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Abstract
Fullerenic materials are likely to play an important role in technologies of the
future. To ensure that production techniques will be able to keep up with demand, a
thorough understanding of their mechanism of formation, which has thus far proved
elusive, is required. Hydrocarbon pyrolysis is a potentially viable fullerene production
technique, and the pyrolysis of chlorohydrocarbons has also shown promise. However,
decomposition of the latter produces toxic and environmentally hazardous chlorinated
polycyclic aromatic hydrocarbons, also formed in industrial waste incinerators, as a
byproduct. Close study of the high temperature chemistry of chlorohydrocarbons may
aid both the mitigation of hazardous byproducts and implementation of more effective
fullerene synthesis techniques.
To this end, we have studied the formation mechanisms of dichloromethane
degradation products generated via Infrared Laser Powered Homogeneous Pyrolysis.
This unique technique is well known for having a non-uniform temperature profile, which
has a number of attractive features for this work. The most important of these are the
absence of complicating surface catalysed reactions, and the potential for allowing
annealing reactions necessary for fullerene growth. Time resolved product yields are
monitored via GC-MS and FTIR, and mechanistic deductions are supported heavily by
Density Functional Theory calculations and kinetic arguments.
Results indicate that the initial growth of chlorinated compounds deviate
significantly from the radical-based growth found with hydrocarbons. Facile Cl-loss in
important radicals and stabilisation of carbenes by chlorine permits novel C4 and C6
production channels. Conventional channels involving acetylene addition to aromatic
radicals are eventually restored in C8 – C12 formation, although we do suggest some
amendments to the mechanism. Bimolecular polycyclic aromatic hydrocarbon addition
reactions may also play an important role. Acenaphthylene (C12H8) congeners also allow
for the first studies of the migration of five-membered rings about chlorinated polycyclic
aromatic hydrocarbon frameworks, a vital process in fullerene annealing; it is found that
the presence of chlorine significantly stabilises transition states, suggesting these
reactions are much more facile in heavily chlorinated systems.
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Chapter 1.
Dichloromethane Pyrolysis: Its Importance and
Applications
The thermal decomposition of dichloromethane, DCM, has been well studied
through a multitude of experimental, theoretical, and kinetic modelling
investigations. It has also been subject to a number of laser pyrolysis studies
within our own group. This chapter outlines why such work is of interest, and is
concerned with both the negative impacts and potential applications of the high
temperature chemistry of DCM.

1.1 –

Significance of DCM Combustion and Pyrolysis Studies
The decomposition pathways of DCM and related compounds have far-

ranging and important implications regarding the environment and human health. The
coalescence of fragments in DCM combustion and pyrolysis systems can lead to
polycyclic aromatic hydrocarbons, PAHs, many of which are known to be toxic or
carcinogenic. Conflictingly, PAHs may play a fundamental role in the origin of life:
it has recently been suggested they may have served as a scaffold for the formation of
nucleic acid chains in primordial oceans.1 They may form in interstellar space, which
is a hypothesised source on pre-biotic Earth. Further, under certain conditions PAHs
appear to close into fullerenes and carbon nanotubes, an exciting new class of
compounds which have many potential applications.
1.1.1 –

Low Molecular Weight Products of DCM and Related Chlorohydrocarbons
DCM finds extensive use as an industrial and laboratory solvent, in paint

stripping and degreasing applications, and in decaffeinating coffee.2

Other

halomethanes also find widespread use, and the eventual fate of these compounds will
typically be incineration. Unfortunately, while destroying these compounds, this
leads to a plethora of undesirable by-products. Complete combustion leads to CO2,3 a
notorious green-house gas, while incomplete combustion in limited oxygen leads to
polychlorinated dibenzodioxins (PCDDs) and dibenzofurans (PCDFs).4 Both classes
of compounds are bioaccumulative, toxic, and are known tetratogens, mutagens, and
probable carcinogens. Of most interest to this work, the absence of oxygen leads to
1|
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(chlorinated)-PAHs [(Cl)-PAHs], a component of fly-ash from municipal waste
incinerators (MWIs), many of which exhibit similar toxicological hazards as the
PCDDs and PCDFs. It is these non-oxygenated products that we concern ourselves
with in this investigation.
The discharge of these by-products has led to the Cl-PAH contamination of a
number of environmental and biological samples5-15. Typical lower molecular weight,
GC-separable Cl-PAHs from precursors such as DCM include polychlorinated
benzenes, styrenes, phenylacetylenes, naphthalenes (PCNs), and biphenyls.

The

formation mechanisms of all of these structures will be addressed in this study as none
have schemes that have been unanimously agreed upon. The elucidation of definitive
formation models appears to have been largely hindered by the complexity arising
from the large number of potential isomers; PCNs and polychlorinated biphenyls for
example, have 76 and 209 distinct congeners respectively. Thus, isomer identification
methods will also form an integral part of this study. It is generally assumed that
growth proceeds, as postulated for non-chlorinated systems,16 by successive acetylene
additions to aromatic radicals, with ring closures leading to increasingly large fused
polyaromatic systems.
1.1.2 –

High Molecular Weight Products of DCM and Related Chlorohydrocarbons
Higher molecular weight products than those mentioned in the preceding

section, and thus requiring HPLC for separation, have been subject to some study.
Fully chlorinated acenaphthylenes, anthracenes, phenanthrenes, pyrenes, and
fluoranthenes, along with a number of larger compounds including fullerenes, have
been found in chlorinated hydrocarbon17,18 and Cl-PAH pyrolysis soots19-21 and in the
products of CCl4-doped graphite arc-discharge experiments.22 The structures of a
small number of these products have been confirmed with reference to the retention
indices and UV spectra of synthesised standards.23-25 Importantly, a number of these
are cyclopenta-fused PAHs (CP-PAHs), and therefore of interest as probable fullerene
precursors. These structures, too, are generally presumed to form via sequential
acetylene additions to PAH radicals.
Fullerenes are intriguing compounds. First isolated over three decades ago,26
it was several years before the IR spectroscopic data finally proved the icosahedral
structure of the smallest stable fullerene, Buckminsterfullerene (C60).27 Curvature is
introduced to the otherwise planar graphitic backbone of C60 by twelve pentagonal
2|
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rings positioned such that each is surrounded by 6-membered rings only. Pentagonal
rings are a vital aspect of structure, present in all fullerenes irrespective of their size
(see Figure 1.1), hence the allure of considering CP-PAHs as fullerene precursors.

Figure 1.1: (Left to right) fullerenes C60, C70, and C540 demonstrating the pentagonal ring

The unique closed-cage structure of the fullerenes has led to a variety of novel
explorations and applications. The shape of C60 affords a surprisingly good fit in the
active site of HIV protease, a feature exploited by many in attempts to develop drugs
that inhibit this enzyme.28-31 High surface area to volume ratios have led to studies
into the use of fullerenes and nanotubes in hydrogen storage for fuel cell
technology.32,33 More recently, spherical C60 fullerenes have been tethered together
by a polyyne axle to form the first ‘nanocar’ which rolled across a gold surface when
heated to 200 °C, marking a milestone in the development of nanomachines.34
Fullerenic materials are of interest in drug and gene delivery to cells.30,35-37 The
movement of a single fullerene inside a nanotube (a simple ‘carbon peapod’) from
one end of the tube to the other, with the two configurations representing the binary
0’s and 1’s respectively, is being investigated as an approach to molecular memory
storage.38
The fullerene family also exhibits a number of unique electronic and magnetic
properties, and may be well suited to a variety of applications in electronic devices.
High electron affinities and favourable charge transport properties have seen C60
become almost ubiquitous in production of current organic solar cells.39-41

The

superconductivity of fullerenic and nanotube materials is well known and wellstudied,42 and work into their use as commercially viable high temperature
superconductors is ongoing. Derivatised fullerenes are even being studied regarding
their potential role in molecular wires.43,44
3|

Chapter 1  Dichloromethane Pyrolysis: Applications and Previous Studies

1.1.3 –

Formation Mechanisms of Fullerenes in Pyrolysis Systems
Commercial fullerene production is currently achieved by collecting soot

produced in the arc-discharge between two graphite rods in an inert atmosphere; the
desired fullerene or nanotube is then extracted by chromatographic separation.45
Unfortunately, the expense of the starting material, the time-consuming batch-nature
of production, and relative inability to control the size of the fullerene produced will
hinder the viability of fullerene-based technology. On the other hand, hydrocarbon
combustion and pyrolysis is also known to give fullerenic soot,46-52 a method which
does not require expensive reagents and can be run continuously. Laser pyrolysis
systems, similar to the apparatus used in this investigation, have also been shown to
be capable of continuous fullerene production.53-57 There is optimism that combustion
methods will replace the current commercial technologies, affording more costeffective and controllable methods of fullerene and nanotube production.45
Selective production of fullerenes of a particular molecular weight, or
increasing overall yields of both fullerenes and nanotubes undoubtedly require
detailed knowledge of the processes involved in their formation; however, reasonable
formation mechanisms have proven very elusive.

Several models have been

proposed, but none explains the detailed mechanism of formation and therefore
gained wide-spread acceptance.58,59 One of the earliest models is the so-called ‘Party
Line’ scheme,60 developed to explain yields in graphite vaporisation experiments.
This suggests that small molecular carbon fragments add to one another to form
monocyclic rings, which isomerise to thermodynamically favoured PAH-frameworks
at 25-35 carbons in size. These frameworks, assumed to have both hexagonal and
pentagonal rings, continue to grow until the rare occurrence that exactly twelve
pentagonal rings are formed, positioned correctly, leading to fullerene closure.
The rarity of ring closure led to the ‘Pentagon Road’,61,62 a rethinking of the
Party Line mechanism. Here, annealing of the polycyclic frameworks, subject to the
constraints that only hexagons and pentagons are allowed, as many pentagons as
possibly are present, and adjacent pentagons are thermodynamically unfavoured, will
lead to favourable formation of curved graphitic ‘cups’, a consequence of the
presence of curvature-invoking pentagonal rings.

Addition of small carbon

fragments, typically C2 units (either directly or abstracted from other polycyclic
species)63 enables continued growth of increasingly large cups in relatively high
abundances, leading naturally to fullerene closure in much higher yields than
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predicted by the Party Line scheme.

Typical Pentagon Road intermediates are

depicted in Figure 1.2.

Figure 1.2: The Pentagon Road mechanism of fullerene formation

Works by Bowers et al.64-66 and Jarrold et al.,67-70 however, failed to find
evidence of the proposed graphitic cups; as an alternative, they suggest the presence
of large mono- and bicyclic ring species, along with small, unstable fullerenes. These
large cyclic structures may ‘zip up’ and form fullerenes,71,72 which has been
experimentally observed in the pyrolysis of mono- and bicyclic C18(CO)6, C24(CO)8,
and C30(CO)10 structures, selectively producing high yields of C60 and C70.73
Polycyclic polyynes have since been discovered to react analogously.74,75 Additional
mechanisms have also been the subject of numerous computational studies such as
Bergman cyclisations76,77 following ring dimerisation,78,79 and ring stacking of
monocyclic rings onto benzene and other ring units.80,81
The identification of unstable small fullerenes, Cn, n < 60, in high temperature
systems inspired the ‘Fullerene Road’ model. Fullerenes smaller than C60 cannot
adopt a structure such that all pentagons are isolated; consequently, they are very
reactive. Heath proposed that the 5-5 ring junctures provide sites for C2 additions,82
with Stones-Wales transformations83 leading to isolated pentagons.

These

transformations are 5-membered ring migrations analogous to a 90 ° rotation of a
pyracylene unit within a growing fullerene; these are discussed in greater detail in
Chapter 8.1.1.

An illustrative Fullerene Road scheme is given in Figure 1.3.

Hydrocarbon pyrolysis experiments have yielded other mechanisms of fullerene
production. A number of mechanisms have been suggested on the basis of stepwise
additions of fullerene subunits; for example, Taylor et al. suggested stepwise addition
of six naphthalene molecules,84 while analogous processes involving twelve
cyclopentadiene,85 four trindane molecules,85 or six perchlorofulvene species,19 also
appear feasible. Acetylenic moieties adding to fullerene subunits have also been
considered, for example, C2Cl2 addition to perchloroacenaphthylene.20 Structures
such as corannulene and its chlorinated derivatives, another subunit of the fullerene
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structure, have received a great deal of attention as precursors,18,86,87 with growth
typically proposed to occur via C2 additions or addition of a PAH unit.

Figure 1.3: The Fullerene Road mechanism of fullerene formation

1.2 – The Mechanisms of PAH and Fullerene Precursor Formation: An
Experimental and Theoretical Investigation
Chlorinated (polycyclic aromatic) hydrocarbons, when pyrolysed or
combusted, are converted to a number of highly undesirable lower molecular weight
compounds; however, under certain conditions they also readily yield desirable
products such as fullerenes, amongst other high molecular weight products. From a
mechanistic point of view, these decomposition processes are sure to be complex,
intriguing, and essential in the development of methods to either mitigate undesirable
Cl-PAHs in waste disposal, or maximise fullerene yields from chlorinated
hydrocarbon precursors.
The aim of this study, therefore, is to analyse, in detail, products formed from
simple C1 precursors such as dichloromethane, and develop mechanisms of product
formation. Reaction classes observed for early steps in precursor decomposition will
be reviewed regarding their use as prototype reactions, extendable to later steps
driving the formation of increasingly large products. These investigations employ
both experimental and theoretical approaches; typically our approach will be to
develop theoretical descriptions of experimental results, concluded with further
directed experiments suggested by the theoretical models developed.

The

experimental techniques and theoretical methodology will be outlined in Chapter 2.
Chapters 3 - 5 will be concerned largely with (semi)-volatile, low molecular
weight products readily observable with FT-IR. Extensive work has already been
undertaken into the initial stages of DCM decomposition in our lab,88 and Chapter 3
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will largely be devoted to reviewing this work and outlining a small body of new
studies. Chapter 4 will describe the experimental results of the pyrolysis of the initial
DCM products, di- and trichloroethylene, and their role in the formation of C4 species.
Complementing this work are the results of extensive computational modelling into
the novel class of non-radical ethylene/acetylene and acetylene/acetylene dimerisation
routes, described in Chapter 5.
Chapters 6 – 8 discuss the formation of (fused) ring species. These are all
involatile higher molecular weight compounds, observed only in GC-MS
experiments. Chapter 6 will discuss experimental yields of various chlorinated C6H6
congeners, and will provide a theoretical review of traditionally favoured radical
pathways; contrasted with these are the predictions of Diels-Alder and analogues of
non-radical acetylene dimerisation routes. Chapter 7 considers the formation of the
second ring to form naphthalene, with phenylacetylenes and styrenes also considered
here as ‘failed’ naphthalenes. Various chlorinated benzene and ethylene congeners
are co-pyrolysed, and shifts in product yields are used to develop a model of
formation of these species, aided by theoretical studies. These experiments, and
chlorobenzene-only pyrolyses, also provide pertinent information into the
mechanisms of formation of pivotal C12 products, chlorinated biphenyl and
acenaphthylene congeners, the results of which are discussed in Chapter 8. This
chapter also provides theoretical models of the formation of these products, and gives
experimental and theoretical evidence towards 5-membered ring migrations in CPPAHs. This work in concluded in Chapter 9.
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Chapter 2.
Experimental
Methodology

Techniques

and

Computational

The experimental and theoretical techniques employed throughout this study will
now be outlined. Description follows the course of a typical study; the first section
focuses on experimental aspects, beginning with our pyrolytic technique of choice,
Infrared Laser Powered Homogeneous Pyrolysis (IR LPHP), and its implementation
in sample production. Sample collection will then be described, followed by the
analytical techniques and methodology employed.
The second section outlines the theoretical and computational aspects of this work,
typically implemented following experiments to describe observations and guide
more focused experimental work. We will outline the theory and application of
ab initio and density functional‐based methods, and conclude with a discussion of
Conventional Transition State Theory, CTST, which employs parameters derived in
these calculations to aid the development of kinetic models.

2.1 – Experimental Techniques and Analytical Procedures
A wide range of experimental and analytical methods have been implemented
and some, IR LPHP in particular, are unique. The theoretical background of this
technique will be outlined first, followed by the typical methods of its
implementation. Traditionally utilised for gas-phase studies, some alterations have
been made to the IR LPHP setup to handle the production of solid materials, and these
are also discussed. This section is concluded with the theory and implementation of
our analytical methods, FTIR spectroscopy and GC-MS.

2.1.1 –

IR LPHP: History and Development
Lasers have become commonplace and indispensable in modern society. Used

as industrial cutting tools, in medical applications (such as laser eye surgery and ulcer
removal), barcode scanners, and fibre optic-based applications, there are a multitude
of practical uses; CDs, DVDs, and laser light shows showcase the widespread use of
this technology in entertainment capacities. Research, too, has benefited from the
laser, with the results lying in the extremes. Extremes of temperature have been
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achieved; laser cooling routinely leads to temperatures of 10-9 K,89,90 while laser
pyrolytic techniques can produce temperatures of around 103 K.91 Extremely short
distances are measurable with laser micrometers; in contrast, the immense distance
between the Earth and Moon has been continually refined over the past three decades
with the Laser Lunar Ranging Experiment.92 Femtochemistry employs ~10-15 s laser
pulses to probe reactions on the shortest time scales recorded thus far, providing a
unique insight into the fundamental nature of chemical reactions, and in particular, the
transition state.93
There are several unique features that make laser radiation so amenable to
chemical applications. Beams are highly collimated, have a high spectral brightness,
are coherent, and monochromatic.

High resolution Tuneable Diode Laser

Spectroscopy94 makes use of the high spectral brightness to detect weak rovibrational
bands, or vibrational features of short-lived reaction intermediates.

The

monochromatic nature of laser light is used to initiate specific photolytic reactions,
such as laser isotope separation.95
The use of lasers to drive thermal reactions was first investigated by
Bordé et al. when luminescent .NH2 radicals were produced during the CO2 laser
irradiation of NH3.96 The seemingly limited application of this technique, due to the
necessity of having a reagent that absorbs strongly at a frequency resonant with the
laser radiation, was later circumvented by the introduction of a photosensitiser.
Tardieu de Maleissye suggested the addition of SF6 to reaction systems, which
satisfies resonance conditions and other requirements which will be discussed further
in Chapter 2.1.7, and converts the laser radiation to heat.97 The successful CO2 laser
pyrolysis of SF6 photosensitised ethane and ethylene mixtures, with neither reagent
capable of absorbing the laser radiation directly, restored optimism in the applicability
of the fledging technique.98,99
Shaub and Bauer100 developed IR LPHP into a viable technique; their seminal
work explores the effects of reagent pressures, temperature, and radiation exposure
times with the aim of optimising reaction conditions.

Their attempts to model

temperature profiles across the cell, however, were unsuccessful, as perturbations
presented by convection processes had been neglected. In fact, correct models of the
temperature profiles still remain elusive; see Russell for a review of previous
modelling attempts.91
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Unfortunately, the features complicating temperature profiles are a
consequence of unique attributes that lead to the success of IR LPHP. Low thermal
conductivity is a desirable characteristic of the photosensitiser; this ensures that heat
produced is not dissipated, but remains localised to a small volume of gas in the
centre of the cell (the so-called “hot-zone”). Incidentally, the hot-zone has been
observed directly in SF6 photosensitised I2 mixtures, which are chemiluminescent at
elevated temperatures.91 Although difficult to model, the hot zone ensures that any
pyrolytic reactions occurring are strictly gas-phase only; that is, complicating surfacecatalysed reactions are negligible, a problem that may not be readily circumvented
with more conventional pyrolytic techniques. Additionally, pyrolytic products are
ejected from the hot zone into the cooler gases nearer the cell wall allowing for
annealing and gentler growth processes to occur. This is an attractive feature for this
work as we plan to study the growth and annealing processes occurring in PAH and
fullerene synthesis.
The major drawback associated with the temperature profile stems from the
inability to derive kinetic parameters. A kinetic thermometer technique has been
developed by Shaub and Bauer,100 where kinetic parameters of reactions of interest in
IR LPHP systems are derived on the basis of their rates relative to non-interacting
reference reactions with well-known parameters. While this has been applied with
some success, the lack of suitable reference reactions has hindered its wide-spread
utility. Despite this, useful information regarding product identity and relative yields
is still readily ascertained and, as we will elaborate, control of laser aperture size and
exposure times allows for convenient and effective qualitative control over
temperature.
2.1.2 –

IR LPHP: Experimental Setup
IR LPHP experiments are relatively simple to implement; an overview is

depicted in Figure 2.1. The cell, initially attached to a vacuum line, is filled with the
desired reagents (Chapter 2.1.3), then clamped to a retort stand, and carefully
positioned in front of the laser aperture wheel such that the laser beam passes directly
through the centre of the cell. Given the invisibility of the radiation beam, this is
tested by placing pieces of paper between the laser and the cell; where the paper
ignites indicates the beam trajectory.
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Laser
Fire brick
Aperture wheel

Pyrolysis cell

Figure 2.1: Overview of an IR LPHP setup

The aperture wheel is adjusted to the required size (Chapter 2.1.8) and the
shutter opened for the desired exposure duration.

Although the photosensitiser

(Chapter 2.1.7) absorbs the majority of the incoming radiation, a significant fraction
may still pass through the cell, especially when employing larger aperture sizes. The
fire brick is positioned to absorb this outgoing radiation, which may be intense
enough to pose a serious fire or burns risk. After reaction is complete, the cell
contents may be analysed immediately. Pertinent features of the individual aspects of
our experiments and product analyses will be described in due course.
2.1.3 –

Experimental Overview: The Vacuum Line
Although IR LPHP acts exclusively on gaseous reagents, both gaseous and

liquid materials may be added to the cell prior to pyrolysis, and the vacuum line is
instrumental in adding and preparing both. An overview of the line is shown in
Figure 2.2. Constructed from lengths of Pyrex tubing approximately 2 mm thick and
15 mm in diameter, pressures of around 10-4 Torr are achievable with an Edwards
E2M5 two stage rotary backing pump supporting an Edwards EO2 oil diffusion
pump. Sections of the vacuum line are isolable by J. Young double O-ring taps with
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Pressure gauges

Cooling water

Pyrolysis cell
SF6 U-trap

Samples
Waste gas
U-trap

Oil
diffusion
pump

Figure 2.2: Photograph and schematic of the pertinent features of the vacuum line

Teflon seals; greases used with other varieties of taps are known to absorb reagents
typically used, the desorption of which hinders the achievement of an effective
vacuum.101 Cell pressures are monitored with Baratron and Pirani pressure gauges.
Isolable from the vacuum pumps are several sample ports; to begin an
IR LPHP experiment, the pyrolysis cell is attached to one of these ports, and
evacuated. Other ports are available for reagents; prior to use, these are subjected to
at least three freeze-pump-thaw cycles at 77 K to purge any volatile contaminants.
Similarly, the vacuum line U-trap containing SF6 is also subjected to freeze-pumpthaw cycles. This is filled from external gas cylinders, a port for which is available.
The cell is filled by sequential additions of reagents, starting from those
required with the lowest vapour pressure. Pressures of the order of a few Torr to
around 40 Torr are typical of these investigations. 8 Torr of SF6 is added in all
experiments as a photosensitiser. The first gaseous reagent is added by simply filling
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the line and cell to the desired pressure. Further additions require an over-pressure of
reagent be added to the line; the cell is then opened briefly allowing the intake of
reagent into the cell. The total pressure registered in the line (and hence the cell) is
now equal to the sums of the partial pressures of all reagents added. Gaseous
reagents are stored in large spherical bulbs; the vapour above liquid samples stored in
sample tubes may also fill the cell when opened to the vacuum line. Samples of
particularly low vapour pressure may be added directly to the cell reservoir (see
Chapter 2.1.4) and are subjected to a series of freeze-pump-thaw cycles prior to the
addition of the gaseous reagents. The reservoir may be warmed with a heat gun
during pyrolysis to increase the volatility of these reagents.
Finally, after each reagent is added, or once an experiment is completed, the
vacuum line is used again to dispose of the waste gases. The line and cell are opened
to the vacuum and purged; however, to save the pump oil which may be degraded by
these wastes, a removable U-trap is inserted ahead of the pumps.

This trap is

submerged in liquid nitrogen, collecting waste gases, and removed upon completion
of the days experiments. Storing the open trap overnight in a fume cupboard ensures
the wastes are safely disposed of upon thawing.
2.1.4 –

Experimental Overview: The Pyrolysis Cell
The pyrolysis cells employed for handling gaseous products are Pyrex

cylinders, approximately 38 mm in diameter and 100 mm long, enclosed by zinc
selenide (ZnSe) windows. These are glued to the ends of the cylinder with a five
minute epoxy resin; the cell is evacuated as the resin dries to ensure the cell windows
are pulled tight onto the cell, ensuring an airtight fit.

