.97

18 6.57 8.27 -6.83 7.71

19 -19.92 -1.12 - -

20 -15.79 -29.59 - -
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out and provide data between 94 and 97 kcal.mol−1. Those however,

do not consider the conservation of cyclic patterns. The use of RCIR

provides a better conservation of errors. The G3B3 procedure (as well

as other similar model chemistries) offers the possibility to quantify this

conservation. An estimation of the utility of a given correction may be

obtained by considering the reaction energy correction. A small abso-

lute value indicates for a given reaction energy correction that the need

of correcting for the corresponding effects in the considered isodesmic

process is also small because the process already cancels the effects in

the calculation of the reaction energy correction. Figure 5.8 shows the

average absolute reaction energy correction for the BSR and RCIR pro-

cesses. This figure clearly indicates the better conservation of errors in

the RCIR processes, mainly through the conservation of the ∆(2df,p)

correction. The latter correction accounts for the polarization functions

by giving more flexibility to the basis set. This flexibility is obviously

a very important element in the description of highly strained systems.

Table A.8 details the various absolute energy corrections.

Hydrogenation energies The hydrogenation of double and bridg-

ing bonds are considered; the latter category leading to a six-carbon

monocyclic system (see Figure 5.9).

Discussions

Cyclo[2,2,0]hexadienes We start with the hydrogenation of the bi-

cyclo[2,2,0]hexane systems. The 11 → 17 reaction shows an exother-

micity similar to that of the cyclobutene→cyclobutane hydrogenation

reaction (-29.73 kcal.mol−1). This is probably mainly because the un-
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Figure 5.8: Comparison of reaction energy correction in BSR and

RCIR. (kcal.mol−1). Dark colors: BSR; light colors: RCIR.

saturation does no causes structural changes much different from the

one observed in the monocyclic case. A similar comment can be made

on the heat of ring opening hydrogenation, which is only 1.27 kcal.mol−1

superior to the saturated case. The hydrogenation of 10 to 17 is much

more exothermal. We observe a 19.01 kcal.mol−1 raise in the double

bond hydrogenation energy and of 22.25 in the ring opening heat. The

formation of the double bond is, in this case, accompanied by strong

structural changes (see Figure 5.10). First, we consider system 4, which

is the most stable and probably the less strained. The formation of

the second double bond decreases by 5.23 kcal.mol−1 the heat of double

bond hydrogenation. This is more than what can be expected from the

formation of a non-conjugative second double bond. The heat of the ring

opening reaction is raised by 7.89 kcal.mol−1. System 3 has two non-

equivalent double bonds. The hydrogenation of those may be compared

to hydrogenation reaction 10 → 17 and 11 → 17. The heat hydrogena-
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tion of the HC=CH bond is about 10 kcal.mol−1 inferior (more exother-

mic) to the one observed in 11 → 17 and about 5 kcal.mol−1 inferior

of the 4 → 11 reaction heat, indicating that the difference in position

of the second double bond is responsible for a 5 kcal.mol−1 destabiliza-

tion. The heat of hydrogenation of the second double (3 → 11) bond is

10 kcal.mol−1 inferior to that of 10 → 17, and 20 kcal.mol−1 inferior to

3 → 10. This difference is only due to the important structural changes,

that were already observed to be responsible for a 20 kcal.mol−1 desta-

bilization. As represented on Figure 5.9, system 3 could benefit form

conjugative stabilization, however, it is not the case as the compound

has a structure quite similar to system 10, and is therefore not pla-

nar. The ring opening hydrogenation is more exothermic than for 10 by

13.17 kcal.mol−1 and superior to that of 11 by 34.21 kcal.mol−1. The

structure of system 2 is planar, therefore, in this case, conjugation is

possible. However, the two successive hydrogenation energies are nearly

equal, while conjugative effects would lead to a first hydrogenation re-

action less exothermic than the second. This is because the conjugative
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stabilization is compensated by the further structural changes leading to

the planar structure. This compensation of stabilization/destabilization

effects also leads to a heat of ring opening of 22.21 kcal.mol−1, which is

nearly equal to that of 10. The last bicyclo[2,2,0]hexadiene (1), presents

the cyclobutadiene pattern. It is a planar systems and presents an in-

crease of about 30 kcal.mol−1 of the exothermicity of the hydrogenation

reactions, both the double bond hydrogenation and the ring opening

one, when compared to the other planar system (2). Compound 1 also

presents a conjugative stabilization effect. This difference may be caused

by anti aromaticity in the cyclobutadiene pattern. Indeed, the destabi-

lization due to anti isodesmicity has been reported to be around 30-40

kcal.mol−1. Therefore, one could consider that turning 10 into a pla-

nar system by the introduction of a second double bond destabilizes the

system by an overall 10 kcal.mol−1.

Cyclo[3,1,0]hexadienes We start with the bicyclo[3,1,0]hexane, to

evaluate the effect of the introduction of a single double bond. As was

observed in the previous section, the heat of hydrogenation of the double

bond only importantly varies if this bond involves a bridgehead carbon.

In 12, hydrogenation energy (-28.26 kcal.mol−1) of the double bond is

quite close to the hydrogenation energy of cyclopentene to cyclopentane

(-26.36 kcal.mol−1). The hydrogenation energy of the ring opening re-

action (-37.08 kcal.mol−1) is very close to that of the opening of system

18 to cyclohexane and that of the cyclopopane to propane. Including

a bridgehead carbon in the double bond (case of 13 and 14) increases

the exothermicity of the reaction by 35-40 kcal.mol−1, which is almost

twice the destabilization observed in 10 in the previous section. Also, it

doubles the heat of the ring opening reaction. Again, this is more im-
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portant than the increase noted for system 10 in the previous section.

Turning to C6H6 compounds, we start with system 5. This system has

two double bonds in its five-carbon cycle. The whole system is non pla-

nar, but the cyclopentadienyl pattern is, therefore allowing conjugation.

The heats of hydrogenation of those bonds are 8.6 kcal.mol−1 greater

(less exothermic) than their equivalent in 12 or 13. This is most likely

due to the conjugative stabilization. A quite surprising feature is the

particularly low energy for reaction 5 → 13. As mentioned, conjugation

justifies the difference with reaction 12 → 18, the heat of the former is

however 5 kcal.mol−1 less exothermic than the heat of hydrogenation

of cyclopentadiene, which also shows conjugative stabilization. This is

most likely due to destabilization in 13 rather than stabilization in 5.

The heat of ring opening is also lowered but only by 7.33 kcal.mol−1.

This is however quite unexpected, as conjugation effect should at least

partially be conserved. Compounds 6 and 7 are quite similar. Those two

are non planar, preventing conjugation in system 7. The reactions of

hydrogenation of their double bonds are slightly more exothermic than

those observed in their bicyclo[3,1,0]hexane counterparts. The two sys-

tems differ by the product of the ring opening hydrogenation reactions.

The relative agreement with the bicyclohexenes is also observed in their

ring opening heat of reaction. System 9 is a planar system, while 5

was non planar. This planar structure may offer complementary sta-

bilization through hyperconjugation. The difference in hydrogenation

energies with reaction 13 → 18 may therefore be caused by the destabi-

lization linked to the planarization of the structure, to which is added the

conjugation in the cyclopentadiene pattern and the addition hypercon-

jugative stabilization. The sum of all the effects leads to a globally lower

heat of double bond hydrogenation. Compound 8 is planar, therefore
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presents conjugation effects. In facts, this is the compound presenting

the greatest number of resonance limit forms (see Figure 5.11). This con-

jugative is responsible (at least partially) for the important lowering (19

kcal.mol−1) of the double bond hydrogenation reaction energies observed

in the bicyclohexene systems. The heat of ring opening hydrogenation

remains quite important. However, as a general observation, the ring

opening reaction of the bicyclo[3,1,0]hexadiene are less exothermic than

the bicylo[2,2,0]hexadienes.

Conclusion

We have computed the heats of formation of various highly strained

C6H6 bicyclic isomers. A Ring Conserving Isodesmic Reaction scheme

was tested and the results provided were shown to be significantly differ-

ent from bond separation reaction results. The RCIR heats of formation

are lower than the BSR one, and this is in agreement with the obser-

vations made in the study of the heat of formation of cyclopropene and

cyclobutene.

5.4 Other six-carbon species

The determination of the heats of formation of open-shell systems in

chapter to come will require two additional heats of formation for C6H6

isomers. The first is the one of bismethylene cyclobutene and the second

is the one of 3-acetylcyclobutene. RCIR are used to establish those

values.
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5.4.1 Heat of formation of bismethylenecyclobutene

The experimental heat of formation of bismethylene cyclobutene is given

as 80.4 kcal.mol−1 in JPCRD [62]. The value obtained through BSR re-

action is 81.22 kcal.mol−1. It is already in reasonable agreement with

experimental measurements. We have previously observed that exper-

imental measurements on such systems are not systematically very ac-

curate. Ring conserving isodesmic reactions may be used to evaluate a

more accurate value. If the two following processes presented on Figure

5.12 are used, the data obtained is 80.66 and 80.24 kcal.mol−1. Those

two values average at 80.45 kcal.mol−1 which is very close to the ex-

perimental data. We also have to note that the HL1 value of Miller

and Klippenstein [23](method which was already accurate on fulvene)

on this system, once corrected to 298.15 K is around 80.2 kcal.mol−1.

In this case, we suggest that experimental value should be retained for

this system.

5.4.2 Heat of formation of 3-acetylcyclobutene

Contrary to the preceding case, there does not seem to exist experimen-

tal measurements for this system. The use of RCIR on bismethylenecy-

clobutene provided accurate values and those reactions are therefore

applied to this system also. The reactions used are reactions 3 and 4 of

Figure 5.12. The BSR heat of formation is 92.36 kcal.mol−1. The use of

the two RCIR processes provide lower data, which are 91.80 and 92.26

kcal.mol−1. The second RCIR provides better conservation of electronic

environment but relies on less accurate data.
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Figure 5.12: RCIR used for the determination of the heats of formation

of methylenecyclobutene and 3-acetylcyclobutene.

To account for this, the average of the two values is taken as the heat

of formation of this system.

5.4.3 C6H8 isomers

Another series of isomers is the methylene cyclopentene and methyl cy-

clopentadiene systems. Those systems are also potential intermediates in

ring formation. For instance, methylcyclopentadiene isomers are the di-

rect product of the addition of the methyl radical on the cyclopentadienyl

one [99]. The heats of formation of the various isomers are given in Table

5.13 along with the isodesmic processes used. The notations used are as

follows (1): 3-methylene-cyclopentene; (2): 4-methylene-cyclopentene;

(3): 5-methyl-cyclopenta-1,3-diene; (4) :1-methyl-cyclopenta-1,3-diene;

(5): 2-methyl-cyclopenta-1,3-diene. Heats of formation for (1), (4) and

(5) are provided in JPCRD but are estimated values and cannot be
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Table 5.13: Heats of formation of the C6H8 isomers and the used

isodesmic processes (kcal.mol−1).

C6H8 ∆H◦
f isodesmic process

(1) 26.13 fulvene+cyclopentene→(1)+cyclopentadiene

(2) 29.89 cyclopentene+ethylene →(2) + methane

(3) 26.24 cyclopentadiene+ethane→(3)+methane

(4) 23.44 cyclopentadiene+propene→(4)+ethylene

(5) 23.08 cyclopentadiene+propene→(5)+ethylene

used as references. The NIST chemistry Webbook lists reference values

for (1). The value is 27.6 kcal.mol−1, which is more than 2 kcal.mol−1

superior to our value.This experimental data comes from the work of

Roth[85], which already showed similar overestimation of the heat of

formation of fulvene. Our values for (3) (4) and (5) are globally lower

than the CBS-QB3/AR values of Sharma and Green [99], which are re-

spectively (27.1, 23.9 and 24.2 kcal.mol−1. The CBS-QB3 values are

obtained through AR. As is shown in section 5.3.2, the conservation

of the ring causes a lowering of the heats of formation. This is again

observed here.

5.5 Isodesmicity index

Wheeler and coworkers have provided a classification of bond separation

processes. This hierarchy is described in section 3.2 of this work. There

are some limitations to such a classification:
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• It only applies to the bond separation category of isodesmic pro-

cesses. This ignores pattern conserving processes, such as RCIR

used in this work and isomerization processes.

• It does not account for the size of the system studied. For instance

isodesmic reactions (as defined by Hehre and coworkers [56]) rep-

resent the same level of isodesmicity for propene or hexatriene. It

is however clear that electronic environment is better conserved in

the former.

This section is an assessment of an isodesmicity index, which is reaction

specific. Its application field is therefore larger and it also accounts for

the size of the system.

5.5.1 The index

The G3B3 procedure includes several energy corrections. The magnitude

of those energy corrections is related to the electronic environment. One

may consider that, if electronic environments are similar on both side of

the reaction, the energy corrections should cancel in the reaction energy

calculation. We define the isodesmicity index (i.i) as the sum of absolute

reaction energy corrections.

i.i. =
∆E�

i

|
prod.�

p

∆Ei,p −
react.�

r

∆Ei,r| (5.7)

Defined as such, the index should show the following behavior:

• Within a given level of bond separation reaction (such as defined

by Wheeler and coworkers), the value of the isodesmicity index

should increase with the size of the system (keeping its complexity

to a similar level).
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• Within a given level of isodesmicity, the isodesmicity index should

increase with the complexity of the system (keeping its size to a

similar level).

• The isodesmicity index should be maximum for atomization reac-

tion and tend to zero as isodesmicity is raised.

This isodesmicity index is tested on a series of compounds for which

several different isodesmic reactions could be found.

5.5.2 Results and discussion

Size and complexity

In order to verify the expected behavior of the i.i. Values are computed

at BSR level (see Table 5.14) for all the compounds in the hydrocarbon

test set to which has been added: bicyclobutadiene, cyclopentene and

cyclohexane. For alkanes, one can observe the followings:

• In linear alkanes, the i.i. increases with the size of the system.

• For a given number of carbon, branching causes an increase of the

index.

• For a given number of carbon, cyclization causes an increase of the

index.

If alkenes are considered, similar observations can be made:

• Keeping the number of unsaturation constant, increasing the size

of the system increases the value of the index.

• If the configuration of a double bond is switched from (E) to (Z),

the index increases.
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• Closing a cycle increases the index.

• Turning a double bond into a triple bond increases the index.

Exceptions

• The index for propene is smaller than the one for propane de-

spite the higher complexity of propene. However, propene is also

smaller. In this case, there might be a conflict between size and

complexity.

• Going from cyclopentane to cyclohexane induces a decrease of the

index. In this case, the increase in size may be compensated by

the decrease in structural strain.

Those comparisons are only made using BSR reactions. The next level

in the classification already contains four-carbon references. In the next

section, we treat individual cases with isodesmic reactions which do not

systematically belong to the established classification.

Examples

Four carbons systems Four carbon systems are the first for which

isodesmicity can be increased from the BSR level. Several reactions have

been tested for 1,2-butadiene and 1,3 butadiene. Isodesmic reactions

tested for 1,2-butadiene are presented on Figure 5.13. Reactions R1, R2

and R5 correspond to levels in the Bond Separation Reaction hierar-

chy of Wheeler and coworkers. Figure 5.14 presents the i.i. of reactions

presented on figure 5.13 along with the error on the obtained heats of for-

mation using HF, MP2 and B3LYP with 6-31G(d) basis set. The heats
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Table 5.14: Isodesmicity index for the test set compounds with BSR

reactions (kcal.mol−1).

compound i.i. compound i.i.

allene 3.32 butane 1.20

propyne 1.40 isobutane 1.92

cyclopropene 1.98 1,3-cyclopentadiene 3.83

propene 0.52 spiropentane 3.68

cyclopropane 1.83 cyclopentene 2.41

propane 0.63 Cyclopentane 3.12

vinylacetylene 2.26 (Z)-2-Pentene 2.54

1,3-cyclobutadiene 3.62 pentane 1.90

1,3-butadiene 2.03 2,2-dimethylpropane 3.90

1,2-butadine 3.66 cyclohexane 2.93

methylene cyclopropane 2.48 benzene 7.63

bicyclobutane 3.75 bismethylenecyclobutene 7.54

cyclobutene 2.48 1,3-cyclohexadiene 3.41

1-butyne 1.21 1,4-cyclohexadiene 3.87

2-butyne 3.04 (E)-1,3,5-hexatriene 4.24

cyclobutane 2.42 (Z)-1,3,5-hexatriene 4.22

(E)-2-butene 1.15 cyclohexene 2.68

(Z)-2-butene 1.77 toluene 8.26

isobutene 1.40
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Figure 5.13: Isodesmic reactions tested on 1,2-butadiene.

of formation are calculated at low levels of theory to increase the differ-

ence between the results of the various isodesmic processes. At G3B3

level, the error on the reference compound would immediately become

an issue. The variation of i.i indicates that the cumulenic pattern is to

be taken into account if an improvement is desired. The use of propene

and acetylene does not provide a much lower i.i.. Among the three meth-

ods used, B3LYP shows the best behavior with decreasing isodesmicity

index. Similar results have been obtained for 1,3-butadiene. The evo-

lution of the index and errors are presented on Figure 5.15. Again, the

B3LYP results seems to be in best agreement with the evolution of the

index. The MP2 value using R1 presents an unexpectedly low deviation

from experiment. The other MP2 values decrease with a decreasing i.i.

but rather linearly. Those have been obtained using reactions presented

on Figure 5.16. As a third example, we consider (E)-2-butene (reactions

used are given on Figure 5.18). On Figure 5.17, one notes that the in-

dex for the isomerization to the (Z) form presents a higher isodesmicity
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R1 R2 R3 R4 R5 
isodesmicity index 16.9 3.38 3.36 0.74 0.46 
MP2 absolute error 19.27 6.85 3.27 0.58 3 
B3LYP absolute error 11.74 4.38 4.29 0.14 0.05 
HF absolute error 5.46 1.61 0.51 0.73 0.37 
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Figure 5.14: Isodesmicity index and absolute error on the resulting

heat of formation of isodesmic reactions for 1,2-butadiene. Basis set

used : 6-31G(d).

R1 R2 R3 R4 
isodesmicity index 18.74 2.03 1.52 1 
MP2 absolute error 1.45 6.87 3.29 0.29 
B3LYP absolute error 9.29 1.15 1.06 0.97 
HF absolute error 24.27 2.62 1.51 0.4 

0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

E
ne

rg
y 

(k
ca

l.m
ol

-1
) 

Figure 5.15: Isodesmicity index and absolute error on the resulting

heat of formation of isodesmic reactions for 1,3-butadiene. Basis set

used : 6-31G(d).
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Figure 5.16: Isodesmic reactions tested on 1,3-butadiene.

index than the decomposition into two propenes. This can be explained

by the interactions between methyl groups in the (Z) form which do not

appear in the (E) one. The (E) form is then closer to the two propenes

than to its (Z) counterpart. The error on reaction 4 with MP2 energies

corresponds to the use of two propenes as references. A similar increase

has been noticed in the case of 1,3-butadiene when two propenes were

used. On the overall, there is a relatively poorer agreement between

the errors and the index. We however note that in the case of B3LYP

and HF, the error quickly becomes very small, which make them more

sensitive to the errors on the experimental data of the reference systems.

Larger systems There relatively is small number of isodesmic reac-

tions for small systems, as they quickly become themselves references

as the level of isodesmicity is raised. Furthermore, the accuracy of the

data for the reference systems decreases as those grow larger and so

does the accuracy of the heat of formation of the system under investi-

gation. This makes any comparisons useless, especially at very high level
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R1 R2 R3 R4 R5 
isodesmicity index 13.19 1.15 0.63 0.26 0.9 
MP2 absolute error 3.77 3.38 0.2 3.77 0.02 
B3LYP absolute error 6.84 0.25 0.34 0.43 0.2 
HF absolute error 16.26 0.34 0.76 1.87 2.42 
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Figure 5.17: Isodesmicity index and absolute error on the resulting

heat of formation of isodesmic reactions for (E)-2-butene. Basis set

used : 6-31G(d).

Figure 5.18: Isodesmic reactions tested on (E)-2-butene.
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of isodesmicity where variations in the resulting heats of formation are

expected to be small. The index is tested on larger systems to confirm

its behavior with increasing isodesmicity. Figure 5.19 presents the i.i.

for the 2-methylhexa-1,3-diene-5-yne, which was the example compound

for the description of the bond separation hierarchy. We used the five

reactions of the hierarchy along with reactions that were chosen instinc-

tively to lie in-between hierarchy levels. This is confirmed by the index.

Note on fulvene The heat of formation of fulvene has been deter-

mined from the best of three isodesmic processes in section 5.3.1. The

accuracy of the obtained value has been confirmed a posteriori by the

W3.2Lite calculations of Karton and coworkers. However, the values

of Karton and coworkers is closer to the one obtained with the sec-

ond best reaction in section 5.3.1. If the index is calculated for those

two reactions, we note that the isodesmicity index for the isomeriza-

tion reaction is higher and therefore, that the isomerization of benzene

to fulvene is not the best isodesmic reactions. Two points have to be

mentioned. First, the isodesmic reaction conserving the cyclopentadi-

ene pattern also conserves the strain in that system, which is present in

fulvene. Second, the ∆(QCI) correction for aromatic rings was noted to

be positive. This could possibly invalidate the index for reaction using

aromatic reference.
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5.5.3 Conclusions

An isodesmicity index has been defined as the sum of absolute G3B3

reaction energy corrections. This index is reaction-specific and depends

on the size and complexity of the system under investigation. As could

be expected from such an index, it is maximum for atomization reactions

and tends to zero as isodesmicity is raised. This index allows a classi-

fication of isodesmic processes. Table A.1 provides the G3B3 data for

the hydrocarbons contained in the test set, which may be used for the

determination of isodesmicity indices. However, the error on the data

obtained does not systematically follow the index’ behavior. For large

compounds, the extension of isodesmicity also leads to the use of less

accurate references. Therefore, the heats of isodesmic reactions prob-

ably are accurate, but uncertainties on experimental data become the

main sources of errors on the final heat of formation. Finally, to avoid

issues linked to positive energy corrections, such as the one appearing

in aromatic cycles, one could consider computing the index taking into

account energy corrections from HF energies rather than the MP4 6-

31G(d) starting point of the G3B3 method.

5.6 Conclusions

The use of G3B3 to determine the heats of formation of closed-shell

hydrocarbons has been tested and revealed itself quite accurate. The

results are even better if the isodesmic process is well chosen, as has

been shown in the case of fulvene. There are however some deficiencies.

Indeed, the method does not seem to correctly reproduce the strain

situation in highly strained systems. As this issue can be overcome
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by the use of ring conserving isodesmic processes, those were only de-

fined for unsubstituted rings. Patterns such as methylenecyclopropane,

methylene cyclobutane, bicyclobutane or fusion between cycles remain

an issue. The use of isodesmicity indices can help evaluating the best

isodesmic process, however the uncertainties on the experimental values

may also become the main source of deviation on the final result.



Chapter 6

Heats of formation of

open-shell systems

As mentioned in an earlier section, dealing with open-shell systems

brings up an additional issue that must be taken into account. This

issue is spin contamination. In this chapter, we evaluate the G3B3 heats

of formation of several simple open-shell systems using the methods de-

scribed in section 3.2. As a results of the observations made on the

test set, a new method for the determination of heats of formation from

Møller-Plesset energies is developed. Finally, the last part is dedicated

to the computation of the heats of formation of several radicals appear-

ing as potential intermediates on the reaction mechanisms described in

the next chapters.

145
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6.1 Test set

The performances of the methods of determination of heats of formation

are evaluated through comparisons with test series of reference heats of

formation, such as was done for the closed-shell methodologies.

6.1.1 Reference heats of formation

Reliable experimental values concerning the heats of formation of open-

shell systems are scarce. For some, such as the allyl or phenyl radicals,

experimental data seem quite well agreed on. For those two systems, we

may consider the available experimental data. For others, we choose to

use theoretical results of higher accuracy as reference values. Table 6.1

presents the selected heats of formation for our test set.

Two-carbon radicals

As for the BSR method, RBSR needs accurate data for the two-carbon

radicals that are used as references. The data for ethyl, vinyl and ethynyl

radicals were taken from Burcat’s database (update of June 2009). In the

case of those systems, the data included in this database comes from the

Active Thermochemical Table and should be the most accurate values

available. Those are presented in Table 6.1.

C3H3 radicals

Four isomers of C3H3 radicals are considered (see Figure 6.1). Those

are the propyn-1-yl radical , the resonantly stabilized propyn-3-yl rad-

ical (from now on called the propargyl radical), the cyclopropen-1-yl
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Table 6.1: Reference ∆H◦
f for test set open-shell systems (kcal.mol−1).

Uncertainties are given when available.

radical ∆H
◦
f radical ∆H

◦
f

methyl 35.03 ±0.02 propen-3-yl 40.84 ±0.57

ethynyl 135.7 ±0.076 prop-1-yl 24.02 ±0.5

vinyl 70.60 ±0.4 n-C4H3 130.27

ethyl 28.61 ±0.16 i-C4H3 119.11

propyn-1-yl 125.99 n-C4H5 87.24

propargyl 84.23 i-C4H5 76.06

cyclopropen-1-yl 125.22 (Z)-C4H7-4-yl 32.20

cyclopropen-3-yl 116.30 cyclopentadienyl 64.77 ±1.9

propen-1-yl 65.69 phenyl 81.20 ±0.6

propen-2-yl 61.66 cyclohexadienyl 49.71 ±0.93

Figure 6.1: Structures of C3H3 radicals; a: propyn-1-yl radical, b:

propargyl radical, c: cyclopropen-1-yl radical, d: cyclopropen-3-yl radi-

cal.
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and cyclopropen-3-yl radicals. (See Figure 6.1). An important number

of experimental data for the heat of formation of the propargyl radical

is available from the literature (see [32] and references therein). Those

experimental data range from 79 to 86 kcal.mol−1. Experimental data

for the cyclopropenyl radicals are available. However, those were es-

tablished using the heat of formation of cyclopropene of Wiberg and

coworkers and are therefore probably a little overestimated. The C3H3

isomers have been the subject of high level calculation, providing the

most accurate heats of formation to this date for this series of radicals.

The heats of formation at 0 K provided in this work are 126.6, 84.76,

126.28 and 117.36 kcal.mol−1 for the propyn-1-yl , propargyl, and the

cyclopropen-1-yl and cyclopropen-3-yl radicals respectively. Those have

been corrected for temperature effects to obtain data at 298.15 K.

C3H5 radicals

Three radicals are considered, the propen-1-yl, propen-2-yl and propen-

3-yl (from now on called the allyl radical) radicals. Concerning the allyl

radical, the heat of formation has been experimentally measured and

is relatively well agreed on. The NIST Chemistry Webbook provides a

40.9 kcal.mol−1 value from Tsang’s database (1996). Another value is

given in Burcat’s database an is 39.1 kcal.mol−1. The JPCRD provides a

41 kcal.mol−1 value. In their 1996 work, Wenthold and coworkers [100]

established a 41.5 kcal.mol−1 value and the most recent experimental

result from Shuman and coworkers [101] is 40.84 kcal.mol−1. This last

value is chosen as reference in this work. Values for other C3H5 radicals

are much more difficult to find. Values of Wu and Kern [34] provided by

Burcat’s database are 62.8 and 56.8 kcal.mol−1 for the propen-1-yl and
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propen-2-yl radicals respectively. The heat of formation of propen-1-yl

has been determined using a 33.6 kcal.mol−1 heat of reaction for the

addition of an hydrogen on propyne. They determined the heat of for-

mation of the propen-2-yl radical by considering the Bond Dissociation

Energy (BDE) of ethylene and the heats of formation of propene and

of the hydrogen atom. As this method can lead to relatively accurate

results, they used 104 kcal.mol−1 as BDE of ethylene, which was prob-

ably the accepted value at the time. This value is today considered to

be around 110.7 kcal.mol−1. Their value is therefore underestimated by

about 6 kcal.mol−1. The accuracy of those two values is certainly not

guaranteed. Yu and Muckerman [102] carried out CBS extrapolation of

UCCSD(T) energies on the c-C3H6 + H reaction pathway. From this

work, relative enthalpies of the three C3H5 radicals may be extracted

and therefore, using the 40.84 kcal.mol−1 value for the allyl radical, we

determine heats of formation of 65.69 and 61.66 kcal.mol−1 for propen-1-

and propen-2-yl radicals.

C3H7 radical

The heat of formation of the C3H7 (prop-1-yl) radical is taken to be 24.02

kcal.mol−1. This value comes from JPCRD. Another value exist from

the NIST Chemistry Webbook, which is 23.9 kcal.mol−1. The former

was chosen as it is also listed in Burcat’s database. However, considering

this value or the other does not change the results of the comparisons,

quantitatively or qualitatively.
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C4H3 radicals

For those systems, reference values come from a computational study of

Wheeler and coworkers [103]. Again, the data is provided at 0 K and

must be corrected for temperature effects. The values so obtained are

130.27 and 119.11 kcal.mol−1 for n- and i-C4H3 respectively.

C4H5 radicals

Again, the reference values come from the work of Wheeler and cowork-

ers [103]. The values, corrected to 298.15 K, are 89.70 and 78.40 kcal.mol−1

for n- and i-C4H5 respectively (see Figure 6.2). Some comment has to be

made on i-C4H5, particularly on its structure. The work of Parker and

Cooksy [104] indicate that the 1,3-butadien-2-yl structure corresponds

to a transition state when single reference methods are used, the closest

minimum being the 1,2-butadien-4-yl radical. It is a shallow minimum

if multi-configurational methods are used. They also state that this well

is so shallow that the configuration probably does not have a sufficiently

long lifetime, and therefore, only 1,2-butadien-4-yl is likely to be ob-

servable. At the B3LYP 6-31G(d) level, the 1,3-butadien-2-yl structure

also is a rotational transition state. Therefore, 1,2-butadiene is used as

closed-shell reference in the various hydrogen transfer processes used for

determination of the heat of formation of the i-C4H5 radical.

Cyclopentadienyl radical

The heat of formation of the cyclopentadien-3-yl (from now on called

cyclopentadienyl radical) radical has been obtained experimentally at

many occasions and the obtained values may vary greatly between 57.84
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Figure 6.2: Structures of C4H5 radicals.

and 65.3 kcal.mol−1 (see reference [31] and references therein ). The

value chosen in this work is the one of Nunes and coworkers [31], which

is the most recent experimental result and is also supported by ab initio

calculations.

The phenyl radical

The heat of formation of the phenyl radical is quite well agreed on.

JPCRD [62] provides a 79 ±1 kcal.mol−1 value. The NIST Chemistry

Webbook provides a 81 ±2 kcal.mol−1 data. The most recent experimen-

tal data comes from Davico and coworkers [105] and is 81.2 kcal.mol−1.

This value is supported by high level calculations from Lau and Ng [106]

(CCSD(T, full)/CBS approximation).

Cyclohexadienyl radical

The cyclohexadienyl radical considered in this work is the one obtained

by homolytic cleavage of a CH bond invovling a sp2 carbon of either

1,3- or 1,4-cyclohexadiene. The only value we can find in our common

databases (JPCRD, Pedley’s compilation, NIST Chemistry Webbook

and Burcat’s thermodynamic tables) comes from Burcat’s table and is
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of 47.92 kcal.mol−1. This value cannot be retained as it is taken from the

1984 BAC-MP4 database of C. F. Melius. As already mentioned, this

method is now known to provide results of poor accuracy. In recent lit-

erature, we found a experimental determination by Gao and coworkers,

supported by G3 calculations. We choose to use their 49.71 kcal.mol−1

value as heat of formation of this radical [107].

6.1.2 G3B3 energy components

In this section, we review the various energy corrections of the G3B3

procedure, along with the ones of the PG3B3 procedure, which consist

in replacing the MPn based corrections by PMPn corrections to account

for spin contamination in the basis set corrections of the systems studied.

All corrections used in those sections may be found in the appendix of

this chapter (See Table B.1).

∆(QCI) corrections

The ∆(QCI) corrections of doublet systems is closely related to the

spin contamination of the UHF 6-31G(d) wave function. As shown on

Figure 6.3 there is a good linear behavior of this correction with respect

to the contamination. This behavior is described by equation 6.1. The

intercept is non zero due to the part of the correction which is not due

to the spin contamination. If ∆(QCI) corrections are compared to those

of similar compounds in the closed-shell set, one notes that most of the

correction is dedicated to the correction of the spin contamination.
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Figure 6.3: Evolution of the ∆(QCI) correction as a function of the

spin contamination.

Note on projected Møller-Plesset energies The difference in en-

ergies between spin projected MP4 and MP4 energies have been calcu-

lated. As could be expected, those corrections correlate with the mag-

nitude of the spin contamination. However, what is not expected is the

non-zero intercept of all correlation straight lines (data concerning the

linear regression can be found in Table B.2 in the appendix of this chap-

ter). The intercept is negative, as for the ∆(QCI) case . This may lead

to overcorrection of spin contamination error, and therefore to energies

a little lower than they should.

∆(QCI) = −21.15SC − 1.76 R2 = 0.98 (6.1)

∆(+) corrections

The ∆(+) correction behaves similarly to what has been observed in the

closed-shell G3B3 energy components examination (see Figure 6.4).
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Figure 6.4: Evolution of the ∆(+) correction with the number of elec-

trons for closed and openshell systems.

There is a clear increase in the correction’s importance when the number

of electrons is increased, however, still, no good correlation coefficients

appear (R2= 0.64 for the closed-shell series and 0.80 for the open-shell

one). There also seems to be a tendency of the ∆(+) correction to be

more important for the open-shell systems. This could be expected,

as radicals represent a more diffuse situation (between the closed-shell

system and the ion).

∆(2df,p) corrections

As was observed for closed-shell systems, there is a linear relationship

between the magnitude of the ∆(2df, p) correction and the number of

electrons. As can be seen on Figure 6.5, the ∆(2df, p) corrections of the

open-shell systems fit quite well with closed-shell ones. This indicates

very little influence of the spin contamination on the magnitude of the

correction.
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Figure 6.5: Evolution of the ∆(2df, p) correction with the number of

electrons for closed and open-shell systems.

∆(GTL) corrections

This final correction also behaves as noted in the closed-shell data. The

open-shell corrections fit very well with the closed-shell ones (see Figure

6.6). As was noted for the ∆(2df, p) correction, there is probably very

little influence of the spin contamination.

6.1.3 PG3B3 corrections

The PG3B3 corrections are the G3B3 corrections obtained using pro-

jected Møller-Plesset energies rather than Møller-Plesset energies. This

method can be used to account for spin contamination in the basis set

corrections. The use of such corrections yield an average destabilization

of 8.08 kcal.mol−1 on the overall G3B3 energy. This destabilization is

due to the stronger effect of spin contamination on energies obtained

with smaller basis sets. For instance the projection of the first four spin
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Figure 6.6: Evolution of the ∆(GTL) correction with the number of

electrons for closed and open-shell systems.

contaminants lowers the MP4/6-31G(d) energy more than the MP4/6-

31G(2df,p) energy. The result is a decrease of the difference in energy

between those two levels, and therefore a decrease of the ∆(2df, p) cor-

rection.

6.1.4 Heats of formation of the test set systems

The three methods to turn raw energies into heats of formation described

in section 3.2 have been applied to obtain the heats of formation of the

systems included in the test set presented in the previous section. Those

methods were combined with G3B3, PG3B3 energies. For comparison

purposes, those heats of formation have also been computed using most

of the energies contained in the G3B3 procedure, namely: QCISD(T),

MP4, PMP4, MP2 and PMP2 with the 6-31G(d) basis set ; MP4, MP2,

PMP4, PMP2 with the 6-31+G(d) basis set; and MP4, MP2, PMP4

and PMP2 energies combined with the 6-31G(2df, p) basis set. All those
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results are summarized in Table 6.2, which provides the mean deviation

and standard deviations from the reference values. A complete list of

the obtained values may be found in the appendix.

The RBSR method

Using G3B3 energies, RBSR provides results similar to those of AR

reactions. The MD is also much more important than the one observed

for hydrogen transfer reaction. However, this method shows the smallest

standard deviation. Using PG3B3 energies; RBSR shows the best MD

and the best standard deviation. Using the energies included in the

G3B3 procedure shows that, again, with all methods, the use of RBSR

provides better results in term of MD and standard deviations. This is

less systematic if projected energies are used.

Spin contamination One of the expected effect of the RBSR method

was a partial cancellation of the spin contamination error. Due to the

small variation in the G3B3 results, the heats of formation were cal-

culated at lower levels of theory. As a good correlation may be found

between the initial spin contamination and the error for the HTR and

AR methods, poor correlation is observed for RBSR. As we expected a

partial cancelation, it is not the initial spin contamination that should be

looked at, but the reaction spin contamination (see equation 6.2, given

for doublet states). In that case, the correlation observed for AR and

HTR remains the same, as, in those cases, the initial spin contamination

does not differ importantly from the reaction spin contamination.
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Table 6.2: Mean deviations (MD), and standard deviations (s.d.) for

all the methods tested (kcal.mol−1).

AR RBSR HTR EXT MP4 PMP4

G3B3 MD -0.44 -0.40 0.08 - - -

s.d. 1.05 0.91 1.16 - - -

PG3B3 MD -0.06 -0.32 0.45 - - -

s.d. 1.16 1.12 1.35 - - -

6-31G(d)

QCISD(T) MD 25.56 0.06 0.08 - - -

s.d. 5.94 0.89 1.51 - - -

MP4 MD 28.65 3.91 7.24 1.31 2.89 -

s.d. 8.11 4.24 5.10 2.38 5.27 -

MP2 MD 23.75 4.58 9.89 1.51 3.93 -

s.d. 6.52 5.23 6.87 2.76 7.08 -

PMP4 MD 21.35 -1.19 -0.17 - - -0.13

s.d. 4.48 0.89 1.45 - - 1.95

PMP2 MD 13.57 -3.40 -1.07 - - -1.08

s.d. 3.15 2.45 1.61 - - 2.73

6-31+G(d)

MP4 MD 31.16 4.46 7.62 0.76 2.60 -

s.d. 8.77 4.70 5.22 1.98 5.37 -

MP2 MD 25.86 5.19 10.33 0.99 3.66 -

s.d. 6.85 5.72 6.99 2.39 7.19 -

PMP4 MD 24.79 -0.36 0.64 - - -0.22

s.d. 5.61 0.98 1.52 - - 1.96

PMP2 MD 17.16 -1.99 0.35 - - -0.69

s.d. 3.39 1.39 2.43 - - 3.24

6-31G(2df,p)

MP4 MD -13.41 2.94 7.05 0.03 2.15 -

s.d. 10.62 3.95 5.16 1.48 5.33 -

MP2 MD -18.54 3.84 10.05 0.37 3.43 -

s.d. 10.30 5.16 7.18 2.07 7.41 -

PMP4 MD -20.12 -2.10 -0.22 - - -0.84

s.d. 8.87 1.27 1.55 - - 1.94

PMP2 MD -27.84 -4.06 -0.73 - - -1.58

s.d. 9.69 2.68 1.82 - - 2.71
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The correlation between the RBSR deviation and the reaction spin con-

tamination is much better.

SCr =
products�

i

SCi −
reactants�

j

SCj with SCi = �S2�i − 0.75 (6.2)

A better use of RBSR references: The EXTRAP procedure

In the previous section, we have shown that the spin contamination error

on Møller-Plesset heats of formation were linked to reaction spin con-

tamination. The use of a properly contaminated reference may therefore

be considered for the determination of a heat of formation. It is however

not easy to find, for a given system, another system which has very close

spin contamination and a well established heat of formation. As the spin

contamination error decreases with the reaction spin contamination, let’s

consider the following:

• The RBSR references represent a wide range of �S2� values (C2H:

1.15; C2H3: 0.97 and C2H5:0.76).

• If hydrogen transfer reactions using ethane, ethylene and acetylene

are considered, three different heats of formation are obtained.

• The error on those three values are correlated to the reaction spin

contamination.

• If plotted against the reaction spin contamination, those three val-

ues describe a straight line.

• The y-intercept of this plot should provide the heat of formation

at the zero reaction spin contamination, therefore removing the

spin contamination error from the heat of formation.
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Figure 6.7: Determination of the heat of formation of the phenyl radi-

cal by the use of the EXTRAP procedure. Energy: MP4 / 6-31G(2df,p).

Those considerations were tested and the MD and standard deviations

are provided under the EXTRAP label in Table 6.2. An example of

the application of this procedure is given for the heat of formation of

the phenyl radical on Figure 6.7. No QCISD(T) values are provided, as

using the latter method does not show the linear behavior of the three

heats of formation. This is probably due to the spin contamination

correction linked to the configuration interaction treatment. All results

of this methods are provided in the appendix (See Tables B.14 and B.14).

It comes from Table 6.2 that the EXTRAP methodology provides the

best heats of formation if Møller-Plesset energies are used. The results

obtained with this method combined with MP4 6-31G(2df,p) are also

very close to that obtained with QCISD(T) 6-31G(d). This can be

explained. It has been shown that most of the ∆(QCI) correction is

mostly dedicated to the correction of the spin contamination error, the

rest of the correction being relatively small.
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The EXTRAP methodology extrapolates out the spin contamination er-

ror, and the use of a larger basis set provides additional stabilization,

leading to similar accuracy, at lower cost. Furthermore, if compared,

through a Student test, to G3B3/HTR and PG3B3/HTR results , the

MP4 6-31G(2df,p)/EXTRAP method does not provide significantly dif-

ferent results and therefore provides a computationally cheap alternative

to the G3B3 procedure.

6.2 Heats of formation of C6H5 radicals

The test set allowed to establish that HTR were the most accurate

source of heats of formation. However, results using G3B3/HTR and

PG3B3/HTR were noted not to be significantly different. No signifi-

cant differences appeared between those two methods and the EXTRAP

methodology established in section 6.1.4. This allows the averaging of

values which are of the same accuracy. Therefore, in the next section,

we define the heats of formation of C6H5 radicals using the three meth-

ods. The final heats of formation are taken as the average of the three

results.

6.2.1 Cyclic systems

Different C6H5 cyclic systems appear in the description of acetylene

addition on C4H3 radicals (See chapter 7 and reference [28]). In this

section, we define their heats of formation. The different cyclic system

considered are presented on Figure 6.8. The notations used are those

described in section 7.1.2.
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Figure 6.8: Cyclic C6H5 radicals considered.

The heats of formation obtained with the three methods for each of those

systems are given in Table 6.3 along with the average values, which are

our final data.

6.2.2 Linear systems

The direct products of the addition of acetylene on C4H3 radicals are

divided into two series of systems. The first is the cis linear C6H5

systems, resulting form the addition of acetylene on n-C4H3 radicals

and the branched system resulting from the addition on the i-C4H3

radical. The eight radicals for which the heats of formation have been

determined are presented on Figure 6.9. As is shown in the description of

the isomerization of those different systems, the rotation barriers are not

very important, it is therefore necessary to verify whether those rotations

should be treated as internal rotors rather than harmonic vibrators.
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Table 6.3: Calculated standard heats of formation for the considered

cyclic C6H5 radicals (kcal.mol−1).

Radical G3B3/HTR PG3B3/HTR EXTRAP Average s.d.

FLV − 1 112.02 113.15 112.53 112.57 0.57

FLV − 2 117.26 118.49 119.54 118.43 1.14

C4 141.23 142.66 142.41 142.10 0.76

C4Y − 1 134.30 134.71 135.25 134.76 0.47

C4Y − 2 124.17 125.17 126.44 125.26 1.14

Linear and branched C6H5 systems

It has to be determined whether the terminal double bond of these sys-

tems are to be considered as internal rotors or vibrators. To do so,

two points are examined. First is the rotation barrier, which has to be

small if an hindered rotor is present. Secondly, as described by Ayalla

and Schlegel [65], a normal vibration mode corresponding to a hindered

rotation has unusually large components for the dihedral angles corre-

sponding to the internal rotation. These components are to be close

to 100 % if a hindered rotation is to be considered. Table 6.4 pro-

vides different information concerning the terminal double bond of the

different linear and branched C6H5 isomers. The data indicates that

for all those systems, the consideration of hindered rotor rather than

harmonic oscillator is needed. The heats of formation of the various sys-

tems (HTR/G3B3, HTR/PG3B3 and EXTRAP) are provided in Table

6.5.
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Figure 6.9: Non-cyclic C6H5 systems considered. Top: linear isomers;

Bottom: branched isomers. Notation used are as described in section

7.1.2.

Table 6.4: Rotor vibrational frequency, percentage of dihedral compo-

nent of the normal mode and rotation activation barriers (kcal.mol−1)

for the C6H5 radicals presented on Figure 6.9.

C6H5 ν(cm−1) % dihedral barrier

lctt 129.3 82.7 2.95

lctc 151.8 80.4 3.90

lccc 112.3 80.9 2.20

lcct 79.6 86.6 2.05

bct 78.7 83.8 5.19

btt 138.0 98.7 3.68

bcc 47.0 88.4 1.06

btc 144.0 89.6 3.33
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Table 6.5: Calculated standard heats of formation for the C6H5 radicals

presented on Figure 6.9 (kcal.mol−1).

G3B3/HTR PG3B3/HTR EXTRAP average s. d.

lctt 145.49 146.63 145.64 145.92 0.62

lctc 144.68 145.88 145.05 145.21 0.61

lccc 147.62 148.65 147.62 147.96 0.60

lcct 147.98 149.02 147.89 148.30 0.63

bct 147.84 149.04 149.87 148.92 1.02

btt 145.72 147.01 146.94 146.56 0.73

bcc 147.99 149.07 149.15 148.74 0.65

btc 145.82 147.11 147.29 146.74 0.80

6.3 Heats of formation of cyclic C6H7 radicals

The system considered in this section are C6H7 isomers presenting an

unsaturated five membered cycle. Those systems appear not only as the

products of hydrogen addition on fulvene [20], but also as a result of

acetylene addition on C4H5 radicals [27], by the addition of the ethynyl

radical on 1-butyne [30], of the methyl radical on the cyclopentadienyl

one [99], and probably others. Figure 6.10 shows the structure and

resonance forms of the different systems. As one can note, only two of the

four systems present an exo-C-C bond with no double bond character.

This is also reflected on the bond length. (See Table 6.6.) Again, we have

to define whether the movement around the exo bond should be treated

as an internal rotation (hindered or free). The results presented in Table

6.6 indicate that, in the case of C6H7C and C6H7D, no hindered rotor

treatment has to be considered, as the rotation barrier is quite important

and the double bond character of the exo-C-C bond is clear.
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Figure 6.10: Resonance limit forms for C6H7 radicals. From top to

bottom: C6H7B, C6H7D, C6H7C, C6H7A.

Table 6.6: Rotor vibrational frequency, rotation activation barriers

(kcal.mol−1) and percentage of dihedral component of the normal mode

for the C6H7 radicals.

C6H7 ν(cm−1) rotation barrier exo C-C bond % Dihedral

A 117.94 1.32 1.499 90.7

B 78.79 0.18 1.491 88.4

C 333.19 15.40 1.383 19.3

D 178.11 20.34 1.362 18.9



6.3. Heats of formation of cyclic C6H7 radicals 167

Figure 6.11: Resonance limit forms for radical C6H7D.

For C6H7A and C6H7B, the hindered rotation has to be considered.

6.3.1 Choice of reference closed-shell systems

For radicals C6H7C and C6H7D, the double bond character of the exo

C-C bond is clearly defined (see the bond length column in Table 6.6).