Quick drying resins are

necessary as these readily soften upon submerging the cell overnight in a solvent,
typically DCM, allowing the windows to be removed when in need of cleaning.
The cell is attached to the vacuum line via a glass elbow. A J. Young O-ring
Teflon seal tap isolates the cell from the elbow and ensures an airtight seal while still
allowing for easy filling of the cell when attached to the vacuum line. A Shimadzu
2920 rubber injection plug may be inserted into the top of the cell; this allows for
vapour to be withdrawn for chromatographic analysis. In other instances, cells may
have a reservoir for the direct addition of reagents too involatile to be handled with
the vacuum line.
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As discussed in Chapter 2.1.1, one of the defining features of IR LPHP
experiments is the extremely non-uniform temperature within the cell. The hot-zone
forms in the centre of the cell, approximately 1 cm from the laser-facing window. A
typical pyrolysis cell is shown in Figure 2.3 with pertinent features, including the hot
zone, highlighted.
Air tight Teflon tap

Glass elbow—to
vacuum line

Shimadzu 2920 rubber
injection plug

38 mm
ZnSe window

“Hot zone”

Reservoir
100 mm

Figure 2.3: A typical pyrolysis cell utilised for handling gaseous products

2.1.5 –

Experimental Overview: Modified Pyrolysis Cells for Handling Solid
Products
The high molecular weight PAH products formed in these investigations have

vapour pressures that are far too low for gas phase analysis; consequently, the
conventional pyrolysis cell has been modified to accommodate the collection of solid
samples. A cell is cut in two, with the cut biased more towards one end to minimise
disruption to the gas flow around the hot zone. Short lengths of smaller diameter
tubing are inserted into the cut. These two pieces are flanged to allow them to fit
against one another, forming an airtight seal with the aid of a rubber O-ring and
vacuum grease. The cell is held together with a metal clamp attached across the join.
The cell is shown in Figure 2.4 with the major features labelled and dimensions
supplied.
With the narrower diameter of the cell, providing a shorter path-length for hot
molecules to reach the cell walls, it was thought that the altered temperature profile
may require a reassessment of the amount of SF6 needed. While it was found that
lower pressures of around 6.5 Torr lead to the hottest temperatures, this did not differ
appreciably from the results of experiments with the 8 Torr that is used in reactions in
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the unmodified cell.88 Thus, for the sake of consistency, all experiments employ
8 Torr of SF6, regardless of the cell used

Clamp

38 mm
Rubber “O”-ring
120 mm

Figure 2.4: A typical pyrolysis cell utilised for handling solid products

2.1.6 –

Experimental Overview: Cell Windows
The cell windows employed must necessarily satisfy several stringent criteria.

While transparency to the incident laser radiation, to prevent any attenuation, is a
must, the material must be chemically inert, and thermal stability is essential as well.
The use of alkali halides such as NaCl and KCl has been explored.100 However,
unwanted hydrolysis reactions are common with these materials as they are
hygroscopic.91 Further, they are not particularly stable in IR LPHP applications;
during the laser synthesis of Os(CO)5 from H2Os(CO)4 and CO, Bristow et al. noted
they were prone to unexpectedly fracturing.102
Consequently, the much more durable but expensive material, ZnSe, has been
used exclusively in these investigations. It is worth mentioning, however, that these
materials are not impervious to fracturing, and care is still needed; the accumulation
of solid material on the windows can heat up, catalysing the formation of more solid
build-up and leading to hot-spots that can, with continued heating, lead to cracking.
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2.1.7 –

Experimental Overview: The Photosensitiser
The role of a photosensitiser is to convert the incident laser radiation into heat.

A practical photosensitiser must also meet a number of strict criteria, namely:
i.

it must be chemically inert

ii.

it must be thermally stable

iii.

it must absorb (near) resonantly with the incident laser radiation

iv.

it must rapidly and efficiently convert the absorbed light into heat

v.

it must be a poor conductor of the heat produced

SF6 satisfies all these criteria.
conductor of heat;

103

It is known to be chemically inert, and a poor

it has been shown to transform vibrational energy into thermal

(translational and rotational) energy within 1 μs of absorption;104 the thermal stability
of SF6 is apparent from the S-F bond strength of 385 kJ mol-1,105 with temperatures of
around 1500 K attainable before observing any appreciable decomposition; and
finally, SF6 has a very intense absorbance resonant with the CO2 output radiation.
The maximum absorbance of the SF6 Q(41) line at 300 K of the triply-degenerate S-F
stretching mode has been measured, with ε = 1.8 x 107 cm2 mol-1.106

This

corresponds very closely to the CO2 P(16) line at 947.70 cm-1.107 The IR absorbances
of SF6 are given in Table 2.1 (reproduced from Hore),108 and the spectrum is shown
in Figure 2.5 where the intensity of this absorbance is clear.
Table 2.1: Assignments of infrared active vibrational modes of SF6
ν / cm-1

Assignment

1718 (m)

ν1 + ν3

1587 (m)

ν1 + ν2

1387(w)

ν1 + ν4

1282 (w)

2ν2

1255 (mw)

ν2 + ν4

1137 (vw)

ν4 + ν5

985 (s)

ν2 + ν6

948 (vvs) *

ν3

885 (m), 869 (m), 856 (m)

ν5 + ν6

625 (vs), 615 (vs), 604 (vs)
w = weak, m = medium, s = strong, v = very

ν4

* Resonant with CO2 Laser Radiation
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Figure 2.5: IR spectrum of gaseous SF6

Although SF6 is, for many, the photosensitiser of choice, SiF4 has also been
employed;109 it has a much higher thermal stability (the Si-F bond dissociation
enthalpy is 594 kJ mol-1)91 and is more chemically inert. However, this compound
does not absorb as strongly as SF6, which appears stable enough for our purposes.
Hexafluorobenzene110 and ammonia111 have also been used, but not very extensively.
2.1.8 –

Experimental Overview: The CO2 Laser
An M-80 Electrox Industrial Lasers free running, continuous wave carbon

dioxide laser has been used exclusively throughout these investigations; see
Figure 2.6. Capable of delivering powers of around 85 W, it has routinely attained a
maximum output of 65 – 75 W during our work. Control over the power incident on
the cell is achieved by attenuation of the beam leaving the laser cavity by means of an
adjustable aperture wheel mounted to the front of the laser. Labelled aperture 1 to 7,
representing the largest to smallest aperture diameters, further attenuation is possible
by attaching a second wheel in front of the first; these are labelled apertures 8 to 18,
again from largest to smallest diameter. The dimensions of these apertures are given
explicitly in Table 2.2, reproduced from Fleming.112
To good approximation, the power of the beam incident on the cell is
proportional to the square of the diameter of the aperture it passes through. This
affords us a great deal of control over the energy delivered to the pyrolysis cell, and
therefore the approximate temperatures achieved.
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Table 2.2: Aperture sizes of the CO2 laser employed in this work

Aperture
Diameter / mm

Aperture
Diameter / mm

1
11.3

10
3.7

2
8.4

11
3.4

3
7.6

12
3.1

4
6.7

13
2.8

5
6

7
4.6

6
5.3

14
2.5

15
2.2

16
1.9

8
4.3

9
4

17
1.6

18
1.3

Figure 2.6: The M-80 Electrox free running CW CO2 laser used in this work

The laser action itself is a consequence of the radiative relaxation processes of
the vibrational modes of CO2.

The laser cavity contains the gas mixture, the

composition of which is 7 % CO2, 14 % N2, and 79 % He. An electric discharge
ionises the helium, and a number of the vibrational modes of N2 are excited on
collision with liberated electrons. Coincidentally, a number of the excited N≡N
stretches are nearly isoenergetic with several of the CO2 ν3 antisymmetric stretches,
up to (0 0 4). Thus, collision of vibrationally excited N2 and CO2 transfers vibrational
energy very efficiently to a number of ν3 modes in CO2.
Collision between unexcited CO2 and CO2 molecules in their ν3 = n
vibrational state can lead to transfer of a quantum of vibrational energy and a pair of
molecules in the ν3 = 1 and ν3 = n-1 states respectively; such interactions can
potentially produce n molecules in the first excited state of the ν3 mode. Laser action
now occurs from ν3 = 1 to the ν2 = 2 (second excited state of the double degenerate
CO2 bending mode) and the ν1 = 1 states. Population inversion is maintained by
collisional quenching with He of any ν1 and ν2 vibrations excited. Anharmonic
18 |

Chapter 2 – Experimental Techniques and Computational Methodology

effects relax the selection rules and allows laser action to occur.113 As CO2 is a
relatively light molecule, the laser output is rovibrationally split into approximately
100 closely spaced transitions between 9.2 and 10.8 μm, the most intense emission
occurring at 10.6 μm.

A comprehensive account of the processes described here is

given in Svelto,114 and the schematic depicting these features (Figure 2.7) is
reproduced from Shimoda.115
2500

ν=2

(0 0 1)

18 cm-1
Energetically uphill; additional
energy drawn from translational
energy

2000

961 cm-1
Laser transition
1064 cm-1
Laser transition

1500

(1 0 0)
(0 2 0)
618 cm-1

1000

721 cm-1

(0 1 0)
500

667 cm-1

ν=1

(0 0 0)

0

0.5

N21

1.5

2

2.5

3

CO2

3.5

4

4.5

Figure 2.7: Pertinent energy transitions involved in the CO2 laser

2.1.9 –

Sample Preparation: Chemicals Used
Gaseous reagents SF6, H2, and acetylene are available in high purity from

BOC gases, with D2 (Carl-Roth) also high purity. HPLC-grade DCM (Burdick &
Jackson) has been used. d2-DCM is purchased in 2 mL ampoules which are stored
under nitrogen owing to the fact that it is highly hygroscopic. 96 %-purity DCE
(Riedel-de Haën) and AR-grade TCE (Ajax Finechem) have been used extensively.
Later chapters discussing high-molecular weight products use >99 % purity 1,2,4triCB, 99 % purity 1,2,3-triCB, and 96 % purity C4Cl6, also purchased from Aldrich
chemicals. All reagents are purified by successive freeze-pump-thaw cycles prior to
use. AR-grade toluene is used exclusively as a solvent for the chromatographic
analysis of solids without further purification.
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2.1.10– Sample Preparation: Gaseous Samples
Gaseous analytes have been probed with two different techniques, each
requiring a distinctive method of sample handling.

The most commonly used

technique has been FTIR spectroscopy; owing to the cell dimensions, and the fact that
the cell windows are necessarily transparent in the IR, no sample pre-treatment is
required. In situ analysis is very quickly and effectively achieved by placing the
entire cell into the spectrometer, with the beam passing through both windows.
Furthermore, the non-invasive nature of these analyses leaves the reaction mixture
unperturbed allowing for continued reaction.
Several experiments have been performed in which progress has been
monitored via GC-MS. As shown in Figure 2.3, several of the pyrolysis cells have
been fitted with a rubber injection plug.

Vapour samples are withdrawn post-

pyrolysis with a Hamilton 2.5 mL gas tight syringe fitted with a lockable valve.
Given typical cell pressures of around 20 – 30 Torr, the syringe contents need to be
compressed to a volume of around 0.25 mL to achieve pressures nearer to
atmospheric prior to injection onto the column. Unfortunately, only a few such
samples may be taken during a given experiment as small amounts of air tend to be
drawn into the cell upon inserting and withdrawing the needle, or desorbing from the
needle, introducing unwanted contaminants (O2 in particular) to the reaction vessel.
2.1.11– Sample Preparation: Solid Samples
Pyrolysis mixtures with higher than usual pressures of chlorohydrocarbon
reagents lead to sooty or tar-like black solids. Being involatile, the cell can be refilled
and more deposits generated without needing washing; typically, three successive
fills and pyrolyses are performed to accumulate enough solid for analysis.
As fullerenes and their precursors are the target compounds of interest, a
solvent was chosen to reflect this. Although fullerenes are not particularly soluble in
many solvents, toluene has been selected as it is a reasonably effective and commonly
used solvent for the extraction of fullerenes (C60 having a solubility of 2150 μg mL-1
in toluene).116 A number of other works have also used toluene in the extraction of
chlorinated hydrocarbons from soots.20,117 10 – 20 mL of toluene is added to an
evacuated cell after pyrolysis, and analyte dissolution is aided by around 5 minutes of
vigorous shaking. Finally, to ensure all extractable materials are removed, the cell
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walls are scraped down with a metal spatula, with all removed solid dropping into the
toluene extract.
The liquid sample and suspended solid is then removed with a Pasteur pipette,
and placed into labelled sample vials. The vial is allowed to sit for at least a week to
ensure any extractable material still remaining in the suspended solid is dissolved.
The extract is filtered through Whatman #1 filter paper into clean vials prior to GCMS analysis.
2.1.12– Analytical Procedures: Infrared Spectroscopy
Infrared (IR) spectroscopy probes molecular vibrational modes; while these
distinctive vibrations may be used to identify a mixtures components, application of
Beer’s Law also allows for quantitative product analyses. IR spectroscopy affords a
rapid, simple, inexpensive and non-destructive sampling technique. By virtue of the
ZnSe cell window’s necessary transparency to IR radiation, all analyses can be
performed in situ with no perturbation of the reaction mixture, allowing for single-fill,
multiple analysis experiments.
Fourier-Transform IR (FT-IR) spectroscopic techniques are employed
throughout this work. Briefly, instead of employing dispersive instruments to select
monochromatic light from the spectrometer light source, all frequencies are
simultaneously monitored.

A Michelson Interferometer generates a spectrum of

absorbed radiation as a function of time, and the more comprehensible frequencyspace spectra are recovered by way of Fourier transforms. The advantage of this
approach is apparent with improved signal-to-noise ratios, higher resolution, and
much more rapid scanning.118
All spectra were recorded using a Perkin-Elmer ‘Spectrum 1000’ FT-IR
spectrometer at a resolution of 1 cm-1 and averaged over 10 scans per spectrum. The
empty sample compartment was typically run as the blank given the transparency of
the cell windows to IR radiation. N2 purges to reduce contributions of, in particular,
atmospheric water in recorded spectra were neglected as peaks of interest are
generally well-separated from H2O fine-structure. The ‘Spectrum for Windows’, ver.
1.40 (Perkin-Elmer Ltd.) software was installed on the interfacing computer, and
allowed for manually identifying peak baselines for integration, employed extensively
in determining molar concentration changes throughout our experiments.
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IR spectroscopy has played an integral role in the identification of low
molecular weight products, particularly as few products pertinent to this work have
analytical standards to which retention times in GC experiments can be calibrated.
However, the strengths of IR absorbances depend greatly on the electronic properties
of the molecule in question, making quantification impossible without molar
absorptivities. As these values have been determined experimentally for only a few
compounds of interest, all values used have been taken from DFT/B3LYP/6-31G*
calculations. Modes chosen needed to be intense, to allow for detection of even
relatively low concentrations of a particular species, and free of overlap with any
other species. The vibrations chosen are provided in Table 2.3.
Table 2.3: Assignment and strengths of IR modes used in obtaining concentration
Species

ν/ cm-1
†

Assignment

Strength*

Ref

160

119
120

121
122

CH2Cl2

749.6-763.5 (vs)

Trans-C2H2Cl2

1201 (s)

B2 ν9 CCl2 antisymmetric stretch
Bu ν10 C-H bend

Cis-C2H2Cl2

1303 (m)

B1 ν9 C-H bend

C2HCl

604 (s)

π ν5 C-H bend

17.0 ± 0.5 (measured)
(20)
18 ± 1 (measured)
(28)
(2 × 45)‡

C2H2

730.3 (vs)

πu ν5 C-H bend

(2 × 81)

HCl

~3100 – 2000 [2944]§

A ν1 H-Cl stretch

(9)

C4HCl

621

π ν6 C-H bend

(2 × 43)**

123

C2HCl3

783 (s)

(28)

124,125

C4Cl2

2161 (vs)

a” ν10 C-H out-ofplane bend
Σu+ ν4 C≡C stretch

(124)

126

C4Cl4

2216

A C≡C stretch

(162)

C2DCl

2634-2570

ν1 C-D stretch

(81)

CHD=CCl2

738

C-Cl stretch

(63)

C2DH

678

π C-H bend

(2 × 60)

128

C2D2

537

πu ν5 C-D bend

(2 × 44)

128

A ν1 D-Cl stretch

5

DCl

[2044]

§

120

127

*

Values in parentheses are the IR intensities at the DFT/B3LYP/6-31G* level of theory; all strengths
are in km mol-1
†
s = strong, m = medium, w = weak, v = very
‡
Doubly degenerate modes
§
Denotes wavenumber of exact vibrational-rotational feature used to calculate area
**
Loss of symmetry from the ideal leads to two near-degenerate modes
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Unfortunately, for a number of pertinent species (C2HCl, C2H2, and C4HCl)
only the Q-branches of rovibrational features are observable. Using approximate
measures from the intense C2H2 bending mode, we have found that the Q-branch area
is around half of the total area of the rovibrational peaks.

Assuming that this

approximation is valid for C2HCl and C4HCl, the areas utilised in the concentration
calculations of these species are double the area of the Q-branch.
Justification of the use of DFT molar absorptivities comes from comparison of
concentrations calculated with these and experimentally determined values, assuming
Beer’s Law holds. The limited use of IR spectroscopy in product quantification
means there is little data on measured molar absorptivities; however, as noted in
Table 2.3, integrated absorption intensities for cis- and trans- dichloroethylene are
available.120 Concentrations using the measured values are larger than those from
DFT based absorption intensities; for the trans isomer, values differ by about 16 –
19 % of the measured values, and the deviations for the cis- isomer are approximately
31 – 38 % of the measured values. The results of low temperature DCE experiments
(see Chapter 4.3.1) are shown in Figure 2.8 below using both sets of data. It appears
that concentration estimates should be reasonable within a factor of two or so, perhaps
with more error in the estimate of C2HCl and C4HCl given the Q-branch
approximation. Additionally, species exhibiting high absorbances may no longer
follow Beer’s law (reagent absorbances have exceeded 4.0 absorbance units in some
experiments), introducing further error into concentration determinations. It is further
noted by Hall et al.129 that the break-down of Beer’s law is very much more
pronounced in species, HCl for example, with rotational lines narrower than the
resolution of the instrument. They also note that absorbance is very sensitive to the
total pressure. They advise that such analyses must be undertaken with care, which
leads us to conclude that the concentrations obtained in this work are best regarded as
order-of-magnitude estimates.
2.1.13– Analytical Procedures: Gas Chromatography and Mass Spectroscopy
GC-MS is a powerful and highly sensitive technique coupling gas
chromatography (GC) with mass spectrometry (MS). The strength of this technique
relies on the fact that the analyte is first separated from any interfering species before
analysis with a detector that is essentially free of any appreciable background. GC
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Figure 2.8: Concentrations of dichloroethylenes as calculated using absorption coefficients derived
from DFT calculations and as measured (see text)

involves injecting a mixture of volatile analytes into the apparatus, which are swept
down a column by a continually flowing carrier gas (the mobile phase). Separation is
achieved as a difference of analyte affinities between the mobile phase and wall
coating of the column (the stationary phase). The polarities of the carrier gas and
stationary phase are necessarily very different to affect efficient separation; faster
separation and greater peak resolution is typically achieved by employing temperature
profiles.
The elution of separated analytes may be detected via a multitude of
instruments; however, mass spectrometry not only allows product detection, it also
gives additional information regarding product identity. Eluting material is given a
charge, and acceleration through an electric field gives each charged analyte molecule
the same quantity of kinetic energy. The dependence of kinetic energy on mass,
therefore, allows determination of the analytes molecular weight; additionally, the
fragmentation pattern of the typically unstable charged molecules acts as a molecular
fingerprint.
Several pertinent parameters differ between experiments, and will be outlined
when applicable. In all experiments, however, a Hewlett Packard 6890 series gas
chromatograph interfaced with a Hewlett Packard 5793 Mass Selective Detector is
used.

An Agilent Technologies 7683B Series Injector auto-sampler was also

employed for all toluene-wash samplings – see Chapters 6 to 9. Due to issues
concerning availability, two different (albeit quite similar) columns have been utilised
throughout this work. The first is a “HP5-MS” cross-linked phenyl methyl siloxane
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gum capillary column, 0.25 mm i.d., 29.2 m in length, and with a 0.25 μm film
thickness. The second is a Restek Rtx-5MS capillary column, 0.25 mm i.d., 29.9 m in
length, and with a 0.25 μm film thickness. In all experiments, helium is used as the
carrier gas.
Although a majority of programs interfacing GC-MS instruments provide
mass spectral libraries, many pertinent compounds produced in this work are absent.
An alternative approach, based on chlorine isotope distribution patterns has been
developed to derive molecular formulae.

The Binomial Distribution describes

random occurrences for which there are only two possible outcomes. For a physical
situation to be accurately modelled by the Binomial Distribution, it must adhere to the
three following criteria:130
i.

There must only be two possible outcomes

ii.

Each outcome must have a fixed probability of occurrence

iii.

All outcomes must be independent of one another

Chlorine has only two common isotopes, 35Cl and 37Cl, with fixed natural abundances
of 75.53 % and 24.4 % respectively.113 The inclusion of one isotope in a given
molecule clearly has no bearing on the nature of additional isotopes incorporated.
Thus, chlorine isotopes may be modelled by the Binomial Distribution:
P(x ) =

n!
p x (1 − p )n − x
x! (n − x )!

(2.1)

(2.1) gives the probability of achieving one outcome, of probability p, x times out of n
trials.
Molecular formulae are derived under a number of assumptions. First, the
only element present with more than one isotope is chlorine. Although not strictly
true, as carbon and hydrogen’s most common isotopes all occur in greater than 99 %
natural abundance, this remains reasonable providing numbers of these elements are
not too large. Second, we assume that the number of chlorine atoms is not too large,
with an approximate upper limit of ~15. As a consequence of the Central Limit
Theorem (which states that the sample mean tends to a normal distribution in large
samples),130 the chlorine distribution patterns take on the more symmetric Gaussian
shape as Cl content increases; otherwise, distributions are distinctive, and judgements
of chlorine numbers can be made immediately by inspection.
With the number of chlorine atoms known, the mass of chlorine is subtracted
from the total mass of the compound, leaving the weight of the carbon-hydrogen
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skeleton. In all practical applications, dividing this by the molar mass of

12

C, and

rounding the value down to the nearest integer gives a sensible, and probably correct,
value for the number of carbon atoms. Hydrogen makes up the remaining mass,
therefore allowing elucidation of molecular formulae for all eluting compounds. For
the low molecular weight products discussed in Chapters 3-5, molecular formulae are
generally sufficient as there are typically few isomers.
2.1.14– Analytical Procedures: GCMS Product Identification in the Absence of
Standards
Higher molecular weight products typical of those studied in Chapters 6 to 9
can show extensive isomerisation and we require additional information pertaining to
structure.

As such, isomer identification was deemed extremely important.

Unfortunately, a significant majority of products formed in our experiments do not
have commercially available standards. A few important compounds have been
identified by the use of relative retention indices, RRIs,118 (see Table A2.1 in the
appendix); however, a novel approach was developed for a number of species for
which RRIs are not available either.
In temperature-programmed GC investigations, the Kovats retention index is
given by:

⎞
⎛ t −t
I = 100⎜⎜ x z + z ⎟⎟
⎠
⎝ t z −1 − t z

(2.2)

I is the RRI, tx is the adjusted retention time of the unknown, and tz and tz-1 are the
adjusted retention times of two n-alkanes with z and z-1 carbon atoms respectively.
The quantity I is assumed invariant with respect to all parameters such as the use of
differing columns or temperature programs. In the absence of known RRIs, but for
compounds where retention times are published and product identification
unambiguous, we have developed a method to circumvent the use of retention
indices. Published retention times (indicated with a prime) may trivially be shown to
be related to our experimentally determined retention times by:
t x' =

[t
[t

'
z −1
z −1

− t z'
−tz

]t
]

x

[
[

⎛
t' −t'
+ ⎜⎜ t z' + z −1 z
t z −1 − t z
⎝

] ⎞⎟
]⎟⎠

(2.3)

The coefficients need not be determined; it is sufficient for a set of known and
experimental retention times to be shown to be linearly related, assuming molecular
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formulae from the two data sets agree (Chapter 2.1.13), and to have at least one
experimental data point that has been identified unambiguously. This is generally
readily achieved as a number of perchlorinated compounds especially have only one
(at least probable) isomer.
All data utilised are given in Table A2.1 in the appendix. The R2 value is
given with each data set corresponding to the line obtained when plotted against the
literature values. In all cases, it can be seen that lines exhibit very good fits. There is
a little disagreement on the order of elution of two of the pentachlorobuta-1,3-diene
isomers; however, this is a minor product, and thus negligible.
2.2 – Quantum Chemistry: Theory and Application

“The fundamental laws necessary for the mathematical treatment of a
large part of physics and the whole of chemistry are thus completely
known, and the difficulty lies only in the fact that application of these laws
leads to equations that are too complex to be solved.”
- Paul A. M. Dirac131
Striking a balance between chemical accuracy and computational expense is of
paramount importance in computational investigations. The inevitable inclusion of a
number of ‘heavy atoms’ in the systems we have been investigating places restrictions
on the methods that are of practical use. With the most accurate methods unfeasible
in our investigations, a number of different approaches are necessarily employed in
attempts to ensure results derived are sensible. In this section, we outline important
theoretical methods such as Hartree-Fock, Møller-Plesset, Coupled Cluster and
Density Functional approaches. Other aspects of quantum chemistry will be explored,
as will transition state theory, a means of deriving rate constants from ab initio
methods.
2.2.1 – The HartreeFock Method I: Quantum Mechanics of ManyBody Systems

The mathematical treatment of chemistry Dirac refers to in the quote at the
open of this section largely depends on the solution of Schrödinger equation. Written
explicitly, and in complete generality, equation (2.4) appears deceptively simple:
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(2.4)

HΨ = EΨ

The abundance of approximate methods of its solution and volume of continued
research in this area are testament to the fallacy of this assumption.