In the case of C, this uniquely defines the closed-shell system to be used,

which is 3-methylene-cyclopentene. In the case of system D, two poten-

tial closed-shell system are to be considered, 3-methylene cyclopentene

and 4-methylene cyclopentene. The difference comes from the position

of the double bond in the five membered ring. The bond length of the

two C-C bond concerned by the allylic part of C6H7 D (see first and

second limit forms on Figure 6.11). Those are not typical single nor

double bond lengths. Therefore, the heats of formation using both 3-

and 4- methylene cyclopentene were calculated and averaged. The val-

ues obtained (see Table 6.6) may be compared to the BAC MP4 values

of Melius and coworkers [20] and the CBS-QB3 values of Sharma and

Green [99]. Those are given in Table 6.8. As the heats of formation for

C6H7A and C6H7C are quite well agreed on, significant discrepancies

appear for C6H7B and C6H7D. Indeed, the BAC-MP4 values of Melius

and coworkers predict C6H7D to be more stable than C6H7B. Sharma

and Green predict the same heat of formation for the two systems.
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Table 6.7: Calculated standard heats of formation for the C6H7 radicals

presented on Figure 6.10 (kcal.mol−1).

C6H7 G3B3/HTR PG3B3/HTR EXTRAP average s. d.

A 76.13 77.23 79.62 77.66 1.79

B 52.88 53.64 53.33 53.28 0.38

C 59.44 60.37 60.12 59.97 0.48

D 54.42 55.26 54.45 54.71 0.48

Our data indicates that C6H7B is more stable than C6H7D. We have al-

ready mentioned that the BAC-MP4 method has poor accuracy. Glob-

ally, the CBS-QB3 values are supposed to be of similar accuracy as the

G3B3 ones, and should therefore provide similar order of stability. One

hypothesis for this difference comes from spin contamination. The wave

function of C6H7D is more contaminated than the one for C6H7B. The

CBS-QB3 method contains a correction for spin contamination, which

is proportional to the �S2� value. However, this correction has been

established by fitting on reference data for PS, CS and CN radicals.

The latter correction might possibly be unadapted for large hydrocar-

bon radicals. The values obtained in this work are consistent with the

number of resonance forms observed on Figure 6.10.

6.4 Heat of formation of bicyclic radicals

The different reaction paths described in the following sections have

bicyclic systems as intermediates (see Figure 6.12). Those appear in the

hydrogen atom assisted isomerization of fulvene to benzene and in the

isomerization of dehydrofulvene radicals to the phenyl radical.
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Table 6.8: Calculated standard heats of formation for the C6H7 rad-

icals from : this work, Melius and coworker and Sharma and Green

(kcal.mol−1).

C6H7 This work Melius and coworkers Sharma and Green

A 77.66 79.83 77.2

B 53.28 54.25 53.3

C 59.97 59.03 59.2

D 54.71 52.58 53.3

Figure 6.12: Bicyclic radicals considered.
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Figure 6.13: Limit forms of the bicyclic C6H5 radicals.

6.4.1 Bicyclic C6H7 radical.

The bicyclic C6H7 presents two equivalent resonance limit forms. The

closed-shell system to be used for hydrogen transfer processes is therefore

clear. It is bicyclo[3,1,0]cyclohex-2-ene (compound 11 in section 5.3.2).

Its RCIR heat of formation is 35.97 kcal.mol−1. The obtained heats of

formation are listed in Table 6.9.

6.4.2 Bicyclic C6H5 radicals

Two bicyclic C6H5 radicals appear on the reaction path from dehydro-

fulvene radicals to the phenyl radical (see section 7.2). Those present

non-equivalent resonance limit forms. This implies that the closed-shell

reference for hydrogen transfer reactions have to be chosen according to

some criteria. Figure 6.13 presents the limit forms of the two radicals.

Structural criteria are used to define which bicyclo[ 3,1,0 ]hexadiene

must be used as reference in the HTRs for BC− 1. Analysis of the lat-

ter radical’s structure shows the unpaired electron is most likely located

in the five membered ring. Indeed, the unsaturated C-C bond length
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Table 6.9: Calculated standard heats of formation for the bicyclic

radicals (kcal.mol−1).

Radical G3B3/HTR PG3B3/HTR EXTRAP average s.d.

BCC6H7 68.05 68.38 67.74 68.06 0.32

BC− 1 139.24 139.81 140.10 139.72 0.44

BC− 2 145.45 146.01 145.88 145.78 0.29

in the three membered cycle is 133 pm, which is very close to a typical

double bond. This may be explained by the non planar structure of the

bicyclic radical, preventing a good resonance. In this case, the electron

is most likely to be found in the five membered cycle, which offers a pla-

nar support allowing resonance to take place. The closed-shell system to

be used for hydrogen transfer reaction is therefore system 7 from section

5.3.2. The second bicyclic system, BC− 2 shows significant structural

differences. Indeed this system is planar, which was not encountered in

the closed-shell bicyclic systems, apart from system 8 and 9 in section

5.3.2. This is probably due to the sp2 character of both bridge carbons.

The bridging C-C bond has a 146 pm length indicating a single bond

between two sp2 carbons, and therefore little contribution of the second

and third limit forms (see Figure 6.13). The system to be considered

for EXTRAP and HTR is system 9 (also from section 5.3.2). Its RCIR

heat of formation is 115.67 kcal.mol−1. Table 6.9 presents the results

for all bicyclic radicals of this section. The results show that BC− 2

is less stable than BC− 1. From the number of resonance forms, one

could have expected the order of stability to be different. This destabi-

lization of BC− 2 probably comes from the two unsaturated bridging

carbons.
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Indeed , in the analysis of RCIR results, it has been observed that un-

saturations on bridging carbons significantly destabilize the bicyclic sys-

tems.

6.5 Conclusions

The different heats of formation of the system in an established reference

set were computed. The data has been computed at G3B3 and PG3B3

levels of theory, and the difference between the methodologies are quite

small. To increase the difference between the results, and therefore an-

alyze more closely the effects of the methodologies, the data has been

calculated at lower levels of theories. Analysis of those results shows

that extrapolation to the zero reaction spin contamination of Møller-

Plesset heats of formation can significantly increase the accuracy of the

results. In the case of full fourth order MP energies combined with

the 6-31G(2df,p) basis set, the results obtained through the extrapola-

tion procedure are not significantly different from the G3B3 and PG3B3

data. The procedure therefore offers a computationally cheap alternative

to G3B3 for the determination of the heats of formation of open-shell

systems.



Chapter 7

Reactions on the C6H5

energy surface

The phenyl radical is one of the possible first aromatic rings, as it can

initiate both the HACA, the PAC and the biphenyl pathways of PAH

growth. In this section, we examine different cyclization paths on the

C6H5 energy surface. First, the result of the addition of acetylene on

C4H3 radicals is extensively discussed. As a logical following of this

section’s findings, the isomerization of dehydrofulvene radicals to the

phenyl radical is studied in a second section. The last part of this

chapter consists in establishing global rate constants for the different

reactions which are shown to be potentially significant.

173
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7.1 Cycle formation from acetylene addition on

C4H3 radicals

7.1.1 Introduction

As mentioned in the introduction, it is generally admitted that the for-

mation of a first aromatic ring is a rate-limiting step to the formation of

PAH. The formation of that ring is currently believed to be mainly due

to the propargyl recombination reaction (R.1), which has been described

in detail by Miller and Klippenstein [23]. The contribution of even car-

bon pathways ((R.2) to (R. 5)) has been and still is subject of debate

[25, 26, 108]. One of the main points of discussion has been the energy

difference between the i- and n- isomers of the C4H5 and C4H3 radicals.

The heats of formation of those compounds have been the subject of nu-

C3H3 + C3H3 → C6H6 or C6H5 + H (R.1)

n-C4H5 + C2H2 → C6H7 or C6H6 + H (R.2)

n-C4H3 + C2H2 → C6H5 (R.3)

i-C4H5 + C2H2 → C6H7 or C6H6 + H (R.4)

i-C4H3 + C2H2 → C6H5 or C6H4 + H (R.5)

merous theoretical studies [103, 104, 109, 110]. All those studies showed,

to a different extent, that the resonantly stabilized i- forms are thermo-

dynamically more stable than their n- counterpart, therefore implying

that the equilibrium concentrations of n- isomers are too low for (R.2) or

(R.3) to significantly contribute to the formation of aromatic cycles. Ad-

dition of acetylene on i-radicals ((R.4) and (R.5)) was also ruled out for

two reasons [108]: The first is the expected high activation energy for the

addition step due to the delocalization of the radical site on resonantly

stabilized species. The second is the presence of a CH2 group, which
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prevents an easy conversion to a six membered cycle containing six CH

carbons. In 2007, Senosiain and Miller [27] provided a theoretical study

of reactions (R.2) and (R.4). Rate constants resulting from this work

were used to model a series of flames. The conclusions of those tests were

that (R.3) contribution to six-membered cycle formation was negligible

while (R.4) could be responsible for almost all fulvene formation and for

up to 30% of benzene formation in 1,3-butadiene flames. In this work,

we consider the formation of cycles from the addition of acetylene on

n-C4H3 and i-C4H3. This study therefore includes the formation of the

phenyl radical from (R.3) and (R.5). Formation of the phenyl radical

from (R.3) is not expected to be significant for the reasons cited above.

This path however remains a phenyl degradation pathway considered in

kinetic mechanisms [111, 112]. In their G2M(rcc, MP2) [113] study of

the phenyl radical degradation, Madden and coworkers [114] identified

ortho-benzyne (o-C6H4) as the main degradation product. Decomposi-

tion reactions after ring opening were found to be the least significant

paths. Those results are based on the consideration that all reactions

following the phenyl ring opening, present high energy barriers except

for the reverse reaction to form the phenyl radical. For those reasons,

Wang and coworkers excluded this path from their phenyl radical de-

composition mechanism [115]. In this work we suggest the formation

of four- and five-membered rings, which are energetically competitive

to (Z)-hex-3-en-1,5-diyne (l-C6H4) + H formation and to ortho-benzyne

(o-C6H4) + H, respectively. Much fewer publications have been dedi-

cated to the addition of acetylene on i-C4H3. Comparisons are made

with the results of Walch,[116] which seems to be the sole work on this

reaction. In addition to the reaction included in the work of Walch, we

consider the formation of four-membered rings and hydrogen elimination
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reactions forming 3-methylene pent-1-en-4yne. In the work of Walch,

no polarization functions were included in the geometry optimization

step basis set. Polarization functions are nevertheless needed to provide

the flexibility required to correctly describe electronic distribution in

high electron density spatial volumes, such as double and triple bonds.

We therefore introduced such flexibility in our computations, expecting

an increase in accuracy. Discussion is divided into four main sections.

The first is the description of cycle formation from acetylene addition

on n-C4H3, which is itself subdivided to describe successively addition

steps, conformational changes in the addition products, hydrogen elim-

ination steps, cyclisation steps and, finally, the formation of benzyne

cycles from the phenyl radical. The second section concerns the ad-

dition of acetylene on i-C4H3 and is subdivided in a similar manner.

The third section is the description of hydrogen shift reactions, and con-

nects the first two sections. In a final section, conventional transition

state theory rate constants for all steps described are given. Those val-

ues have been calculated using the cse-online infrastructure [117, 118]

(http://cse-online.net).

7.1.2 Notations

Applying the official nomenclature rules to the various systems appear-

ing in this work leads to complicated names, which are not well suited

for a clear discussion. The names of the various C6H5 radicals have

been simplified for clarity. A four-letter notation describes each non-

cyclic C6H5 radical. The first letter defines whether the C6H5 radical

is linear (l) or branched (b). The second letter (only appearing for lin-

ear radicals) indicates whether the central double bond has a cis (c) or
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trans (t) configuration. The conformation of the butadienyl pattern of

the C6H5 radical, transoid (t) or cisoid (c), is given by the third letter.

Finally, the fourth letter gives the cis or trans (c or t) configuration of

the hydrogen atoms in the HCCH terminal radical site. Using these

notations, 1-dehydrohexa-1,3-diene-5-yne; HCCH cis is replaced by the

much shorter and explicit notation lccc. Two dehydro-fulvene radicals

are also encountered. Those are denoted FLV − 1 (6-dehydrofulvene)

and FLV − 2 (1-dehydrofulvene). Their respective structures are pro-

vided in Figures 7.2 and 7.4. Also, two acetylenylcyclobutenyl radicals

appear on the energy profiles. Those radicals are denoted C4Y − 1 and

C4Y − 2. Finally, the bismethylenecyclobutenyl radical formed from

the addition of C2H2 on i-C4H3 is denoted C4.

7.1.3 Spin contamination

Depending on the methodology used, spin contamination may be present.

As DFT/B3LYP computations lead to low contamination, Unrestricted

Hartree-Fock wave functions present often poor behavior. The C6H5

radicals considered in this work present important levels of spin con-

tamination as shown in Tables 7.1 and 7.2 for the various basis sets.

The average �S2� value on all C6H5 systems (minima and saddle points)

comes out at 1.47 with a standard deviation (s.d.) of 0.18. At DFT level,

spin contamination during geometry optimization steps is relatively low,

the average �S2� value is 0.77 with a s.d. of 0.02. It has been shown that

DFT performs quite well in obtaining the geometries and frequencies of

open-shell systems [119], despite spin contamination, and we are there-

fore confident in the quality of the obtained structures. Two transition

states however present �S2� values higher than 0.8. Those are entries 20
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(0.84) and 39 (0.82) of Tables 7.1 and 7.2. The use of PG3B3 projected

results induces a systematic increase of the absolute energies of about

1.26 kcal.mol−1 (s.d. =0.28 kcal. mol−1). Looking at the source of

this destabilization, one finds it is mainly due to the difference in ∆(+)

corrections which, on average, account for 69% of the overall destabi-

lization. Further, differences in ∆(2df, p) and ∆(GTL) corrections are,

respectively, responsible for 21 and 10% of the remaining destabilization.

Tables 7.1, 7.2 and 7.3 present PG3B3 energies relative to the phenyl

radical (with ZPE energy corrections). They are completed by the av-

erage �S2� values obtained, using all basis sets, for UHF wave functions

and DFT computations. The use of PG3B3 energies has however no

significant effect on the relative energies. The most important deviation

is a 0.74 kcal.mol−1 relative stabilization for C4Y − 1. The reason for

these small effects is probably the little variation in spin contamination

values with respect to the expansion of the basis set. As those levels of

spin contamination remain similar, the errors induced by spin contami-

nation are conserved and cancel each other out in differences when the

energy corrections are calculated. The use of PG3B3 corrects the energy

for spin contamination. The overall PG3B3 energies are still based on

6-31G(d) UHF wave functions, which are highly contaminated. Equa-

tion 7.1 shows that the difference between PMP4 6-31G(d) and MP4

6-31G(d) energies is correlated to the �S2� values.

E[PMP4/6− 31G(d)]− E[MP4/6− 31G(d)]

= −17.02�S2�+ 10.13 R2 = 0.88 (7.1)

This allows partial cancellation of spin contamination errors in relative

energies.
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Figure 7.1: C4H3 isomers; left: n-C4H3; right: limit forms of i-C4H3.

Further correction is brought by introduction of the (QCI) correction

which is, as shown by equation 7.2, correlated to �S2� values.

∆(QCI) = −18.06�S2�+ 10.47; R2 = 0.79 (7.2)

The discussions in the present chapter are based on PG3B3 energies

(ZPE excluded). Two C4H3 isomers are considered, the n-C4H3 and

the resonantly stabilized i-C4H3 (see Figure 7.1). The relative ener-

gies obtained for those two isomers (9.73 kcal.mol−1) are in reasonable

agreement with the multi-reference (MRCI) calculations of Miller and

Klippenstein[120] (11.70 kcal.mol1) and with the data of Wheeler and

coworkers [103] (11.80 kcal.mol−1), indicating that the PG3B3 method

provides good results on such systems.

7.1.4 Cycle formation from n-C4H3 +C2H2

Cycle formation from n-C4H3 + C2H2 is considered to proceed through

linear C6H5 intermediates. The different steps leading to cycles are

described in detail in the following subsections. Figure 7.2 presents those

different reactions along with the structures and notations of the minima

and the relative 0 K (ZPE included) PG3B3 energies of the different

stationary points with respect to the energy of the phenyl radical. Those

values, along with spin contamination data are provided in Table 7.1.

Structures of the transitions states are shown in Figure 7.3.
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Figure 7.2: PG3B3 potential energy (ZPE) included profile for the

formation of cyclic compounds from the addition of acetylene on n-C4H3.

Energies are given in kcal.mol−1 relative to the phenyl radical. For

clarity of the figure, hydrogen elimination from lctc has been omitted.
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Figure 7.3: Structures of the different transition states located. Num-

bering corresponds to the entry numbering in Tables 7.1 and 7.2. d

indicates a distance in pm, angle, a valence angle and dh a dihedral

angle.
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Bimolecular step

The addition of acetylene on the n-C4H3 radical may yield either cis or

trans linear C6H5 radicals. This addition only leads to cycle formation if

the resulting C6H5 has a cis configuration. As we are mostly interested

in cycle formation, the addition on n-C4H3 (HCCH cis) is the preferred

entrance channel. However, competition between the formation of cis

and trans linear C6H5 has an influence on the rate of ring formation.

For this reason, the formation of trans linear C6H5 from n-C4H3 + C2H2

was also considered. No further reactions were however considered in

that direction. Two transition states, and therefore two entrance chan-

nels to the cis linear C6H5 region have been found. The first one leads

to lcct, and shows an activation barrier of 3.62 kcal.mol−1. This is little

more than half the barrier proposed by Madden and coworkers (6.70

kcal.mol−1) but relatively close to the one of Walch (4.63 kcal.mol−1).

However, this path is not the lowest energy channel. The second en-

trance channel shows a smaller activation barrier (2.5 kcal.mol−1). This

makes it the most probable path to the cis linear C6H5 sub-region. One

transition state leading to compound ltct was found (not presented in

Figure 7.2 to maintain clarity of the figure). The activation barrier for

this step is 3.34 kcal.mol−1. Despite careful analysis of the energy sur-

face, no transition structure leading to lttt could be determined. All

candidate geometries presented two imaginary frequencies, one corre-

sponding to the C-C bond in formation, the other to the rotation around

the latter bond. The pre-reaction van der Waals (vdW) complexes shows

low stabilization (1.99 and 1.68 kcal.mol−1 for n-C4H3+C2H2 cis and

trans complexes, respectively). Those stabilizations are probably a little

underestimated due to spin contamination.
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Cis linear C6H5.

Four conformers appear in the cis linear C6H5 (l-C6H5) sub-region.

Among those four structures, only two are the direct product of acety-

lene addition on n−C4H3, lctt and lcct. Two types of conformational

changes are considered in this section: the rotation of the terminal CH

group around the axis of the C-C single bond and the cis-trans isomer-

ization of the terminal radical site. As could have been expected, the

rotations from lct conformers to lcc ones are endothermic steps. Their

energy barriers remain however quite small. Energy barriers for cis-trans

isomerization are 4.77 (lctt → lctc reaction) and 4.66 (lcct → lccc re-

action) kcal.mol−1. The last value is in relatively good agreement with

the data of Walch (5.60 kcal.mol−1) and those of Madden and coworkers

(4.90 kcal.mol−1) for the same configurational change. All the barriers

in this sub region are below 5 kcal.mol−1. The relative importance of the

different barriers in this sub-region will strongly depend on the origin

of the C6H5 radical. If the chemical activation is important, for exam-

ple, if the C6H5 radicals come from an addition reaction, those barriers

will be negligible. If the C6H5 originates from FLV − 1, the chemical

activation of the radical will be similar to the energy barrier, and the

reactions will be slower. From those different observations, one may

expect that the degradation of the phenyl radical to n-C4H3 + C2H2

mainly occurs through lctt rather than lcct, as this last path is globally

higher in energy.
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Hydrogen elimination steps.

Hydrogen elimination reactions were considered from lctc and lccc. Ef-

forts to locate transition states connecting the reactants to lctt and lcct

were unsuccessful. Hydrogen elimination activation barrier from lctc

(45.46 kcal.mol−1) is greater than the one from lccc (41.83 kcal.mol−1),

probably due to the out of plane torsion in the transition state, imposed

by the presence of the triple bond, which increases the energy of the tran-

sition state. The barrier for the elimination from lccc is very close to

that proposed by Madden and coworkers (41.80 kcal.mol−1). Wang and

coworkers also considered the reaction and provided a relative energy for

the elimination transition state of 97.60 kcal.mol−1. These data include

ZPE corrections and the authors do not specify whether this transition

states correspond to the elimination from lctc or lccc. This difference

in activation barriers only has a limited effect on the reverse activation

barrier due to the difference in stability of lccc and lctc. Stabilization of

the pre-reaction vdW complex in the case of C6H4.H (1.67 kcal.mol−1)

is similar to the ones observed in n-C4H3.C2H2 complexes.

Cyclisation steps

Cyclisation is only possible from lccc. This system has previously been

considered by Madden and coworkers and Huang and coworkers [121]

only to close into a six-membered ring. In this work, we consider the

formation of four, five and six membered rings. The lowest energy cycli-

sation step is the formation of FLV − 1. The activation barrier for this

step (3.17 kcal.mol−1) is even lower than the barrier of the lccc → lcct

conformational change.
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Table 7.1: PG3B3 (ZPE included) relative energies (kcal.mol−1) and

spin contamination values

n-C4H3 + C2H2 E(PG3B3) �S2�DFT �S2�UHF

1 n-C4H3.C2H2 (cis) 97.33 0.77 1.23

2 n-C4H3.C2H2 (trans) 97.85 0.77 1.23

3 lctt 60.52 0.77 1.57

4 lctc 59.79 0.77 1.56

5 lcct 62.90 0.77 1.59

6 lccc 62.51 0.77 1.58

7 C4Y − 1 52.44 0.78 0.97

8 FLV − 1 28.74 0.77 1.30

9 Phenyl radical 0.00 0.76 1.39

10 l-C6H4.H 89.53 0.75 1.43

11 TS(n-C4H3 + C2H2 (cis)→ lctt) 102.18 0.78 1.43

12 TS(n-C4H3 + C2H2 (cis)→ lcct) 103.23 0.78 1.45

13 TS(n-C4H3 + C2H2 (trans)→ ltct) 102.99 0.78 1.43

14 TS(lctt → lctc) 64.10 0.77 1.56

15 TS(lctt → lcct) 63.26 0.76 1.35

16 TS(lctc → lccc) 63.60 0.76 1.36

17 TS(lcct → lccc) 66.27 0.77 1.57

18 TS(lctc → l-C6H4 + H) 99.71 0.77 1.60

19 TS(lccc → l-C6H4 + H) 98.95 0.76 1.62

20 TS(lccc → C4Y − 1) 95.83 0.84 1.77

21 TS(lccc → FLV − 1) 65.23 0.78 1.49

22 TS(lccc → phenyl radical) 68.04 0.78 1.81
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This barrier is also 1.29 kcal.mol−1 lower than the one proposed by

Walch for this same step. The formation of the phenyl radical is more

energy demanding (5.56 kcal.mol−1). In this case, the obtained activa-

tion barrier compares quite well with the one of Madden and coworkers

(5.60 kcal.mol−1) but is smaller than the ones of Huang and coworkers

(7.8 kcal mol−1) and of Walch (7.30 kcal mol−1). One could have ex-

pected that the formation of an aromatic ring shows the lowest activation

barrier due to the formation of aromatic species. In the case of the for-

mation of the phenyl radical, the length of the C-C bond in formation is

248 pm as compared to 140 pm for the corresponding bond in the phenyl

radical. This important difference indicates that aromaticity is proba-

bly not installed, even partially, at the transition state. Furthermore,

the formation of the phenyl radical requires bending of the triple bond

towards the inside of lccc, which generates steric hindrance and elec-

tronic effects. It is not the case for the formation of the FLV − 1. The

formation of the four-membered ring presents a 34.30 kcal.mol−1 energy

barrier. This makes this ring the less probable cycle but its path remains

lower in energy than the hydrogen elimination pathways to form l-C6H4.

Considering cycle formation and hydrogen elimination from lccc, using

the Boltzmann distribution, 69% of lccc will form FLV − 1 and 31%

will form the phenyl radical at 1500 K. Contributions of the two other

paths at this temperature are negligible.
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Formation of benzyne cycles.

Hydrogen elimination from the phenyl radical has been considered to

form ortho-, para- or meta- benzyne (o-, p-, m-C6H4). No transition

structure or C6H4+H VdW complexes could be found for those steps.

The results indicate a very flat transition region between the phenyl

radical and benzyne compounds + H. This has already been mentioned

in previous work for o-benzyne [114, 122]. It was also shown that the

consideration of a single determinant wave function was inadequate to

describe benzynes.[123][124]. The work of Wang and coworkers[115] us-

ing the CASSCF(7,7) 6-31G(d) method suggested relative energies of

benzyne + H species (76.20, 91.60 and 106.90 kcal.mol−1 for o-, m- and

p-benzyne respectively). Those values include ZPE correction and can

be compared to our ZPE corrected values for those same compounds,

which are 78.22, 93.12 and 115.65 kcal.mol−1.Those energies make the

decomposition to m-C6H4 energetically competitive to the degradation

of l-C6H5 to l-C6H4 + H. The use of CASSCF MP2 6-31G(d) level of

theory also allowed them to determine a reaction barrier for the addition

of H on o-C6H4 which is claimed to be small (the exact data are not

provided). From the different elements in their paper, we may estimate

this barrier to be between 1 and 2 kcal.mol−1.

7.1.5 Cycle formation from i-C4H3 + C2H2

Similar to the addition on n-C4H3, the addition on i-C4H3 is a multi-

step process. The various reactions for cycle formation and hydrogen

elimination following the addition of acetylene on i-C4H3 are presented

in Figure 7.4 along with the relative energies at 0 K (ZPE included) of
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Figure 7.4: Potential energy profile for the formation of cyclic com-

pounds from the addition of acetylene on i-C4H3. Energies are given

relative to the energy of the phenyl radical. For the clarity of the figure,

hydrogen elimination from bcc has been omitted.

the minima and transition states. Those values, along with spin contam-

ination data are provided in Table 7.2 The structures of the transition

states are given in Figure 7.3.

Bimolecular step.

Similar to the case of the formation of trans linear C6H5 radicals, only

one entrance channel to the b-C6H5 sub-region could be found.
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This path leads to the formation of bct. The search for a transition

state leading by addition to btt, similar to that proposed by Walch,

was unsuccessful. The structure proposed by Walch has two imaginary

frequencies at the B3LYP 6-31G(d) level, and does not optimize to a

transition state other than the one leading to bct. This may be due

to a poor description of double and triple bonds in the structure deter-

mination, and therefore to poor description of the interaction between

the triple bond and the approaching acetylene. As indicated in the In-

troduction, the activation barrier was previously considered to be too

high for the i-C4H3 + C2H2 reaction to be a significant path for cycle

formation. The value proposed by Walch is 10.71 kcal.mol−1, which is

more than twice his value for the addition of acetylene on n-C4H3. His

activation barrier is quite higher than our 6.03 kcal.mol−1 activation

barrier. In our work the two addition barriers (on i- and n-C4H3) are

much closer to each other. This significant lowering in activation barrier

indicates that the i-C4H3 + C2H2 path is not as energetically disfavored

as previously expected and is in good agreement with the suggestion

recently made by Hansen and coworkers [125] that Walch’s activation

barrier was probably too high. Therefore, the i-C4H3 + C2H2 reaction

may have a more important role in cycle formation than supposed so far.

Again, the pre-reaction vdW complex shows low stabilization.
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Branched C6H5 sub-region.

The conformational changes taken into account in this section are sim-

ilar to those considered in the l-C6H5 sub-region. In this sub-region,

every conformational change is subject to a barrier much smaller than

any cyclization or decomposition barrier. The barriers for those con-

formation and configuration changes are similar to those in the l-C6H5

sub-region. The barrier for the btt → btc reaction (5.07 kcal mol−1)

can be compared to the one proposed by Walch (5.8 kcal mol−1). Hydro-

gen elimination steps. Similarly to the l-C6H5 surface, transition states

could only be found for hydrogen elimination from conformers present-

ing the HCCH cis radical site configuration (bcc and btc). The barriers

for those two elimination reactions are 42.68 and 40.82 kcal.mol−1 for

elimination from bcc and btt, respectively. No comparison can be made

with other data, as this is, to our knowledge, the first time that those

barriers are reported. Stabilization of the vdW C6H4.H complex is 1.63

kcal.mol−1, which is very similar to that of the l-C6H4.H complex.

Cyclisation steps.

Again, three cycles may be formed, two four-membered and one five-

membered cycle. One four-membered ring C4Y − 2 comes from bcc

while the two others, C4 and FLV − 2 are formed from btc. The low-

est cyclisation step is here also the fulvenyl radical formation. The

formation of C4Y − 2 and C4 show activation barriers of 24.61 and

18.84 kcal.mol−1, respectively. This difference may be explained by the

fact that a new bond must be formed in C4Y − 2, with an sp2 carbon

rather than an sp one. This last cyclisation is however more exothermic
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than the formation of C4 because C4Y − 2 is resonantly stabilized and

less strained than C4. The barrier for the formation of FLV − 2 (12.92

kcal.mol−1) is somewhat lower than the value proposed by Walch for

that reaction.

Hydrogen shifts

Connection between the two paths (n-C4H3 + C2H2 and i-C4H3 + C2H2)

has been considered through the isomerization reactions of C4Y − 1

and FLV − 1 to C4Y − 2 and FLV − 2. Those two reactions consist

in high-energy hydrogen shift but remain lower in energy than the i-

C4H3 + C2H2 entrance transition state. Such reactions open a path

from i-C4H3 + C2H2 to the phenyl radical. The obtained isomerization

barrier of FLV − 1 to FLV − 2 equals 64.28 kcal.mol−1, which is 4.32

kcal.mol−1 lower than the one proposed by Walch. The barrier for the

C4Y − 1 to C4Y − 2 reaction is much smaller (46.93 kcal.mol−1) and

cannot be compared to any other similar data as, to our knowledge, it

has never been described. The transition states of those two hydrogen

shifts present high imaginary frequencies (C4Y − 1→C4Y − 2: 2009 i

cm−1, FLV − 1 → FLV − 2: 2301 i cm−1) implying important tunnel-

ing effects should occur. This has been accounted for in rate constant

calculations. Such hydrogen shift reactions do open a path, which lies

lower in energy than the entrance transition state, from i-C4H3 + C2H2

to the phenyl radical. The energy barriers of those reactions remain

however quite high. In hydrogen rich conditions (rich flames) FLV − 2

(and FLV − 1) may hydrogenate by recombination with a hydrogen

atom or by reaction with H2. The first reaction is barrierless and we

expect the second to have a barrier around 10 kcal.mol−1 (C2H3 + H2
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Table 7.2: PG3B3 (ZPE included) relative energies (kcal.mol−1) and

spin contamination values.

i-C4H3 + C2H2 E(PG3B3) �S2�DFT �S2�UHF

23 i-C4H3.C2H2 86.90 0.78 1.46

24 bcc 62.73 0.77 1.54

25 bct 62.77 0.77 1.49

26 btt 60.83 0.77 1.50

27 btc 60.92 0.77 1.50

28 C4Y − 2 43.50 0.79 1.20

29 C4 59.86 0.77 1.63

30 FLV − 2 34.29 0.77 1.41

31 b-C6H4.H 91.54 0.75 1.33

32 TS(i-C4H3 + C2H2→ bct) 96.10 0.79 1.71

33 TS(bct → btt) 63.54 0.76 1.36

34 TS(bct → bcc) 66.62 0.77 1.54

35 TS(btt → btc) 64.48 0.77 1.49

36 TS(bcc → btc) 64.02 0.76 1.36

37 TS(bcc → b-C6H4 + H) 96.36 0.76 1.51

38 TS(btc → b-C6H4 + H) 95.92 0.76 1.41

39 TS(bcc → C4Y − 2) 87.02 0.82 1.72

40 TS(btc→ C4) 79.06 0.79 1.79

41 TS(btc→ FLV − 2) 73.83 0.8 1.55
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Table 7.3: PG3B3 (ZPE included) relative energies (kcal.mol−1) and

spin contamination values.

Hydrogen shifts E(PG3B3) �S2�DFT �S2�UHF

42 TS(FLV − 1 → FLV − 2) 91.39 0.78 1.51

43 TS(C4Y − 1 → C4Y − 2) 96.88 0.76 1.06

Non-interacting fragments

44 n-C4H3 (HCCH cis) + C2H2 98.90 0.77 1.24

45 n-C4H3 (HCCH trans) + C2H2 98.88 0.77 1.24

46 i-C4H3 + C2H2 88.16 0.78 1.46

47 l-C6H4 + Hd 92.18 - -

48 b-C6H4 + H 95.94 - -

49 o-C6H4 + H 78.21 - -

50 m-C6H4 + H 93.12 - -

51 p-C6H4 + H 104.89 - -

C2H4 + H; Ea =10.40 kcal.mol−1), phenyl + H2 C6H6 + H; Ea = 8.80

kcal.mol−1) [126]. Formation of a first aromatic ring from i-C4H3+C2H2

may therefore occur through the formation of fulvene and its isomeriza-

tion according to the different mechanisms available [127].

7.1.6 Rate constants

Conventional transition state theory rate constants have been computed

between 300 and 3000 K (with 100 K intervals) and are presented in

Table 7.4, under the modified Arrhenius equation form. The data con-

cerning hydrogen shift reactions is provided with Eckart tunneling cor-

rections. Those rate constants have been computed using the PG3B3

energies.
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Table 7.4: Rate constants for all the steps appearing in this work. Units

for bimolecular rate constants are cm3mole−1s−1 and s−1 for unimolecu-

lar ones. Hydrogen shift reactions include Eckart tunneling corrections.

forward reverse

reaction A n Ea/R A n Ea/R

n-C4H3+C2H2→ lctt 2.91E-21 2.484 1190.59 3.67E+13 0.627 21847.6

n-C4H3+C2H2→ lcct 1.08E-20 2.489 1752.85 1.26E+14 0.627 21202.1

n-C4H3+C2H2→ ltct 7.43E-21 2.476 1668.28 3.54E+13 0.604 20712.4

lctt → lcct 3.85E+12 0.055 1503.81 3.58E+12 0.05 296.138

lcct → lccc 6.33E+12 0.178 2017.32 8.02E+12 0.144 2204.39

lctc → lccc 4.82E+12 0.053 2097.57 4.42E+12 0.035 707.547

lctt → lctc 6.18E+12 0.166 2122.52 7.94E+12 0.146 2491.95

lccc →phenyl radical 1.19E+12 -0.008 2761.28 4.17E+12 0.694 35016

lccc → FLV − 1 1.36E+12 0.072 1431.79 9.58E+12 0.432 19001.7

lccc → C4Y − 1 1.07E+12 0.158 16844 5.39E+12 0.195 22128.4

lctc →l-C6H4 + H 2.75E+11 0.938 20593.9 1.16E-15 1.464 4043.44

lccc →l-C6H4 + H 5.63E+11 0.911 18861.2 2.578E-15 1.457 3700.76

i-C4H3+C2H2→ bct 8.82E-22 2.365 3248.84 7.69E+13 0.521 17516.9

bct → bcc 1.88E+13 0.179 2285.34 3.55E+02 3.741 5843.51

bct → btt 2.66E+12 0.022 658.46 4.16E+12 0.04 1683.17

bcc → btc 4.40E+01 3.615 4275 4.33E+12 0.044 1696.48

btt → btc 4.16E+12 0.04 1683.17 2.66E+12 0.022 658.46

bcc → C4Y − 2 8.09E+11 0.049 12190.9 3.65E+12 0.275 2.22

btc → FLV − 2 1.52E+12 0.012 6446.97 3.29E+12 0.5 20444.3

btc → C4 2.17E+12 0.092 9226.39 7.17E+12 0.313 10149

bcc →b-C6H4+H 1.75E+11 0.887 19306.1 2.021E-15 1.443 3339

btc →b-C6H4+H 1.49E+12 0.953 18265.2 6.397E-15 1.482 1308.46

FLV − 1 → FLV − 2 1.54E-18 8.755 1.85E+04 7.677E-19 8.855 15650

C4Y − 1 → C4Y − 2 2.20E-06 5.227 15507.9 1.481E-06 5.65 19411.9

7.1.7 Conclusions on the surface analysis

In this work, a modified G3B3 method, using spin-projected basis set

corrections, has been used to describe the different reactions following

the addition of acetylene on C4H3 radicals. When possible, energy bar-

riers were compared to previously calculated data. The formation of

four- to six-membered rings was considered from the addition of acety-

lene on n-C4H3 and i-C4H3 radicals. New addition transition states

of lower energies were located for both addition reactions, leading to

energy paths globally lower than usually expected. The consideration
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of four-membered cycles in addition to the dehydro-fulvene and phenyl

ones are shown to be energetically competitive to hydrogen elimination

reactions. Two hydrogen shifts reactions are opening pathways from i-

C4H3 + C2H2 to the phenyl radical. However, those reactions are not

thought to be the main source of 6-membered cycles, at least in rich

flames. Spin contamination issues were discussed and comparison with

other theoretically obtained data leads to conclude that PG3B3 is a reli-

able level of theory for the systems concerned. For common steps, good

agreement is observed between our work and the one of Madden and

coworkers, despite the important spin contamination levels present in

our UHF wave functions. This indicates that PG3B3 (and G3B 3) has

performance similar to RHF based methods on those systems. This also

supports our hypothesis on the spin contamination correction role of the

∆(QCI) correction. For a number of steps, comparison has been made

with the work of Walch. Systematically, the energy barriers presented

in this work are found to be lower than those suggested by Walch. Fi-

nally, we provide the rate constants for each step considered, computed

on the basis of the conventional transition state theory including Eckart

tunneling corrections for the hydrogen transfer reactions.

7.2 Isomerization of dehydrofulvene radicals

If the description of the C6H5 potential energy surface is limited to what

has been presented in the previous section, the isomerization of FLV − 1

to the phenyl radical can only be considered as going through cycle

opening and closing therefore presenting the transition state for lccc →

phenyl radical as highest energy point on the isomerization path. Simi-

larly, the isomerization of FLV − 2 to the phenyl radical can also only be
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Figure 7.5: Mechanism M.1. and M.2 for isomerization of FLV − 1

and FLV − 2 to the phenyl radical.

considered to first go through an hydrogen transfer reaction producing

FLV − 1 followed by the ring opening and closing mechanism (see Fig-

ure 7.5). In both cases, the mechanisms involve highly activated steps,

which are the ring opening and the hydrogen transfer reactions. In this

section, we describe isomerization mechanisms which do not go through

an acyclic system. The aim is to study the possibility of a lower energy

mechanism for unimolecular isomerization of dehydrofulvene radicals to

the phenyl radical.

7.2.1 Results an discussion

Spin contamination

As all other systems on the C6H5 energy surfaces, the different station-

ary points found on the reaction path present important level of UHF

spin contamination. On average, the UHF �S2� value is 1.34 with a

0.14 standard deviation. The �S2� values for BC− 2 are the lowest
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observed on the C6H5 surface so far (average �S2�=1), Again, the differ-

ence between PMP4 6-31G(d) and MP4 6-31G(d) energies is correlated

to the extent of the spin contamination by equation 7.3, providing a first

cancelation linked to similar spin contamination levels.

E(PMP4)− E(MP4) = −16.18�S2�+ 9.06 R2 = 0.86 (7.3)

The magnitude of the ∆ (QCI) correction is also correlated to the value

of �S2�.

∆(QCI) = −22.55�S2�+ 16.50 R2 = 0.94 (7.4)

isomerization mechanism

Figure 7.6 shows the PG3B3 energy profile (at 0 K, ZPE included) from

the two isomerization mechanisms (from FLV − 1 and FLV − 2 to the

phenyl radical). Those energies are given in kcal.mol−1 relative to the

energy of the phenyl radical to allow easier comparison with the work of

the previous section. Table 7.5 provides relative G3B3 and PG3B3 ener-

gies along with the ZPEs. The isomerization of FLV − 1 goes through

the formation of a resonantly stabilized bicyclic radical (BC− 1). The

bridge bond of this system is then broken to form the phenyl ring. This

mechanism is referred to as M.1.2. isomerization of FLV − 2 also in-

volves a resonantly stabilized bicyclic systems (BC− 2) which has to

undergo intramolecular hydrogen transfer to form BC− 1. This mech-

anism is referred to as M.2.2. Mechanism M.1.2 is analogous to the

mechanism of isomerization of 1-methenyl-2,4-cyclopentadiene radical

(C6H7A in section 6.3) to the cyclohexadienyl radical and also to the

mechanism of isomerization of fulvene to benzene [127, 23]. The isomer-

ization of FLV − 2 requires an hydrogen transfer reaction, whichever the
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Table 7.5: G3B3 and PG3B3 relative energies of the different species

appearing on the isomerization mechanism. Energies are given relative

to the energy of the phenyl radical (kcal.mol−1).

minima ZPE G3B3+ZPE PG3B3+ZPE

FLV − 1 51.12 28.77 28.74

FLV − 2 51.48 34.22 34.29

BC− 1 50.13 56.10 55.52

BC− 2 50.10 63.08 62.48

Phenyl radical 52.79 0.00 0.00

Transition states

TS (FLV − 1 → BC− 1) 49.95 58.46 58.30

TS (FLV − 2 → BC− 2) 50.26 74.88 74.63

TS(BC− 1 → BC− 2) 47.51 88.96 89.41

TS(BC− 1 →Phenyl radical) 49.43 59.95 59.39

considered mechanism. FLV − 2 can also directly isomerize to FLV − 1

through hydrogen transfer, and then follow mechanism M.1.2. This path

is however higher in energy as the hydrogen transfer step corresponds

to the maximum energy point of the M.2. mechanism (See figure 7.6)

As indicated on figure 7.6, the isomerization mechanisms of FLV − 1

and FLV − 2 through bicyclic intermediates lie lower in energy than

M.1. or M.2. respectively. Structures and key geometric parameters

of the transition states are given on Figure 7.7. Very little comparison

can be made as this mechanism has never been studied (to the best

of my knowledge). We can however compare the results with analog

mechanisms. Formation of bicyclic systems from fulvene derivatives has

already been considered. Energy barriers for the formation of a bicyclic

system from fulvene and C6H7A are 74.30 and around 7.39 kcal.mol−1

respectively. The first is much higher than our barrier due to the out of
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Figure 7.6: Mechanism of isomerization of dehydrofulvene radicals

to the phenyl radical. TSC corresponds to the 1,3 hydrogen shift from

FLV − 2 to FLV − 1 from the previous sections and TSF and TSG are

also taken from the previous section and presented here for comparison

purposes.
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Figure 7.7: Structure of the transition states appearing in the isomer-

ization mechanisms.

plane twisting of the exo double bond. The second barrier is lower, as

no double bond is twisted, the CH2 radical site is already out of plane

in the reactants geometry. The opening of the bicyclic system to a six-

membered ring can also be compared. The barrier for the opening of

the C6H6 bicyclic to cyclohexadiene carbene is 33.00 kcal.mol−1. The

opening of the C6H7 bicyclic system is 14.56 kcal.mol−1. Opening of

BC− 1 to the phenyl radical is much lower (3.86 kcal.mol−1). What

comes out of those comparison is that the different mechanisms, while

formally very similar, actually differ very importantly from an energeti-

cal point of view. Therefore, any rate constant based on analogy should

be carefully examined before its use can be considered.
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Table 7.6: Arrhenius parameters for the elementary reactions rate con-

stants. Units are s−1.

Reaction A n Ea/R

FLV − 1 → BC− 1 4.68E+11 0.444 1.41E+04

BC− 1 → FLV − 1 2.16E+12 0.26 7.33E+02

FLV − 2 → BC− 2 6.55E+08 1.358 2.57E+04

BC− 2 → FLV − 2 1.19E+13 -0.076 6.29E+03

BC− 1 → BC− 2 5.51E-04 4.813 1.01E+04

BC− 2 → BC− 1 1.45E-03 4.572 7.40E+03

BC− 1 → phenyl radical 1.36E+12 0.367 1.18E+03

Phenyl radical → BC− 1 1.47E+11 0.894 2.93E+04

FLV − 1 →phenyl radical 6.07E+12 0.07 3.58E+4

Phenyl radical → FLV − 1 3.96E+12 0.38 3.58E+4

Table 7.6 presents the Arrhenius parameters for all elementary steps on

the isomerization mechanism.

Single step isomerization of FLV − 1 to the phenyl radical A

single step mechanism for the isomerization of FLV − 1 to the phenyl

radical also exists. This corresponds to reaction a.2 on Figure 7.8.

Due to the symmetry of the system considered, the difference between

the products of the different isomerization mechanisms does not ap-

pear clearly. Therefore, Figure 7.8 presents the reaction from a deuter-

ated FLV − 1. It then appears that the multistep mechanisms (going

throughBC− 1 or l-C6H5 provide the phenyl radical deuterated inmeta

position with respect to the radical site while the single step mechanism

provides a para deuteration. The transition state for this single step

mechanism is higher than the highest energy points of the two other
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Figure 7.8: Difference between the products of the various isomeriza-

tion reactions.

mechanisms. Finally, as the latter transition state has only been de-

tected after the completion of the combustion modeling part of this

work. This reaction path is therefore not included in the combustion

mechanism.

7.3 Determination of global rate constants

The previous sections have described the mechanism in much details.

Along with the mechanistic information, transition state theory rate

constants have been provided for each elementary reaction. Each step

can however not be introduced in the kinetic models. Such a mechanism

is indeed over-detailed. A solution would be to completely detail the rest

of the mechanism, but this would lead to a huge number of reactions and

chemical species. For those reasons the mechanisms have to be simpli-

fied in order to determine global rate constant for the reactions. A first

simplification is the replacement of the four l- or b-C6H5 radicals by one

single system having the averaged properties of the original four. This
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Figure 7.9: Reaction scheme for the determination of the global rate

constants for the n-C4H3+ C2H2 reaction.

is done using equilibrium distribution as weighing factor. In the present

case, this approximation is not absolutely correct as the activation bar-

rier for the cyclisation of lccc to FLV − 1 is smaller than the one of

lccc → lcct. In this situation, the weighted rate constant ki,weighted for

a elementary reaction having a ki rate constant from a C6H5 reactant

Ri is given by equation 7.5, in which χi is the weight of reactant i in

the equilibrium distribution.

ki,weighted = χiki (7.5)

This allows rewriting the mechanism in a more compact way.

7.4 n-C4H3+ C2H2 reaction

The weighted rate constants are used in the scheme presented on Figure

7.9 to obtain the rate constants for the formation of the phenyl radical,

FLV − 1, C4Y − 1 and C6H4 + H from the addition of acetylene on

the n-C4H3 radical. In this scheme, quasi-stationarity is considered for

the l-C6H5 radical. The rate of formation of a product i product is given

by equation 7.6

ki,global =
k1ki

k−1 + k2 + k3 + k4 + k5
(7.6)
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Example In order to be clear on how the rate constants are obatined,

the methodology is applied to the rate of formation of FLV − 1 and de-

tails are given. Considering Figure 7.9, the rate of formation of FLV − 1

is given by

kFLV−1 = k3[l − C6H5] (7.7)

As only lccc can close into a cyclic system, the rate constant k3 is ac-

tually the rate constant of the lccc → FLV − 1 reaction multiplied by

the weight of lccc in the equilibrium distribution. Considering quasi

stationarity for l-C6H5, leads to

d[l − C6H5]

dt
= 0 (7.8)

And, if the scheme of Figure 7.9 is considered, this leads to

d[l − C6H5]

dt
= k1[n-C4H3][C2H2]− (k−1 + k2 + k3 + k4 + k5) = 0 (7.9)

And therefore,

kFLV−1 =
k1k3

k−1 + k2 + k3 + k4 + k5
(7.10)

Rate constants for the elementary steps were obtained between 300 and

3000 K. The determination of the global rate constants combines those

data, leading, in some cases to non-linear Arrhenius plots. For those,
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Figure 7.10: Product distribution for the n-C4H3+C2H2 reaction, ac-

cording to Figure 7.9.

a single rate expression cannot cover the important temperature do-

main. For those reasons, the following rate constants were determined

between 1000 and 2000 K, which is the temperature domain of interest

for combustion processes. As those rate constants may be quite valid

for lower temperature, they should not be considered for higher ones, as

the non linearity effects principally appears at high temperature. Table

7.7 provides the Arrhenius parameters for all the global rate constants

considered in this section. Figure 7.10 presents the reaction product

distribution. It clearly shows FLV − 1 is the major reaction product,

even at very high temperature. It also shows that the proportion of the

phenyl radical in the products is at most 20%. The formation of C6H4

system becomes important at very high temperature (at temperature

� 1800 K). Finally, there does not seem to be any C4Y − 1 formed.