The true

complexity of the Schrödinger equation is revealed when we examine the full form of
the Hamiltonian, H, when related to isolated molecular systems:
⎛ h2
H = ⎜−
⎜ 2me
⎝

Z Ae 2 ⎞⎟ ⎛⎜ h 2
+ −
⎟ ⎜ 2
0 iA ⎠ ⎝

∑ ∇ − ∑∑ 4πε r
2
i

i

i

A

∇ 2A

Z A Z B e 2 ⎞⎟
+
⎟
0 AB ⎠

∑ M + ∑ 4πε R
A

A

A< B

e2

∑ 4πε r
i< j

0 ij

(2.5)

The terms in the first set of parentheses describe the electronic kinetic energy and the
energy of attraction between the electrons and nuclei respectively; similarly, the terms
in the second set of parentheses describe the nuclear kinetic energy and energy of
repulsion between the nuclei; the final term represents the electron-electron repulsion
energy.
The application of quantum theory to chemistry typically involves several key
approximations; we will now outline those most important in Hartree-Fock theory, a
method underpinning a considerable amount of modern computational chemistry.
The first assumption, applicable in particular to light elements, is the neglect of
relativistic effects; this manifests itself in the absence of terms accounting phenomena
such as spin-orbit coupling and mass-velocity features, assumption already inherent in
equation (2.5).

Consequently, spin is introduced in most quantum chemical

techniques by the introduction of the spin wave functions (discussed later) that would
otherwise arise naturally in a fully relativistic framework.
The second assumption relates to the relative speed of electronic and nuclear
motions; the much heavier nuclei slowly follow the rapid motion of the electrons, and
it can be shown that nuclear and electron motion can be almost completely decoupled.
This is the essence of the Born-Oppenheimer approximation, and consequently the
Hamiltonian may be written as:
H = H e + V NN +T N

(2.6)

with Tn representing the nuclear kinetic energy. Further, assuming that nuclei are
essentially unmoved (the clamped nuclei approximation) leads to neglect of the
nuclear-nuclear repulsion energy and giving He, the Hamiltonian of the electronic
Schrödinger equation, a simplification of equation (2.5).
⎛ h2
He = ⎜⎜ −
⎝ 2me

Z Ae 2 ⎞
e2
⎟
+
∇
−
∑i
∑∑
⎟ ∑∑ 4πε r
i A 4πε0 riA ⎠
i< j
0 ij
2
i

(2.7)
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The eigenvalue Ee of equation (2.7), which depends parametrically on the nuclear coordinates together with the Coulomb repulsion between nuclei, VNN, represents the
potential energy surface; this will be discussed in greater detail later (Chapter 2.2.7)
given its importance in geometry optimisation and vibrational mode calculations.
Despite these important simplifications, the solution of the electronic
Schrödinger equation is still a daunting task. Further assumptions are made about the
form of Ψ by employing the one-electron approximation, where the full molecular
wave function is constructed as the product of one-electron molecular orbitals, i.e.
Ψ (1,2,...n ) = ψ 1 (1)ψ 2 ( 2)...ψ n ( n); ψ i ψ j = δ ij

(2.8)

where all ψi are orthonormal, (that is, δij = 0, i ≠ j, or 1 otherwise). There are two
fundamental properties that this constructed wave function must satisfy. The first of
these features is the well-known Pauli exclusion principle, which states that no two
electrons may occupy the same orbital (the definition of an orbital, in fact, being an
eigenfunction of the one-electron Schrödinger equation). Thus, Ψ must vanish if two
electrons are associated with a single eigenfunction. The second concerns exchange
symmetry, as, for identical particles (such as electrons), the probability distribution
can not differ on exchanging any pair of particles.

Ψij

2

= Ψ ji ; Ψij = Ψ (1,2...i,... j ,...n )
2

(2.9)

⇒ Ψij = ± Ψ ji

Bosons exhibit no change on exchange, while fermions, electrons for example, are
antisymmetric on placing the ith electron in the jth orbital and vice versa.
The wavefunction of equation (2.8), utilised in Hartrees original method for
solving the electronic Schrödinger equation accounts for neither property, as noted
independently by Fock132,133 and Slater134 in 1930. Hartree recast the equations in
1935 employing the so-called Slater determinant to rectify these issues:135

ψ 1 (1) L ψ j (1) L ψ N (1)
Ψ (1,2,...n ) =

1
n!

M

L
M
L
M
L ψ j (i ) L ψ N (i )

M

L
M
L
M
L ψ j (n ) L ψ N (n )

ψ 1 (i )
ψ 1 (n )

(2.10)

Equation (2.10) is written more succinctly upon introduction of the operator A:

Ψ (1,2,...n ) = A[ψ 1 (1)ψ 2 (2)...ψ n (n )]; A =

1 n −1
(− 1) p P p
∑
n! p =0

(2.11)
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where P is the permutation operator, swapping the electrons of a pair of orbitals.
This approach, referred to as the HF method, retains the separability of the
Schrödinger equation into the n one-electron partial differential equations intended by
Hartree in his original approach, and leads naturally to the mean-field approximation,
as we discuss in the appendix (Chapter A2.1). Thus, inherent in single determinant
approaches is a neglect of full electron correlation. Consequently, it is found that
while the HF method forms one of the most important methods of modern quantum
chemistry, the mean field approximation severely limits the accuracy attained when
applied to practical computations. Correlation methods will be discussed in later
sections; we will now discuss the derivation and solution of the Hartree-Fock
equations, introducing several key concepts.
2.2.2 – The HartreeFock Method II: Derivation and Solution of the HF Equations

The expectation value of the electronic Hamiltonian, equation (2.7), utilising
the single-determinant wavefunction of equation (2.11), yields a set of equations, the
solutions of which are outlined briefly in the appendix (Chapter A2.2). This method
involves constructing a trial wavefunction as the sum of various contributions of
atomic orbitals, followed by a systematic variation of the weights of orbital,
terminating when the lowest possible energy is attained. This eventually leads to n
differential equations, the Fock equations
n

F (1)ψ a (1) = ε aψ a (1) ; F (1) = h(1) + ∑ [J b (1) − K b (1)]

(2.12)

b =1

after introducing the Fock operator, F(1). ψa are the canonical Hartree-Fock atomic
or molecular orbitals; εa are the orbital energies. The total Hartree-Fock energy is not
the sum of the εa, rather
n

E HF = ∑ ε a −
a =1

1 n n
∑∑ [J ab − K ab ]
2 a =1 b =1

(2.13)

as the direct sum will lead to an over-representation of the electron-electron repulsion.
An important concept, the exchange energy, arises in this approach. The Coulomb
and exchange one-electron operators appear in equation (2.12), Jb(1) and Kb(1).

J b (1) f (1) = f (1)∫

ψ b (2 )
r12

2

dv 2

(2.14)
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K b (1) f (1) = ψ b (1)∫

ψ b* (2) f (2)
r12

dv2

(2.15)

The Coulomb term can be interpreted within the framework of classical mechanics as
the energy of repulsion between two charged spheres of charge density e│ψi(i)│2 and
e│ψj(j)│2 respectively. The exchange term, however, has no classical analogue, and
represents an additional stabilisation of the system due to the Pauli exchange
symmetry of the electronic wavefunction.
The solution of the Fock equations are most simply obtained for closed shell
molecules, i.e. systems where all electrons are paired. For such molecules, each
orbital of a given pair is assumed to be the product of the same spatial orbital with
either the α or β−spin function; see Figure 2.9. Treatment of the wavefunction in this
way is referred to as the restricted Hartree-Fock (RHF) level of theory. Figure 2.9
also shows the arrangement of orbitals in the unrestricted and restricted-open (UHF
and ROHF respectively) levels; these will also be discussed in due course. As the
spin functions do not require optimisation, the RHF level is computationally more
tractable than the UHF method as half as many orbitals are needed. Recast in the
RHF formalism, the energy and Fock operator differ slightly from their forms in
equations (2.12) and (2.13):
n
2

n

n
2

E RHF = 2∑ ε a − ∑∑ [2 J ab − K ab ]
a =1

(2.16)

a =1 b =1

n
2

FRHF (1) = h(1) + ∑ [2 J b (1) − K b (1)]

(2.17)

b =1

Solution now requires specification of the RHF molecular orbitals, φi. These
are taken to be linear combinations of atom-centred functions, χμ; the resulting
orbitals are termed linear combination of atomic orbital-molecular orbitals, LCAOMOs.
b

φ a = ∑ c μa χ μ

; φ = χc (in matrix form)

(2.18)

μ =1

The solutions may now be solved iteratively (see the appendix – Chapter A2.2). The
computation ceases when successive iterations yield no further improvement in
energy and electron density; this is known as the Self-Consistent Field (SCF)
approach. The expense with which solutions are obtained, and the accuracy achieved,
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depends greatly on the choice of atomic orbitals (the basis set); important
considerations regarding this choice are discussed in Chapter 2.2.6. Solution may
also be attained much more quickly by introducing approximations based on
experimental data. Although this typically leads to unreliable energies which have
not been used in this work, we have used semi-empirical approaches (AM1 in
particular) extensively as a ‘pre-optimisation’ technique to afford a more suitable
starting geometry for more expensive optimisations.

φi/2

.
.
.
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...
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Figure 2.9: (left to right) – The spin and orbital arrangements representing the RHF, UHF, and ROHF
wavefunctions

We briefly discuss complications arising in open-shell molecules such as
radical species. One of the most common treatments of such systems relies on the
UHF approach (centre scenario in Figure 2.9), where the restriction that paired spins
occupy the same spatial orbital is lifted. Although handled fairly routinely, and only a
little more complicated to implement than the RHF method, the UHF solution is
unfortunately not an eigenfunction of the S2 [= S(S+1), where S is the total spin
quantum number] operator. As a consequence, solutions tend to be unpredictably
contaminated by higher spin states, which can lead to unreliable results; this is known
as spin contamination. Thus, it is found that Hartree-Fock approaches perform poorly
with radical species, as do many post-Hartree-Fock methods (to be discussed in turn),
and in particular, MP2 approaches.
Several methods exist to remove or account for spin contamination, such as
the annihilation of spin contamination from the density matrix (Annihilation UHF,
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AUHF);136,137 projection out of all the spin contaminants from the UHF wavefunction
(Projected UHF, PUHF);138 and the introduction of an additional constraint
λ(S2-S(S+1)) to the Hartree-Fock equations (spin-constrained UHF, SUHF).139 The
approach used within this work, however, is the ROHF approach – see the scenario on
the right hand side of Figure 2.9.

Here, the RHF approach is utilised, with an

additional singly occupied molecular orbital present. This avoids spin contamination
as the wavefunction is now an eigenfunction of S2; however, perturbation theory
techniques are much more difficult to apply. ROMP2 approaches, however, are
readily available, and given the size of most species under consideration in this work,
higher orders of perturbation theory would be computationally too expensive to
perform anyway.
2.2.3 – Capturing Electron Correlation I: MøllerPlesset Perturbation Theory, MPn

A proper treatment of electron correlation is the most important modification
required for HF-based methods to achieve chemical accuracy. Accounting for the
correlation energy both accurately and with practical computational expense has
received a huge amount of attention since the inception of the Hartree-Fock method.
One of the earliest of these approaches is based on the application of perturbation
theory to molecular systems by Møller and Plesset in 1934.140
Time independent perturbation theory itself considers a Hamiltonian of the
form H = H0 + V. H0 is assumed to be known with an associated complete set of

{ }

orthonormal eigenvectors φ n(0 ) each with an eigenvalue En(0 ) . If V is small, the
eigenvectors and eigenvalues of H are not likely to differ appreciably from those of
H0, and V may be treated as a perturbation. Thus, the solution to the full Hamiltonian
may be approached by amending the unperturbed state by an infinite (or judiciously
terminated) number of correction terms, which are themselves expanded in terms of
the unperturbed state. The method by which time independent perturbation theory is
derived is outlined in the appendix (Chapter A2.3). See Mandl for a concise account
of perturbation theory in quantum mechanics.141
Møller-Plesset nth-order perturbation theory, MPn, considers electron
correlation as a perturbation to the HF solutions. Correlation energy is defined as the
energy difference between the HF and true solution to the non-relativistic electronic
Schrödinger equation, and thus V is defined as
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VCE = H E − ∑ f (m) = H E − H0
m

⎫
⎧ 1
⎧ 1
Z
Z
1⎫
= ⎨− ∑∇i2 − ∑∑ A + ∑∑ ⎬ − ∑⎨− ∇2m − ∑ A + ∑ J j (m) − K j (m) ⎬
i A riA
i k rik ⎭
m ⎩ 2
A rmA
j
⎩ 2 i
⎭
1
= ∑∑ − ∑∑ J j (m) − K j (m)
m l >m rlm
m=1 j =1

[

[

]

]

(2.19)

combining equations (2.7) and (2.12). Using unperturbed energies and wavefunctions
from the Hartree-Fock level of theory, we have φ1(0 ) = Ψ (1,2,...n ) , written in its full
form in equations (2.10) and (2.11), with the individual ψn orbitals the variationally
optimised eigenfunctions of the Fock equations. The problem now is specifying the
remaining members of the set of unperturbed solutions for the expansion of correction
terms. These are chosen to be the result of excitation of electrons into virtual orbitals,
the higher energy solutions to the Fock equations that are unoccupied. The notation
Ψia

indicates single excitations, replacing the ith occupied by the ath virtual MO;

similarly, Ψijab denotes double excitations, replacing the ith and jth occupied MOs by
the ath and bth virtual orbitals, and so on.
MP1 level corrections to energy can now be evaluated as all the quantities in
equation (A2.42) have been defined. One finds
EMP1 = EHF + E (1) = Ψ H 0 Ψ + Ψ VCE Ψ = Ψ H0 + VCE Ψ = Ψ H E Ψ = EHF

(2.20)

as the variational solution of the electronic Schrödinger equation with wavefunction
Ψ is the Hartree-Fock method.
For second order corrections, matrix elements φ p(0 ) V φ n(0 ) require evaluation,
and thus the excited states of Ψ are needed. It can be shown, however, that singly
excited wavefunctions do not contribute,142 and the Condon-Slater rules show that
triple excitations and higher do not contribute given the two-particle dependence of
VCE, thus

EMP2 = EHF +

∞

∞

n n−1

∑ ∑∑∑

1
1
ψ a (1)ψ b (2) ψ i (1)ψ j (2) − ψ a (1)ψ b (2) ψ j (1)ψ i (2)
r12
r12

b=a+1 a=1 i= j +1 j =1

εi + ε j − ε a − εb

2

(2.21)

with a and b denoting virtual orbitals.

34 |

Chapter 2 – Experimental Techniques and Computational Methodology

Higher order MPn theories do exist; however, given the increased complexity,
and hence increased computational expense associated with higher levels of
perturbation theory, currently only MP3 and MP4 are commonly available. Full
derivation of MP3 corrections reveal that, like MP2, only double excitations are
involved; however, MP4 methods have non-zero contributions from singly, doubly,
triply, and quadruply excited determinants.

Although their contribution is not

necessarily small, triple excitations are the most time-consuming to evaluate and are
commonly neglected; this is denoted as the MP4(SDQ) level of theory. Inclusion of
all excitations is referred to as the MP4(SDTQ) method. Also in the name of reducing
expense without sacrificing accuracy, frozen core (FC) approximations are often
utilised. This neglects the contributions of excitations from core electrons, and is
applicable to all orders of MPn theory.

The FC approximation is employed

exclusively throughout this work.
Several features regarding MPn methods call for care. The MPn method is not
variational; this implies that the energy derived may be lower than the true ground
state energy. By necessity, finite basis sets are used in practice; consequently, the
sums in equation (2.21) cannot be evaluated to infinity, leading to some basis set
truncation error.

Further, as noted in Chapter 2.2.2, unrestricted MPn (UMPn)

methods, based on the UHF wavefunction, are very susceptible to severe spincontamination and frequently lead to unreliable results.143
2.2.4 – Capturing Electron Correlation II: CC and QCI Methods

As the single determinant model, equivalent to treating an electron as moving
in the mean field presented by all other electrons, ignores a dynamic electron-electron
avoidance mechanism it seems reasonable that this deficiency may be remedied with
the inclusion of more determinants.

This is essentially the approach of the

Configuration Interaction (CI) method, which serves as a predecessor of the Coupled
Cluster (CC) and Quadratic Configuration Interaction (QCI) methods we have used
on occasion throughout this work.
The excited state determinants introduced in Chapter 2.2.3 serve as the
additional determinants. The CI wave function is written as

ΨCI = C o Ψ + ∑∑ Cia Ψia + ∑∑∑∑ Cijab Ψijab + ...
i

a

i<

j

a<

b

(2.22)
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where Ψ is the Hartree-Fock solution. If a complete (infinite) set of excitations is
used in equation (2.22) one obtains the Complete CI wave function and is, in fact, the
exact solution to the electronic Schrödinger equation within that given basis.
However, practical limitations are already inherent in equation (2.22) due to the
necessary use of finite basis sets; this truncated summation is known as the Full CI
(FCI) wave function.
Solution of the FCI method involves optimisation of the co-efficients C0, C ia ,

etc., typically achieved through variational optimisation. Unfortunately, this approach
is still far too expensive for almost all systems of practical interest, and further
restrictions are imposed on equation (2.22). Successive truncation up to double,
triple, quadruple, etc., excitations lead to the CISD, CISDT, CISDTQ, etc. levels.
Although explicitly accounting for electron correlation and being a variational
approach, these methods are unfortunately not size consistent; that is, the energy of
two infinitely-separated molecular fragments A and B, of molecule AB, is not equal
to the sum of the energies of A and B, as one should reasonably expect. This is
exemplified in the Be2 system with double excitations as considered by Veszprémi
and Fehér,144 in which the authors demonstrate the appearance of extraneous
quadruple excitations in the wavefunction of two infinitely separated Be atoms.
The CC method is a reformulation of approaching the inclusion of various
excited states and uses an excitation operator, T, cast in an exponential form.
Defining the operator as

T = 1 + T1 + T2 + T3 + ...

(2.23)

with the Ti operator generating all the possible i-excited determinants; for example:

T2 Ψ =

∞

∞

n

n −1

∑ ∑ ∑∑ t

b = a +1 a =1 j =i +1 i =1

ab
ij

Ψijab

(2.24)

The t ijab terms are known as amplitudes. The CC wave function is then written as

1
1
1
1
⎛
⎞
ΨCC = eT Ψ = ⎜1 + T1 + T2 + T12 + T3 + T1T2 + T13 + T4 + T22 + T2T12 + T1T3...⎟ Ψ
2
3!
2
2
⎝
⎠
where T1T2 is equivalent to triple excitations, and so on.

(2.25)

Solution of the CC

equations, analogous to the problem of the CI wave function, amounts to optimisation
of the amplitudes, and as with the CI wave function, truncation of the summation in
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equation (2.25) is necessary for practical computation. For example, inclusion of
double excitations only, the CCD level, is the solution of

1
⎞
⎛
ΨCC = eT2 Ψ = ⎜1 + T2 + T22 + ...⎟ Ψ
2
⎠
⎝

(2.26)

where we see quadruple (and higher) excitations appear. It is in this way that the CC
approach corrects for the size consistency problem in the CI formulation; however,
this comes as a cost as the solutions are no longer variational.
Practical application of the CC method typically involves single and double
excitations, the CCSD method.

CCSDT is found to be an extremely accurate

approach; however, the high computational expense associated with the triple
excitations has instead seen the CCSD(T) approach, which employs a perturbative
treatment of triples, become one of the most popular highly accurate methods in
current use. Incidentally, UCC- based methods generally appear far less susceptible
to severe spin contamination than the MPn approaches.143
The less expensive Quadratic CI (QCI) methods145 are also in widespread
contemporary use. Also developed as a means of circumventing the size-consistency
problem, QCI methods introduce non-linear terms to CI equations and may be thought
of as intermediate between CI and CC methods. QCISD, for example, uses T1, T2,

T1T2, and

1 2
T1 terms.
2

Perturbative treatment of triples leads to the QCISD(T)

approach, another highly accurate approach, and also used in this work; energies are
typically very similar to CCSD(T) calculations with the same basis set, although this
has been observed to fail dramatically on occasion.146
2.2.5 – Capturing Electron Correlation III: Density Functional Theory, DFT

The most extensively employed correlation method in this work is based on an
entirely different principle from the HF-based methods discussed so far.

DFT

approaches start from the one-particle electron density ρ, instead of the wave function
Ψ, in deriving the electronic properties of molecules.

Such methods ostensibly

provide little advantage; however, extracting energy from ρ requires consideration of
only three spatial co-ordinates, not the 3N co-ordinates (excluding spin) required for
an ab initio calculation on an N-electron system.
While early approaches such as the Thomas-Fermi approach, treating metals
as homogeneous electron gases,147,148 had some success, modern DFT (as
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implemented in contemporary quantum chemistry) did not truly start to come into its
own until 1964 when Hohenberg and Kohn proved that ρ could be used as an
alternative descriptor for the ground state properties of a molecular system.149 The
two authors, in fact, went further and proved a ρ-based analogue of the variational
principle:

EνHK [ρ ] ≥ EνHK [ρ 0 ] = E 0

(2.27)

with EνHK [ρ ] an energy functional extracting energy from ρ; ρ0 is the ideal ground
state one-particle electron density.
Unfortunately, although existence of an energy functional was proved, no
insight into its form could be offered. A practical solution of the DFT problem
independent of the exact functional was offered by Kohn and Sham,150 in a method
widely implemented today. Solutions are obtained by assuming the existence of a
system of fictitious non-interacting electrons with the same density as the true ground
state, and deriving the potential that these non-interacting electrons must move in.
This derivation is outlined in the appendix (Chapter A2.4); this leads to the KohnSham equations
N )
δE XC
⎧ −1 2
⎫
⎨ ∇ + v + vcoul + v XC ⎬φi = ε iφi ; vcoul = ∑ J (r ), v XC =
δρ (r )
⎩2
⎭
j =1

(2.28)

with v, vcoul, and vXC the nuclear, Coulomb, and exchange potentials respectively.
Parallels between equation (2.28) with (2.12) are clear; solutions are obtained in an
analogous fashion to the Hartree-Fock equations. An initial guess of ρ allows for an
evaluation of vcoul and vXC; equation (2.28) is then solved for a new set of orbitals, and
hence ρ, and this iterative process repeats until self-consistency is reached. The
derivation of the Kohn-Sham equations is well-detailed in a number of works such as
Car151 and Piela.152

EXC must still be addressed, and is a quantity of vital importance. The earliest
modern DFT approaches invoke the Local (Spin) Density Approximation, L(S)DA.
Functionals are assumed a function only of the local density; the density in an
infinitesimal volume is assumed homogeneous, and the energy dependent only on the
density at that point. This is then summed over the entire molecule.
LDA
E XC
= ∫ ρ (r )ε XC (ρ (r ))dr = ∫ ρ (r )[ε X (ρ (r )) + ε C (ρ (r ))]dr

(2.29)
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EXC is typically broken into its exchange and correlation components, εx and εC
respectively. Early models, especially of metals employing a homogeneous electron
gas concept, ensured that explicit expressions for estimates of εx and εC had already
been derived.147,148,153 From the outset, LDA methods were predicted to perform
poorly for all molecular systems but those with slowly varying densities. These
methods performed surprisingly well in many applications, however, tendencies to
significantly overestimate atomisation energies of atoms and molecules highlighted
the inadequacies inherent in LDA approaches.151
Generalised Gradient Approximations, GGA, offered the next step forward in
chemically accurate DFT approaches. A semi-local approximation is afforded by
including terms pertaining to the local density gradient, ∇ρ (r ) , in εXC:
GGA
E XC
= ∫ ρ (r )[ε X (ρ (r ), ∇ρ (r )) + ε C (ρ (r ), ∇ρ (r ))]dr

(2.30)

GGA-based methods, such as the PBE154 and PW91155 functionals are successful
applications of these approximations, and typically provide superior results to LDAbased models.
Both LDA and GGA approximations are inherent in the highly successful and
currently extremely popular Becke-three point parameter-Lee-Yang-Parr functional,
B3LYP.156,157 This functional belongs to the hierarchy of hybrid approaches as the
B3LYP functional is derived as the semi-empirical fit of several LDA and GGAbased methods:

(

)

B 3 LYP
LSDA
E XC
= E XC
+ 0.20 E XHF − E XLSDA + 0.72 E XB 88 + 0.81E CLYP + 0.19 E CVWN

(2.31)

The numerical terms are the fitted parameters; E XHF is the exact exchange energy
term, as derived in Hartree-Fock theory; E XB88 is the exchange term of the GGA-based
B88 functional;158 E CLYP and E CVWN are the correlation terms from the GGA-based
Lee-Yang-Parr, LYP,157 and LSDA-based Vosko-Wilk-Nusair, VWN,159 functionals
respectively.