Comparison with the rate constants obtained by Madden and coworkers

[114] and Westmoreland and coworkers [26] can be made. Those com-

parisons are carried out in term of Arrhenius plots and are presented
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Table 7.7: Arrhenius parameters for the global rate constants for the

n-C4H3 + C2H2 reaction. Units are cm3mole−1s−1.

n-C4H3 + C2H2 A n Ea/R

→ FLV − 1 1.93E+15 -0.82 5460.19

→ C4Y − 1 9.79E+16 -1.24 21577.77

→ C6H4 + H 2.67E+16 -0.33 23529.97

→ phenyl radical 1.02E+15 -0.84 6703.10

on Figure 7.11. This figure shows that our rate constant is inferior

to the two others. The reason is quite simple. The rate constant of

Madden and coworkers and of Westmoreland and coworkers have been

established using schemes similar to that presented on Figure 7.9; how-

ever, not considering the formation of FLV − 1. The rate constant of

the latter reaction is present in the denominator of equation 7.6, and

it lowers all the rate constant obtained. Indeed, if the rate constant of

the reaction forming FLV − 1 is removed from that denominator, the

agreement with the data of Westmoreland and coworkers is much better.

The value from Madden and coworkers is greater the two others, with

an important non linearity.

Cis linear C6H4 + H reaction

The addition of an hydrogen atom on linear cis C6H4 is considered.

The most likely products are the phenyl radical and FLV − 1. At high

temperature, we expect the formation of n-C4H3+ C2H2 to become sig-

nificant. The product distribution is given on Figure 7.12 . Due to the

similar energy levels of n-C4H3+C2H2 and C6H4 + H, the distribution

profiles are very similar to those observed on Figure 7.10.
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Figure 7.11: Arrhenius plots for the rate constant of the formation of

the phenyl radical from the n-C4H3 + C2H2 reaction.

Table 7.8 presents the Arrhenius parameters for the rate constants con-

sidered in this section.

Table 7.8: Arrhenius parameters for the global rate constants for the

l-C6H4 + H reaction. Units are cm3mole−1s−1.

l-C6H4 + H A n Ea/R

→ FLV − 1 3.59E+12 0.53 4354.81

→ C4Y − 1 3.24E+38 -6.66 29679.94

→ n-C4H3 + C2H2 3.90E+14 1.12 2403.32

→ phenyl radical 2.25E+12 0.49 563.35
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Figure 7.12: Product distribution for the l-C6H4+H reaction.

7.5 i-C4H3 + C2H2 reaction

The same simplifications have been brought to the mechanism of addi-

tion of acetylene on i-C4H3. Those assumption are more valid in this

case as the barriers for the conformational changes are all smaller than

the others. The Arrhenius expression for the global rate constants are

given in Table 7.9. The i-C4H3+ C2H2 reaction product distribution is

shown on Figure 7.13. Due to qualitatively similar energy profiles, the

product distribution profile are similar to that of the acetylene addition

on n-C4H3.
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Figure 7.13: Product distribution for the i-C4H3 + C2H2 reaction.

Table 7.9: Arrhenius parameters for the global rate constants for the

i-C4H3 + C2H2 reaction. Units are cm3mole−1s−1.

A n Ea/R

→ FLV − 2 2.08E+48 -10.89 16881.94

→ C4 2.22E+48 -10.75 19614.28

→ C4Y − 2 9.50E+47 -10.74 23493.87

→ b-C6H4+ H 3.21E+48 -9.96 28854.38

At low temperature, the formation of the dehydrofulvene radical dom-

inates. There is a peak of C4 (which correspond to the second lowest

barrier) at round 20 %. Finally, due to globally higher activation barri-

ers for the cyclisation steps, the formation of b-C6H4 + H starts at lower

temperatures.
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Figure 7.14: Product distribution for the b-C6H4 + H reaction.

Table 7.10: Arrhenius parameters for the global rate constants for the

b-C6H4 + H reaction. Units are cm3mole−1s−1.

b-C6H4+ H A n Ea/R

→ FLV − 2 2.50E+54 -11.65 14872.67

→ C4 5.18E+54 -11.59 17716.33

→ C4Y − 2 2.51E+54 -11.59 21616.78

→ i-C4H3 + C2H2 5.90E+57 -11.59 27516.87

7.6 b-C6H4 + H reaction

The Arrhenius expression for the global rate constants are given in Table

7.10. The product distribution of this reaction is given on Figure 7.14.

Again, the profile of this distribution is very similar to that observed for

the acetylene addition reaction (see Figure 7.13). It is almost identical

to that of the addition of acetylene on i-C4H3. As was also noted for

the other cases, the formation of C4Y species is negligible, whatever

the temperature.
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7.7 Phenyl decomposition to o-benzyne +H

7.7.1 Finding a transition structure

The information acquired by the analysis of the potential cyclization

paths on the C6H5 energy surface may be used to obtain kinetic data; it

has been done for almost all elementary steps on this surface. There is

however the issue of the formation of o-benzyne from the phenyl radical,

for which no transition state has been located. To obtain a rate constant

on the basis of transition state theory or any post-TST theory, one

must have some kind of transition state structure as well as vibrational

information.

Methodology

The reaction path is approximated by the C-H bond stretch of the break-

ing bond. This parameter is scanned from equilibrium geometry of

phenyl (1.082 Å) to 3 Å by steps of 0.1 Å while optimizing all other

structural parameters. Each of those structure are used to compute

PG3B3 energies and generate a PG3B3 scan of the C-H stretch. The

thermal correction to Gibbs free energy are obtained at different tem-

peratures (from 300 K to 2500 K by steps of 200 K) to turn the PG3B3

scan into a Gibbs free energy surface. At each temperature, a parabola

is fitted on the three highest Gibbs free energies to refine the C-H bond

length corresponding to the transition state structure. The C-H bond

length is then set at those new value, and the structure is re optimized at

the B3LYP 6-31G(d) level. This is followed by other PG3B3 calculations

to obtain our temperature dependent transition state structures.
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Figure 7.15: Gibbs free energy as a function of the temperature and

of the breaking C-H bond length (Å). Red dots represent the maxima

of Gibbs free energy.

As can be seen on Figure 7.15 , the C-H bond length at the maximum

Gibbs free energy grows smaller as the temperature rises.

Rate constants

The rate constant for the reaction is obtained by applying the classical

expression of transition state theory and by using a different transition

state at each temperature. The expression of the rate constant obtained

from the Arrhenius plot is

k = 8.5.10+14exp(
43327.16

T
) (7.11)

No modified Arrhenius expression has to be used in this case as the data

presents a good linear behavior.
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Figure 7.16: Arrhenius plot for the rate constant for the decomposition

of the phenyl radical to o-benzyne + H.

As shown on Figure 7.16 it can be compared to that obtained by Madden

and coworkers. Our rate constant is much lower at low temperature due

to the difference in activation energy (8.7 kcal.mol−1).

7.8 Rate constants for the isomerization of de-

hydrofulvene radicals

The rate of isomerization of FLV − 1 to the phenyl radical has been

calculated using the scheme shown on Figure 7.17. Quasi stationarity

has been considered for BC− 1. The rate constant for the hydrogen

shift reaction has been added to the denominator to account for the po-

tential competition of the isomerization to FLV − 2. The rate for the

isomerization of FLV − 1 to the phenyl radical can be compared to the

rate obtained from the mechanism going through lccc (see Figure 7.18).

The rate parameters are given in Table 7.11. The reaction through the

formation of BC− 1 is clearly faster, as could be expected from Figure
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Figure 7.17: Reaction scheme used for the determination of the global

rate constant for the isomerization of FLV − 1 to the phenyl radical

through BC− 1.

Table 7.11: Arrhenius parameters for the global rate constants of iso-

merization to the phenyl radical. Units are s−1.

Mechanism A n Ea/R

through lccc 1.16 E+14 0 8150.75

through BC− 1 1.17E+13 0 5953.48

7.18. Isomerization of FLV − 2 is a little more complex. The rate lim-

iting step is obviously the formation of BC− 1. However, once BC− 1

is formed, the phenyl radical formation is still in competition with the

formation of FLV − 1. The rate of formation of BC− 1 from FLV − 2

is calculated considering a scheme similar to the one presented on Figure

7.17. The rate is then multiplied by the selectivity factor to obtain the

rate of isomerization to FLV − 1 and to the phenyl radical.
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Figure 7.18: Comparison of the two rate constants for the isomeriza-

tion to the phenyl radical.

Table 7.12: Arrhenius parameters for the global rate constants of iso-

merization of FLV − 2 to the phenyl radical and to FLV − 1. Units are

s−1.

Mechanism A n Ea/R

to the phenyl radical 5.19 E+13 0 834555.5

to FLV − 1 1.95E+14 0 34555.5

The rate data is given in Table 7.12. The comparison between the two

rate constants for the isomerization of FLV − 2 to FLV − 1 shows in

this case, a lower rate constant for the isomerization through the bicyclic

system.

7.9 Unimolecular fate of the phenyl radical

The different mechanisms that have been presented can be used to rede-

fine the unimolecular fate of the phenyl radical. Considering the forma-

tion of FLV − 1, l-C6H4, n-C4H3+C2H2, and ortho-benzyne as poten-
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tial products. Those paths being considered, the product distribution

shows that almost 100 % of the phenyl radical is turned into FLV − 1,

and this up to over 2000 K. At very high temperatures, the formation

of n-C4H3+C2H2 becomes the second most important path (see Figure

7.19 ). As the unimolecular fate of FLV − 1 is the isomerization to the

phenyl radical, a loop is generated. Therefore, Figure 7.19 also presents

the product distribution if the isomerization to FLV − 1 is not consid-

ered. In that case, the main decomposition pathway is o-benzyne at low

temperature and shifts to n-C4H3+C2H2 as temperature rises. Table

7.13 summarizes the different rate parameters for those rate constants.
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Figure 7.19: Product distribution of the unimolecular transformation

of the phenyl radical. Strong lines, product distribution including the

isomerization paths to FLV − 1. Dashed: product distribution exclud-

ing the isomerization paths to FLV − 1.
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Table 7.13: Arrhenius parameters for the unimolecular reactions in-

volving the phenyl radical. Units are s−1.

phenyl radical A n Ea/R

→ FLV − 1 (through lccc) 2.01E+15 0 3.58E+07

→ FLV − 1 (through BC− 1) 2.03E+14 0 3.01E+07

→ l-C6H4+ H 9.73E+17 0 5.40E+07

→ o-C6H4+ H 8.75E+14 0 4.33E+07

→ n-C4H3+C2H2 1.67E+19 0 5.57E+07

7.10 Conclusions

In this chapter, we have studied different possible reactions on the C6H5

energy surface. Starting by the addition of acetylene on C4H3 radicals,

we have identified dehydrofulvene radicals as potential intermediates.

As a logical following of this, the paths for the isomerization of those

radicals to each other and to the phenyl radical were studied. In the

case of 6-dehydrofulvene, we have found three possible mechanisms of

isomerization to the phenyl radical. As an overall result, we have shown

that the lowest energy path form n-C4H3 + acetylene to the phenyl rad-

ical goes through 6-dehydrofulvene and its isomerization to the phenyl

radical through a bicyclic intermediate. The rate constants were ob-

tained for all elementary steps identified on the energy surface. This

lead to a number of reactions and intermediates that was a little too im-

portant to be introduced as such in combustion model. A second part of

this chapter was therefore dedicated to the reduction of the number of

intermediates and reactions by simplifications of the mechanisms.





Chapter 8

Reactions on the C6H7

energy surface

This chapter is focused on the reactions involving fulvene on the C6H7

energy surface. Its aim is to examine what becomes of dehydrofulvene

radicals once they are hydrogenated. This region of the C6H7 energy

surface is therefore explored as a continuation of the analysis of the

C6H5 surface. The first section of this chapter looks at the hydrogena-

tion of dehydrofulvene radicals. The second reviews the products of the

addition of an hydrogen atom on fulvene.

8.1 Dehydrofulvene + H2 reactions

One of the possible ways of turning dehydrofulvene radicals into fulvene

in an hydrogen rich environment (such as rich hydrocarbon flames) is to

have those radicals react with molecular hydrogen. We therefore con-

sider the hydrogenation of FLV − 1 and FLV − 2 to fulvene through

219
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such processes. The reverse reactions, forming FLV − 1 and FLV − 2

from fulvene + an hydrogen atom, are also considered. The energies

used are again PG3B3 energies. As there are no experimental nor theo-

retical rate constants available in the literature for those rate constants,

we compare our results to rates of model reactions which can, a pri-

ori, be expected to have similar rate constants. The rate of FLV − 1

+H2 reaction is compared to that of C2H3 + H2 as those two involve

the hydrogenation of a vinyl group. The rate of the FLV − 2 + H2

reaction is compared to that of the corresponding reaction involving the

phenyl radical. The latter reaction is chosen as it involves a -Ċ= radical

site.

8.1.1 Spin contamination

In the cases encountered before, we considered cancelation of errors

through two types of corrections. The first is the relative conservation

of the error when spin contamination levels are similar. The second is

the spin contamination correction role of the ∆(QCI) correction. Those

two points are conserved for the radical hydrogenation reactions. How-

ever, the reverse reactions involves a contaminated transition state and

non-contaminated reactants (closed-shell fulvene and atomic hydrogen).

The only expected cancelation of spin contamination error comes from

the ∆(QCI) correction. An overestimation of the barrier is therefore to

be considered in discussions.
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Table 8.1: Modified Arrhenius equation parameters for the FLV − 1+

H and FLV − 2 +H2 reactions. Units are cm3mole−1s−1.

Reaction A n Ea/R

FLV − 1 + H2 → Fulvene + H 2.14E+04 2.46 3.46E+03

Fulvene + H→ FLV − 1 + H2 3.15E+07 1.96 8.06E+03

FLV − 2 + H2 → Fulvene + H 1.08E+05 2.43 2.35E+03

Fulvene + H→ FLV − 2 + H2 1.63E+08 1.83 9.77E+03

8.1.2 Rate constants for hydrogenation of dehydrofulvene

radicals

The coefficients for the modified Arrhenius expression of the rate con-

stants are provided in Table 8.1. As the reactions studied are hydro-

gen transfer reactions, typically subject to important tunneling effects,

Eckart tunneling corrections have been included to the rate constants.

Comparison of the rate constant for the hydrogenation of FLV − 1 with

rate constants of hydrogenation of the vinyl radical is shown on Fig-

ure 8.1. There is a good agreement between our calculated values and

Tsang and Hampton’s data [128] at elevated temperatures. As tempera-

ture decreases, the agreement between the data also decreases. Between

500 and 1000K, our data is still in good agreement with both Tsang

and Hampton values and the values of Knyazev and coworkers [129].

The agreement between the latter two values is not as good. In fact,

as temperature decreases, the agreement between experimental data for

C2H3+ H2 becomes quite poor. The data from Callear and Smith [130]

is higher at low temperature. There seems to be an important difference

in the activation energy in this case. The latter being smaller in the

results of Callear and Smith. The comparison for the hydrogenation of



222 Chapter 8. Reactions on the C6H7 energy surface

10 

12 

14 

16 

18 

20 

22 

24 

26 

28 

30 

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 

ln
(k

) 

1/T (K-1) 

Callear and Smith 

Knyazev and coworkers 

Tsang and Hampton 

FLV-1 + H2 

Figure 8.1: Arrhenius plot of the rate constant of the FLV − 1 +

H2 reaction (strong line). Marks: Rate constants for the C2H3 + H2

reaction.

FLV − 2 shows results not as similar (see Figure 8.2). There seems to

be an agreement between theoretical work of Mebel and coworkers [126]

and experimental data of Park and coworkers [131] and of Heckmann and

coworkers [132] on the rate of hydrogenation of the phenyl radical. The

rate constant from the theoretical work of Mebel and coworkers [126] is

six time smaller than our results for the hydrogenation of FLV − 2 at

1600 K.

8.1.3 Hydrogen abstraction from fulvene

The reverse reactions correspond to the abstraction of an hydrogen atom

from the fulvene structure by another hydrogen atom. As mentioned

in the spin contamination section, the barrier in that direction may

be slightly overestimated due to the non-contaminated character of the

reactants. The rate parameters are given in Table 8.1. Again comparison
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Figure 8.2: Arrhenius plot of the rate constant of the FLV − 2 + H2

reaction (strong line). Marks; rate constant for the phenyl radical + H2

reaction.

can be made with the hydrogen abstraction from ethylene and from

benzene. These comparisons are shown on Figures 8.3 and 8.4. The rate

of abstraction to form FLV − 1 appears to be lower than the equivalent

data for the abstraction from ethylene. Artificial lowering due to spin

contamination has been mentioned before. However, if such effect was

responsible for a decrease of the rate constant, it would be through

an overestimated activation barrier. The slopes on Figure 8.3 indicate

a relatively good agreement in the activation barrier, except for the

data of Warnatz [133]. Spin contamination is not responsible for the

difference. It has to be remembered that the comparison are made with

rate constants of the corresponding reactions on another reactant. It

can therefore not be expected that the rate constants are rigorously

identical. Comparison of the rate constant for the reaction forming

FLV − 2 and the ones forming the phenyl radical is made mostly on
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Figure 8.3: Comparison of the rate constant for the abstractions of an

hydrogen from fulvene to form FLV − 1 and the equivalent reaction on

ethylene.

theoretical data. Experimental values are not available, at least in the

NIST kinetic database. Again, we note a rate constant globally lower,

with deviation in the slope which can become important (see the data of

Nicovitch), leading to a potentially overestimated energy barrier.

8.2 Dehydrofulvene + H reactions

In this section, we briefly leave the C6H7 energy surface for the C6H6

one. If hydrogenation of the dehydrofulvene radicals by molecular hydro-

gen is considered, it seems consistent to also consider the hydrogenation

through recombiniaison of atomic hydrogen. Radical recombination re-

actions are typically non activated processes. Efforts made to locate

transition states for recombination of the dehydrofulvene radicals with

an hydrogen atom remained unsuccessful. Maximum free energies of the
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Figure 8.4: Comparison of the rate constant for the abstraction of an

hydrogen from fulvene to form FLV − 2 and the equivalent reaction on

benzene.

Gibbs free energy surface were searched (as was done for the degrada-

tion of phenyl to o-benzyne) but were not found. The rate constant

is approximated by the corresponding data on the vinyl radical. The

latter is chosen among the data suggested in the NIST kinetic database

[134]. This database lists experimental data measure at 298 K or lower,

we therefore choose to use a theoretically obtained value described by

equation 8.1.

k = 3.8810+13T 0.2 cm3mole−1s−1 (8.1)

For similar reasons, the rate for the recombination reaction of hydrogen

with FLV − 2 is taken to be that of the recombination of phenyl with

hydrogen (see equation 8.2).

k = 9.7910+13T 0.15 cm3mole−1s−1 (8.2)
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8.3 Hydrogen atom assisted isomerization of ful-

vene to benzene

The hydrogen atom assisted isomerization of fulvene to benzene is the

lowest known energy path for such an isomerization. It has been intro-

duced by Melius and coworkers [20]. They used the BAC-MP4 method

to describe this mechanism. This method is now known to provide re-

sults of poor quality. Inconsistencies have already been observed in the

results they presented [135].

8.3.1 Results and discussion

The energies of minima and transition states were obtained as described

in the previous sections and are provided in Table 8.2. Figure 8.5

presents the energy profile of the isomerization mechanism, the ener-

gies on this figure are given relative to non-interacting benzene + H

(-232.558293 hartrees). G3B3, PG3B3 energies and ZPEs are provided

in Table 8.2. Rate constants for each elementary reaction have been

obtained and are presented in Table 8.3. Structures of the transi-

tion states are given in Figure 8.6 along with key structural parameters.

8.3.2 Hydrogen addition on fulvene

The hydrogen atom can attack any of the π bonds of fulvene. From

this attack, four C6H7 isomers are formed, those are the four systems

discussed in section 6.3. Only one transition state has been located and

connects the reactants with C6H7A, the only C6H7 radical showing no
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Table 8.2: G3B3 and PG3B3 energies (including ZPE) of the different

stationary points, relative to benzene + H (kcal.mol−1).

Stationary point ZPE G3B3 PG3B3 �S2

DFT � �S2

UHF �

Fulvene + H 60.71 31.01 31.01 - -

C6H7A 64.14 4.14 5.30 0.75 1.19

C6H7B 64.54 -19.08 -18.27 0.77 0.95

C6H7C 64.74 -12.13 -11.14 0.79 1.19

C6H7D 64.95 -17.09 -16.23 0.79 1.18

BCC6H7 65.68 -2.25 -1.87 0.78 0.96

c-C6H7 65.70 -20.98 -20.14 0.79 1.19

benzene+H 59.24 0.00 0.00 - -

TS(fulvene+H→C6H7A) 59.78 34.67 36.11 0.79 1.37

TS(C6H7C→C6H7D) 62.57 17.23 18.21 0.77 1.09

TS(C6H7D→C6H7A) 62.08 21.49 22.67 0.76 1.05

TS(C6H7A→C6H7B) 62.11 26.91 28.66 0.76 1.02

TS(C6H7A→BCC6H7) 64.16 11.95 12.69 0.79 1.25

TS(BCC6H7→c-C6H7) 64.63 6.63 12.69 0.78 1.21

TS(c-C6H7 →benzene + H) 61.67 6.63 7.75 0.77 1.37
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Figure 8.5: PG3B3 (0K, ZPE included) energy profile for the hydrogen

assisted fulvene isomerization to benzene mechanism (kcal.mol−1).

resonance. Transition state for the three other paths could not be located

due to the very flat transition zone. For those three paths, variational

transition state theory was applied using the C-H relaxed energy scans

as models for the reaction paths. The Arrhenius plot of the different

rate constants for this addition present significant non linear behavior.

The modified Arrhenius equation therefore has to be used for a correct

reproduction of the temperature dependance of the data. The very little

addition barrier, which are already very small, may also be overestimated

for the same reason as mentioned in section 8.1.1.

8.3.3 Intramolecular hydrogen transfer reactions

The thermodynamic properties of the different addition products have

been discussed in section 6.3. This section concerns the different equilib-
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Figure 8.6: Transition states of the hydrogen assisted fulvene isomer-

ization to benzene mechanism, along with key structural parameters.

Transition state structures for fulvene + H → C6H7 B, C and D are

taken at 300K.
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Table 8.3: Modified Arrhenius equation parameters for the fulvene

+ H and following reactions. Units are cm3mole−1s−1 for bimolecular

reactions and s−1 for unimolecular ones.

Reaction A n Ea/R

Fulvene+H→ C6H7A 1.15E+14 0.00 3.22E+03

reverse 2.51E+13 0.00 1.65E+04

Fulvene+H→ C6H7B 1.70E+12 2.00 2.30E-01

reverse 1.70E+13 0.00 2.59E+04

Fulvene+H→ C6H7C 1.15E+11 0.74 1.24E+03

reverse 3.87E+13 0.00 2.32E+04

Fulvene+H→ C6H7D 2.51E+12 1.95 3.29E+01

reverse 6.34E+13 0.00 2.66E+04

C6H7C→C6H7D 2.44E+07 1.63 4.44E+04

reverse 1.99E+07 1.67 4.70E+04

C6H7D→C6H7A 2.33E+10 0.89 1.89E+04

reverse 1.12E+13 0.00 8.95E+03

C6H7A→C6H7B 9.75E+12 0.00 1.15E+04

reverse 2.78E+13 0.00 2.26E+04

C6H7A→BCC6H7 1.90E+12 0.00 4.17E+03

reverse 7.00E+12 0.22 7.70E+03

BCC6H7→cyclohexadienyl radical 1.47E+14 -0.34 1.37E+04

reverse 2.85E+13 -0.22 2.28E+04

cyclohexadienyl→benzene + H 1.83E+11 0.71 1.43E+04

reverse 4.50E+8 1.45 3.50E+03
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ria between those products and the reaction in and out of the region they

represent. Hindered rotations had to be considered in the determination

of the thermodynamic properties of the minima C6H7A and C6H7B. It

is now necessary to identify the potential rotors in the intramolecular

hydrogen transfer transition states.

C6H7C to C6H7D

This case is probably the easiest one to treat. Indeed, the transition

state connects two systems presenting no hindered rotation. Further-

more, this reaction does not involve the double bond. The dihedral

components of the vibrator were however verified. It results that only

59.6 % correspond to dihedral angle. There is no need for the treatment

of hindered rotations.

C6H7D to C6H7A

For this reaction also, the dihedral component is quite low (58.1%) in-

dicating that hindered rotation should no be accounted for. This is the

less obvious case as we have different situations in the reactants and

products.

C6H7A to C6H7B

This reaction connects two structures for which hindered rotations had

to be considered. The dihedral component of the vibrator is only 62%,

indicating that no rotor has to be considered. This was unexpected and

can be explained, the 90◦ rotation of the CH2 group would lead to strong

interaction with the hydrogen being transferred.
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8.3.4 Formation and degradation of the bicyclic system

The mechanism goes though the formation of a bicyclic system from rad-

ical C6H7A. This is the step that has been compared to the formation of

BC− 1 from FLV − 1 in the study of the isomerization of dehydroful-

vene radicals to the phenyl radical, and shows a much lower activation

barrier.

8.3.5 Formation and degradation of the cyclohexadienyl

radical.

This is the last step of the isomerization mechanism. Opening of the

cycle as been compared to the opening of BC− 1. It forms the cy-

clohexadienyl radical, which forms benzene by restituting an hydrogen

atom. The rate constant for the latter reaction can be compared to

available rate constants. As can be seen on Figure 8.7, there is a quite

good agreement between our rate constant and those of Dean [136] and

of Tsang [137], while the experimental data from Nicovich and Ravis-

hankara [138] and from Gao and coworkers [107] are slightly superior.

In the case of the reverse reaction, a more important spin contamination

effect can be expected. Our value can again be compared to available

data. This is shown on Figure 8.8. In this case, we find our data is

almost systematically lower than those provided by experiment (Gao

[107], Hoyermann (in reference [107]), and Gordon), it is also lower than

the review value from Kerr and than the theoretical value of Mebel and

coworkers [126]. There is a good agreement with the experimental data

of Nicovich and Ravishankara [138].
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Figure 8.7: Arrhenius plots for the different available rate constants

for the cyclohexadienyl radical → benzene + H reaction.
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Figure 8.8: Arrhenius plots for the different available rate constants

for the benzene + H→ cyclohexadienyl radical reaction.
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8.3.6 Global reaction rate

The rate constant for each step of the isomerization mechanisms have

been defined. Again, all those steps cannot be included in the combus-

tion model. To simplify the system, the whole mechanism is reduced

to addition of hydrogen on fulvene producing the cyclohexadienyl radi-

cal. The elimination of an hydrogen atom from the latter completes the

mechanism. It is clear that this rate constant is an important simplifi-

cation of the mechanism. However, including all C6H7A, B, C or D as

intermediate would lead to inconsistencies in the mechanism.

8.4 Conclusions

The energy surface under investigation in this chapter is the C6H7 sur-

face. First we consider the reaction of hydrogenation of the dehydroful-

vene radicals identified as potential intermediates in the previous chap-

ter. In a second part, we re-examine the hydrogen atom assisted iso-

merization of fulvene into benzene. Rate constants are again obtained

for every elementary step of the mechanisms. Those rate constants are

compared with the available experimental and theoretical values. As

was done in the previous, chapter, simplifications are brought to the

mechanism for its future introduction in combustion models.



Chapter 9

Introduction in a

combustion model

We have now defined rate constants for different reactions and the ther-

modynamic data for the intermediates involved in those reactions. The

final part of this work consists in testing those data in an already exist-

ing and validated mechanism. To this end, a sub-mechanism for C6H5

species and the reactions for C6H7 radicals is introduced in the mecha-

nism of Veronique Dias and coworkers [13] (hereafter noted DIAS mech-

anism). This mechanism has been developed to model ethylene flames

and dimethoxymethane flames. The modified DIAS mechanism to which

the sub-mechanism is added is referred to the DIASX mechanism. The

experimental data for the test of our sub-mechanism comes from the

PhD work of Veronique Dias [139] and are molecular beam mass spec-

troscopic measurements on a one-dimensional laminar rich (φ = 2.5)

ethylene flame. It is not the aim of this section to improve the exist-

ing mechanism, but only to evaluate the impact of the sub-mechanism

235
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developed. Suggestions are however made at the end of this chapter.

Modeling is carried out with the Cosilab software [140].

9.1 Kinetic mechanism

The mechanism presented in Table 9.1 has been introduced in the DIAS

mechanism. In that table, the ‘= ” sign indicates a chemical equilibrium.

In this case the reverse rate constant is obtained from the equilibrium

constant. In the cases in which a reaction was already present, the

latter has been replaced by the new reaction along with the new rate

constant. Different mechanisms have been tested. Paths that appeared

to have very little to no importance were removed. An example is the

isomerization of FLV − 2 to FLV − 1 or to the phenyl radical. Those

were introduced, but appeared to have no influence, principally due to

the very small concentration of FLV − 2.

9.2 Results

The different results are analyzed at two levels. First, we verify the

impact of the sub-mechanism on the simulated mole fraction profiles.

the second level is the analysis of the different paths leading to species

of interest. In this case, we focus on six-carbon species. As a general

observation, the mole fraction profiles of all compounds lighter than six-

carbon species do not seem to be much affected by the introduction

of our sub-mechanism (see Figures E.1 to E.9 in the appendix of this

chapter). Starting at six-carbon species, some effects may be noted and

those are discussed in the following sections.
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Table 9.1: Kinetic sub-mechanism introduced in the DIAS mechanism.

Activation energies are given in cal.mol−1.

Reaction A n Ea

n-C4H3+C2H2 → C6H4+H 2.67E+16 -0.33 4.67E+04

C6H4+H → n-C4H3+C2H2 3.90E+14 1.12 4.77E+04

FLV − 1→ C6H4+H 1.00E+15 0.00 7.00E+04

C6H4+H → FLV − 1 3.59E+12 0.53 8.65E+03

C6H5 → C6H4+H 9.74E+17 0.00 1.07E+05

C6H4+H → C6H5 2.25E+12 4.95 1.12E+03

n-C4H3+C2H2 → C6H5 1.02E+015 -0.84 1.33E+04

C6H5 → n-C4H3+C2H2 1.67E+19 0.00 1.11E+05

n-C4H3+C2H2 → FLV − 1 1.93E+15 -0.82 1.08E+04

i-C4H3+C2H2 → b-C6H4+H 3.21 E+48 -9.96 5.73E+04

b-C6H4+H →i-C4H3+C2H2 5.90E+57 -11.59 5.47E+04

i-C4H3+C2H2 → FLV − 2 2.08 E+48 -10.89 3.35E+04

FLV − 2→ b-C6H4+H 4.02E+16 0.00 6.19E+04

b-C6H4+H → FLV − 2 2.50E+54 -11.65 2.95E+04

FLV − 1 → C6H5 (through lccc) 1.16E+14 0.00 4.10E+04

C6H5 → FLV − 1 (through lccc) 2.01E+15 0.00 7.12E+04

FLV − 1 → C6H5 (through BC− 1) 1.17E+13 0.00 2.99E+04

C6H5 → FLV − 1 (through BC− 1) 2.02E+14 0.00 5.98E+04

FLV − 1 = FLV − 2 1.54E-18 8.75 3.67E+04

FLV − 1+H = FULVENE 3.88E+13 0.20 0.00

FLV − 2+H = FULVENE 9.79E+13 0.15 0.00

FLV − 1+H2 = FULVENE+H 2.14E+04 2.45 6.87E+03

FLV − 2+H2 = FULVENE+H 1.08E+05 2.43 4.67E+03

C6H5 = o-benzyne+H 8.75E+14 0.00 8.61E+04

FULVENE+H → CC6H7 1.70E+12 2.00 4.60E-01

CC6H7 = C6H6+H 8.12E+10 0.81 2.78E+04
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Figure 9.1: Mole fraction profiles for C6H4.

C6H4 systems.

Starting with the lightest system, we observe a severe decrease of the

maximum mole fraction of C6H4 (see Figure 9.1), decreasing the agree-

ment with experiment, which was observed for the DIAS mechanism.

The C6H4 of the DIAS mechanism is only the linear C6H4, while the

C6H4 of DIASX is the sum of l-C6H4, b-C6H4 and o-benzyne. This

is shown on Figure 9.1. Figure 9.2 shows the different formation and

consumption pathways for l-C6H4 in both mechanisms. Several notable

changes appear following the introduction of our sub-mechanism. First

of all, we observe that the two main sources (C3H2 + C3H3 and C4H4 +

C2H) of this compound remain the same, and of similar importance. A

first change is the formation of n-C4H3 and C2H2 from C6H4, while the

latter was formed by n-C4H3 + C2H2 in the DIAS mechanism. The lat-

ter formation path is replaced by the formation of C6H4 from the phenyl

radical. The most important change is the appearance of FLV − 1 as

major consumption path (60.39 %). In the initial mechanism, consump-
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tion of C6H4 only induced the formation of polyynes (via the C6H3

radical), it now, in majority, contributes to the formation of cyclic sys-

tems, therefore participating to the formation of a first aromatic ring.

There also is an overestimation of C6H2 mole fraction profiles (see Fig-

ure E.5 in the appendix). The formation of this system is mainly due

to reactions C4H + C2H2 and C4H2 + C2H, the contribution of C6H4

systems to the total formation of C6H2 is almost negligible. The intro-

duction of our sub-mechanism therefore has no significant effect on this

issue.

The phenyl radical

The phenyl radical is one of the systems for which we expect changes

from the introduction of our sub-mechanism. No experimental mole

fraction profile is available, only the modeled mole fraction profiles are

therefore presented. As is shown on Figure 9.3 the maximum mole

fraction is increased and delayed in DIASX mechanism. Figure 9.4 shows

the different paths to and from the phenyl radical. The consequence

of the dissociation of the two isomerization mechanisms to FLV − 1

appears here. It comes out of the analysis that the phenyl radical is

mainly formed (40.74 %) by FLV − 1 and is consumed (at 10.72%) in

FLV − 1. In fact, the phenyl radical is produced from FLV − 1 through

the isomerization mechanism involving the linear C6H5 radical and forms

FLV − 1 by the mechanism involving the bicyclic system. This new

phenyl formation pathway induces a significant reduction of the role of

the propargyl radicals recombination reaction (from 20.1 to 7.26 %).

The main consumption channel of the phenyl radical is in both cases,

the decomposition to n-C4H3+C2H2 (70.22% in DIAS and 64.59% in
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Figure 9.2: Formation and consumption paths of C6H4 using DIAS

and DIASX mechanisms.
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Figure 9.3: Modeled phenyl radical mole fraction profiles using DIAS

and DIASX mechanisms.

DIASX). A difference appears in the consumption to C6H5O (see Figure

9.4). The importance of this channel is divided by two; this probably

has a role in the decrease of the C6H6O mole fraction profile (see Figure

9.2). The maximum mole fraction is raised by the introduction of the

sub-mechanism, probably because of the formation of cyclic C6H5 from

linear C6H4.

Benzene

In the case of benzene, there is an increase in the maximum mole fraction

(see Figure E.7). In this case, this may be viewed as an improvement

of the mole fraction profile. Figure 9.5 presents the different reaction to

and from benzene. The main source of benzene is FULVENE + H in

the case of the DIAS mechanism (63.89%) and cyclohexadienyl in the

DIASX one (85.50 %). Those are, in fact the same reactions. Only that

we have introduced the cyclohexadienyl radical as an intermediate.
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Figure 9.4: Formation and consumption paths of the phenyl radical

using DIAS and DIASX mechanisms.
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The latter is formed exclusively by the fulvene + H reaction. The in-

crease in the importance of this path is probably due to the increase in

the rate constant for the fulvene + H reaction. A notable change is the

formation of fulvene from benzene in the DIASX mechanism through the

unimolecular isomerization mechanism [127, 23]. As was observed in the

case of the formation of the phenyl radical, we now have a loop between

benzene and fulvene, with benzene being formed with one mechanism

and producing fulvene by another. Another loop appears for benzene

and the phenyl radical, as in both mechanisms, benzene is produced by

the phenyl + H recombination reaction and produces the phenyl radical

by reaction with H, OH or CH3.

Fulvene and dehydrofulvene radicals

The modeled mole fraction profile indicates a severe decrease of the max-

imum mole fraction of fulvene. Indeed, the maximum mole fraction in

the DIAS mechanism is around 3.2 10−6, while using DIASX, this mole

fraction goes down to around 6 10−11. Again, this is probably mainly

due to the increase in the fulvene + H reaction rate constant. This is

a change which may not be really significant, as it is not surprising to

see a highly unstable intermediate react rapidly. In the DIAS mecha-

nism, two reactions account for 100% of fulvene formation. Those are

i-C4H3 + C2H3 (55.94%) and the recombination of propargyl radicals

(40.97 %). The fulvene so formed reacts in two ways to form benzene

(See Figure 9.6) There is a third formation path in the DIASX mecha-

nism. Indeed the unimolecular isomerization to benzene mechanism is

now a source of fulvene (14.05 %). The exit channel, providing the cy-

clohexadienyl radical and therefore benzene + H is responsible for 100%
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Figure 9.5: Formation and consumption paths of benzene using DIAS

and DIASX mechanisms.
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Figure 9.6: Formation and consumption paths of fulvene using DIAS

and DIASX mechanisms.
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of fulvene consumption. Formation of fulvene from hydrogenation of de-

hydrofulvene radicals is negligible. Concentrations of those compounds

are too small. Figure 9.7 shows the different formation and consump-

tion pathways of the dehydrofulvene radicals considered. FLV − 1 is

mainly formed through the addition of an hydrogen atom on the lin-

ear cis-C6H4. The second most important source is the phenyl radical

which isomerises to FLV − 1 through BC− 1. Finally, the addition of

acetylene on n-C4H3 is responsible for the rest of the formation of this

compound. FLV − 1 is consumed in phenyl radical through the lccc

system (97.85 %) and into FLV − 2 (1.82 %). The latter reaction is

also the main source of FLV − 2 (78.33%). Addition of acetylene on

i-C4H3 is responsible for the remaining 21.67 %. FLV − 2 decomposes

to b-C6H4 only. The latter reaction is responsible for 100% of the for-

mation of b-C6H4, which itself decomposes to i-C4H3+ C2H2, creating

again, a loop in the system.

Phenol

Phenol (C6H6O in the mechanisms and Figure E.8) is one of the sys-

tems for which the agreement with experiment decreases. In the DIAS

mechanism, the formation of this system is solely due to the C6H5O

+ H reaction. In the DIASX mechanism the formation of this system

is, in majority due to the C6H6 + OH → C6H6O + H reaction (87.1

%), the rest being formed by C6H5O + H. The addition of our sub-

mechanism also induces an important decrease in the maximum C6H5O

mole fraction (see Figure 9.8) , which explains the loss in importance of

the C6H5O + H reaction.



9.2. Results 247

Figure 9.7: Formation and consumption paths of the dehydrofulvene

radicals using DIASX mechanism.
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Figure 9.8: C6H5O radical mole fraction profiles using DIAS and DI-

ASX mechanisms.

The decrease in the mole fraction maximum is probably due to the

decrease of the importance of the C6H5 + O2 → C6H5O + O reaction

(see Figure 9.4).

Phenylacetylene and phenylethylene

Phenylacetylene (C8H6) and phenylethylene (C8H8) are the last two

profiles for which a significant variation is observed (See Figures E.6 and

E.8) . Those are obviously linked by C8H7 and there is much chance

that the explanation for those two changes are common to the two cases.

In comparing results from the two mechanisms, not much changes, apart

the formation pathways for C8H8 (see Figure 9.9). Similarly to what is

observed for phenol, there is an important loss of importance of the path

involving the phenyl radical, because of the addition of reaction paths
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Figure 9.9: Formation paths to phenylethylene using the DIAS (nor-

mal) and DIASX (bold) mechanisms.

for the latter. Again, this leads to an increased importance of a path

involving benzene.

9.3 Discussion

The introduction of the sub mechanism in a more global combustion

model induces changes in the mole fraction profiles of several species,

and in their formation and consumption pathways. In some cases, the

changes induce a reduction of the agreement between experimental and

modeled mole fraction profiles. This can be viewed as a decrease in

the quality of the modeled results, but the different observations made

showed no unrealistically high or low mole fraction profile nor forma-

tion or degradation paths. An hypothesis is the incompleteness of the

initial reaction mechanism. The different reactions missing in the mech-

anism cancel each other out and remove the errors. By introducing our

sub- mechanism, we have disturbed this balance and created a more

important disagreement with the experimental results. This does not

invalidate our results, but rather indicates that, if the new mechanism

is to be included in the global model, even more reactions have to be

included.
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9.3.1 Suggestions

Again, the reaction path cannot be described fully, as was done in the

energy surfaces studies. However, to improve the mechanism, some ac-

tions could be taken.

Adding details

Without fully describing every detail of the reaction mechanisms, de-

scribing in more details the different paths could allow some improve-

ment. For instance, C6H7A appeared as an important intermediate for

the isomerization of fulvene to benzene. It was not included in the sub-

mechanism to avoid inconsistencies. This intermediate also appears as

an intermediate in the formation of fulvene + H (or benzene + H) from

n-C4H5 + C2H2 [27] (reaction not included in the mechanism). If one

wants to introduce a new intermediate, one also has to introduce a set

of reactions concerning this intermediate. The n-C4H5+ C2H2 should

therefore be detailed to allow the detailing of the fulvene + H isomer-

ization. So should the i-C4H5 + C2H2 reaction (which also produces

fulvene + H or benzene + H) as the C6H7C system appears as potential

intermediate. Furthermore, the reaction of methyl with cyclopentadiene

also generates C6H7 systems and should be added. Those are exam-

ples of reactions which should be detailed, but such a detailing would

imply using data from different works and highly modifying the DIAS

mechanism. This is out of the scope of this work.
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Adding reactions

The introduction of our sub-mechanism highlighted incompleteness in

the description of the C6H4 species in the DIAS mechanism. Indeed an

important number of isomeric forms (see Figure 9.10 ) of C6H4 can be

drawn (some more likely to occur than others). All those systems have

different reacting properties. For instance, the main C6H4 producing

reaction on Figure 9.2 (C3H2 + C3H3 → C6H4 + H) can obviously

produce both the (E) and (Z) forms of hexa-1,5-diyne-3-ene, while only

the (Z) form of the latter can form a cyclic system through reaction

with atomic hydrogen. The second source of C6H4 is the addition of

C2H on vinylacetylene. This reaction can provide a wide variety of

C6H4 (see Figure 9.11). Among those we find (E) and (Z) form of hexa-

1,5-diyne-3-ene, and the methylenepenta-1,4-diyne. The latter can form

a cyclic system by addition of an hydrogen atom (FLV − 2), but will

not participate in the formation of C6H2, at least not through direct

hydrogen elimination. From this it seems quite clear that considering

only one C6H4 system in the model is too simple. However, there does

not seem to be extensive thermodynamic nor kinetic data on the subject.

Some other reactions seem to be missing. Indeed, the reaction i-C4H3 +

C2H2 → FLV − 2 finds itself in competition with the reaction of i-C4H3

+ C2H3 → fulvene, while the reaction n-C4H3 + C2H2 → FLV − 1 is

not in competition with the n-C4H3 + C2H3 → benzene.

9.4 Conclusions

The different rate constants and thermochemical information that were

obtained in the previous parts of this thesis have been introduced in a
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Figure 9.10: Possible C6H4 isomers (among others).

combustion model (DIAS) to obtain the modified DIAX model. The

results were compared to the experimental measurements, and to the

DIAS model. Those comparisons were made at two different levels.

First, the resulting mole fraction profiles were examined, second, the

different paths of formation and consumption of the different interme-

diates were analyzed. Only small effects were noticed for compounds

having less than six carbons. In terms of mole fraction profiles, impor-

tant changes were noted for C6H4 and phenol. In term of reaction paths,

loops were created due to the introduction of two isomerization paths

between the phenyl radical and 6-dehydrofulvene. Finally, this analysis

also allowed to establish what looks like important deficiencies in the

treatment of C6H4 species in the DIAS mechanism. Those deficiencies

may be partially, or totally responsible for the problems encountered

with the description of C6H2 system by this model.
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Figure 9.11: Hypothetical paths for the C4H4 + C2H reaction.





Chapter 10

Growth of a second and

third aromatic cycle

The mechanisms analyzed so far concerned the formation of a first aro-

matic ring. The mechanisms of isomerization of FLV − 1 to the phenyl

radical that have been determined can also be applied to the growth of

a second and a third aromatic cycle. Figure 10.1 shows the ring closing

steps that may be encountered in PAH growth mechanisms such as the

HACA or biphenyl paths (see introduction). Those are the steps that

Figure 10.1: Ring closing steps reconsidered in this chapter.

255
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Figure 10.2: Hypothetical paths forming the naphtyl radical (a) and

the phenantryl radical (b).

are reconsidered in this chapter. As highlighted on Figure 10.1, the re-

actants present the l-C6H5 pattern. We can therefore imagine that the

energy barrier to form a five carbon ring, analogue to FLV − 1 from

those reactants is lower than that of the direct formation of a six carbon

ring, as indicated in chapter 7. Considering this, we may start with

two hypothetical mechanisms for lower energy paths for the formation

of second and third aromatic rings (See Figure 10.2.a and 10.2.b). Those

mechanisms are studied in this chapter in order to be confirmed.

10.1 Energies and rate constants

In this thesis, most of the calculations have been carried out at the

G3B3 (or PG3B3) level. In the present case, the size of the systems is

too important for such calculations. Density functional theory is then

used to describe those reactions. Two different functionals are used, the

first is the B3LYP functional and the second is the Boese Martin for

Kinetics functional (BMK)[141], which has been optimized for thermo-
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chemical kinetic calculations. Those two functionals are used with the

6-311++G(2df,p) basis set. The scale factor used for the frequencies is

the one established for the 6-311+G(2df,p) basis set (B3LYP:0.9686 ;

BMK: 0.95554) by Merrick and coworkers [142]. It is not the exact scale

factor for the basis set used, however, the very little variation in scale

factor between 6-311+G(3df,3pd) (B3LYP: 0.9672, BMK: 0.9540) basis

set and the 6-311++G(3df,3pd) (B3LYP: 0.9673, BMK: 0.9541) leads

us to believe that the 6-311+G(2df,p) scale factor is very close to that

of the 6-311++G(2df,p) one. The BMK results are the ones used for

the calculation of rate constants. The nature of the different stationary

points located is verified by checking their number of imaginary frequen-

cies (0: minimum; 1 first-order saddle point, transition state). For all

transition states, internal reaction coordinates calculations were carried

out to ensure their connectivity to the reactants and products. The rate

constants were again obtained by the transition state theory.