The B3LYP functional provides very good geometries, vibrational

frequencies, and energies, and has been used extensively throughout this work.
However, the parametisation employed may, in some extreme cases, lead to unreliable
energies in some structures.
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2.2.6 – Basis Sets

While the MO expansion in the LCAO-MO framework has been addressed
(Chapter 2.2.2), the exact form of the atomic orbitals is yet to be specified. Analytical
forms are known only for the hydrogen atom, which take the form:

ψ nlm = Rnl (r )Ylm (θ , φ )

(2.32)

While the spherical harmonics, Ylm (θ , φ ) , are used in non-hydrogenic orbitals, the
radial functions are approximated.

This was originally achieved by employing

exponential functions modified by screening factors. These are known as the SlaterType Orbitals (STOs).

RnlSTO (r ) = (2ξ )

n+ 1

2

1

(2n)!

r n −1e −ξr

(2.33)

However, these functions, while reproducing physically sensible properties such as a
cusp at r = 0, were disfavoured as assessment of two-electron integrals in particular, is
quite computationally demanding.
The adopted alternative in wide-spread current use are Boys’ Gaussian-Type
Orbitals, GTOs. The radial functions take the form
g (r ) = x a y b z c e −αr

2

(2.34)

and allow for a far less expensive treatment of two-electron integrals as the product of
two Gaussian functions is another Gaussian. Unfortunately, the r = 0 cusp is no
longer described requiring linear combinations of GTOs to describe a single STO.
Despite this, GTO-based basis sets are some of the most popular in contemporary
quantum chemistry, and are the exclusive choice of basis set in this work.
Within the GTO hierarchy are an abundance of increasingly large sets which,
although increasing computational expense, lead to greater flexibility in solution and
usually better results. The least expensive sets are the minimal basis, STO-nG,
employing n-GTOs to represent a given STO, μ, i.e.
R μSTO (r ) ≈ ∑ d i , μ g i (α i , μ )
n

(2.35)

i =1

with parameters di,μ and αi,μ optimised prior to calculation, and remain unvaried. The
minimal basis set employs a single STO per electron, with only enough virtual
orbitals to complete the valence shell. The STO-3G set represents the minimum
number of GTOs required to represent each STO adequately.
40 |

Chapter 2 – Experimental Techniques and Computational Methodology

Greater flexibility may be attained by increasing the number of STOs, as in the
double-zeta approach. These employ two STOs per electron, with one slightly more
contracted, and one more diffuse, orbital than the STOs from the minimal basis set.
The added computational expense is typically mitigated with the popular split-valence
approach; here only valence electrons employ a double-zeta basis, while core
electrons are expressed in the minimal basis. Nomenclature is exemplified in the
popular 6-31G basis; six Gaussian functions represent a single STO for each core
electron, while valence electrons are described by three Gaussians for a contracted
STO, and a single Gaussian for a diffuse STO in the double-zeta framework.
While higher (triple, quadruple…)-zeta functions may be used, they do not
necessarily provide sufficient increased accuracy to justify the expense incurred. For
example, anisotropic charge distributions resulting when spherical atoms are placed
into molecular systems are not well-described by such basis sets.
polarisation functions, however, may rectify such deficiencies.

Inclusion of

These methods

involve the addition of an orbital of one unit higher in angular moment than already
present in the valence shell (for example, d-orbitals added to carbon with only s and

p-orbitals). An asterisk denotes polarisation functions on heavy (i.e. non-hydrogen)
atoms (for example, 6-31G*), with a second asterisk indicating p-orbitals are added to
hydrogen as well (6-31G**, for example). A more unwieldy but flexible alternative
notation is often used, where the types of added functions are noted explicitly. In this
notation, 6-31G(d) is synonymous with 6-31G*.

This notation is much more

amenable to more specific basis sets, exemplified by the 6-31G(2df,2p) set for
instance, where two sets of d, and one set of f-orbitals are added to all heavy atoms,
and two sets of p-orbitals added to hydrogen, in a 6-31G basis set.
Diffuse functions, (+), are also commonly employed throughout this work.
Used to describe atoms with electron density far from the nuclear centre, such as lone
pairs and anions, highly diffuse Gaussian orbitals are added to heavy atoms, e.g.
6-31+G, or both heavy atoms and hydrogen, e.g. 6-31++G.
Finally, it is noted that various combinations of split-valence, polarisation and
diffuse functions may be employed.

Increasingly large basis sets increase

computational expense, and certain contributions may not necessarily lead to
increased accuracy.

As such, basis sets must be chosen with care.

Finally,

computational restrictions mean finite basis sets are necessarily employed, despite the
necessity for infinite basis sets to ensure all expansions are complete. Thus, all
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quantum chemical methods suffer from basis set truncation errors; compound
methods like G2MS, outlined in Chapter 5.2.2, try to reduce such errors.
2.2.7 – The PES: Geometry Optimisation and Vibrational Modes

The separability of nuclear and electronic motions within the BornOppenheimer approximation [see equation (2.6)] leads to an important conceptual
tool, the potential energy (hyper)surface, PES, in which the potential energy of an Natom system is considered a parametric function of 3N-6 internal coordinates, qi.
Stable molecules, including reactive intermediates, are thought of as minima on the
PES; typically, the deeper the minimum the greater the stability. Similarly, the
transition state is represented by a minimum along all but one coordinate, qi, for
which it is a maximum (a saddle point). A representative PES is given in Figure 2.10
for a generic reaction in which a reactant passes through transition state A to form a
reactive intermediate, which rearranges to the product (which happens to be the global
minimum) via transition state B.
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Figure 2.10: Pertinent features of a PES linking chemical concepts to molecular geometry

Development of a mathematical procedure for optimisation and transition state
searches is more easily understandable in a second, more common representation of
the PES, where the course of a multi-step reaction is thought of as proceeding along a
single intrinsic reaction coordinate, IRC. The IRC representation of the reaction
portrayed in Figure 2.10 is shown in Figure 2.11 and demonstrates the determination
of energy barriers and reaction thermodynamics. Elementary calculus instructs that
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the first derivative of a function is zero at a stationary point; second derivatives allow
distinction between maxima and minima, being less than or greater than zero
respectively when evaluated at the stationary point, qi,0. Magnitude and signs of first
derivatives can also give crucial information in designing optimisation algorithms.
For example, the slope at qi,a in Figure 2.11 indicates one must move to the right,
while the steeper slope at qi,b suggests the structure is further from the minimum than
at qi,a. Further, the importance of initial geometry is exemplified in this figure; for
example, an initial geometry at qi,c will lead to location of the intermediate and not the
reactant.
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-0.5

0

Product

0.5
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Figure 2.11: Pertinent features of the IRC-based representation of the PES

Many optimisation algorithms exploit the first derivatives of energy with
respect to the position of the nuclei; this term, in fact, corresponds to the force
experienced by the kth nucleus:
F k ,α = −

∂
[E e + E N ]; α = x , y , z
∂R k ,α

(2.36)

EN, the nuclear-nuclear energy, is defined as in equation (2.5), and an analytical
expression is obtainable; the gradient with respect to the electronic energy Ee is more
complicated.

If the exact solution of the Hamiltonian is known, the Hellman-

Feynman theorem160,161 is applicable; however, approximate methods such as the HFor Kohn-Sham equations, where Ψ ≈ Ψe require additional Pulay forces to yield
accurate energy gradients:162
∂E e
∂Ψ e
∂Ψ e
∂H
Ψe +
= Ψe
H Ψe +
H Ψe *
∂R k,α
∂R k,α
∂R k,α
∂R k,α

(2.37)
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This allows for analytical evaluation of forces in ab initio SCF calculations,163
presenting a major turning point in the feasibility of geometry optimisation.
Evaluation of analytically-derived forces takes roughly as long as a single SCF
calculation, while the alternative numerical techniques are far less accurate and
significantly more expensive. Gradients in HF, MP2, and DFT methods are all able to
be evaluated analytically, making these the methods of choice for geometry
optimisation in this work.
During a geometry optimisation, an initial geometry is guessed, and the energy
evaluated by some method (HF, MP2, CCSD, DFT, etc). Forces are computed, and a
particular algorithm (beyond the scope of this work) chooses a new set of nuclear
coordinates which provide a lower energy. This process is continued until successive
iterations yield the same energy (within some set tolerance).
Inclusion of second derivatives can also play a vital role; although much more
time consuming to compute, they may reduce the number of iterations required to find
the minimum. They are also indispensable in transition state searches, defining zeropoint energy (ZPE) correction terms, and computing vibrational modes and
frequencies. It is instructive to introduce the Hessian, H, a square matrix whose terms
are second derivatives of energy with respect to a set of relevant spatial co-ordinates.
The Hessian may distinguish minima and saddle points; once diagonalised and
evaluated, strictly positive terms indicate minima, while inclusion of a single negative
term indicates a saddle point.
Vibrational frequencies are typically found by first expressing the PES around
the equilibrium geometry Xe as a Taylor expansion terminated at the second
derivative terms (the harmonic approximation):

( )

E (X ) ≈ E X e +

1
2k

m

∑

1 , k 2 =1

∑
α α

(

)(

)

Hα 1α 2 R k ,α1 − R ek , a1 R k ,α 2 − R ek , a 2 ; Hα1α 2 =

1 , 2 = x, y , z

First derivative terms vanish at the minimum.

( )

∂ 2 E Xe
∂R k ,α1 ∂R k ,α 2

(2.38)

Weighting H by mass gives F

(F = M-0.5H M-0.5, with M a 3N×3N matrix of atomic masses); the equation
│F-λI│ = 0 is solved by matrix diagonalisation techniques. Six of the 3N solutions
(translation and rotation) are projected out; the remaining vibrational modes are:

νi =

1
2π

λi ; λi =

ki

μ

(2.39)
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The diagonalised Hessian is, in fact, a matrix of force constants; μ is the reduced
mass. The basis corresponding to the eigenvalues of F are linear combinations of
nuclear coordinates, and represent the normal mode vectors.
Finally, the importance of vibrational frequency calculations can be
appreciated. First, vibrational modes depend on

λ i ; the relationship between λi and

the elements of the diagonalised Hessian indicate that a true stable minimum contains
only real vibrational modes; a transition state has a single imaginary frequency.
Vibrational modes can be inspected; for transition states this is vital, as the imaginary
vibration should correspond to what chemical intuition tells the researcher the
modelled reaction looks like. Finally, as exemplified by the product in Figure 2.11,
ground state molecules contain ZPE; accurate energies require this term be added to
the final energy obtained.

Typically, ZPEs are subjected to empirically-derived

scaling factors to mitigate errors from the harmonic approximation. Good reviews of
geometry optimisation and vibrational modes are offered in references Levine,164
Leach,165 and Springborg.166
2.2.8 – Transition State Theory, TST

In theoretical models, reaction rates dictate the importance of competing
channels. Pertinent rate parameters for uni- and bimolecular reactions are:
runi = Auni

− Eauni
e RT

[ ];
R1uni

rbi = Abi

− Eabi
e RT

[R ][R ]
bi
1

bi
2

(2.40)

The [R] terms represent concentrations, and r is the reaction rate. Ea terms are
typically dominant, and energy barriers from studies of PESs are generally a good
approximation for this term (despite ignoring factors such as tunnelling which are
accounted for by Ea). Thus comparison of energy barriers for competing channels is
generally assumed qualitatively adequate for describing the relative contribution of
these channels. These simplifications are typically very good, and widely employed
in this work. However, while Auni terms rarely differ by more than an order of
magnitude (and similarly between Abi terms) Auni/Abi is around 104 mol L-1, and thus
comparison between uni- and bimolecular reactions by inspection of energy barriers
alone may be a very crude approximation. Further, as we treat case-by-case in this
work, the concentration dependences can greatly complicate comparisons between
various bimolecular processes.
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To proceed in such cases reaction rates need to be computed and product
yields modelled. First, one must derive a theoretical estimate of the rate constant.
(Conventional) Transition State Theory, (C)TST, provides suitable accuracy for our
purposes, allowing k to be derived using parameters obtainable from quantum
chemical calculations. CTST considers the transition state as an activated complex,
C, in equilibrium with the reactants; as equilibrium constants are expressible in terms
of partition functions, one may derive (for bimolecular reaction)113

k TST (T ) =

⎧ − φ ⎫
κR 2 T 2 ⎪ q C ⎪
hp

⎨ φ φ ⎬e
⎪⎩ q A q B ⎪⎭
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2
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with an analogous expression for unimolecular processes. qiφ represents the standard
molar partition function of the ith species with q the partition function of the transition
state and κ the transmission coefficient, a term representing the fraction of activated
species that proceed on to products, and seldom deviates much from unity. We have
estimated the transmission factor with the Wigner correction167 for tunnelling through
the barrier where ω‡ represents the (imaginary) vibrational frequency corresponding
to the reaction coordinate. Partition functions are products of translation, rotational,
vibrational, and electronic contributions:
q iT =

RT ( 2πm i kT ) 3

(2.42)
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Regarding equation (2.43), A, B, and C are rotational constants, σ is the symmetry
number, and the rigid-rotor approximation is invoked in its derivation; k in
equation (2.44) represent the normal modes, and was derived in the harmonic
oscillator approximation (the imaginary frequency is projected out of the transition
state partition function); gj in equation (2.45) represent the degeneracy of electronic
states, and g0 the ground state degeneracy.

Partition functions have also been
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weighted by the number of optical isomers, m, as symmetry number alone does not
fully account for reaction path degeneracy168,169. Rate constants are fitted to the nonArrhenius expression, k (T ) = AT n exp(− E a RT ) , with A and n derived from plots of
log[k(T)] vs. log(T).
2.2.9 – Computational Software

All geometry optimisations, transition state searches, and most MP2 or DFT
SPE calculations with small basis sets, e.g. 6-31+G*, have been performed with the
Spartan’ 06 suite.170 Higher-level SPE calculations are more readily handled with the
Gaussian 03 software;171 these include all CCSD(T) and QCISD(T) calculations, and
the MP2/6-311+G(2df,2p) calculations necessary for G2MS results.

All kinetic

modelling is performed with the Kintecus software exclusively,172,173 which
constructs, then solves, the differential equations required to determine concentrations
of pertinent species as a function of time, subject to particular initial constraints.

47 |

Chapter 3.
The Initial Stages of Dichloromethane Pyrolysis: C2
and C3 Product Formation
A full treatment of the mechanism of formation of fullerenes and their precursors
necessarily starts from single carbon atom reagents; dichloromethane (DCM) has
been selected in our studies.

This chapter considers initial stages of DCM

decomposition, first examining the formation of C1 radicals, then showing the
importance of their subsequent recombination. The negligible contribution of odd‐
carbon intermediates and C3 in particular, in molecular growth is also justified.

3.1 – Literature Review of the Initial Degradation Steps of DCM

Typical of a number of chlorinated reagents, the decomposition of
dichloromethane leads to the production of a variety of highly reactive intermediates,
recombinations of which lead to the growth products observed. Both degradation and
growth are intriguing processes, worthy of individual consideration. We explore first
the initiation steps of DCM degradation, namely Cl loss, H abstraction, and
unimolecular HCl elimination, before turning to their bimolecular addition products.
3.1.1 –

Review of the Formation of Reactive C1 Species from DCM

Homolytic C-X and C-H bond cleavages in halogenated hydrocarbons are
generally considered as particularly important in initiating decomposition;174
subsequent radical chain reactions involving substituent abstraction by liberated
atoms are also widely recognised as very influential on degradation mechanisms.
MP2/6-31+G(d,p) calculations give the following DCM decomposition energies:175
CH2Cl2 → CHCl2 + H; ΔE = 408 kJ mol-1

(3.a)

CH2Cl2 → CH2Cl + Cl; ΔE = 338 kJ mol-1

(3.b)

The relative inaccessibility of C-H cleavage in DCM is widely acknowledged.176,177
Another typically quoted mechanism is the unimolecular HCl elimination process:
CH2Cl2 → CHCl + HCl; ΔE = 359 kJ mol-1 (Wu et al.)178

(3.c)

There is still much debate in regard to whether reaction (3.b) or (3.c) dominates in
typical high temperature experiments. Kinetic studies of Wu and Won,178 employing
kinetic parameters derived by Wang et al.,179 suggest both energy barriers and preexponential factors favour HCl elimination in DCM; Lim and Michael also advocate
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HCl elimination over C-Cl cleavage.180 While there is certainly evidence to the
contrary,176,181,182 it must be conceded that all estimates suggest very similar rates for
each process.
The efficacy of Cl-carried radical chain reaction involving H-abstraction in
describing DCM thermal degradation has also received a great deal of support:
CH2Cl2 + Cl → CHCl2 + HCl

(3.d)

Such reactions have low barriers, of around 10 – 20 kJ mol-1;176 however, as they are
bimolecular processes, they have far lower pre-exponential factors. The interplay
between energy barriers, pre-exponential factors, and [Cl] when comparing these
routes makes assessing dominance very difficult. The absence of clear consensus
regarding dominance suggests that Cl-loss CH2Cl and H-abstraction CHCl2 radicals,
as well as CHCl carbenes from unimolecular HCl elimination processes, are all
probably of importance during DCM pyrolysis.
3.1.2 –

Review of the Formation of the Initial Products During DCM Degradation

Frenklach et al.183 have proposed that primary product formation in DCM
degradation proceeds with the production of chlorinated ethanes via recombinations
of CH2Cl and CHCl2 radicals, which decay rapidly to form chlorinated ethenes.
Kinetics compiled by Wu and Won imply that all recombination reactions of CH2Cl,
CHCl2 and CHCl proceed at similar rates and also indicate that, especially at elevated
temperatures, ethanes are not formed, favouring instead ethyl radicals and ethylenes
via Cl and HCl losses, respectively.178 These HCl eliminations are relatively facile;
Table 3.1 provides estimates of activation energies of α,β-HCl elimination for the
following pertinent reactions,

(3.e)

(3.f)

(3.g)

(3.h)
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Table 3.1: Activation energies of α,β-HCl elimination processes (3.e) - (3.h)

Reaction

ΔE‡/ kJ mol-1

Reference

Reaction

ΔE‡/ kJ mol-1

Reference

(3.e)

196.65

181,184

(3.g)

248.9

181,185

223.84

176,186

246.0

176,187

240.6

178,188

265.1

178,188

244.76

181,185

182.4

176,189

238.91

176,187

240.2

178,190

250

178,188

(3.f)

(3.h)

The activation energies listed in Table 3.1 are relatively low, especially upon
comparison to the values typically associated with reactions (3.b) and (3.c). As such,
decomposition of any chloroethanes is expected to be reasonably fast, as the
temperatures required to initiate reaction of DCM will be appreciably higher than
those required to initiate these HCl eliminations. Indeed, this is compounded by the
fact that the ethanes, formed in collisional reactions between methyl and/or carbene
intermediates, will be chemically activated. As anticipated, chloroethanes are not
typically observed in appreciable yields during DCM pyrolyses, if at all, while di- and
trichlorethylenes appear abundant.176,183,191
3.2 – Previous IR LPHP Studies of DCM

DCM has, prior to the current work, received a great deal of attention in our
group;

88,174

here we review IR spectroscopic-based experiments into the initial steps

of decomposition, including supplementary work with the use of trapping agents
(such as D2), and the conclusions that have been drawn.
3.2.1 – Review of Initial Products Formed During Neat DCM Pyrolyses Initiated by
IR LPHP

The molar concentrations of products in a typical time-resolved 10 Torr DCM
pyrolysis experiment are given in Figure 3.1; molar concentrations are derived as
described in Chapter 2.1.12, with the exception of dichloroethylene.

The only

unobscured feature observed is the strong cis-DCE ν12 C-H bend, of B2 symmetry,122
observed at 697 cm-1. B3LYP predicts a mode of this symmetry at 711.94 cm-1 with
an intensity of 57 km mol-1, in good agreement with experiment. No features of the
trans-isomer were discernable, and as such, the concentrations of C2H2Cl2 are
probably underestimated by about half; this estimate neglects the contribution of 1,1DCE, which, as we justify later, forms less abundantly than cis- or trans-DCE.
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Figure 3.1: Concentrations of IR detectable products in a typical DCM pyrolysis

The twofold underestimate of DCE yields, a consequence of measuring only a
single 1,2-DCE isomer, in Figure 3.1 leads to the conclusion that DCE probably forms
in similar, but still somewhat lower yields than TCE. Temporal resolution gives
further mechanistic clues; in particular, it is notable that decreases in DCM are
concomitant with rises in the yields of these ethylenes. The implication is clear;
ethylenes are the primary (stable) products of DCM degradation, presumably formed
by recombination of reactive products of reactions (3.b) to (3.d).
In contrast to this, acetylenic congeners reach their maxima much later in
these experiments; in fact, there appears to be little to no production of either
acetylene during the first ~200 s of the reaction considered in Figure 3.1, by which
point ~30 % of the DCM has already decomposed. The most reasonable explanation
is the production of acetylenes from the ethylenes, that is, there appears to be no
direct route from DCM to the acetylenes; hence, they appear as a secondary product.
The mechanisms of these processes are discussed in much greater detail in Chapter 4.
The mechanism of DCM pyrolysis is succinctly summarised in Figure 3.2.
Chlorinated methyl radicals and carbenes from DCM recombine to form chlorinated
ethanes, ethyl radicals, and (in carbene dimerisation) ethylenes.

Collisionally

activated chloroethane congeners readily eliminate HCl to yield ethylenes and are
thus undetected. The much more stable ethylenes accumulate and slowly decompose
via HCl elimination to acetylenic products.
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Figure 3.2: Dominant initial reactions during DCM pyrolysis

3.2.2 – Radical Trapping in DCM Pyrolyses With Deuterium

Although the importance of deuterium is discussed in much greater detail in
Chapter 4.4.3, it is sufficient for the current review to note that D2 (or D atoms)
effectively react with methyl radicals by D atom addition, leading to a deuterated
methane. We have performed the analogous experiment of reacting CD2Cl2 with H2.
Due to its considerably higher thermal conductivity, H2 greatly perturbs the
temperature gradient necessary to produce the high temperatures that can be obtained
in IR LPHP experiments, and thus the pressures of H2 that are practical are limited to
about 3 Torr. The results of such experiments, utilising 10 Torr of d2-DCM and
3 Torr of H2 in 10 s long pyrolyses at aperture 5 are shown in Figure 3.3 below.
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Figure 3.3: IR Spectrum of the CD2Cl2 + H2 System, Post-pyrolysis (CD2Cl2▲, CDHCl2◊, C2DCl3∆,
C2D2Cl2□, C2H2●, C2DH○, C2D2*)

Amongst the fully deuterated products is a small quantity of d1-DCM; this is
the sole observable partially deuterated methane, and therefore it is concluded that
CHCl2 must be present in the most abundant quantities of any of the reactive species.
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CDCl2 + H2 → CDHCl2 + H or CDCl2 + H → CDHCl2

(3.i)

This supports the mechanism proposed in Figure 3.2, advocating growth via
radical/carbene additions. Additionally, high yields of CHCl2 readily explains the
abundance of TCE in DCM pyrolyses, as only one route plausibly leads to this
product; contrast this with the statistically more likely formation of DCE, for which
there appears to be three distinct routes.
3.3 – Further IR LPHP Studies of DCM

IR spectroscopic investigations, while providing relatively unambiguous
product identification, are not particularly sensitive. The current work begins with
GC-MS investigations to examine all DCM pyrolysis products in greater detail.
Analogous experiments are employed to examine the next steps of growth in these
systems; with methyl radical recombination leading to C2 products well understood,
co-pyrolyses of DCM with both DCE and TCE explores the role of C1 + C2 in the
production of C3 units.
3.3.1 – GCMS Investigations of the Products of DCM Pyrolysis

20 Torr of DCM has been pyrolysed in a number of 8 s exposures at
aperture 3.

Details of GC-MS analyses are given in Chapter 2.1.13; all

chromatographic runs of volatiles in Chapters 3 and 4 are analysed on an HP5-MS
column, and employ an initial temperature of 35 °C, (held for 1 min), which is
ramped at 25 °C min-1 to a final temperature of 300 °C, and held for a further 2 min,
giving a total run time of 13.6 min. Injections are performed in splitless mode. The
carrier gas, helium, has a total flow rate of 15 mL min-1.

Products of 3 × 8 s

exposures are shown in Figure 3.4, along with the pre-pyrolysis blank. While high
pressures (chosen such that very low concentration products might be observable)
result in large, asymmetric peaks for a number of major products and make area-based
estimates of concentration unreliable, DCE and TCE are clearly observed to form in
high yields (they are also contaminants of DCM, TCE in particular). Isomers of DCE
are unambiguously identified in Chapter 4.2.1 examining the pyrolysis of samples of
pure trans-DCE, and in conjunction with IR results. Lower, but non-negligible yields
of 1,1-DCE justifies the mechanisms of Figure 3.2; the energies in Table 3.1 justify
that HCl elimination to 1,1-DCE [reaction (3.g)] is slightly higher than reaction (3.f),
leading predominantly to 1,2-DCE products. Also in accordance with this mechanism
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Figure 3.4: Chromatogram of DCM pyrolysis products (20 Torr DCM, aperture 3, 3 × 8 s exposures)
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is the appearance of low concentrations of tetrachloroethane, an expected
intermediate; however, as it is also present in low quantities in the blank, it is difficult
to quantify how much, if any, has been produced in situ.
Most products have been observed during IR spectroscopic investigations, but
a number of previously undetected trace products are now revealed. Notably, we
observe diacetylene, a number of monchloro- and dichlorovinylacetylene isomers,
along with benzene and chlorobenzene. Conspicuously absent are any C3 products;
this unexpected result in particular is the motivation behind co-pyrolysis with
chloroethylenes, ostensibly a favourable medium for the production of significant
yields of such species.
3.3.2 – GCMS Investigations of DCM/transDCE Copyrolyses

20 Torr each of DCM and DCE have been pyrolysed in experiments analogous
to those described in Chapter 3.3.1; all chromatographic parameters employed in the
current experiments are identical to those utilised in Chapter 3.3.1 also. Products
formed are similar to the neat-DCM system; see Figure 3.5. Ethylenes are produced
abundantly, probably influenced by the large degree of doping by DCE. TCE forms
in high yields, as it does during DCM-only pyrolyses, but is now present in lesser
quantities than cis-DCE. Relative to SF6, a convenient internal standard as it is added
in the same quantities in each experiment and is unreactive, 1,1-DCE yields appear
mostly unchanged from the DCM-only pyrolyses.
C4 products are again formed; the C4H3Cl isomers observed in DCM pyrolysis
are no longer present, while C4H2Cl2 isomer yields have increased. As we will show
in Chapters 4 and 5, these products are the result of 2C2 additions, and form
regardless of the presence of DCM. Again, the absence of C3 products is very
notable, especially as one would anticipate that near-equimolar C1 + C2 precursor
conditions would be ideal for the production of such products.
Finally, formation of both benzene and chlorobenzene is suppressed upon
addition of DCE. This would appear to suggest a dependence of aromatic formation
on C3 species, which are also unobserved; however, trace amounts of more highly
chlorinated benzenes are observed at later times. Their involatility makes vapour
phase measurements impractical for such compounds, and Chapter 6 shows that
aromatic compounds do form abundantly in the absence of DCM.
55 |

Chapter 3 – The Initial Stages of Dichloromethane Pyrolysis: C2 and C3 Product Formation

8.0E+07

Pre-pyrolysis
2 x 8 s pyrolysis
cis-DCE
1,1-DCE
TCE

Abundance

C2HCl

C4H2Cl2

C4H2

SF6

DCM

C2Cl4

trans-DCE

0.0E+00
1.1

Time/ min

2.6

4.1

Figure 3.5: Chromatogram of DCM/trans-DCE co-pyrolysis products (20 Torr each of DCM and DCE, aperture 3, 2 × 8 s exposures)
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3.3.3 – GCMS Investigations of DCM/TCE Copyrolyses

20 Torr each of DCM and TCE have also been co-pyrolysed and analysed with
the same chromatographic conditions as outlined in Chapter 3.3.1. The results of
chromatographic separation of volatile products formed are given in Figure 3.6.
C2Cl2, not seen in previous pyrolyses, appears very abundant; it seems logical
to assume, and is indeed confirmed in Chapter 4, that this is in fact a product of TCE.
Tetrachloroethylene also forms in high yields, and its formation (although in much
lower quantities) in DCE co-pyrolyses indicates that this is also formed in some
reaction requiring ethylenes. Again, Chapter 4 indicates that this forms irrespective of
the addition of methanes.

Highly chlorinated methanes, chloroform and carbon

tetrachloride, are now present in higher yields than previously observed; comparison
with later results of TCE-only pyrolyses, shows CHCl3 and CCl4 are both unobserved,
indicating that these products do require DCM for their formation.
In the inset in Figure 3.6 we see the formation of higher molecular weight
semi-volatiles. Perchlorovinylacetylene and hexachlorobutadiene form abundantly;
however, the only C3 compound we observe, C3Cl4, has far lower peak areas, despite
being appreciably lighter and hence more volatile than either C4 product. Again,
Chapter 4.2.2 indicates the C4 products form readily in the absence of DCM, while
C3Cl4 is absent in TCE-only pyrolyses, and thus this C3 compound indeed requires a
C1 precursor to form, as expected. However, low yields argue that, even in conditions
one would expect are optimal in C3 formation, such compounds do not form readily in
chlorinated systems. Again, there is a notable absence of aromatic products, but as in
the DCM/DCE system, this is due to the involatility of the congeners produced here,
with Chapter 6 showing benzenes form abundantly in TCE-only systems.
3.4 – Conclusions Drawn From DCM Pyrolyses and the Direction of this
Work

The identity of ethylene congeners formed during DCM pyrolysis, and the
results of isotopic trapping experiments clearly support the mechanism of DCM
degradation proposed in the literature.

Cl loss and HCl elimination lead to

chloromethyl radicals and chlorocarbenes respectively, while the liberated chlorine
abstracts hydrogen from DCM to form dichloromethyl radicals. These three reactive
intermediates readily recombine to form a variety of ethane or ethyl species; HCl
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Figure 3.6: Chromatogram of DCM/TCE co-pyrolysis products (20 Torr each of DCM and TCE, aperture 3, 2 × 8 s exposures)
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elimination in the former, or Cl loss in the latter lead to chlorinated ethylenes, in
particular DCE and TCE, as the primary stable products.
While far more stable than the chloroethanes, which are not observable even
by GC-MS, the ethylenes do eventually undergo decomposition via processes
independent of DCM. This is indicated by the formation of acetylenes, concomitant
with ethylene decomposition, even after DCM has decomposed (Figure 3.1) and on
the anticipation of results from the following chapter showing acetylenes are the
natural degradation products of ethylenes.
GC-MS investigations show that C4 products also form in relatively low yields
during DCM pyrolysis; addition of DCE or TCE to this system does not inhibit
formation, but does change the major congener formed. Again, discussion is left to
Chapters 4 and 5, but these compounds will be shown to be the result of association of
C2 products. Similarly, as Chapter 6 shows, aromatic compounds also form with or
without DCM present; thus, the results of the current chapter and Chapter 6 clearly
indicate that C1 moieties are not indispensable in aromatic, or indeed PAH, formation.
C3 moieties, on the other hand, appear to require C1 species to form, as they
are only observed during DCM/TCE co-pyrolyses (while absent in TCE-only
experiments – Chapter 4.2.2). This seems entirely reasonable in C1 and C2 mixed
systems; however, the results of Chapter 3.3.3 indicate that, even when formed in
their most abundant yields, C3 products appear as trace products at best. During
DCM/chloroethylene co-pyrolyses, however, we instead observe production of more
highly chlorinated methane congeners. This suggests that, in chlorinated systems, C3
formation (probably the result of chlorinated methyl radicals adding to ethylene or
acetylene congeners) is much less likely than a competitive pathway whereby Cl is
abstracted from the ethylene to form a methane congener and a vinyl radical.
Absences of chlorinated C3 products in most chloromethane degradation systems are
notable elsewhere, too.176,192 Addition reactions with methyl radicals to C2H4 is
dominant over H-abstraction;193-195 indeed, the reaction of CH3Cl with C2H4, similar
to our own studies, has been shown to yield C3H4 in similar abundances to C4H4 and
C4H2.196 On the other hand, the consideration of abstraction reactions exclusively in
more highly chlorinated analogues is typically sufficient for modelling.197,198
These results are instrumental in directing further study into PAH growth.
Benzene is widely recognised as indispensable in the formation of PAHs, and
consequently fullerenes, in pyrolytic systems.

The apparent suppression of C3
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moieties in chlorinated systems gives a clear indication that one of the predominant
routes in the current literature concerning benzene formation, the dimerisation of
C3H3 radicals,199 is of little relevance with chlorinated precursors. Consequently, C2
pyrolytic systems, and any systems doped with C2 moieties, should provide much
more insightful results into the formation of the high molecular weight products of
interest in this work. Thus, we have observed that 2C1 fragments lead to ethylenes,
but C1 + C2 does not readily lead to a recombination product. In the interest of
rationally building up a picture of PAH and fullerene growth, the decomposition of diand trichloroethylene to acetylenes and their role in the 2C2 → C4 reaction is the most
logical system to study further.
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Chapter 4.
Thermal Decomposition and Recombination of
Chlorinated C2 Hydrocarbons
Historically, addition of acetylene units to C4 compounds was considered of
paramount importance in the production of the first aromatic rings, particular prior
to the consideration of C3 routes. Chapter 3, however, suggests C3‐based routes are
unlikely to dominate chlorinated systems. A deeper understanding of processes
yielding C4 species is therefore crucial. This chapter explores experimental results
pertaining to the production of pertinent C4 species, buten‐3‐yne (C4H4‐xClx) and
butadiyne (C4H2‐xClx) congeners. Discussion at the close of this chapter argues that,
while some observations are consistent with established radical‐based analogues of
C4‐hydrocarbon production, only a set of novel molecular routes (developed in full
in Chapter 5) appear capable of explaining all observed phenomena.

4.1 – Previous Work on C2 Decomposition and C4 Formation

Only a small body of work exists concerning chlorinated C4 formation; the
work that is available tends to rely on hydrogen-only systems as a prototype.
Therefore, studies into C2 hydrocarbon systems and their role in the formation of C4
species will necessarily form an integral part of this chapter, and a foundation for
extension to chlorinated systems.
4.1.1 –

Review of the Decomposition of (Non)Chlorinated C2 Hydrocarbons

A majority of the chlorinated congeners of ethane, ethylene, and acetylene
have been subject to some high temperature study. Their decomposition routes have
been fairly well characterised and the presence of chlorine, as we will elaborate,
provides alternative classes of reaction, namely Cl losses and HCl eliminations,
leading to unique chemistry.
Small quantities of chlorinated ethanes are observed during DCM pyrolysis,
probably attributable to the recombination of chlorinated methyl radicals (see
Chapter 3). Several bond cleavage sites are available to these molecules; C-H, C-Cl,
and C-C bond dissociation energies are around 400 – 420, 290 – 340, and 290 –
380 kJ mol-1, depending on the degree of chlorination.200,201

The relative

inaccessibility of H-elimination channels is common in all chlorinated C2 molecules.
Neglecting discussion of C-C bond cleavage (merely the reverse reaction of processes
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studied in Chapter 3), C-Cl cleavage is the only important bond homolysis step
available to the chloroethanes with an eye toward molecular growth. The resultant
ethyl radicals are much more unstable again against H, and especially Cl, elimination
and rapidly yield ethylenes.201
Unimolecular HCl eliminations are also relatively facile routes leading to
chlorinated ethylenes.

Estimates of activation energies from probable di- to

tetrachloroethane intermediates produced in the decomposition of DCM range
between 197 to 265 kJ mol-1, and therefore represent the most energetically accessible
ethane decomposition routes.176,178,181,184-189

Both α,α- and α,β-HCl elimination

routes are available to chloroethanes187,202 with the ethylidene intermediates resulting
from the former very rapidly isomerising to ethylenes via extremely low energy H and
Cl migrations.203,204 In contrast, however, H2 elimination processes are improbable;
G2MS studies into the decomposition of ethane find neither the non-concerted α,α(highest energy step at 441.8 kJ mol-1) nor α,β-H2 elimination (477.0 kJ mol-1) are
likely to compete with H loss, at 425.9 kJ mol-1.205
Similarly, processes stoichiometrically equivalent to molecular loss can occur
in reactions initiated bimolecularly, generally involving abstraction of H or Cl
substituents by some radical species to yield an ethyl radical, which subsequently
decomposes.

These are attractive from a mechanistic point of view given their

extremely low energy barriers; H-abstraction by H atoms from ethane has a barrier of
31.0 kJ mol-1,178,206 while H-atom initiated Cl-abstraction from chlorinated ethanes
such as CHCl2CHCl2 and CH3CCl3 have lower barriers again at 17.6 and
21.8 kJ mol-1 respectively.178 H atoms are found to be even more readily abstracted
by Cl atoms again. Such reactions with CH2ClCH2Cl and CH3CCl3 have respective
activation energies of 9.0 and 15.1 kJ mol-1,207 while the analogous reaction with
ethane proceeds with an exceptionally low barrier of 0.7 kJ mol-1.178 As Cl atoms are
likely to be present in much higher yields than H atoms, a consequence of the lower
barrier to C-Cl cleavage than C-H loss, Cl-initiated H-abstraction is likely to be the
most important bimolecular decomposition reaction of the chloroethanes.
Higher strengths of C=C bonds (720.5 kJ mol-1 in C2H4 for example)208
indicate chloroethylenes are much more resistant to C-C bond homolysis than the
ethanes; however, the computational studies of Riehl et al.204 do propose that the low
activation energy (220 kJ mol-1)209 of cis-trans isomerisation of dichloroethylene is
probably due to partial bond-breaking, resulting in free rotation around a C-C single
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bond. Insights into decomposition are offered by extensive studies on the photolytic
decomposition of chlorinated ethylenes. Although significant Cl2 elimination is noted
from cis-, trans-, and 1,1-DCE in some instances,210-212 photolysis is generally
dominated by HCl and Cl eliminations for species pertinent to our investigations;
these

include

vinylchloride,213,214

cis-DCE,210,213,215,216

trans-DCE,211,213,215,216

1,1-DCE,212,213,215,216 and TCE.215,217-219 Analogously, H elimination,220-224 and both
α,α- and α,β-H2 eliminations have been observed from C2H4.221-225
Pyrolytic systems do show some distinctive differences when contrasted with
photolytic decomposition.226 Photolysis of the 1,2-dichloroethylenes has been shown
to give acetylene210-212,215,227-230 and chloroacetylene210-212,214,215,228-230 while pyrolysis
yields

chloroacetylene

trichloroethylene
dichloroacetylene,

almost

yields
218,219,233,234

dominant product;

235

exclusively.231,232

detectable

quantities

Similarly,
of

both

photolysis
mono-

of
and

whereas early pyrolytic works showed C6Cl6 as the

later works show dichloroacetylene is the only acetylene formed

during thermal decomposition.236-238 Clearly, HCl elimination reactions are the only
pertinent reaction classes during chloroethylene pyrolysis; Cl2 losses in photolytic
experiments are generally attributed to enhancement of successive Cl losses, the
second Cl loss occurring either through absorption of a second photon226 or
decomposition of vibrationally excited radicals.215
The mechanism of HCl elimination during pyrolysis is therefore exceptionally
important. Considering unimolecular processes first, we note both α,α- and α,βeliminations are feasible from most ethylenes pertinent to our investigations. At their
highest level of theory, Riehl et al. find α,α-HCl elimination energy barriers of 320.3,
318.9, and 338.9 kJ mol-1 for trans- and cis-DCE and TCE respectively; further, α,βeliminations are possible from trans-DCE and TCE with barriers of 353.0 and
356.1 kJ mol-1 respectively.204 Similarly, α,α- and α,β-eliminations from C2H3Cl are
found, at the same level of theory, to have respective barriers of 288.9 and
323.7 kJ mol-1. These results clearly indicate α,α−eliminations are favoured.
Unfortunately, there can be a great deal of variation between these energy
barriers and the activation energies typically utilised in kinetic modelling (where
distinction between α,α- and α,β-elimination processes is often neglected). Wu and
Won use 303.4, 311.8, and 306.7 kJ mol-1 for HCl elimination from C2H3Cl, 1,2DCE, and TCE respectively;178 TCE has been subject to decidedly more study, with
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311.3, 290, 257.7 kJ mol-1 quoted by Taylor et al.,236 Wu et al.,198 and Chang et al.237
respectively.
Complicating matters further, bimolecular radical chain routes may compete
with these processes.

Again, radical decomposition processes require very little

energy to initiate; data compiled for kinetic modelling suggests that H-atom initiated
decomposition of chlorinated ethylenes typically involve barriers around 10 –
30 kJ mol-1,178,198 with H atoms either displacing Cl atoms from ethylenes239 or, to a
lesser extent, abstracting chlorine. Cl atoms largely initiate H-abstraction only;178,198
barriers tend to be very low (e.g.~20-30 kJ mol-1 from C2H4).240-242
Cl-rich environments are generated during chlorinated ethylene pyrolysis, and
therefore Cl-initiated H-abstraction will dominate; this is a consequence of a far
higher barrier to H-loss, which requires 450-500 kJ mol-1 to initiate, depending on the
degree of chlorination.243 Consequently, knowledge of the barriers to Cl elimination
from various ethylenes is relevant. Computational data, and values compiled for
kinetic modelling, all indicate energies appreciably higher than those associated with
unimolecular HCl elimination - see Table 4.1. Their high energy implies that these
processes are rate limiting. Although discussed in greater detail in the following
section, the chlorinated vinyl radicals produced rapidly decompose via Cl loss to yield
the HCl elimination-equivalent acetylene. With abstraction also rate-limiting, the
relative contribution of the unimolecular and radically-initiated dehydrochlorination
channels becomes very difficult to assess accurately.

Poorly defined Arrhenius

parameters lead to uncertainty in the description of unimolecular processes, while
accurate determination of bimolecular rates involves precise knowledge of the
concentrations of very reactive species such as Cl.
Any acetylenic congeners produced should appear to be the least reactive of
the C2 products typically formed during high temperature reactions. With a C≡C
bond strength of 961.9 kJ mol-1 in acetylene,208 cleavage of these bonds is negligible.
Given the tendency of C2H2 to accumulate in many pyrolytic systems, and (unique
among C2 hydrocarbons) the absence of a stable species to decompose to during
radical abstraction or molecular elimination processes, acetylenic systems have been
widely studied with a view to elucidating recombination reactions. As such, the
decomposition routes of these species will be treated in greater detail in Chapter 4.1.3.
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Table 4.1: Dissociation energies/ kJ mol-1 for Cl loss from pertinent chloroethylenes

CHCl=CHCl

Trans-C2H2Cl2

CHCl=CCl2

392.3
408.7

374.9
426.3

CHCl=CCl2

Source

378.5

Computational

350.3

Kinetic model

357.7 (Z)

Computational

Ref
*

201
198

†

219

362.3 (E)
354 ± 13

Measured

244

Estimated

228

346.4

Kinetic model

178

380.7

Kinetic model

236

372.4
406.7
*
†

MP4(SDTQ)/6-311G(d,p)//MP2/6-31G(d,p) level of theory
QCISD(T)/6-311+G**/MP2/6-31G** level of theory

4.1.2 –

Review of C4 Formation I: The Vinyl Radical

With a view to studying C2 reagents, the species discussed in the previous
section represent the most likely precursors for forming C4 products. Indeed, the
observed dominance of even-carbon species in a large variety of hydrocarbon
pyrolysis systems further suggests that 2C2 reactions are of paramount importance.
The high yields of ethylenes and acetylenes in our DCM pyrolysis systems
(Chapter 3) has led us to focus on these species, and their degradation intermediates,
in growth.
The literature predominantly invokes reaction of C2 radicals in describing C4
formation, and one of the most important such reactants is the vinyl radical; the
current section focuses exclusively on this species. As discussed in Chapter 4.1.1,
vinyl radicals may be formed in the unimolecular decomposition of ethylenes,
although the high energies of reaction and susceptibility to Cl-initiated H-abstraction
make radical-initiated processes much more effective. Highly reactive, vinyl radicals
rapidly undergo a number of addition reactions. Addition to ethylene has received
some attention; in non-chlorinated systems, this reaction yields 1-butene,245 various
C4H7 isomers,246 and (predominantly) 1,3-butadiene.245-247 In fact, kinetic results
suggest that above 1000 K direct formation of C4H6 + H is the only appreciably active
pathway in this addition.
Assuming that the energy barrier is the most influential term in the kinetics of
addition, this reaction (typical of radical-based processes) is expected to be very
facile. Early measurements find an activation energy of 13.0 kJ mol-1;247 more recent
measurements have seen a slight upward revision to 19.2 ± 0.6 (Ismail et al.)245
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and 23.5 ± 6.6 kJ mol-1 (Shestov et al.).246 All estimates are in good agreement with
the G3//B3LYP barrier of 15.0 kJ mol-1.248 Clearly, the low barriers and high preexponential factor (~5 × 108 L mol-1 s-1)245-247 tend to indicate rapid addition.
Unfortunately, very little work concerning chlorinated analogues exists.
MNDO-PM3 calculations of Shi and Senkan249 into all possible isomeric additions
between all possible chlorinated ethylene and vinyl congeners has found that energy
barriers range between 5.4 and 46.4 kJ mol-1; incidentally, the authors find the barrier
of C2H3 addition to C2H4 is 13.4 kJ mol-1, in good agreement with the previously
quoted values. It is worthwhile mentioning that this range is the full possible range of
energy barriers; as some isomers have several modes of reaction, the effective range
(that is, the range when considering only the lowest possible energy route for each
pair) is 5.4 – 25 kJ mol-1. Addition of highly chlorinated cis-CHCl=CCl and C2Cl3 to
C2Cl4 are exceptions, however, both with an energy of 39.3 kJ mol-1. This range is
likely to be reflective of observed barriers; assuming pre-exponential factors are not
appreciably different from the non-chlorinated analogues radical addition for both
chlorinated and non-chlorinated systems at pyrolytic temperatures should be easy, and
thus largely dependent on the rate of collision. This work also offers a number of
qualitative insights into the nature of product formation.

Radicals of the type

CWX=CH. are predicted to react faster than those of the type CYZ=CCl. (W, X, Y,
and Z are H or Cl atoms). Similarly, addition to the most hydrogen rich carbon of the
ethylene is favoured.
The energies derived by Shi and Senkan249 provided the basis for the C2Cl4
modelling work of Taylor et al.;250 however, their modelling results suggested a
significant downward revision of the barriers, and C2Cl3 addition to C2Cl4 was
suggested to proceed with a lower energy barrier of 25.1 kJ mol-1.

Despite the

numerical discrepancy of around 15 kJ mol-1, these authors also find this addition to
be a relatively uninhibited, and therefore fast, reaction at typical temperatures
employed.
Dimerisation of C2Cl3 was also considered as a C4Cl6 formation pathway
during C2Cl4 decomposition.250

An exceptionally low activation energy of

2.7 kJ mol-1 was utilised, in keeping with the known near-barrierless nature of radicalradical additions. However, it has been acknowledged that C2H3 dimerisation can
easily lead to C4H4 (and presumably two hydrogen atoms) as the C4H6 adduct is
chemically activated;247 the lower bond dissociation energy of C-Cl bonds, relative to
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C-H bonds, reasonably suggests that perchlorovinylacetylene, not perchlorobutadiene,
is probably the major product of C2Cl3 dimerisation.
Vinyl addition to acetylene, however, has received the most attention of the
vinyl addition processes, probably a consequence of the notable accumulation of C2H2
in a wide range of pyrolytic experiments. The importance of acetylene addition has,
in fact, been recognised in a number of steps involved in PAH formation.16,251-253
Early work by Tanzawa and Gardiner254 into C2H2 pyrolysis (discussed in greater
detail in Chapter 4.1.3) has explored this reaction; the C4H5 adduct is presumed
chemically activated, and the resulting concerted addition/decomposition reaction
leading to vinylacetylene and an H atom was found to have a relatively high
activation energy of 105 kJ mol-1.

This energy probably reflects the C-H bond

cleavage process.
This estimate has since been refined as the processes involved in
vinyl + acetylene additions have been studied in much greater detail. A number of
processes have been considered; these are shown in Figure 4.1.