10.2 Formation of a second aromatic ring

10.2.1 The mechanisms

The different energies (B3LYP and BMK) of the different stationary

points located are given in Table 10.1. Those are accompanied by the

scaled ZPEs. The energy profile with the structure of the different in-

termediates is given on Figure 10.3. According to Figure 10.3, the for-

mation of the second aromatic ring from M1 can occur through direct

ring closing (M1-TS1-M5), from now on called mechanism MECA-1)),

which corresponds to the formation of phenyl by closing the lccc system

(see chapter 7). This reaction has a barrier of 5.35 and 4.74 kcal.mol−1
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Table 10.1: Energies relative toM1 for the different systems appearing

on Figure 10.3 (kcal.mol−1).

ZPE(B3LYP) E(B3LYP) ZPE(BMK) BMK

M1 77.68 0.00 77.30 0.00

M2 80.01 -31.56 79.34 -36.63

M3 80.02 -31.46 79.51 -36.35

M4 79.12 0.92 78.00 -5.46

M5 81.45 -53.91 80.87 -58.18

M6 81.36 -53.99 80.74 -58.48

TS1 77.70 4.74 77.23 5.35

TS2 77.26 2.83 76.63 3.37

TS3 78.99 -28.59 78.46 -33.03

TS4 78.58 3.04 77.73 -4.31

TS5 78.43 4.48 77.66 -2.23

TS6 77.98 14.37 77.28 7.40

TS7 78.65 16.32 78.14 9.00

TS8 78.82 13.87 78.21 6.79
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for BMK and B3LYP respectively. Those barrier are in good agreement

with that observed for the closing of lccc (5.53 kcal.mol−1). In Figure

10.3, strong lines indicate de BMK data, dashed lines, the B3LYP data,

and the frame presents the energy profiles for the concerted paths. In

this last cases, the B3LYP curves are not shown to maintain the clarity

of the figure. As could be expected, there also is a multistep mecha-

nism analogue to that observed for the isomerization of FLV − 1, this

time going through a tricyclic intermediate (M4, analogue to BC− 1).

This mechanism is referred to as MECA-2. However, the result of the

five carbon ring closing reaction is M2, an intermediate which cannot

be considered as a starting point for the multistep mechanism. The

latter intermediate has to undergo an intramolecular hydrogen switch

to form M3 for the multistep mechanism to be initiated. The forma-

tion of the tricyclic system (M4) from M3 has a barrier of 32.04 and

31.63 kcal.mol−1 for BMK and B3LYP respectively. Those are a little

higher than that observed for the formation of BC− 1 from FLV − 1

(30.17 kcal.mol−1 ), but remain in excellent agreement. The ring re-

opening shows a small barrier (3.23 and 3.55 kcal.mol−1 for BMK and

B3LYP) which is again in good agreement with the data observed for

the FLV − 1 isomerization (3.87 kcal.mol−1 ). M2 and M3 are also the

starting point for single step isomerization to M5 or M6. The transi-

tion states TS7 and TS8 connecting M3 to M6 and M2 to M5 are the

bicyclic equivalents of the transition state of the single step isomeriza-

tion mechanism of FLV − 1 to the phenyl radical. The radical system

M3 therefore shows the exact same behavior as FLV − 1. In this bi-

cyclic system, the difference between the products of the two different

isomerization mechanisms appears more clearly.
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The multi-step mechanism (MECA-2) leads to the 1-naphtyl radical

while the single step path leads to the formation of the 2-naphtyl rad-

ical. The reaction going through TS6, connecting M2 to M6 has no

equivalent in the monocyclic case. At first, a transition state for the for-

mation of a tricyclic system (similar to M4, but with the three carbon

cycle on the side of the aromatic ring) was searched. All attempts to

locate this transition state provided M2, M6, TS6 or TS8. This can be

explained. The intermediate M4 is a quite shallow well. In attempting

to form its equivalent on the aromatic side, the aromaticity is broken,

which leads to further destabilization and to the disappearance of the

well. This analysis confirms the hypothetical mechanism suggested on

Figure 10.2.a (with an additional hydrogen switch reaction) and also

provides additional reaction paths

Effect of the functional

Figure 10.3 provides the B3LYP and BMK data for the steps included

in the mechanisms. The main observation is that the use of BMK favors

the alternative pathways going through M2 and M3, both the multistep

and concerted path. Indeed, there is a good agreement between the ring

closing barrier obtained by B3LYP and BMK, but the exothermicity

of these reaction is greater using the latter functional. Consecutively,

the rest of the profile is also lowered. Using B3LYP, there only is 0.26

kcal.mol−1 energy difference between TS5 and TS1, in this condition,

the maximum energy levels of the direct ring closing mechanism and of

the multistep mechanism are basically equal. Using BMK, the energy

difference between those two points is 7.49 kcal.mol−1, which is much

closer to what is observed in the monocyclic systems (8.65 kcal.mol−1).
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Also, the barriers for the concerted path are systematically lowered by

about 2.4 kcal.mol−1 if BMK is used. The only reaction which can

be compared to the monocyclic case is the reaction from M2 to M5

through TS8, all other concerted steps may suffer from important in-

terference from the aromatic cycle. The activation barrier is 45.43 and

43.41 kcal.mol−1 using B3LYP and BMK respectively. This last value

is much closer to the monocyclic data (41.32 kcal.mol−1). TS8 is, with

both functional, the lowest energy transition state for concerted reac-

tions, however, using BMK it is only about 1.5 kcal.mol−1 higher then

TS1 while using B3LYP, it lays over 9.5 kcal.mol−1 higher.

10.2.2 Rate constants

Table 10.2 provides the rate parameters for the elementary reactions as

well as the global rate constants.

Global rate constant

The global rate constants for the isomerization of M3 to M5 and the

reverse reaction (k45 and k−45) are obtained by considering quasi sta-

tionarity for M4. The rate expression for those reactions are given by

equations 10.1 and 10.2.

k45 =
k4k5

k−4 + k5
(10.1)

k−45 =
k−4k−5

k−4 + k5
(10.2)

The rate data obtained shows that the reactant (M1) closes in M2

rather than directly into M5. At the highest temperature, only 27% of

reactants closes directly into M5. The mechanisms as presented offer
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Table 10.2: Arrhenius parameters for the rate constants of the reac-

tions presented in the previous section. Units are s−1.

reaction A n Ea/R

k1 M1−TS1−M5 1.43E+12 0.00 2.66E+03

k−1 M5−TS1−M1 2.02E+13 0.43 3.29E+04

k2 M1−TS2−M2 1.15E+12 0.16 1.730.02

k−2 M2−TS2−M1 2.92E+13 0.28 2.09E+04

k3 M2−TS3−M3 2.03E+13 0.00 2.23E+03

k−3 M3−TS3−M2 2.35E+13 0.00 2.14E+03

k4 M3−TS4−M4 5.81E+12 0.13 1.65E+04

k−4 M4−TS4−M3 8.26E+12 0.00 7.67E+02

k5 M4−TS5−M5 8.58E+12 0.00 1.81E+03

k−5 M5−TS5−M4 6.26E+12 0.34 2.88E+04

k6 M2−TS6−M6 6.51E+12 0.00 2.26E+04

k−6 M6−TS6−M2 6.55E+12 0.00 3.39E+04

k7 M3−TS7−M6 7.76E+12 0.05 2.32E+04

k−7 M6−TS7−M3 1.01E+13 0.23 3.46E+04

k8 M2−TS8−M5 6.37E+12 0.00 2.21E+04

k−8 M5−TS8−M2 5.54E+12 0.00 3.32E+04

k45 M3 → M4 → M5 9.14E+12 0.00 1.74E+04

k−45 M5 → M4 → M3 5.05E+13 0.00 2.89E+04
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Figure 10.4: Importance of the different path of naphtyl radical for-

mation from M2 and M3. Dashed line: proportion of 1-naphtyl radical.

different possibilities for the formation of naphtyl radicals from M2 or

M4. Figure 10.4 shows the importance of the different naphtyl rad-

ical production paths from M2 or M3. According to this figure, it

is quite clear that most of the naphtyl is formed from the multistep

mechanism involving the tricyclic system M4. It also shows formation

of 2-naphtyl radical as important as 10 % from 1500K and about 20%

around 1700 K. The formation of 2-naphtyl radical permits considering

the further growth of the PAH into anthracene, which cannot be done

from 1-naphtyl without considering hydrogen shift reactions.
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10.3 Formation of a third aromatic ring

As a final application, the different mechanisms are applied to evaluate

their role in the formation of phenantrene from biphenyl. The mecha-

nism is presented on Figure 10.6. In this case, the presence of the two

aromatic cycles on the sides of the FLV − 1 pattern exclusively lead

to concerted mechanisms. This was observed on the ring-side of M2

and M3 in the previous section. In this case, due to the symmetry of

phenantrene, only one product is possible, 9-phenantrenyl (See B3 on

Figure 10.4). In more details, the direct closing reaction to B3 provides

9-phenantrenyl, as does the concerted path going through TSN. The

concerted path going through TSM rather produces 10-phenantrenyl.

In this particular case, 9- and 10- phenantrenyl are not distinguishable,

again, as was noted in the case of the phenyl radical, any substitution

breaking the symmetry of the system would provide different products.

The relative energies of all stationary points located are given in Table

10.3. In terms of energy barriers, the ring closing reactions are again in

good agreement with previous observations. The ring closing reactions

energy barriers indicate, again, that the formation of the five-carbon

ring is favored over the formation of the six-carbon one. There is how-

ever a recent result from Raj and coworkers [143], showing that steric

hindrance appear if the size of the PAH increases (see Figure 10.5).

This effect raises the barrier for the formation of a five-membered ring,

making the six member cycle the most likely ring. This shows that the

expected mechanism presented on Figure 10.2.b is invalid as no tricyclic

intermediate could be located. We note that using B3LYP, the energy

barrier for the direct formation of phenantrenyl is very small. We also

note that the formation of the dehydro-fulvene pattern is more exother-
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Figure 10.5: Energy barriers (kcal.mol−1) obtained at the B3LYP 6-

311++G(d,p) level by Raj and coworkers.

Table 10.3: Energies and ZPE of the different stationary points located

on the surface (kcal.mol−1).

ZPE(B3LYP) E(B3LYP) ZPE(BMK) BMK

B1 107.38 0.00 106.48 0.00

B2 108.71 -35.03 107.89 -39.30

B3 109.88 -49.38 109.16 -53.26

TSK 106.73 0.98 106.04 2.14

TSL 107.03 5.79 106.26 6.63

TSM 106.74 14.37 105.81 8.24

TSN 107.45 16.30 106.48 9.47

mic in this case, while the overall aromatic ring presents reaction energy

smaller than the ones observed for the formation of a first and second

ring.

Effect of the functional

It again appears that the use of BMK favors the alternative paths by

lowering their maximum energy points. Again, the activation barriers for

the concerted mechanisms are lowered by about 2.5 kcal.mol−1 compared

to the B3LYP barriers.
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Table 10.4: Arrhenius parameters for the rate constants of the reac-

tions presented in the previous section. Units are s−1.

reaction A n Ea/R

kL B1−TSL−B3 2.26E+12 0 3.09E+03

k−L B3−TSL−B1 8.06E+14 0 3.10E+04

kK B1−TSK−B2 2.28E+12 0 1.22E+03

k−K B2−TSK−B1 1.93E+14 0 2.17E+04

kM B2−TSM−B3 2.27E+13 0 2.45E+04

k−M B3−TSM−B2 9.54E+13 0 3.20E+04

kN B2−TSN−B3 1.26E+13 0 2.50E+04

k−N B3−TSN−B2 5.31E+13 0 3.24E+04

kKM B1−B2−TSM−B3 2.54E+11 0 4.03E+03

k−KM B3−TSM−B2−B1 9.04E+13 0 3.19E+04

kKN B1−B2−TSN−B3 1.41E+11 0 4.44E+03

k−KN B3−TSN−B2−B1 5.03E+13 0 3.24E+04

Compared to the equivalent reactions in the formation of the naphtyl

radicals, the energy barriers are raised by 3.4 and 4.1 kcal.mol−1 for

reactions going through TSN/TS7 and TSM/TS6 respectively.

10.3.1 Rate constants

The three parameters of the Modified Arrhenius expression of the rate

constant for all elementary reactions are provided in Table 10.4 along

with calculated global rate constants. All those rate constants present

very linear Arrhenius plots, leading to a zero value for parameter n.

The latter have been computed using steady state approximation for

B2. The expression of those rate constants are given by equations 10.3

to 10.6.
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kKM =
kKkM

k−K + kM + kN
(10.3)

kKM =
k−Kk−M

k−K + kM + kN
(10.4)

kKN =
kKkN

k−K + kM + kN
(10.5)

k−KN =
k−Kk−N

k−K + kM + kN
(10.6)

The product distribution obtained with those rate constants reveals that

there is at most (2500 K) 7% of 10 phenantrenyl formed. At this tem-

perature, 9-phenantrenyl is mainly formed by the direct closing path

(90%). Therefore, in this case, there does not seem to be an alternative

faster reaction path for the closing of the third cycle. As comparison

point, Figure 10.7 shows the rate constant for the direct ring closing

reactions (M1 to M5, and B1 to B3) obtained in this work, and in the

different works of Kislov and coworkers [16, 144]. There is a very good

agreement between our values for the formation of M5 from M1 and

the G3 value of Kislov and coworkers [16]. Those values are also in good

agreement with our rate data for reaction B1 to B3. The rate constants

for the latter reaction from Kislov and coworkers [144] are quite higher

than ours. Their value is obtained at B3LYP 6-31(d) level, we therefore

believe our values to be more accurate.

10.4 Conclusions

In this work, we have defined new mechanisms for the isomerization of

dehydro-fulvene radicals to the phenyl radical. In combinaison with lit-

erature data, these mechanisms provide the lowest energy path from i-
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Figure 10.7: Comparison of the different ring closing rate constant for

the growth of PAH.

or n- C4H3 + acetylene to the phenyl radical. Those mechanisms were

applied to the formation of additional aromatic rings to assess their im-

pact on the growth of PAH. The tests included the formation of naphtyl

radical and of phenantrenyl radicals. Main results for the formation of

naphtyl radicals include a faster ring closing process and a new product

distribution including the formation of 2-naphtyl radical. Application to

the formation of phenantrenyl radical from a biphenylic system showed

no faster path than the usually considered direct ring closing reaction,

due to the presence of the aromatic ring, preventing the formation of a

stable intermediate. As a general comment, the mechanisms presented

offer faster and new significant path for the closing of additional aro-

matic ring on free edges of PAH. This path goes through a dehydro-

methyleneinedene radical. This, again, emphasizes the importance of

fulvene-like intermediates in PAH formation mechanisms.



Chapter 11

Conclusions and

perspectives

11.1 Conclusions

11.1.1 Heats of formation

The standard heats of formation of closed and open-shell systems have

been calculated using the G3B3 theory. This model chemistry contains

single point calculations using quite accurate quantum chemistry meth-

ods (such as QCISD(T)) and extended basis sets. Comparisons have

been made with experimental and theoretical values. Those compar-

isons lead to several observations among which:

• The G3B3 procedure does not correctly reproduce the ring strain

in small cyclic systems. In order to treat larger systems contain-

ing small cyclic pattern, a Ring Conserving Isodesmic Reaction

method has been developed and tested. Furthermore, the exper-
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imental data concerning small cyclic systems is scarce and seems

inaccurate. This issue should also be considered.

• If very unstable systems are dealt with (such as fulvene), it seems

that the experimental value tends to be less accurate than the

results from high-level ab initio calculations.

• The use of G3B3 energies with thoughtfully chosen isodesmic pro-

cess provide results of quite high accuracy. It is not clear, that ,

in the case of relatively small closed-shell systems, increasing the

level of theory to really expensive calculations (Weizmann meth-

ods and others) is absolutely necessary. This is good news, calcu-

lations using those methods on much larger systems are not widely

available.

• In order to define a way to choose the best possible isodesmic

reaction, an isodesmicity index has been defined.

The standard heats of formation of open-shell systems have also been

obtained and compared to a set of reference data. On the overall, the

deviations in the case of the open-shell systems are larger than the one

observed for closed-shell ones. Detailed analysis of the G3B3 energy

component showed that the QCISD(T) calculation probably accounts

for most of the spin contamination error, leading to small influence of

the spin contamination in the resulting G3B3 energies. If large systems

have to be studied, a procedure leading to the removal of the spin con-

tamination error from the Møller-Plesset heats of formation has been

developed. Comparison showed that the procedure has an accuracy

similar to that of the G3B3 and PG3B3 energy.
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On the whole, if an adequate isodesmic process is chosen, it is not obvious

that the use of a level of chemistry as high as G3B3 is necessary for such

small systems to reach sub-kcal.mol−1 accuracy.

11.1.2 Energy surfaces and rate constants

As far as the formation of a first ring is concerned, two energy surfaces

were analyzed to locate transition states and intermediates significant

to the formation of a first aromatic ring. The main part of the attention

was focused on the reaction of addition of acetylene on C4H3 radicals.

Cycle formation from those reactions were considered, and showed the

potential importance of dehydrofulvene radicals in the formation of cycle

from this path. As a consequence, the isomerization of those radicals to

the phenyl radical has also been analyzed in details. The hydrogenation

of the dehydrofulvene radical (through hydrogen abstraction from H2)

leads us to the C6H7 energy surface. The part of the surface studied

corresponds mainly to the hydrogen assisted isomerization of fulvene to

benzene. For each step of the reaction mechanisms identified on each

surface, transition state theory rate constant have been calculated. For

practical use, those rate constant were recombined in order to establish

a reduced mechanism with global rate constants. Comparisons were

made with data from the literature. In a final chapter, the mechanisms

studied on the C6H5 energy surface were used to describe the growth

of a second and third ring. They have been shown to be applicable to

the growth on a PAH free edge, and faster than the usually considered

direct ring closing reaction.
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11.1.3 Combustion modeling

The mechanisms established in the analysis of the energy surfaces have

been simplified in order to be introduced in combustion modeling soft-

ware. A sub-mechanism has been established and tested. It appeared

that, this sub-mechanism did not lead to major changes to the over-

all agreement between experimental and modeled mole fraction profiles.

However, for six carbon species, it importantly modified the different

pathways from and to the different intermediates. This confirms the po-

tential role of 6-dehydrofulvene as intermediate in ring formation mech-

anism. This shows the impact of the sub-mechanism and allowed to

identify sub systems to be studied (C6H4 sub system).

11.2 Perspectives

11.2.1 Isodesmicity index

The development of the isodesmicity index should be further carried

out. It would be interesting to verify whether an index such as defined

in this thesis can be defined at lower level of chemistry. If this is the

case, the index should be tested on much larger systems, which allow

more possibilities of isodesmic processes. Furthermore, the index, as

defined in this work presented a converging behavior. Further studies

could show a similar behavior of the error, leading to possibilities of

extrapolation of the heats of formation.
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Figure 11.1: Potential path for PAH growth, using the n-

C4H5+C2H2→ C6H7 path of cyclohexadienyl radical formation.

11.2.2 Extrapolation methodology.

An extrapolation method to remove spin contamination in MøllerPlesset

heats of formation has been developed. It was shown that using the 6-

31G(2df,p) basis set provides data of accuracy similar to that of G3B3

and PG3B3 methods. Tests could be carried out using this method

and correlation consistent basis sets to consider a double extrapolation

procedure, the first extrapolating out the spin contamination error, and

the second extrapolating the value to the complete basis set limit.

11.2.3 Rate constant

In this work, the rate constants were obtained by conventional transition

state theory. This method does not account for pressure effects. The

consideration of such effects may lead to improvement, particularly for

the type of flames studied in the former combustion unit of the Uni-

versité catholique de Louvain. The reactivity model to this end exists

(RRKM theory) and softwares are available to carry out the calculations

(Chemrate, Variflex and others). As far as mechanisms are concerned,

there are many possible connections between C6H5, C6H6 and C6H7 sur-

faces, the different possibilities should be considered. However, it has to

be mentioned that most of the reactions included in existing mechanism

do not include pressure effects.
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11.2.4 Reaction mechanisms

Formation and decomposition of the C6H4 isomers

Among results, the incompleteness of the description of the fate of the

various C6H4 systems was noted. Hypothesis for the formation mech-

anism from the C2H + C4H4 reaction has been proposed. However,

it remains to be confirmed. Furthermore, a closer look should also be

taken on other formation and degradation pathways to ensure a correct

reproduction of the experimental fraction profiles of those isomers by

the model.

Growth of PAH

In the last chapter of this thesis, we have shown that the mechanism of

formation of a first ring can be applied to the formation of additional

rings. We have shown that the formation of an additional cycle rather

goes through a fulvenyl-like radical. In their recent work, da Silva and

Bozzelli have used the fulvene to benzene isomerization mechanism to

describe the formation of indene from the addition of acetylene on ful-

veneallene [145]. From available literature, it also seems realistic that

a similar work can be carried out by considering the ring formation on

the C6H7 energy surface, which also indicates a lower energy path going

through five carbon cycles (see Figure 11.1).



Appendix A

Heats of formation of

closed shell systems

Table A.1: G3B3 energy corrections for the systems in the closed shell

test set (kcal.mol−1).

System ∆(QCI) ∆(+) ∆ (2df,p) ∆(GTL) ∆(total)

methane -0.74 -1.09 -35.32 -38.03 -92.15

ethane -1.12 -2.04 -59.79 -73.15 -165.80

ethylene -1.46 -3.74 -48.26 -70.89 -149.80

acetylene -0.39 -3.88 -38.49 -68.48 -132.46

allene -1.57 -5.12 -62.55 -103.66 -206.83

propyne -0.34 -4.55 -63.23 -104.00 -206.05

cyclopropene -0.95 -4.12 -62.81 -103.01 -204.82

propene -1.61 -4.66 -72.99 -106.01 -223.45

cyclopropane -1.05 -4.31 -73.38 -105.12 -222.03

propane -1.45 -3.20 -84.50 -108.14 -239.70

vinylacetylene -0.57 -6.68 -76.40 -136.43 -262.49

1,3-butadiene -1.98 -6.86 -86.55 -138.77 -280.82

1,2-butadiene -1.73 -6.19 -86.99 -138.51 -280.08

(continued on next page)
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(continuing)

methylenecyclopropane -1.32 -5.98 -87.38 -137.78 -279.12

bicyclobutane -0.66 -5.63 -88.16 -137.41 -278.52

cyclobutene -1.42 -5.09 -87.47 -137.70 -278.34

1-butyne -0.56 -5.79 -87.95 -138.79 -279.75

2-butyne -0.26 -4.98 -87.95 -139.53 -279.38

cyclobutane -1.48 -4.37 -98.76 -139.55 -295.06

(E)-2-butene -1.75 -5.43 -97.64 -141.14 -296.87

(Z)-2-butene -1.07 -5.54 -97.70 -141.11 -296.32

isobutene -1.72 -5.58 -97.99 -141.15 -297.34

butane -1.76 -4.30 -109.26 -143.19 -313.66

isobutane -1.70 -4.58 -109.40 -142.95 -313.78

cyclopentadiene -1.10 -7.41 -100.73 -170.89 -335.27

spiropentane -0.99 -6.69 -112.01 -172.14 -351.22

Cyclopentane -1.60 -5.31 -123.85 -174.82 -369.21

Z-2-Pentene -1.16 -6.70 -122.55 -176.14 -370.18

Pentane -2.07 -5.45 -134.03 -178.19 -387.61

2,2-dimethylpropane -1.85 -6.23 -134.45 -177.60 -388.01

Benzene 0.29 -8.84 -114.11 -204.11 -390.41

bismethylenecyclobutene -1.45 -9.19 -115.81 -203.42 -393.51

1,3-cyclohexadiene -1.68 -8.77 -125.12 -205.75 -409.19

1,4-cyclohexadiene -1.82 -8.14 -125.17 -206.53 -409.53

(E)-1,3,5-hexatriene -2.25 -9.88 -124.76 -206.75 -411.50

(Z)-1,3,5-hextriene -2.26 -9.94 -124.87 -206.82 -411.77

cyclohexene -1.84 -7.46 -136.70 -208.01 -426.12

toluene 0.33 -9.90 -139.08 -239.05 -464.05
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Table A.2: G3B3 heats of formation using AR and no empirical cor-

rections (kcal.mol−1).
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Table A.3: Computed and experimental heats of combustion

(kcal.mol−1).

calc. expt. liquid expt.gaseous

methane -192.84 -212.88 -191.85

ethane -343.82 -373.01 -341.47

ethylene -318.65 -337.29 -316.26

cyclopropene -470.20 -485.00 -463.97

propene -464.29 -491.83 -460.29

cyclopropane -472.97 -499.85 -468.31

propane -492.11 -530.39 -488.33

1,3 butadiene -581.63 -607.16 -575.62

1,2 butadiene -594.69 -619.93 -588.39

methylenecyclopropane -601.39 -629.07 -597.53

bicyclobutane -609.45 -633.05 -601.51

cyclobutene -594.44 -618.60 -587.06

1-butyne -594.82 -620.64 -589.10

2-butyne -589.68 -615.84 -584.30

E-2-butene -610.21 -646.90 -604.84

Z-2-butene -611.66 -647.65 -605.59

isobutene -608.83 -645.19 -603.13

butane -640.29 -687.75 -635.18

isobutane -638.34 -685.71 -633.14

cyclopentadiene -683.34 -707.70 -676.16

spiropentane -752.86 -787.77 -745.71

Pentane -788.47 -844.99 -781.90

2,2-dimethylpropane -783.49 -839.88 -776.79
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Table A.4: Results of the Student test for the comparison of AR and

BSR values heats of formation; x=average difference, s: standard devi-

ation, d. o. f= number of degrees of freedom.