Addition leads

directly to the activated n-C4H5 radical; this proceeds with a low energy barrier of
around 20 kJ mol-1 (see Table 4.2). Isomerisation is possible and competes with H
loss, however, kinetic analyses suggest unimolecular processes leading to i-C4H5 are
found to be unimportant;255,256 the much less widely considered cyc-C4H5 isomers257
are also predicted to contribute negligibly.255 It is worth acknowledging, however,
that several bimolecular routes may feasibly lead to i-C4H5.258,259 Further discussion
of these radicals will be left to Chapter 6.1, suffice to say that barriers encountered
regarding H-loss to yield vinylacetylene are similar to those found from vinyl radicals.
AM1 values of 148.1 and 180.7 kJ mol-1 are found for H-loss from n- and i-radicals
respectively;256 the more sophisticated G2-like approach finds analogous values of
162.1 and 188.5 kJ mol-1, showing C4H4 formation is highly feasible.255
Table 4.2: Energy/ kJ mol-1 estimates of the C2H3 + C2H2 addition reaction

Energy

Source

Ref

8.8

Extracted from measured rates with transition state estimates of frequency factors

260

18.8

AM1 semi-empirical estimates

256

25.1

Time resolved laser photolysis photoionisation mass spectrometry studies

261

24.2

DFT/B3LYP/aug-cc-pvtz energies

255

24.8

G2-like estimates of QCISD(T)/6-311++G(3df,2pd) energies

255
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Figure 4.1: Pertinent reactions available to the C2H3 + C2H2 system

There has been only a small body of work studying the analogous chlorinated
processes. Shi and Senkan have also studied all possible modes of addition between
all chlorinated vinyl and acetylene congeners at the MNDO-PM3 level;249 results
similar to the vinyl-ethylene additions were obtained. The total energy range was
found to be between 15.1 – 51.0 kJ mol-1, with a range of effective barriers of 15.1 –
40.6 kJ mol-1. Qualitative trends similar to those found with vinyl-ethylene additions
are also apparent, finding H atoms at the radical site of the vinyl radical lead to more
favourable addition, as does reaction with an H-substituted acetylenic carbon. The
authors also find that addition to acetylenes is typically 8 kJ mol-1 higher in energy
than addition to ethylene. Again, the estimate of the energy barrier in non-chlorinated
systems (29.3 kJ mol-1) is in reasonable agreement with the analogous estimates
discussed earlier.
The perchlorinated route, C2Cl3 + C2Cl2, was proposed to be the major route to
C4Cl4 formation in trichloroethylene236 and tetrachloroethylene250 pyrolysis.

The

activation energy employed was 25.1 kJ mol-1, again a substantial downward revision
of the MNDO-PM3 value of 37.7 kJ mol-1.249 C4Cl4 is effectively formed via Cl loss
from the n- and i-C4Cl5 isomers, the activation energies employed being 143.0 and
183.7 kJ mol-1, very similar to the values found for the non-chlorinated analogues.
For most pertinent congeners, vinyl + acetylene barriers are typically close
enough in energy to be largely invariant with the degree of chlorination. However, a
full assessment of the mechanism of C4 formation also requires consideration of
pathways competing with these processes. The most important such mechanism is
likely to be the decomposition of the vinyl radical congeners into an acetylene and a H
or Cl atom. A crucial balance must exist here; decomposition must be rapid enough
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to ensure reasonable quantities of acetylene are available for addition to vinyl radicals,
but not too fast as to make the vinyl radical too short lived to undergo any appreciable
bimolecular reaction.
We first consider the well-studied C2H3 radical as a prototype system, as there
is fairly substantial evidence in favour of its bimolecular reaction in growth processes.
Again, the activation energy will be considered as the key parameter dictating the
decomposition rate. Although early estimates of the energy barrier to acetylene
forming H-loss from C2H3 were relatively high (for example, 211.7 kJ mol-1, as
employed by Kiefer et al.)262 more recent evidence indicates the range of around 150160 kJ mol-1 is much more likely – see Table 4.3.
Table 4.3: Energy/ kJ mol-1 estimates of the barrier to acetylene formation from C2H3

Energy

Source

Ref

142.3

UV photodissociation of C2H3Cl

263

170.3

CCSD(T)/TZ2P estimate

264

168.2

CCSD(T) calculations extrapolated to “complete” basis set limit

265

140.6

Negative ion PES/ gas phase proton transfer kinetics studies

266

159.7

Ab initio calculation; level of theory unspecified

222

156

UV measurements of shock wave decomposition of C2H3Cl

267

159.0

Photofragment translational spectroscopy of C2H3 radicals

268

160.2

CCSD(T)/6-311+G(3df,2p) level calculations

269

This energy, as kinetic modelling studies appear to show, appears to be about
the correct order of magnitude to allow slow enough vinyl decomposition such that
growth reactions may be realised, while still allowing an appreciable concentration of
C2H2 to form.270,271 As such, it may be thought of as a convenient reference value for
chlorinated systems, which have been subject to very little in the way of kinetic
modelling studies with a view to elucidating C4 formation mechanisms. In fact, the
seminal works considering trichloroethylene236 and tetrachloroethylene250 are
currently, to our knowledge, the only such works. The authors employed a value of
137.2 kJ mol-1 for reaction (4.a) (inert species M initiates collisional activation);
similarity of this value to analogous energies derived for C2H3 decomposition support
a predicted similarity of C4 growth between chlorinated and non-chlorinated systems.
C2Cl3 + M → C2Cl2 + Cl + M

(4.a)

Similarly, the decomposition of C2HCl2 radicals has also been considered in the
trichloroethylene system:
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CHCl=CCl + M → C2HCl + Cl + M

(4.b)

CH=CCl2 + M → C2HCl + Cl + M

(4.c)

These reactions were assigned activation energies of 125.5 and 151.5 kJ mol-1
respectively, with reaction (4.c) clearly in the energy regime noted for C2H3 radicals.
More recent and accurate estimates of barriers to reactions (4.a) to (4.d)
CH=CHCl + M → C2H2 + Cl + M

(4.d)

are presented in Table 4.4 and are significantly lower (by at least ~40 kJ mol-1) than
those utilised in the construction of growth models in trichloroethylene236 and
tetrachloroethylene250 pyrolyses. This does, in retrospect, seem sensible; C-Cl bond
strengths are generally appreciably weaker than C-H bonds and it is unreasonable to
expect the kinetics of decomposition of chlorinated and non-chlorinated radicals to be
similar. Although we will discuss this further in Chapters 4.4 and 5.5.2, these results
are yet to be assessed concerning C4 growth and may have a major impact on the
current growth models in chlorinated systems. Attention is now turned to acetylenes,
the chemistry of which may hold further clues to the growth of C4 products.
Table 4.4: Dissociation energy/ kJ mol-1 estimates of Cl-loss in CX=CY-Cl leading to acetylenes + Cl

CH=CHCl

CH=CCl2

CCl=CHCl

C2Cl3

Source

Ref

89.8

91.1

112.8

106.5

Kinetic model

178,198

46

QCISD(T)/6-311+G** level calculations

215

78.8,75.7

CBS-QB3, CCSD(T) calculations

272

75.6

Time-resolved resonance fluorescence data

272

74.7

G2 level calculations

273

65.4

~CCSD(T)/6-311+G** calculations

274

QCISD(T)/6-311+G** level calculations

219

109.8

Fitted kinetic data

275

99.6

QCISD/6-311+G(3df)

275

67.4

4.1.3 –

Review of C4 Formation II: The Chemistry of Acetylene

Acetylene is one of the most widely studied precursors in the formation of C4
compounds. Vinylacetylene is known to be the major, and below 1500 K the sole,276
initial product in the lower temperature ranges of acetylene pyrolysis;254,277,278 to a
lesser extent, diacetylene279 and 1,3-butadiene280 are also often observed. The steps
involved in the initiation of C2H2 pyrolysis are extremely important, as the products of
such steps may be directly related to the dominant C4 products.
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The presence of induction periods277,281 and reaction inhibition280,282-284 by
radical scavengers such as NO had generally been accepted as incontrovertible
evidence in favour of radical chain reactions. Further, notable features of acetylene
pyrolysis below temperatures of around 1500 K, such as second order rate constants
for product formation and the absence of inert gas effects,277,280,285-288 suggested that
unimolecular decomposition of C2H2 was not responsible for reaction initiation.
Disproportionation reactions originally proposed by Back,289 yielding C2H3 and C2H
from two acetylenes, were proposed to explain such trends. However, two later
estimates for the heat of reaction by Durán et al.,290 370.7 and 345.6 kJ mol-1, indicate
barriers are far too high for disproportionation to be feasible. An alternative proposed
by Minkoff involves the rupture of an acetylenic triple bond and rapid reaction of the
resulting biradical;291 recent experimental292 and computational293 investigations
respectively put the energy required to excite the ã 3B2 state, relative to the X 1Σg+
ground state, at 345.9 and 369.8 ± 2.8 kJ mol-1. Again, neither of these estimates
appear low enough to model the initiation reaction barrier, recently shown to be
approximately 260 kJ mol-1.277 Reaction (4.e), however, suggested by Gay et al.294
2C2H2 → C4H3 + H

(4.e)

appears much more energetically feasible, with energy estimates ranging from 186 to
234 kJ mol-1.254,295,296
The independent works of Durán et al.290 and Ghibaudi and Colussi297 in 1988
challenged the radical-initiated chain reaction paradigm of acetylene pyrolysis.
Kinetic models of C2H2 pyrolysis up to 1500 K suggested that radical mechanisms
were much too slow to totally account for C2H2 decomposition; it was further argued
that radical mechanisms predict C6H6, not C4H4, as the major initial product, contrary
to observation.276 Instead, both works offered singlet vinylidene, H2C=C:, as an
alternative dominant reactive species. The barrier for the formation of this species,
relative to C2H2, at the QCISD(T)/6-311+G(d,p)//MP2/6-31G(d,p) level of theory is
184.3 kJ mol-1, far lower than the estimates for reaction (4.e).203 The barrier of the
reverse reaction, at the same level of theory, is a mere 9.9 kJ mol-1, predicting rapid
reversion back to acetylene, which may imply little time for bimolecular reaction.
However, the low barrier to formation suggests that at pyrolytic temperatures
vinylidene would likely be in equilibrium with acetylene; further, recent 5-D ab initio
quantum chemical calculations298 and direct experimental observation299 have shown
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that the lifetime of H2C=C: is perhaps several orders of magnitude longer than
previously predicted.
Reconciliation of the vinylidene mechanism with induction periods and
inhibition by radical scavengers was considered by Kiefer et al.300,301

Induction

periods were explained as the build-up of a reactive dimer responsible for further
growth; this is supported by the fact it is only

a weak effect apparent at low

temperatures,291,302 where such a dimer is reasonably stable, and is second-order in
acetylene concentration.284,302 Addressing inhibition by NO in acetylene pyrolysis,
Kiefer et al.300,301 noted that, if H-atom based chain radicals did dominate, C2H3
should contribute significantly to the radical pool. It had been previously established
that reaction of C2H3 with NO yields CH2O and HCN;303,304 however, CH2O has not
been identified in the C2H2 inhibition experiments.280,283 Thus, the authors conclude
that inhibition by NO does not unambiguous identify a radical process in the C2H2
pyrolysis system.
Extension to chlorinated systems has received very little attention. Vinylidene
mechanisms do, however, appear attractive in chlorinated systems in light of the low
energies (194.8, 188.3, and 215.9 kJ mol-1 for C2H2, C2HCl, and C2Cl2
respectively)203,204 for the most favourable acetylene to vinylidene rearrangement for
each C2H2-xClx species.

Discussion of the mechanism by which the vinylidene

addition to acetylene reaction leads to the products commonly observed is continued
in Chapter 5.1. It is prudent to note here, however, that the similarities of the reaction
barriers can not readily account for the exceptionally rapid dimerisation of C2Cl2
when contrasted with C2H2.305
Benson, however, suggested that heats of formation and activation energies
one derives from measured C2H2 decomposition rates, when assuming the vinylidene
mechanism dominates, were unreasonable, and rejected arguments made to explain
inhibition by NO.306,307 As an alternative, the direct formation of a 1,4-diradical was
proposed, from which vinylacetylene is formed via a rapid 1,3-H atom shift;306
however, it was later conceded that such a mechanism, although arguably low enough
in energy to be competitive, suffered from a pre-exponential factor an order of
magnitude too low.307 Further, this mechanism also fails to account for inhibition in
the presence of NO and the formation of products beyond vinylacetylene.
A final reaction mechanism may involve reaction of the ethynyl radical,
C≡CH. Reactions analogous to vinyl radicals may be anticipated, where we see facile
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addition to stable molecules followed by H-loss to give an observable stable product.
These radicals may also undergo H-addition or abstraction to reform C2H2; in
acetylene systems, these two processes appear to occur to similar extents, and with
exceptional ease.308 Concerning growth, the measured activation energy of reaction
of C2H with acetylene, yielding diacetylene309 and H (through rapid decomposition of
the chemically activated C4H3 species) is a mere 2.0 kJ mol-1.310 Calculations at the
DFT/UB3LYP/6-311+G** level suggest barrierless addition between the α-carbon of
C2H and acetylene (8.1 kJ mol-1 for addition of the C2H β-carbon to C2H2) with a
dissociation energy of 156.0 kJ mol-1 for H-loss leading to diacetylene.311 Similarly,
relative rates of reaction of C2H with C2H4 suggest C4H4-forming reactions are around
4 times faster than H-abstraction,312 a process which also appears to be very rapid.313
Earl and Titus314 have utilised these radicals to explain product yields in CO2
laser photolyses of C2HCl3 proposing:
ClC≡CCl → ClC≡C. + Cl.

(4.f)

ClC≡C. + ClC≡CCl → ClC≡C-CCl=Cl.

(4.g)

The authors suggest that Cl atom addition to, or Cl abstraction by, C4Cl3 provides the
major route to C4Cl4. This mechanism has been adopted by Drijvers et al.315 in the
sonolysis of trichloroethylene in aqueous solution, which, as argued by the authors,
induces largely pyrolytic reactions inside the cavities of rapidly collapsing bubbles.
Product yields were similar to those observed in previous TCE pyrolysis studies,236,314
however additional products C2HCl and C4HCl3 were also detected. Formation of
C4HCl3 was rationalised by employing reaction (4.f) followed by reaction (4.h):
ClC≡C. + HC≡CCl → HC≡C-CCl=Cl.

(4.h)

again, followed by a Cl addition or abstraction step.
The ease of such reactions implies that the rate limiting step may lie in the
formation of the ethynyl radical.

Values of ~450-560 kJ mol-1 for H loss from

acetylene,266,295,316-319 447.7 kJ mol-1 for Cl loss from C2Cl2,198 and 561 (+34/-47),
465 (+16/-28), and 464 ± 46 kJ mol-1 for ClCC-H, HCC-Cl and ClCC-Cl losses
respectively121 suggest direct bond rupture is unfeasible. Cl-initiated abstraction of Hatoms from C2H2 and C2HCl, and Cl from C2Cl2, have activation energies of 112.5,
99.6, and 204.6 kJ mol-1 respectively,198 and are clearly much more feasible. These
energies are substantially higher than those required to form vinyl radicals from
ethylene; however, the absence of a stable product related by H/Cl loss ensures that
bimolecular processes are the only possible fate of ethynyl radicals.
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4.2 – Preliminary Experimental Results on C2 Decomposition and C4 Growth

As discussed in Chapter 3, trans-C2H2Cl2 and C2HCl3 are the dominant
primary products in the CH2Cl2 pyrolysis system. Hence, careful individual studies of
each compound, and their mixtures, have been conducted to provide insight into their
role in molecular growth.

Products have been monitored in situ with FTIR

spectroscopy, and in GC-MS experiments where plugs of vapour from the reaction
system have been sampled at representative times.
4.2.1 –

Transdichloroethylene (EC2H2Cl2) Pyrolyses

The typical time-resolved yields of major products formed during the laser
pyrolysis of 20 Torr of E-C2H2Cl2 at aperture 6, employing successive 15 s pyrolyses,
are given in Figure 4.2.

Products have been monitored via FTIR, and pertinent

features pertaining to the vibrational modes utilised in obtaining concentration data
are discussed in Chapter 2.2.12.

The earliest maximum is associated with cis-

C2H2Cl2; the next is chloroacetylene, C2HCl, the HCl elimination (or equivalent)
product from either cis- or trans-C2H2Cl2. C2HCl reaches a maximum concentration
around 50 s in this particular system (by which point around 90 % of the starting
material has reacted) and is subsequently consumed. An intriguing observation is that
consumption of C2HCl continues long after all the DCE has been exhausted. A small
quantity of acetylene, C2H2, appears to form immediately, and accumulates until DCE
has been consumed, from which point little perceptible change in the concentration of
C2HCl occurs. The only C4 species identifiable in the IR is C4HCl. Although not
background corrected, it seems that this compound does not form immediately (note
the ~15 s induction period in Figure 4.2), implying that this is a secondary product.
Further, maximum yields of both C4HCl and C2HCl appear to be attained almost
simultaneously.
GC-MS investigations, with samples drawn at 4 representative times over the
course of the reaction, reveal a number of compounds in concentrations too low to be
observed via IR spectroscopy.

These pyrolyses were performed at moderate

temperatures (aperture 3) with 23 Torr trans-DCE being subjected to multiple 8 s
exposures, and a total cumulative duration of 104 s. Chromatographic conditions are
identical to those described at the start of Chapter 3.3.1. The percentage peak areas of
pertinent products, as a function of cumulative pyrolysis duration, are shown in
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Figure 4.2: IR yields of C2 and C4 products from aperture 6 trans-DCE pyrolyses

Figure 4.3; a representative chromatogram is given in Figure 4.4. Without calibration
standards, quantification is impossible; however, it is reasonable to assume
differences in peak areas, particularly between structurally similar compounds,
correlate to similar differences in product concentrations.
A number of C2 products are noted in the chromatograms; in particular, we see
small quantities of 1,1-dichloroethylene, similar concentrations of trichloroethylene,
and traces of tetrachloroethylene. The areas of 1,1-C2H2Cl2 and C2HCl3 are around an
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Figure 4.3: GC yields of C2 and C4 products from aperture 3 trans-DCE pyrolyses (8 s each)
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order of magnitude lower than the area of C2HCl; assuming similar responses with the
mass spectrometer, this places concentrations of these ethylene products at around the
same order of magnitude as the concentration of C2H2 (Figure 4.2) and are thus minor
products. Similar arguments applied to the major C4 species eluting, C4H2Cl2, [C4HCl
co-elutes with cis-C2H2Cl2 (Figure 4.4) and therefore is excluded from the current
discussion] and suggests maximum concentrations are approximately half that of
C2HCl; therefore, total quantities of C4H2Cl2 isomers are likely similar to the yields of
C4HCl. This may be a slight underestimate, however; a higher molecular weight of
C4H2Cl2 relative to C4HCl implies a lower vapour pressure, and therefore a potential
under-representation where withdrawing plugs of vapour is required.
Closer consideration of C4 yields reveals there are three classes of product
formed in our experiment: diacetylene (C4H2), vinylacetylene (C4H4), and butadiene
(C4H6), congeners. IR spectroscopic results show diacetylenic compounds are well
represented as C4HCl, as is vinylacetylene with large quantities of C4H2Cl2 forming –
this is probably the dominant C4 product.

Butadienes appear to form in low

abundances, as clearly demonstrated in Figure 4.3; this may be a consequence of low
vapour pressures, however, later chapters in which we examine toluene extracts of
involatiles further supports neglect of partially chlorinated butadienes.
4.2.2 – Trichloroethylene (C2HCl3) pyrolyses

Concentrations of the IR-resolvable major products formed during a typical
pyrolysis of 20 Torr of TCE have been plotted as a function of time in Figure 4.5;
pyrolysis employed 8 s exposures at aperture 3.

Details of calculating molar

concentrations from IR areas are given in Chapter 2.1.12. Amongst the products,
peaks of an unknown compound were identified at 706 and 2216 cm-1; modes of
tetrachlorovinylacetylene (C4Cl4) expected at 669.3 and 2181.0 cm-1 from harmonic
frequencies obtained with MP2/6-31G* level optimisations (scaled by 0.9676)201 are
in good agreement with those observed. Relative intensities also appeared consistent.
Additional peaks are expected at around 840 and 980 cm-1, however these would be
obscured by intense SF6 features.
The concentration profiles of Figure 4.5 shows essentially complete
consumption of TCE by the cessation of the experiment; final HCl concentrations,
equalling (within likely errors) the initial TCE concentrations show complete
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Figure 4.5: IR yields of C2 and C4 products from aperture 3 TCE pyrolyses

elimination of all HCl.

The major product is a vinylacetylene congener,

tetrachlorovinylacetylene (C4Cl4). In fact, no C2 products are observable in the IR;
C2Cl2, the expected HCl elimination product of C2HCl3, has an intense ν3 vibration
appearing320 at 993 cm-1 which is not observed. The observed diacetylenic product,
dichlorodiacetylene (C4Cl2), is observed to form in concentrations roughly two orders
of magnitude lower than the starting material and around ten times lower than C4Cl4,
even

without

accounting

for

the

lower

expected

volatility

of

C4Cl4.

Hexachlorobenzene, C6Cl6, is also observed in yields comparable to C4Cl2; this is
probably an underestimate, as being relatively involatile, only solid build-up on the
pyrolysis cell windows will give appreciable absorption.
More detail is garnered upon examination of illustrative time-resolved GC-MS
experiments. Samples were taken during the pyrolysis of 24 Torr of TCE, with 8 s
exposures

in

the

moderate

temperature

regime

afforded

by

aperture 3.

Chromatographic conditions are as outlined in Chapter 3.3.1. Peak areas of pertinent
C2 and C4 products, as percentages of the total eluent and a function of time, are given
in Figure 4.7, and a chromatogram representing reactants and the observed products is
displayed in Figure 4.6. C2Cl2 appears as a major product in these chromatograms;
this is a reactive species, as evidenced by the marked decrease in yield between the
later two pyrolyses. C2Cl4 appears to form with similar yields, but is clearly very
unreactive. The absence of the vibrational signatures of the either of these two
products suggests that, although displaying high relative abundances, they clearly
attain low absolute yields. Slightly lower yields of cis- and trans-DCE are observed,
and 1,1-DCE is completely absent.
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Figure 4.7: GC yields of C2 and C4 products from aperture 3 TCE pyrolyses (8 s each)

A consequence of experimental limitations, the GC-MS yields of C4Cl4 appear
comparable to C4Cl2; hexachlorobutadiene (C4Cl6), too, appears to form in similar
abundance, contradictory to IR spectroscopic evidence. It is probable that, due to
insufficient volatility, extraction and subsequent analysis of samples of reaction
vapour may not offer the best means by which to compare yields of these compounds.
What is apparent from this data is the reactivity of C4Cl4, in contrast with the
accumulating concentrations of clearly unreactive C4Cl6.
4.2.3 –

Pyrolysis of Equal Pressure TransDCE and TCE Mixtures

IR spectra of products formed during the co-pyrolysis of 20 Torr each of EDCE and TCE show similar time-resolved trends for all major products formed when
compared to pyrolyses of the neat precursors. No new species are observed, nor are
previously detected species absent. The maximum concentrations attained by major
products detected with IR spectroscopy have been plotted as a function of starting
material in Figure 4.8. The reactions represented here were performed at aperture 3,
and concentrations were monitored over a number of 8 s pyrolyses.
There is very little change in the maximum yields of Z-DCE and C2HCl upon
addition of TCE; further, only relatively small amounts of Z-DCE appear to form in
these experiments.

Similarly, C4Cl4 yields appear unchanged upon addition of

dichloroethylene to the trichloroethylene system. All other products monitored, on
the other hand, do change yields on mixing the reagents; and in all cases, this appears
to be around a two-fold concentration change. DCE products C2H2 and C4HCl
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Figure 4.8: Maximum IR yields of C2 and C4 products from aperture 3 DCE/TCE pyrolyses

undergo clear maximum yield reductions upon addition of TCE to the system;
conversely, C4Cl2, a minor product in the TCE system, undergoes a marked increase
in yield upon mixing. Although not shown, accompanying the decrease in maximum
C2H2 yields in the presence of TCE, we note that it undergoes significant
consumption; this is in contrast with its obvious lack of reactivity in the DCE-only
system (see Figure 4.2).
Time-resolved peak areas of products eluting in GC-MS investigations of the
DCE/TCE pyrolyses (20 Torr of each, 8 s pyrolyses at aperture 3; chromatographic
conditions as outlined in Chapter 3.3.1) are shown in Figure 4.9. Vinylacetylenes, in
various degrees of chlorination, are again present in GC-MS experiments, and again
represent some of the most abundant C4- species; diacetylenic products also feature in
great prominence. Only C4H2 and C4Cl2 are displayed due to co-elution of C4HCl
with Z-C2H2Cl2. As we found in the IR results, no new products are observed, nor are
any of the previously identified species absent.
A plot analogous to that of Figure 4.8, this time utilising GC-MS data, is
shown in Figure 4.10, demonstrating the maximum C4 product yield variations during
neat and mixed DCE/TCE pyrolyses. C4Cl2 and C4Cl4 are the only species common
to both plots, and while both data sets agree on significant C4Cl2 yield increases
during mixed pyrolyses, C4Cl4 yields are provided conflicting descriptions. IR results
suggest little change between TCE and mixed systems, while GC-MS data clearly
indicates a significant lowering of yield in the mixed system.

This disparity is

resolved when recalling that the -C≡C-Cl C-C stretching frequency is monitored to
ascertain C4Cl4 yields from IR experiments (Table 2.3). While this is assumed to be
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Figure 4.10: GC yields of C4 products as a function of starting material

exclusively due to C4Cl4, any vinylacetylene congener bearing a -C≡C-Cl group will
very likely vibrate at an almost identical frequency. Therefore, the C4Cl4 yields
obtained from the IR spectroscopically monitored mixed pyrolysis experiments are,
considering GC-MS results, probably measuring yields of C4HCl3 isomers as well.
This further suggests that a high proportion of C4HCl3 isomers have a -C≡C-Cl group,
while most of the C4H2Cl2 products have a -C≡C-H moiety, as deduced from the an
absence of appreciable absorbance at 2216 cm-1 in DCE experiments.
Figure 4.10 also gives a closer analysis of the total C4H4-xClx peak areas as a
function of starting material. In particular, upon mixing the two reagents, there is a
noticeable decrease in the yields of C4H2Cl2 and C4Cl4, noted as the major
vinylacetylenic species in DCE and TCE pyrolyses respectively, with a corresponding
increase in the formation of C4HCl3, now the dominant vinylacetylene. C4H3Cl,
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formed in minor quantities during E-DCE pyrolyses, suffers even lower yields in the
mixed pyrolysis system.
4.3 – Results of Low Temperature Studies of C2 Decomposition and Trapping
Experiments

Radical reactions involved in molecular growth have generally been the focus
of a majority of previous research, although several authors have touched upon the
role of purely molecular routes. To supplement these studies, a number of low
temperature pyrolyses have been performed. Utilising the activation energy of the
dichloroethylene cis-trans isomerisation step as a thermal benchmark, attempts have
been made to ensure only a negligible fraction of reactants exceed the barriers
required to initiate radical-based processes. This leads to growth reactions in what are
largely radical-free environments, allowing study of non-radical contributions to the
early stages of molecular growth. The effects of various additives, such as acetylene
(C2H2), H2, and D2 in attempted radical trapping experiments have also been
examined to provide further vital information.
4.3.1 – Low Temperature TransDCE Pyrolyses

26 Torr of trans-DCE has been pyrolysed in 10 s exposures for a total of 920 s
at aperture 11, several aperture sizes smaller than those initiating the reactions
examined in Chapter 4.2. Under such conditions the cis-trans isomerisation step in
the dichloroethylene system, known to have a relatively low energy barrier of
228.9 kJ mol-1,209 occurs very slowly. Production of chloroacetylene also proceeds
very slowly, as expected given the additional 80 – 90 kJ mol-1 required to initiate
unimolecular HCl elimination. C-Cl bond cleavage, as discussed in Chapter 4.1.1,
requires a further 90 – 100 kJ mol-1, and may be unlikely; the role of these processes
is discussed in Chapter 4.4. Figure 4.11 shows the product yields in mol L-1 (see
Chapter 2.1.12), as a function of time, for this system.
The trans-DCE profile in Figure 4.11 shows two distinct plateau regions. The
earliest is assigned to the equilibration of the cis-trans isomerisation step, while the
second results from (near) complete consumption after accelerated reaction. This
increased rate of decomposition, noted between approximately 400 – 600 s, can only
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Figure 4.11: IR yields of C2 and C4 products formed during low temperature trans-DCE pyrolyses

reasonably be due to reaction with C2HCl as this is the only other observable product
present; further, it also approximately coincides with the C2HCl maximum, which
also appears to undergo extensive consumption. Another intriguing feature of the
C2HCl decomposition profile is that its rate of decomposition appears largely
independent of the concentration of dichloroethylene, with its consumption continuing
unhindered even after essentially all of the DCE has been removed. We also observe
the formation of a number of new products after ~400 s, notably C4HCl, C2H2, and
eventually 1,2,4-trichlorobenzene.
The time taken for cis-trans isomerisation to equilibrate provides a convenient
approach to deriving an approximate isothermal temperature achieved (see
Chapter 2.1.1 for the difficulties associated with temperature assessment in IR LPHP
experiments).

Assuming only isomerisation takes place appreciably at lower

temperatures we may write

[trans](t ) → [cis](t ), k1 ; [cis](t ) → [trans](t ),

k2

(4.1)

The equations in (4.1) may be cast as a set of coupled differential equations.
∂[cis ](t )
∂[trans ](t )
= − k1 [trans ](t ) + k 2 [cis ](t ) and
= k1 [trans ](t ) − k 2 [cis ](t )
∂t
∂t

(4.2)

Assuming [cis](t) + [trans](t) = [trans]t=0 s, then equation (4.2) may be solved to give

[cis](t ) = k 2 [trans]t =0 (1 − e −(k + k )t )
k1 + k 2

1

2

and [trans ](t ) = [trans ]t =0 s − [cis ](t )

(4.3)
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A crude fit of the functions derived in equation (4.3) was made with the data
displayed in Figure 4.11 by varying the temperature parameter, and hence k1 and k2.
− Ei

Employing the kinetic data measured by Jeffers,209 that is (assuming k i = A i e RT )
A1 = 1.82 × 1012 s-1, EA,1 = 220.5 kJ mol-1 and A2 = 2.24 × 1012 s-1, EA,2 = 223.4 kJ mol1

, we find an isothermal equivalent mean temperature of a mere ~800 K. This is much

lower than the temperatures utilised in experiments discussed in Chapter 4.2; for
example, the temperature required to explain cis-trans yields in Figure 4.2, where
isomerisation reached equilibrium in at least 10 s, requires an isothermal average
temperature of greater than 900 K. The implications of the effective temperatures
derived by the method outlined here will be discussed more fully in Chapters 4.4 and
5.5.2, however such low temperatures should allow for close to radical-free conditions
given the considerable energy barrier required to initiate Cl-based radical chains.
4.3.2 – Low Temperature Pyrolysis of Equal Pressure TransDCE/TCE Mixtures

A series of short laser exposure times (10 s) with small aperture diameters
(aperture 11) were utilised to initiate the relatively low temperature pyrolysis of a
mixture of 16 Torr trans-DCE and 12 Torr TCE.

The cumulative duration was

1240 s, during which time a majority of the DCE had been consumed. The DCE
system appeared to equilibrate in approximately the same time as in the 26 Torr DCEonly system (see Figure 4.11), indicating a similar temperature regime as described in
Chapter 4.3.1. The concentrations (see Chapter 2.1.12) of major products are plotted
in Figure 4.12 as a function of time.
The distinctive DCE plateau regions discussed in the preceding section are
clearly visible again. C2HCl also exhibits the behaviour similar to that noted in the
previous section, as do the addition products C4HCl and 1,2,4-trichlorobenzene. TCE,
on the other hand, does not undergo complete consumption; in fact, only around 50 %
undergoes reaction at these lower temperatures. However, like DCE, there appears to
be an accelerated reaction of TCE around 400 – 800 s where C2HCl yields reach their
maximum, and this is accompanied by a number of products not observed in
Figure 4.11. These are C4Cl2, highly chlorinated vinylacetylenes (C4Cl4 or either of
the two C4HCl3 isomers with a C≡C-Cl group – see Chapter 4.2.3) and a feature
consistent with 1,2,4,5-tetrachlorobenzene (not shown).
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Figure 4.12: IR yields of C2 and C4 products low temperature DCE/TCE pyrolyses

4.3.3 – Low Temperature Pyrolysis of TransDCE with Acetylene

The role of acetylene has been probed in a series of ethylene/acetylene
pyrolyses.

20 Torr of reagent (DCE was chosen) has been pyrolysed in excess

(~60 Torr) of acetylene. The expected vinylacetylenic species (as will be discussed in
Chapter 4.4,

product

stoichiometry

is

consistent

with

ethylene/acetylene

recombination after HCl elimination), C4H3Cl, with four potential isomers, would
undoubtedly be undetectable in IR spectroscopic experiments. To this end, time
resolved GC-MS experiments were chosen as the primary means by which to monitor
this reaction.

Laser aperture size and pyrolysis durations (aperture 8 and 20 s

exposures, respectively) were initially chosen such that, in experiments involving
20 Torr of DCE alone, cis-trans isomerisation is the only reaction observed to occur
to any reasonable extent. The areas of the various chromatographic peaks of interest
as a function of time, along with the scaling factors employed to allow all trends to be
plotted on the same set of axes, are illustrated in Figure 4.13.
A number of compounds are observed immediately, and chlorovinylacetylene,
as hypothesised, is amongst them. IR spectra reveal that high yields of CO are
present, indicating the introduction of adventitious oxygen. This probably enters
through the septum, or desorption from the syringe needle; formation of
vinylacetylene

and

benzene,

the

known

major

products

in

acetylene

pyrolysis,254,260,278,301,307,321,322 are probably catalysed by O2.
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Figure 4.13: Time-resolved chromatographic peak areas of DCE/C2H2 co-pyrolysis products, (time
proceeds left to right of a product cluster)

Between the second and third pyrolyses the reaction ceases, probably a
consequence of disruption to the IR LPHP temperature gradient by the production of
low molecular weight products. This cessation made it necessary to slowly ramp up
the temperature by employing larger aperture sizes and longer exposure times. For
the final pyrolysis, however, gentle reaction was abandoned for a high temperature
reaction aimed at driving product formation to completion.

Small amounts of

dichlorovinylacetylene form; however, the total area of these isomers is considerably
lower than the total area of C4H3Cl isomers (0.26 % of the total area of C4H3Cl
isomers, compared to C4H3Cl representing a mere 4.05 % of the total area of C4H2Cl2
isomers during DCE pyrolyses).

Small quantities of chlorobenzene and

chlorophenylacetylene were observed, with near equal total areas; dichlorobenzene
was also present with a total area of approximately half that of C6H5Cl and C8H5Cl.
Very small, unquantifiable peaks, with masses and isotope distributions
corresponding to C10H7Cl (likely chloronaphthalene) were also detected.
4.3.4 – Low Temperature Pyrolysis of Chloroacetylene with Acetylene

The role of acetylenes in pyrolysis has been further investigated by exploring
acetylene/acetylene reactions. Chloroacetylene was produced in situ by the gentle
pyrolysis of approximately 20 Torr of DCE; incident laser powers (aperture 7, 20 s
exposures) were used such that C2H2 was produced in negligible quantities,
essentially forming C2HCl exclusively.

This continued until only approximately
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0.6 % (on the basis of IR spectroscopically determined peak areas) of DCE remained;
at this point, observable amounts of C4HCl had also formed.
The reaction was paused at this point, and an over-pressure (~60 Torr) of C2H2
was added to the pyrolysis cell. Pyrolysis was resumed, but more gently again
(aperture 7, 5 s exposures); this, in conjunction with the high thermal conductivity of
low molecular weight C2H2 will have caused the effective temperature achieved in the
cell to be very much lower than that achieved in the initial C2H2Cl2 decomposition.
Several IR spectra were recorded and arranged as a function of time (Figure 4.14); it
is apparent that, in the presence of excess C2H2, diacetylene (rather than C4HCl)
becomes the major product.

Absorbance/ Arbitrary Units

Time

C2H2
added
here

630

625

620

615

cm-1

610

605

600

Figure 4.14: The products C2HCl/C2H2 pyrolysis; the over-pressure of C2H2 is added between
recording the third and fourth spectra

4.3.5 – Low Temperature Pyrolysis of TransDCE with H2 and D2

H2 has been used to great effect in trapping radicals produced in various
systems via reactions of the type R + H2 → RH + H;323-325 in fact, we have used this
approach to great effect in earlier work on the d2-dichloromethane pyrolysis system,
trapping CDCl2 radicals with H2 leading to CDHCl2;88 also see Chapter 3.2.2. This
example also demonstrates the power of utilising deuterium; non-deuterated
dichloromethane reacting in the above fashion with H2 would have merely yielded the
starting material.
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10 Torr of DCE has been pyrolysed in 3 Torr of D2 during a number of
10 s long pyrolyses at aperture 7 for a total of 430 s. Product yields were measured
with IR spectroscopy; these plots are given in Figure 4.15 and Figure 4.16, showing
the hydrogenated and deuterated products respectively. Concentration determinations
are discussed in Chapter 2.1.12. The aperture size and exposure times were chosen
such that the cis-trans isomerisation step would be exceptionally slow.

From

Figure 4.15 we see that cis-DCE reaches its maximum after approximately 150 s,
implying a temperature regime (~800 K) similar to that discussed in other low
temperature experiments outlined in Chapters 4.3.1 and 4.3.2.
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Figure 4.15: Hydrogenated products of 10 Torr DCE and 3 Torr D2
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Figure 4.16: Deuterated products of 10 Torr DCE and 3 Torr D2
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Products formed in Figure 4.15 have already been observed as typical products
of DCE pyrolysis. Figure 4.16 shows a number of deuterated analogues of these
products, notably d1-chloroacetylene, and two deuterated acetylene isotopomers. The
deuterated compounds appear to be present in relatively low yields, especially d2acetylene.

A very small quantity of Z-CHD=CHCl (792 cm-1)326,327 is the only

deuterated chloroethylene congener observed.
4.3.6 – Low Temperature Pyrolysis of TCE with H2 and D2

12 Torr of trichloroethylene was pyrolysed with 3 Torr D2 at aperture 6 in 5 s
pyrolyses for a total duration of 140 s. The results of these pyrolyses are given in
Figure 4.17 and Figure 4.18 representing non-deuterated and deuterated products
respectively. Products were again monitored via IR spectroscopy, and concentrations
derived from DFT intensities (see Chapter 2.1.12).
DCl yields in Figure 4.17 provide a useful indication of when the undetectable
D2 has been consumed, and reach a maximum about 20 s into the experiment; after
this time, C4Cl4 starts forming in substantial quantities, indicating suppression of
C4Cl4 formation by hydrogen. Small amounts of C2H2 also form, and appear to form
concurrently with C2HCl.

C2HD, also forming concomitantly with the other

acetylenes, attains higher yields than C2H2, in contrast with what was observed in
trans-C2H2Cl2 + D2 pyrolyses where C2H2 forms as a primary product.
The dichloroethylene/D2 system discussed in the preceding section exhibits
the formation of a deuterated chlorinated ethylene. By analogy, three unidentified
peaks at 1004, 816, and 738 cm-1 in Figure 4.18 were anticipated as belonging to a
compound in this family.

In CD2Cl2 + H2 system, CHDCl2 is formed by the

replacement of a D atom by H,88 and consequently we reasonably expected the
formation of C2DCl3. However, neither the expected PR branches centred around
1020 cm-1,328 nor peaks near the band at 630 cm-1 observed in liquid samples of
C2DCl3 were observed.125 Further, none of the observed peaks match those quoted for
either E- or Z-C2HDCl2, another set of likely ethylene products related by Cl losses, in
the gas phase.120
The peaks do, however, coincide very closely with those calculated for 1,1C2HDCl2 at the DFT/B3LYP/6-31G* level of theory, with strong unscaled vibrations
occurring at 722.1, 835.1, and 995.0 cm-1.

A fourth strong peak, predicted at

1657.7 cm-1, was probably obscured by signals from water vapour fine structure
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Figure 4.17: Hydrogenated products of 12 Torr TCE and 3 Torr D2
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Figure 4.18: Deuterated products of 12 Torr TCE and 3 Torr D2

present in the background. Further supporting this assignment is the presence of a
peak at

1085 cm-1 in the post-pyrolysis spectrum of TCE+ H2, in good agreement

with the value of 1086.2 cm-1 given for 1,1-DCE;129 no peaks attributable to
deuterated 1,2-DCE were observed.
4.4 – Discussion of Experimental Results Concerning Chloroethylene
Decomposition and Growth of C4 Products

Reaction mechanisms will now be considered regarding both the
decomposition of chlorinated ethylenes and the formation of C4 products.
Mechanisms will be primarily discussed utilising the more conventional radical
processes; however, the final section of this chapter will concern itself with a
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multitude of short-comings inherent in these mechanisms, requiring the development
of non-radical mechanisms of C4 formation in Chapter 5. Discussion will follow the
temporal evolution of the ethylene pyrolysis system.
4.4.1 – Decomposition of Chlorinated Ethylenes: Radicalbased Mechanisms

The earliest products we observed appear through isomerisation steps, which
are operative exclusively with DCE. As has been alluded to earlier, this process is
probably unimolecular; however, this remains to be justified.

There is some

suggestion that Cl-initiated bimolecular reaction may be responsible for cis-trans
isomerisation.228

Temperatures derived assuming unimolecular channels seem

reasonable, providing some circumstantial evidence for such an isomerisation route.
More convincing, however, are arguments based on energetics.

The radical

mechanism involves Cl addition to DCE; Cl loss from the resultant ethyl radical may
lead to either the cis- or trans- isomer. Competing with addition is H-abstraction;
similar pre-exponential factors and energies for both routes suggest similar rates of
reaction. However, the results of low temperature DCE pyrolyses, exemplified in
Figure 4.11, show HCl elimination and growth are orders of magnitude slower than
isomerisation; thus, a similar mechanism for both processes is improbable.
The work of Riehl et al.204 considers the mechanism of unimolecular
isomerisation computationally.

They give an approximate treatment presuming

partial C=C bond cleavage, with rotation about the resulting C-C single bond.
Although only an approximate treatment, the energy of isomerisation they derive
(279.1 kJ mol-1) is somewhat comparable to the energy of 228.9 kJ mol-1 measured by
Jeffers et al.209

Of their treatment, only H- and Cl-migrations passing through

ethylidene intermediates are likely to compete as the leading route to isomerisation;
however, the high energy barrier to isomerisation, and the absence of 1,1-DCE
[feasibly formed via reactions such as reaction (4.i)] suggest this too is unlikely.
CHCl=CHCl ↔ CH-CHCl2 ↔ CH2=CCl2

(4.i)

The absence of reactive intermediates in the probable C-C isomerisation reaction
indicates that, although important in explaining observed yields, this step will have
little direct influence on the formation of other products in these systems.
Formation of acetylenes occurs concurrently with cis-trans isomerisation in
DCE systems (albeit much slower), and leads to the earliest products in TCE systems.
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Results show that C2HCl in DCE systems, and C2Cl2 (although in low total
abundances) in TCE pyrolyses dominate C2 product yields. HCl elimination is of
undeniable importance, in line with the findings in the literature – see Chapter 4.1. As
discussed in the review, there are two commonly quoted mechanisms for achieving
these products; unimolecular HCl elimination, either via α,α- or α,β- routes, or Clinitiated bimolecular H abstraction, followed by Cl elimination from the resultant
vinyl radical. Assessing the relative contributions of these two competing channels
from kinetic parameters alone is a complicated matter (see Chapter 2.2.8); on the one
hand, H-abstraction is much more energetically accessible than HCl elimination,
while on the other, the bimolecular nature of abstraction implies a strong dependence
on the probability of collision between ethylenes and Cl atoms, and therefore the (as
yet unknown) concentration of Cl. Further, as the H-abstraction/Cl loss reaction
merely maintains the Cl radical pool size under steady-state conditions, the high
energy Cl-loss from the chloroethylenes is inextricably linked to the concentration of
Cl.

Certainly, consideration of energy barriers, or even rate constants, alone is

insufficient to describe this ostensibly simple reaction.
A simple discussion of the kinetics of unimolecular TCE decomposition may
allow for discrimination between the two routes.

The rate of change of TCE

concentration, assuming only unimolecular HCl elimination, is expressed simply as:

d [C 2 HCl3 ]
= −k HCl [C 2 HCl3 ]
dt

(4.4)

Its solution is similarly easily determined
[C 2 HCl 3 ](t ) = [C 2 HCl 3 ]0 e − k HCl t

(4.5)

where [C2HCl3]0 represents the initial concentration of TCE. The fractional change of
TCE as a function of time is found by dividing equation (4.5) by [C2HCl3]0; only the
exponential term survives, and thus only kHCl, the rate constant of HCl elimination, is
needed to assess the contribution of this route.

Poorly known, A = 1013 s-1 and

Ea = 300 kJ mol-1 are reasonable estimates of typical Arrhenius parameters – see

Chapter 4.1.1.

At around 1000 K, a typical temperature regime expected in our

experiments, kHCl ≈ 2 × 10-3 s-1; 10 s through a typical pyrolysis, the expected fraction
of TCE that will have decayed is around 2 %.
However, experimental data concerning aperture 3 TCE pyrolyses, such as
those shown in Figure 4.5, suggest that after ~10 s, around 60 – 70 % of TCE has
decomposed. Unimolecular decomposition further suggests that only around 2 % of
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the reaction atmosphere should be C2Cl2, and consequently it is unreasonable to
explain the difference between the predicted and observed fraction of TCE
decomposition as the result of as-yet undetermined bimolecular growth reactions with
C2Cl2. The only plausible explanation remaining is Cl-initiated H-abstraction. A
similar analysis may be applied to the low-temperature DCE system discussed in
Chapter 4.3.1; this too leads to the conclusion that these must be initiated by Clradicals, despite attempts to restrict their formation.
These approximate kinetic arguments alone should not be the sole basis for
disregarding the role of unimolecular HCl elimination in chlorinated ethylene
systems, particularly in light of the known difficulties in defining temperatures and
hence performing rigorous kinetic analyses with IR LPHP systems.91 More subtle
experimental evidence is present which indicates radical reaction.
In mid- to higher temperature regimes, both DCE and TCE systems provide
some signs of radical reaction. DCE decomposition is initiated via:
CHCl=CHCl → CH=CHCl + Cl → C2H2 + 2Cl

(4.j)

Although formed in only minor quantities (for example, see Figure 4.2), the presence
of C2H2 is indicative of radical decomposition. Formation of various chlorinated
congeners of ethylenes are also demonstrative of radical processes; for example,
Figure 4.3 shows 1,1-DCE and TCE formation during DCE pyrolysis, while
Figure 4.7 indicates DCE and C2Cl4 formation during TCE pyrolysis. These are
conceivably formed by H- or Cl-atom capture, or abstraction, by dominant vinyl
radicals; Cl atom addition to ethylene followed by H- or Cl-loss may also explain
these results. Similarly, there is evidence of radical-based reaction even during lowtemperature pyrolyses, such as those outlined in Chapter 4.3.1 and 4.3.2. Figure 4.11
demonstrates the formation of small quantities of acetylene, which appears to suggest
radical reaction.

More convincingly, however, is the appearance of deuterated

products during low temperature pyrolyses of DCE and TCE with D2 (Chapters 4.3.5
and 4.3.6 respectively).
The production of most of the observed products in the DCE/D2 experiments
is easily reconcilable with radical processes. C2HCl forms largely as it does in D2free conditions, with H-abstraction from DCE by Cl-atoms and unimolecular Cl-loss
from the resulting C2HCl2 radical. Enhanced C2H2 yields is the probable result of
liberated D atoms abstracting Cl from DCE, with rapid Cl loss from the resulting
CH=CHCl radical. C2HCl reacts with D atoms primarily by H-addition/Cl loss to
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form C2DH + Cl (this has an activation energy of 8.8 kJ mol-1, compared to the Cl
abstraction process, which has an activation energy of 71.3 kJ mol-1; both values as
compiled by Wu et al.).198 C2DH forms at later times than C2HCl, in good agreement
with this mechanism. C2HCl + Cl gives C2Cl + HCl, a process with an activation
energy of 99.6 kJ mol-1;198 although initiation requires a reasonably high energy,
C2Cl + D2 giving C2DCl (one of our observed products) and a D atom has an
activation energy of 8.8 kJ mol-1,198 and thus this step is quite feasible. C2H2 and
C2DH may also react with D- or Cl-atoms analogously, leading to C2DH and C2D2.
The very low (barely above the background) levels of C2D2 fit well with this
mechanism; C2HD needs to build up to appreciable concentrations before it can react
to form C2D2, by which time most of the D2 will be consumed.
Similarly, most TCE/D2 products are well described via radical processes;
most, in fact, are likely to be identical to those in operation during DCE/D2 pyrolysis.
C2HCl is instrumental in the deuteration of acetylenes in the DCE systems, and is also
of importance in this system, forming via D-initiated Cl abstraction/Cl-loss from
TCE. In the DCE/D2 system, this product was a precursor to C2DCl; however, we see
that C2DCl now forms very rapidly, possibly also a primary product. This is due to
additional formation channels, predominantly Cl displacement by D atoms in C2Cl2,
formed by decomposition of C2Cl3 (in turn formed by H abstraction from C2HCl3).
Despite attempts to prevent radical reactions, it must be conceded that the lowtemperature pyrolyses do in fact generate Cl radicals. Consequently, radicals must
also be present in higher temperature regimes. It is under analogous conditions that
the formation of increasingly large aromatic-based products is observed, as later
chapters will discuss, and it is fair to say that these systems will necessarily involve
radicals to some extent. Despite this, as we will discuss in Chapter 4.4.3, and more
fully again in Chapter 5.5, this does not necessarily preclude the role of non-radical
mechanisms in C4 growth, especially if temperatures are low enough such that the Cl
pool remains relatively small.
4.4.2 – Formation of Chlorinated C4 Products: Mechanisms Based on a Radical
Perspective

The facilitation of HCl elimination processes in chloroethylene pyrolysis by
Cl-radical initiated reactions seems to lead naturally to the assumption that radicals
necessarily instigate growth processes as well.