AR-BSR

x 0.12

s 0.24

tcalc 2.97

d. o. f. 33

t(bi, 95%, 33 d.o.f) 2.03

Table A.5: Results of the Student test for comparisons of the different

sets of BSR reference values; x=average difference, s: standard devia-

tion, d. o. f= number of degrees of freedom.

JANAF-Pedley JANAF-NIST Pedley-NIST

x 0.04 -0.49 -0.52

s 0.22 0.31 0.29

tcalc 0.96 9.60 10 .95

d. o. f. 33

t(bi, 95%, 33 d.o.f) 2.03
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Table A.6: Results of the comparison of the Student test for the com-

parison of RCIR and BSR heats of formation for bicyclic compounds;

x=average difference, s: standard deviation, d. o. f= number of degrees

of freedom.

BSR-RCIR

x 0.99

s 0.44

tcalc 8.80

d. o. f. 15

t(bi, 95%, 15 d.o.f) 2.14
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Table A.7: BSR and RCIR reactions used to obtain the heats of for-

mation of the fused bicyclic benzene isomers and their hydrogenation

products in section 5.3.2.

Compounds BSR

C6H6 5 C2H6 + 2 C2H4 → C6H6 + 8 CH4

C6H8 6 C2H6 + C2H4 → C6H6 + 8 CH4

C6H10 7 C2H6 → C6H6 + 8 CH4

RCIR

C6H6 (1, 2, 3) 2 cyclobutene → C6H6 + C2H6

C6H6 (4) Cyclobutadiene + cyclobutane → C6H6 + C2H6

C6H6 (5, 9) Cyclopentadiene + cyclopropane→ C6H6 + C2H6

C6H6 (6, 7, 8) Cyclopentene + cyclopropene→ C6H6 + C2H6

C6H8 (10, 11) Cyclobutene + cyclobutane→C6H8 + C2H6

C6H8 (12, 13) Cyclopentene + cyclopropane→ C6H8 + C2H6

C6H8 (14) Cyclopentane + cyclopropene→ C6H8 + C2H6

C6H10 (17) Cyclopentane + cyclopropane→ C6H10 + C2H6

C6H10 (18) Cyclopentane + cyclopropane→ C6H10 + C2H6
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Table A.8: Reaction energy correction for BSR and RCIR (kcal.mol−1).

BSR ∆∆ (QCI) ∆∆ (+) ∆∆ (2df,p) ∆∆ (GTL)

1 0.70 0.84 -4.34 1.69

2 1.73 1.03 -3.90 1.33

3 1.71 -0.06 -2.51 1.66

4 1.71 0.48 -2.66 1.08

5 3.37 -0.90 -2.15 0.75

6 2.09 0.13 -2.12 0.59

7 2.13 0.18 -2.14 0.75

8 2.20 0.66 -4.06 0.62

9 2.38 0.26 -3.47 0.67

10 1.21 -0.73 -2.64 1.70

11 1.01 -0.23 -2.78 1.36

12 1.24 -0.91 -1.72 0.52

13 1.15 -1.12 -2.01 1.12

14 1.57 -0.39 -2.22 0.79

17 0.32 -0.99 -2.64 1.62

18 0.77 -1.41 -1.61 0.55

RCIR ∆∆ (QCI) ∆∆ (+) ∆∆ (2df,p) ∆∆ (GTL)

1 0.94 0.47 -1.51 0.37

2 0.08 0.31 -1.11 0.30

3 0.07 -0.78 0.28 0.63

4 0.06 -0.24 0.12 0.06

5 1.76 -0.18 -0.77 0.36

6 0.85 -0.40 -0.07 0.02

7 0.89 -0.35 -0.08 0.18

8 0.96 0.13 -2.01 0.05

9 1.14 -0.27 -1.42 0.10

10 0.31 -0.52 -0.38 0.28

11 0.11 -0.02 -0.52 -0.06

12 0.45 0.45 -0.64 -0.19

13 0.35 0.24 -0.92 0.41

14 0.77 0.97 -1.13 0.08

17 0.18 0.15 -0.90 -0.20

18 0.33 0.60 -0.17 -0.41
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Table B.1: Values for the different G3B3 energy corrections of the

open-shell test set (kcal.mol−1).

Radical ∆(QCI) ∆(+) ∆(2df, p) ∆(GTL)

methyl -1.07 -2.39 -28.71 -36.45

ethenyl -11.35 -3.93 -30.05 -66.83

vinyl -6.87 -4.48 -41.75 -69.41

ethyl -1.56 -3.20 -53.28 -71.66

propyn-1-yl -10.83 -4.74 -54.78 -102.20

propyn-3-yl -6.99 -5.71 -56.97 -102.37

cyclopropen-1-yl -5.70 -5.38 -56.16 -100.83

cyclopropen-3-yl -1.02 -4.98 -56.85 -101.19

propen-1-yl -6.86 -5.60 -66.51 -104.39

propen-2-yl -6.46 -5.48 -66.54 -104.61

propen-3-yl -6.14 -5.80 -66.80 -104.66

prop-1-yl -1.91 -4.37 -78.08 -106.69

n-C4H3 -12.23 -7.85 -69.52 -134.92

i-C4H3 -16.39 -6.83 -71.00 -135.15

n-C4H5 -13.47 -7.96 -79.80 -137.39

i-C4H5 -9.70 -7.57 -81.03 -137.34

(Z)-C4H7-4-yl -6.33 -6.52 -91.53 -139.82

Cyclopentadienyl -7.43 -8.36 -95.00 -169.47

phenyl -15.42 -9.99 -106.99 -202.73

cyclohexadienyl -11.19 -9.24 -119.00 -205.36

Table B.2: Data for the linear regressions correlating PMP4-MP4 en-

ergies to the spin contamination. (kcal.mol−1).

slope s.d. y-intercept s.d.

6-31G(d) -21.53 0.91 -1.03 0.32

6-31+G(d) -21.59 0.88 -0.95 0.29

6-31G(2df,p) -21.52 0.88 -1.03 0.30
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Table B.3: AR standard heats of formation using 6-31G(d) basis set

energies (kcal.mol−1).

Radical QCISD(T) MP4 MP2 PMP4 PMP2

propyn-1-yl 144.37 150.84 146.97 141.96 134.88

propyn-3-yl 107.47 110.10 106.43 103.07 96.45

cyclopropen-1-yl 145.04 146.39 141.08 142.45 136.43

cyclopropen-3-yl 137.81 134.46 126.66 134.64 127.38

propen-1-yl 84.68 87.17 86.02 82.38 80.50

propen-2-yl 81.39 83.49 82.40 78.98 77.18

propen-3-yl 61.90 63.68 62.57 57.59 54.77

prop-1-yl 45.08 42.62 42.87 42.51 43.12

n-C4H3 158.56 164.98 157.58 154.80 143.39

i-C4H3 150.36 160.94 155.77 144.26 128.37

n-C4H5 114.41 122.06 118.37 111.40 103.74

i-C4H5 104.24 108.13 104.54 99.15 92.05

(Z)-C4H7-4-yl 59.50 60.01 57.96 53.99 50.79

Cyclopentadienyl 95.33 95.49 85.34 89.42 77.11

phenyl 116.93 123.63 110.79 110.96 90.83

cyclohexadienyl 86.40 88.87 79.17 78.53 64.68
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Table B.4: AR standard heats of formation using 6-31+G(d) basis set

energies (kcal.mol−1).

Radical MP4 MP2 PMP4 PMP2

propyn-1-yl 153.31 149.08 145.24 138.02

propyn-3-yl 111.59 107.43 105.46 98.60

cyclopropen-1-yl 148.22 142.55 144.81 138.44

cyclopropen-3-yl 136.69 128.56 137.18 129.58

propen-1-yl 88.78 87.42 84.76 82.75

propen-2-yl 85.21 83.88 81.47 79.51

propen-3-yl 65.09 63.75 59.74 56.75

prop-1-yl 45.46 45.67 45.72 46.31

n-C4H3 166.75 158.71 157.78 146.29

i-C4H3 163.72 158.10 148.14 132.49

n-C4H5 123.71 119.66 114.17 106.54

i-C4H5 110.17 106.14 102.32 95.09

(Z)-C4H7-4-yl 63.10 60.85 58.17 54.54

Cyclopentadienyl 99.14 88.20 94.23 81.37

phenyl 128.05 114.40 116.92 101.89

cyclohexadienyl 94.04 83.79 84.98 70.86
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Table B.5: AR standard heats of formation using 6-31G(2df, p) basis

set energies (kcal.mol−1).

Radical MP4 MP2 PMP4 PMP2

propyn-1-yl 122.80 118.68 114.46 107.39

propyn-3-yl 79.87 75.86 73.35 66.65

cyclopropen-1-yl 116.97 110.98 113.45 106.96

cyclopropen-3-yl 104.35 95.86 104.82 97.05

propen-1-yl 47.40 46.73 43.15 42.00

propen-2-yl 43.68 43.02 39.73 38.61

propen-3-yl 23.61 23.14 17.89 15.87

prop-1-yl -8.72 -7.15 -8.50 -6.35

n-C4H3 131.12 122.70 121.64 109.67

i-C4H3 125.59 119.76 109.65 93.61

n-C4H5 77.91 74.18 67.92 60.62

i-C4H5 62.75 58.96 54.50 47.59

(Z)-C4H7-4-yl 4.14 2.84 -1.12 -3.57

Cyclopentadienyl 45.05 33.72 39.58 26.47

phenyl 70.11 55.70 58.25 37.01

cyclohexadienyl 23.34 12.83 13.77 -0.45



290 Appendix B. Heat of formation of open-shell systems

Table B.6: RSBSR standard heats of formation using G3B3 and

PG3B3 energies (kcal.mol−1).

Radical H G3B3 H PG3B3

propyn-1-yl 125.52 125.47

propyn-3-yl 83.42 83.79

cyclopropen-1-yl 124.85 124.76

cyclopropen-3-yl 116.36 116.22

propen-1-yl 63.67 63.66

propen-2-yl 59.97 60.31

propen-3-yl 40.01 40.48

prop-1-yl 23.91 23.91

n-C4H3 130.09 130.44

i-C4H3 120.05 120.53

n-C4H5 87.16 87.53

i-C4H5 75.36 76.32

(Z)-C4H7-4-yl 32.38 33.37

Cyclopentadienyl 62.81 63.54

phenyl 82.53 78.23

cyclohexadienyl 50.00 50.82
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Table B.7: RBSR standard heats of formation using 6-31G(d) basis

set energies (kcal.mol−1).

Radical QCI MP4 MP2 PMP4 PMP2

propyn-1-yl 125.89 124.99 124.86 125.41 125.46

propyn-3-yl 84.15 86.74 88.12 82.28 80.91

cyclopropen-1-yl 124.74 126.02 126.21 124.65 124.32

cyclopropen-3-yl 116.70 115.78 113.88 116.08 114.36

propen-1-yl 64.00 63.59 63.48 63.81 63.74

propen-2-yl 60.22 61.91 62.27 59.97 59.81

propen-3-yl 40.68 44.54 45.28 38.58 37.24

prop-1-yl 24.38 24.34 24.30 24.35 24.31

n-C4H3 129.79 135.10 136.95 129.70 128.00

i-C4H3 120.22 132.19 136.67 117.85 111.50

n-C4H5 87.68 93.17 93.65 87.29 84.26

i-C4H5 76.26 82.96 84.37 73.88 71.09

(Z)-C4H7-4-yl 33.12 36.78 37.59 30.65 29.63

Cyclopentadienyl 63.97 68.36 68.25 61.95 58.70

phenyl 82.33 91.49 91.41 80.71 72.61

cyclohexadienyl 51.39 59.15 60.48 48.24 44.14
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Table B.8: RBSR standard heats of formation using 6-31+G(d) basis

set energies (kcal.mol−1).

Radical MP4 MP2 PMP4 PMP2

propyn-1-yl 125.13 125.03 125.58 125.67

propyn-3-yl 87.58 88.94 83.44 82.24

cyclopropen-1-yl 126.14 126.28 124.72 124.31

cyclopropen-3-yl 116.51 114.65 116.75 115.04

propen-1-yl 63.42 63.34 63.62 63.57

propen-2-yl 62.06 62.48 60.31 60.25

propen-3-yl 44.59 45.45 38.99 37.83

prop-1-yl 24.12 24.09 24.13 24.10

n-C4H3 135.47 137.27 130.39 129.10

i-C4H3 133.79 138.46 119.85 114.34

n-C4H5 93.29 93.99 87.62 85.12

i-C4H5 83.89 85.53 75.44 73.20

(Z)-C4H7-4-yl 37.06 38.02 31.53 30.43

Cyclopentadienyl 69.31 69.10 63.45 60.34

phenyl 93.24 93.33 83.06 81.00

cyclohexadienyl 60.17 61.65 49.81 46.14
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Table B.9: RBSR standard heats of formation using 6-31G(2df, p)

basis set energies (kcal.mol−1).

Radical MP4 MP2 PMP4 PMP2

propyn-1-yl 124.73 124.58 125.12 125.14

propyn-3-yl 85.34 86.92 80.96 79.82

cyclopropen-1-yl 125.25 125.42 123.86 123.51

cyclopropen-3-yl 114.32 112.51 114.57 112.92

propen-1-yl 63.31 63.15 63.55 63.43

propen-2-yl 61.59 61.97 59.77 59.67

propen-3-yl 43.96 45.05 38.01 36.99

prop-1-yl 24.02 23.95 24.02 23.96

n-C4H3 134.99 136.99 129.66 128.22

i-C4H3 130.60 135.70 116.44 110.92

n-C4H5 92.53 93.35 86.68 84.05

i-C4H5 81.10 82.90 72.28 69.99

(Z)-C4H7-4-yl 35.96 37.04 30.14 29.09

Cyclopentadienyl 66.16 66.35 59.78 56.83

phenyl 90.25 90.85 79.48 72.04

cyclohexadienyl 57.42 59.24 46.58 42.95
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Table B.10: HTR standard heats of formation using G3B3 and PG3B3

energies (kcal.mol−1).

Radical H G3B3 H PG3B3

propyn-1-yl 124.45 125.97

propyn-3-yl 84.50 85.18

cyclopropen-1-yl 124.90 125.12

cyclopropen-3-yl 116.57 116.39

propen-1-yl 64.14 64.78

propen-2-yl 60.59 61.23

propen-3-yl 40.78 41.21

prop-1-yl 24.83 24.80

n-C4H3 131.65 132.65

i-C4H3 121.76 122.54

n-C4H5 87.30 88.32

i-C4H5 75.23 76.16

(Z)-C4H7-4-yl 32.82 33.77

Cyclopentadienyl 63.25 63.94

phenyl 82.67 78.68

cyclohexadienyl 50.27 51.05
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Table B.11: HTR standard heats of formation using 6-31G(d) basis

set energies (kcal.mol−1).

Radical QCI MP4 MP2 PMP4 PMP2

propyn-1-yl 122.16 132.33 135.86 123.53 123.42

propyn-3-yl 84.90 90.60 92.96 83.65 82.65

cyclopropen-1-yl 124.22 128.65 130.95 124.78 125.96

cyclopropen-3-yl 116.54 116.28 116.09 116.53 116.47

propen-1-yl 63.87 68.79 70.05 64.07 64.18

propen-2-yl 60.45 64.97 66.30 60.54 60.73

propen-3-yl 41.27 45.47 46.77 39.45 38.62

prop-1-yl 25.04 25.17 25.47 25.12 25.38

n-C4H3 131.32 142.66 146.35 132.32 131.28

i-C4H3 122.12 137.61 143.54 120.77 115.26

n-C4H5 87.15 98.32 100.76 87.50 85.24

i-C4H5 76.38 84.03 86.41 74.89 73.04

(Z)-C4H7-4-yl 33.38 37.63 39.28 31.45 31.23

Cyclopentadienyl 63.95 69.95 72.87 63.49 63.23

phenyl 82.20 97.58 105.03 84.30 83.12

cyclohexadienyl 50.82 60.37 64.05 49.42 47.60
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Table B.12: HTR standard heats of formation using 6-31+G(d) basis

set energies (kcal.mol−1).

Radical MP4 MP2 PMP4 PMP2

propyn-1-yl 133.43 136.92 125.04 125.10

propyn-3-yl 91.02 93.32 84.57 83.73

cyclopropen-1-yl 128.69 131.04 124.95 126.17

cyclopropen-3-yl 116.72 116.60 116.88 116.86

propen-1-yl 69.15 70.54 64.80 65.12

propen-2-yl 65.45 66.88 61.38 61.75

propen-3-yl 45.63 47.05 39.96 39.29

prop-1-yl 25.29 25.62 25.22 25.50

n-C4H3 142.79 146.44 133.16 132.61

i-C4H3 138.76 144.82 122.51 117.81

n-C4H5 98.52 101.23 88.30 86.70

i-C4H5 83.95 86.41 75.42 73.95

(Z)-C4H7-4-yl 37.83 39.57 32.23 31.85

Cyclopentadienyl 70.30 73.15 64.36 64.27

phenyl 97.73 105.21 85.24 89.99

cyclohexadienyl 61.20 65.06 50.78 49.42
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Table B.13: HTR standard heats of formation using 6-31G(2df, p)

basis set energies (kcal.mol−1).

Radical MP4 MP2 PMP4 PMP2

propyn-1-yl 134.18 138.01 125.57 125.83

propyn-3-yl 89.92 92.63 83.13 82.53

cyclopropen-1-yl 128.70 130.97 124.90 126.07

cyclopropen-3-yl 115.64 115.41 115.83 115.72

propen-1-yl 68.66 70.11 64.14 64.50

propen-2-yl 64.81 66.27 60.58 60.98

propen-3-yl 45.05 46.69 39.05 38.54

prop-1-yl 24.98 25.23 24.93 25.14

n-C4H3 142.94 147.02 132.85 132.36

i-C4H3 136.42 143.07 119.85 115.30

n-C4H5 98.46 101.52 87.85 86.33

i-C4H5 83.39 86.19 74.51 73.19

(Z)-C4H7-4-yl 37.14 39.11 31.27 31.07

Cyclopentadienyl 69.07 72.39 62.64 62.77

phenyl 98.10 106.51 84.93 84.71

cyclohexadienyl 59.89 64.12 49.00 47.73
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Table B.14: EXTRAP standard heats of formation using MP4 energies

(kcal.mol−1).

Radical MP4 6-31G(d) MP4 6-31+G(d) MP4 6-31G(2df,p)

propyn-1-yl 125.41 125.40 125.84

propyn-3-yl 85.85 85.63 84.47

cyclopropen-1-yl 124.88 124.33 124.63

cyclopropen-3-yl 115.01 115.29 114.76

propen-1-yl 64.42 64.22 63.83

propen-2-yl 60.87 60.85 60.35

propen-3-yl 41.12 40.62 40.06

prop-1-yl 23.84 23.81 24.03

n-C4H3 133.97 132.82 132.33

i-C4H3 125.87 124.86 121.64

n-C4H5 88.87 87.54 86.83

i-C4H5 77.77 76.80 76.01

(Z)-C4H7-4-yl 33.34 32.87 32.24

Cyclopentadienyl 64.94 64.64 63.21

phenyl 86.77 85.18 84.45

cyclohexadienyl 52.60 51.80 50.35
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Table B.15: EXTRAP standard heats of formation using MP2 energies

(kcal.mol−1).

Radical MP2 6-31G(d) MP2 6-31+G(d) MP2 6-31G(2df,p)

propyn-1-yl 125.97 125.88 126.44

propyn-3-yl 86.40 86.12 85.23

cyclopropen-1-yl 125.91 125.34 125.58

cyclopropen-3-yl 114.88 115.15 114.61

propen-1-yl 64.08 64.02 63.61

propen-2-yl 60.75 60.83 60.30

propen-3-yl 40.84 40.40 39.97

prop-1-yl 24.16 24.10 24.33

n-C4H3 133.76 132.59 132.18

i-C4H3 126.25 125.26 122.22

n-C4H5 86.99 85.91 85.19

i-C4H5 77.54 76.66 76.01

(Z)-C4H7-4-yl 33.45 33.00 32.52

Cyclopentadienyl 65.93 65.58 64.41

phenyl 89.18 87.63 87.27

cyclohexadienyl 52.62 51.93 50.60
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Figure C.1: Arrhenius plot for the n-C4H3 + C2H2 → FLV − 1 and

n-C4H3 + C2H2 → phenyl radical global reaction rate constants.
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Figure C.2: Arrhenius plot for the n-C4H3 + C2H2 → l-C6H4 + H

and n-C4H3 + C2H2 → C4Y − 1 global reaction rate constants.
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Figure C.3: Arrhenius plot for the i-C4H3 + C2H2 → FLV − 2 global

reaction rate constant.
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Figure C.4: Arrhenius plot for the i-C4H3 + C2H2 → C4 global reac-

tion rate constant.
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Figure C.5: Arrhenius plot for the i-C4H3 + C2H2 → C4Y − 2 global

reaction rate constant.
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Figure C.6: Arrhenius plot for the i-C4H3 + C2H2 → b-C6H4 + H

global reaction rate constant.
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Figure C.7: Arrhenius plot for the b-C6H4 + H → FLV − 2 and b-

C6H4 → C4 global reaction rate constants.
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Figure C.8: Arrhenius plot for the b-C6H4 + H → C4Y − 2 and b-

C6H4 → i-C4H3 + C2H2 global reaction rate constants.
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Table D.1: �S2� values for the different stationary points on the fulvene

+ H → benzene +H isomerization mechanism.
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Figure D.1: Arrhenius plots rate constants for the reactions of addition

of an hydrogen atom on fulvene. Secondary axis (right) only concerns

the reaction forming C6H7D.
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Figure E.1: Mole fraction profiles for H2, O2, H2O, CO, C2H4.

Figure E.2: Mole fraction profiles for C2H2 and CO2.
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Figure E.3: Mole fraction profiles for CH3, CH4 (divided by two for

clarity of the figure), C3H6, C3H8 and C4H2.

Figure E.4: Mole fraction profiles for C3H4 (sum of allene and propyne

mole fraction) and C4H4 (vinylacetylene).
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Figure E.5: Mole fraction profiles for C3H3, C4H6, C6H2.

Figure E.6: Mole fraction profiles for C3H5, C6H4 and C8H6.
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Figure E.7: Mole fraction profiles for C4H8, C5H6, C6H6 (benzene).

Figure E.8: Mole fraction profiles for C7H8, C6H6O (phenol) and C8H8.
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Figure E.9: Mole fraction profiles for C9H8 and C10H8.
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