There are, in fact, a number of
95 |

Chapter 4 – Thermal Decomposition and Recombination of Chlorinated C2 Hydrocarbons

observations compatible with radical processes; it is the focus of the current section to
discuss this evidence.
The formation of vinylacetylenes will be considered first. As Chapter 4.1.2
describes, the most favourable radical routes to these congeners involve acetylene
addition to vinyl radicals; H loss, or the more energetically favourable Cl-loss (where
possible), from the acetylene unit will lead directly to the vinylacetylenes. From the
results of this chapter, such routes immediately appear feasible; radical-initiated HCl
elimination initially leads to vinyl radicals, and acetylenes are amongst the major
products of all chloroethylene systems examined.
For ease of discussing this model, the most probable reactions for all
combinations of pertinent vinyl radicals and acetylenes are given in Figure 4.19. Habstraction/Cl-loss processes in ethylene decomposition have been well-established
thus far; consequently, it is clear that the first and fourth reactions of Figure 4.19 are
the most applicable to DCE and TCE pyrolysis systems respectively. With reference
to Chapters 4.2.1 and 4.2.2 we indeed note that C4H2Cl2 and C4Cl4 are the dominant
vinylacetylene congeners during these respective pyrolyses; this gives considerable
strength to the proposition of radical-based growth mechanisms.

Figure 4.19: Radical-initiated formation routes of chlorovinylacetylene congeners

More stringent tests of these mechanisms are provided by mixed DCE/TCE
systems. Figure 4.10 clearly demonstrates that, under these conditions, C4H2Cl2 and
C4Cl4 yields decrease substantially, while C4HCl3 production is markedly increased.
The radical mechanisms in Figure 4.19 readily describe these results; in addition to
the reactions operative in neat-DCE and TCE pyrolyses, the second and third routes
above are also possible. Competition between these routes will lead to lower than
typical yields via the first and fourth routes (thus lower C4H2Cl2 and C4Cl4 yields);
further, two routes to C4HCl3 are available, ensuring C4HCl3 becomes the major
vinylacetylene congener formed.
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Similarly, the chlorinated diacetylene congener yields are ostensibly well
treated by a radical based mechanism.

The radical mechanism believed to be

operative first involves the abstraction of a substituent from acetylene, resulting in the
formation of an ethynyl radical.

These reactive species do not have a stable

compound to which they may decompose unimolecularly, and thus necessarily
undergo bimolecular reaction. Reaction with acetylene leads to H-C≡C-CH=CH.,
which loses the H (or other) substituent from the α-carbon of the acetylene to yield
diacetylene. The major processes for the chlorinated congeners of relevance to this
study are given in Figure 4.20, assuming Cl-loss drives reaction with C2HCl.

Figure 4.20: Radical-initiated formation routes of chlorodiacetylene congeners

C2HCl, from DCE pyrolysis, forms C2Cl after H-abstraction and reacts via iv)
and v). Thus, the radical model predicts C4HCl forms in high yields; lower, but nonnegligible yields of C4H2 from in reactions i) and ii) are also predicted, due to the
formation of small amounts of C2H2. This is completely in line with our experimental
results, as outlined in Chapter 4.2.1.
The TCE system, on the other hand, produces C2Cl2 as the only observable
acetylene. Abstraction reaction leads to C2Cl, and reaction vi) is the only possible
reaction.

However, as stated in Chapter 4.1.3, the energy of Cl abstraction is

204.6 kJ mol-1,198 probably impractically high and consequently this route is
inaccessible. Very little C4Cl2 is predicted from this reaction, as observed.
Mixed DCE/TCE pyrolyses are also easily explained with the aid of
Figure 4.20. Acknowledging negligible quantities of C2H2 are formed, and that only
C2HCl is susceptible to abstraction (forming C2Cl), reactions v) and vi) are the only
feasible routes. In contrast to the TCE-only system, vi) is now a facile channel; thus,
increased yields of C4Cl2 are predicted. Concomitantly, increased consumption of
C2Cl radicals by C2Cl2 will inhibit C4HCl formation, leading to decreases in its yields
relative to DCE-only experiments.

The results summarised by Figure 4.8 are

therefore very well described qualitatively in this model.
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4.4.3 – Formation of Chlorinated C4 Products: Deficiencies of the Radical Model

While Chapter 4.4.1 discusses a number of salient features supporting radical
processes dominating C2 product distributions in chloroethylene systems, the evidence
is far less persuasive regarding the involvement of radicals in C4 growth. A succinct
summary of Chapter 4.4.2 advocating such processes relies exclusively on arguments
of stoichiometry, that radical models predict the correct vinyl- and diacetylenic
congener in a given pyrolysis system. These arguments are somewhat re-enforced by
the acknowledgement that radical-initiated reactions are believed prevalent in nonchlorinated systems.

However, the review in Chapter 4.1 alludes to the unique

chemistry of chlorinated systems. Further, the simple example of unimolecular vs. H
abstraction/Cl loss routes of HCl elimination highlights how arguments from
stoichiometry alone for mechanistic deductions may be insufficient.

Closer

inspection of a wide range of systems, as we will now describe, appears to expose a
number of inconsistencies between radical-carried C4-growth and observation.
As in the preceding section, we are first concerned with the formation of
vinylacetylene.

Figure 4.19, and the discussion of Chapter 4.1.2, emphasises the

pivotal role played by vinyl radicals in conventional vinylacetylene formation routes.
While their decomposition is instrumental in the production of acetylenes, excessively
fast decomposition may result in vinyl concentrations too low to enable pronounced
bimolecular growth. As mentioned briefly in Chapter 4.1.2, the rate of trichlorovinyl
radical decomposition in the seminal TCE pyrolysis modelling work of
Taylor et al.,236 although employing the best estimates of kinetic parameters available
to them at the time, may have inadvertently but significantly over-estimated the
lifetime of C2Cl3, particularly in light of more recent direct measurements of the rate
of decomposition.
Bryukov et al.275 used reaction rate data, measured between 569-683 K and in
bath

gas

densities
16

of

[He] = 3-24 × 1016 atoms cm-3

and

-3

[N2] = 12 × 10 molecules cm , supplemented with data from quantum chemical
calculations to provide the first full study into the unimolecular decomposition of
C2Cl3, deriving both high- and low pressure limit rate constants.

They find

ko(N2) = (9.21 x 1035)T-5.95exp(-119.66/RT) cm3 mol-1 s-1 (or, in helium bath gas,
ko(He) = (2.94 x 1036)T-6.14exp(-120.53/RT) cm3 mol-1 s-1) upon considering the low-

pressure limit; this suggests the rate of C2Cl3 decay is likely to be 25000-6000
(20000-4500) times faster than the rates employed by Taylor et al.,236 assuming that
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the rates are still a reasonable estimate when extrapolated to the 979-1173 K
temperature range.
Work by Taylor et al.250 exploring the pyrolysis of C2Cl4 utilised a faster rate
of C2Cl3 decomposition than in their TCE work, which provided an improvement in
yield predictions for a number of products. However, this new rate was a mere factor
of two larger, and not nearly as large as the above results demand, casting an element
of doubt over the dominance of radical processes in C4Cl4 growth.
The trapping of vinyl radicals with H2 or D2 (Chapters 4.3.5 and 4.3.6)
provides very revealing supplementary information to this discussion.

It seems

reasonable to assume, given the similarities of the two reactions, that if a radical
survives long enough to undergo appreciable bimolecular growth reaction, it should
be readily trappable.

The production of deuterated ethylenes in DCE/D2

(Chapter 4.3.5) and TCE/D2 (Figure 4.18) experiments ostensibly provides evidence
toward vinyl trapping, and consequently radical growth; once again, however, closer
inspection is required.
The results provided in Chapter 3.2.2 regarding trapping of radicals in DCM
pyrolysis are instructive in assessing the mechanism of trapping. CDHCl2 is the only
observable deuterated chloromethane formed, and the kinetic data compiled by Wu
and Won,178 assuming no isotopic effect on rates due to deuterium, suggest that the
chloromethyl radicals react with D atoms predominantly through displacement of a Cl
atom by D, e.g.
CHCl2 + D → CDHCl + Cl

(4.k)

and further suggest that the only reaction between these radicals and D2 is:
CHCl2 + D2 → CDHCl2 + D

(4.l)

The chlorine content of the deuterated product indicates that the usual H-abstraction
by Cl processes are operational, and either reaction (4.k) followed by capture or
abstraction of Cl, or reaction (4.l) (if [D2] >> [D] as this process has a much lower
rate constant) are responsible for trapping. The major conclusion drawn, however, is
that the trapping product appears to be a singly deuterated analogue of the starting
material; this system is particularly illuminating as, unlike the ethylenes, methyl
radicals cannot decompose to a stable product, and therefore necessarily react
bimolecularly.
It is reasonable to expect similar results upon performing the analogous
experiment in a chloroethylene system given similarities of kinetics with analogous
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DCM reactions. Thus full extension to the DCE/D2 system therefore predicts the
formation of 1,2-dichlorovinyl radicals and eventual trapping of d1-1,2-C2H2Cl2.
Similarly, TCE/D2 co-pyrolyses should result in the production of observable
quantities of C2DCl3, the result of trapped C2Cl3. Chapters 4.3.5 and 4.3.6 clearly
indicate that neither species is formed. Consequently, it must be conceded that,
although vinyl radicals are necessarily formed to yield the acetylenes observed, they
probably decompose too rapidly to undergo appreciable bimolecular reaction, either
by D2-trapping or growth, which may be thought of as vinyl trapping by acetylene.
It is prudent to complete this argument by explaining the origin of the
monodeuterated chloroethylenes, justifying their presence without relying on vinyl
radicals. For example, D-atom abstraction of Cl and D2 capture of the resulting vinyl
radical may explain our observations, e.g.
CHCl=CHCl + D → CHCl=CH + DCl

(4.m)

CHCl=CH + D2 → CHCl=CHD + D or equivalent

(4.n)

We begin by noting that these processes are unlikely; the analogous reaction in
DCM/D2 co-pyrolyses would suggest the production of CH2DCl, which is
unobserved. Analogy alone may be insufficient to rule out such pathways, and
kinetics may supplement this argument.

Data complied by Wu et al.198 for the

1,2-C2H2Cl2 + H reaction suggests Cl-displacement by D-atoms is at least twice as
fast as abstraction, predicting the formation of CHD=CHCl; incidentally, this is the
deuterated ethylene formed in this system (see Chapter 4.3.5). By analogy, TCE/D2
systems should form a d1-C2H2Cl2 by D-atom displacement of Cl. Based on the
studies of TCE with H-atoms,239,329 the d1-1,1-C2H2Cl2 isomer is expected to
dominate, and is in fact the observed isomer in Figure 4.18.

Thus, ethylene

deuteration does not necessarily require the presence of vinyl radicals.
Another argument, although not immediately obvious, rules out vinyl radicals
in growth by considering the relative yields of C2HCl and C2Cl2.

Comparison

between the results of Chapters 4.2.1 and 4.2.2 shows that, while C2HCl yields are
high enough to be easily observed via IR spectroscopy, C2Cl2 reaches much lower
levels and requires GC-MS to detect it. One possible explanation for this disparity is
that C2HCl is produced much more rapidly than C2Cl2. If we assume that radical
processes dominate acetylene formation, this may be effected in one of two ways:
either Cl abstraction is far quicker from DCE than TCE, or the resultant C2HCl2
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radicals formed in the DCE system decompose far more readily to C2HCl than C2Cl3
does to C2Cl2.
We consider first the rate of H-abstraction. The energy barriers given in
Table 4.1 suggest DCE and TCE undergo C-Cl bond cleavage with similar ease and
therefore rates; in fact, TCE probably decomposes marginally faster. This process
itself does not directly determine the rate of acetylene production; however, if it is
related to the size of the radical pool, this suggests that abstraction may be slightly
faster from TCE as [Cl], on which the rate of H-abstraction is very dependent, will be
slightly higher. However, H-abstraction rate constants potentially play an important
role. The energy barriers to abstraction, as discussed in Chapter 4.1.1, are all rather
low and not particularly dependent on the ethylene, and thus lead to little difference in
the abstraction rates. Pre-exponential factors, too, are expected to be similar for both
ethylenes, although DCE may react around twice as fast as TCE (having double the
number of abstractable hydrogens). The net effect, where the radical pool may favour
Cl abstraction from TCE, and pre-exponential factors favouring DCE, is likely to lead
to very little difference between the two systems; consequently, it must be concluded
that the rate of H-abstraction has little impact in explaining the very different yields of
acetylenes formed in these systems.
The second possibility regards the relative rates of vinyl radical
decomposition, which we have just argued must form in similar yields regardless of
the parent ethylene. Again, activation energy is the most important parameter in
assessing the relative decomposition rates of CHCl=CCl and C2Cl3. Table 4.4 gives a
number of estimates of relevant energies; unfortunately, only the first entry has
estimates of both radical species in question, and is therefore the only entry likely to
have compared results on an equal footing.

Further, the estimate of C2Cl3

decomposition for this entry is very similar to the barrier explicitly and exhaustively
measured by Bryukov275 (the penultimate entry of this table), which supports the
likely accuracy of our comparison values. Both radicals appear to decompose with
similar ease.
Therefore, on the basis of well-known kinetic data for a sequence of reactions
which are almost certainly active, there appears to be no mechanism operative for
which C2HCl should be formed in more substantial yields than C2Cl2. This leads to
the conclusion that the more rapid consumption of C2Cl2 than C2HCl is responsible
for the yield disparity; this justifies our earlier assertion that the analysis of acetylene
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yields is in fact another veiled argument concerning the role of vinyl radicals in
molecular growth. As consumption will be achieved primarily through the reaction of
the acetylenes with vinyl radicals, the C2Cl3 + C2Cl2 reaction must be faster than
C2HCl2 + C2HCl to explain our observations.

As we have already expressed a

certainty in the mechanism of HCl elimination, but scepticism of the radical-initiated
C4 growth routes, failing here likely condemns these growth routes further.
The energy barriers computed by Shi and Senkan249 are the only source of data
available to compare these pathways. The most accessible barriers for reaction of Eand Z-CHCl=CCl radical with C2HCl are 25.9 and 30.5 kJ mol-1 respectively;
similarly, C2Cl3 + C2Cl2 proceeds with a barrier of 37.7 kJ mol-1. All barriers are
relatively low, and reaction at pyrolytic temperatures is probably largely dependent on
the rate of collision; thus there is little evidence for one reaction being appreciably
faster than another. However, under very close scrutiny, reactions in the DCE system
would have to be acknowledged as proceeding slightly faster, contrary to requirement.
Thus, radical growth routes also appear to fail in describing the relative acetylene
yields observed, and being the weakest in the chain of arguments employed, the
failings probably rest here. Incidentally, invoking the other commonly quoted radical,
the ethynyl radical, also yields poor results; with no abstractable hydrogen in C2Cl2,
this is expected to be far less reactive than C2HCl. Incidentally, the tendency for
C2H2 to undergo consumption in the presence of TCE (see Chapter 4.2.2) while it
appears unreactive in DCE-only systems (Chapter 4.2.1) is not amenable to radical
routes either. Similar barriers of C2H2 addition to both C2HCl2 and C2Cl3 suggest
negligible changes in reactivity in these two systems.
Isomers of vinylacetylene congeners formed also provide much more direct
evidence to the unfeasibility of, in particular, vinyl radical initiated growth. As
discussed in Chapter 4.2.3, GC-MS and IR data suggests that the dominant C4HCl3
isomer (see the partial chromatogram of the experiments discussed in this chapter –
Figure 4.21) necessarily has a C≡C-Cl tail. These isomers are most readily described,
within the radical growth framework, by the second and third reactions in Figure 4.19.
Following the strictly theoretical logic discussed above, both vinyl radicals and
acetylenes should be present in equal abundance, and rate constants for the additions
are similar; consequently, two isomers should form in similar abundances, contrary to
observation. Refining the model by including the as-yet inexplicable observation that
C2Cl2 yields are much lower than C2HCl, the second process, C2Cl3 + C2HCl, is
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clearly faster. However, while describing the production of a single dominant C4HCl3
isomer, it predicts formation with a C≡C-H tail, and thus is equally irreconcilable with
experimental observation.

Abundance/ arb. units

1.6E+05

8.0E+04

0.0E+00
3.72

4.02

4.32

4.62

4.92

5.22

Time/ min

Figure 4.21: Partial chromatogram of C4HCl3 isomers formed during DCE/TCE pyrolyses

Another argument concerns the DCE/C2H2 systems (Chapter 4.3.3). Although
significantly contaminated by O2, and therefore very likely ensuring a radical-rich
reaction atmosphere, the formation of C4H3Cl may also be inconsistent with a radical
mechanism. The transition state of formation is presumably an adduct which may be
represented as CHCl=CCl…HC≡CH; the presence of CHCl=CCl radicals, as opposed
to the Cl-abstracted analogue CHCl=CH is undisputed given the observed abundance
of C2HCl (Figure 4.13). Loss of the underlined hydrogen in the above transition
structure, although less favourable than the equivalent process where a Cl-atom is
present at this site, is the most direct route to product formation; consequently, the
formation of C4H2Cl2 appears a very feasible route within the vinyl radical initiated
growth formalism, contrary to observation.
Finally, supplementary to the arguments against the role of vinyl radicals in
growth, there are some indications that radicals in general are not necessary for C4
formation. First, one feature of the nature of our experiments must be stressed.
Sampling techniques do not allow for real-time measurements to be obtained, and as
such, laser exposure ceases between measurements, be it IR-spectroscopic or via
GC-MS. As a consequence, any radical pools present must be re-established after
every measurement. Assuming that the ethylene decomposition is the only practical
initiation source, regenerating the radical pool should become increasingly difficult as
these reagents are consumed.
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Intriguingly, a number of our experiments show continuing reaction after
losses of radical sources. For example, DCE consumption in moderate temperatures,
typified by Figure 4.2, shows essentially complete consumption of DCE after ~60 s;
this is evidenced by the constancy of C2H2 yields after this time.

However,

consumption of both C2HCl and C4HCl continues long after this time, in presumably
largely radical-free conditions. This is much more succinctly observed during the low
temperature co-pyrolyses of C2HCl and C2H2 (Figure 4.14) where it was ensured that
all DCE had been consumed prior to reaction between the acetylenes, which are too
stable to either C-H or C-Cl bond cleavage to generate a radical pool.
In fact, the essential role played by acetylenes, and not radical-generating
ethylenes, is nowhere more striking than in the low temperature DCE and DCE/TCE
pyrolyses, Figure 4.11 and Figure 4.12 respectively. Reaction obviously depends
crucially on C2HCl, and possibly C2Cl2, to reach certain threshold levels, despite the
necessity of a small radical pool to generate the acetylenes in the first place. This is
difficult to reconcile with radical-carried growth mechanisms where reaction would
be expected to be fastest at earlier times, when radical sources DCE and TCE are
present in their highest concentrations.
4.5 – Experimental Studies of C4 Products: Concluding Remarks

DCE and TCE are observed major products of DCM pyrolyses, from which
we have observed extensive PAH growth.88 DCM/chloroethylene co-pyrolyses yield
very little in the way of odd-carbon products (see Chapter 3) initiating the studies of
the current chapter, as C2 bimolecular additions seems the only reasonably alternative
to initiating growth in the absence of C2 + C4 pathways.
Each ethylene has been investigated extensively. Decomposition is initiated
by HCl elimination, DCE yielding C2HCl, and TCE C2Cl2. C4 products from DCE
pyrolyses are C4H2Cl2 and C4HCl; TCE yields only C4Cl4 in appreciable quantities.
Co-pyrolysis of the ethylenes yields C4HCl3 and C4Cl2, while DCE/C2H2 experiments
yield C4H3Cl, and C2HCl/C2H2 gives C4H2. A clear pattern emerges from these
results, as products are all stoichiometrically equivalent to the expected result of
association of the dominant acetylenes with, where possible, some HCl elimination.
Radical routes appear very attractive in explaining these results. Indeed, the
rates of DCE and TCE decomposition, as well as the formation of a range of
deuterated products upon co-pyrolysis of the chloroethylenes with D2, all indicate a
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Cl-initiated H-abstraction process. The initial Cl-atoms are generated by C-Cl bond
cleavage of the ethylenes. Further, growth by reaction of vinyl radicals also appears
attractive given the apparent success of such processes in non-chlorinated systems,
and indications of early models of TCE236 and C2Cl4 pyrolysis.250

However, a

multitude of features are not consistent with such a model. Such observations include
the poor prediction of C4 stoichiometry during DCE/C2H2 pyrolysis, inability to
describe the increased reactivity of acetylenes with increased Cl-substitution,
prediction of the incorrect C4HCl3 isomers during DCE/TCE co-pyrolyses, and failure
to describe the clearly essential role played by acetylenes in reaction initiation.
Close inspection of the literature shows that most recent estimates of
chlorinated vinyl radical suggests that decomposition occurs with a significantly
lower barrier than the vinyl radicals themselves.

As a consequence, radicals in

chlorinated systems are much shorter lived than C2H3, and it is unreasonable to expect
them to undergo bimolecular growth reaction to the same extent as their nonchlorinated counterpart. This, too, is in line with experimental observation, where we
were unable to trap chlorinated vinyl radicals with D2.
Thus, it appears that an alternative must be sought to describe C4 formation in
chlorinated systems. The following chapter is therefore dedicated to the development
of such a mechanism; we undertake an extensive theoretical investigation into
necessarily non-radical models of C4 growth. Once developed, we will attempt to
justify these processes by describing all the experimental observations of this chapter,
and provide further justification of their feasibility with kinetic arguments.
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Theoretical
Treatment
of
Non‐radical
Chloroethylene/Acetylene Recombination
Concerns were outlined in the preceding chapter regarding the current
understanding of mechanisms of chlorinated C4 product formation from C2
precursors. Early kinetic models estimated the rates of chlorinated vinyl radical
decomposition, which, more accurate measurements suggest, may have been too
slow. Thus, the importance of growth via such radicals may have been over‐
emphasised.

A series of novel ethylene‐acetylene and acetylene‐acetylene

recombination channels have been considered in response to these deficiencies. We
show such routes explain product yields in chlorinated systems well, have energies
similar to those of competing ethynyl‐radical based reactions, and become
increasingly more facile with increased chlorine substitution.

5.1 – Review of Nonradical C4 Growth Mechanisms

Non-radical recombination has primarily been assumed to proceed, if at all,
via vinylidene addition to acetylene. The formation of vinylidene congeners from

acetylenes was discussed in Chapter 4.1.3; it is with the mechanism of vinylidene
addition, and rearrangement of subsequent adducts, that this section is concerned
with. The role of other molecular addition reactions will also be discussed here.
Hehre and Pople studied the minima on the C4H6 PES computationally, and
found that a number of non-cyclic (for example, 1- and 2-butyne) and cyclic
(cyclobutane and methylenecyclopropane, in particular) isomers are relatively stable,
with trans-1,3-butadiene the global minimum;330 more recent works tend to confirm
the validity of their results.258,331-333 As such, these compounds appear as probable
candidates for the intermediates in the reaction of vinylidene with ethylene; in
particular, the stability and structural similarity has led to much speculation regarding
the role of methylenecyclopropane in addition reactions. Indeed, the experimental
work of Davison et al.334 argues that the decomposition of methylenecyclopropane to
ethylene and acetylene proceeds via a vinylidene mechanism, and their kinetic data
suggests that vinylidene addition is almost barrierless. Supporting this, in what we
believe are the only studies to date concerning chlorinated congeners, Lu and Wang
have considered the reaction between dichlorovinylidene, Cl2C=C:, and C2H4 at the
CCSD(T)/6-31G*//MP2/6-31G* and CCSD(T)/6-31G*//DFT/B3LYP/6-31G* levels
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of theory.335 Their results indicate that an initial adduct forms in a barrierless reaction
and easily isomerises to dichlorinated methylenecyclopropane and cyclobutene
isomers. They also note that these reactions are predicted to proceed more easily than
in the non-chlorinated analogue.336 Further, methylenecyclopropanes readily lead to
the C4H6-structures that we observe, albeit in relatively low abundances; alongside
ethylene and acetylene, methylenecyclopropane pyrolysis has been shown to produce
1,3-butadiene.337
The C4H4 PES has also been subject to extensive study.

A number of

computational studies agree that vinylacetylene is the global minimum, with
butatriene, methylenecyclopropane, and cyclobutadiene (in order of decreasing
stability) representing the most stable isomers;330,338-340 by analogy with the C4H6
surface, these should represent the likely rearrangement intermediates.
Early work into the vinylidene/acetylene reaction by pyrolysis of C2H2 and
C2D2 show only a minor kinetic isotope effect when measuring the rate of acetylene
dimerisation, consistent with the addition of a reactive isomer (presumably formed by
a prior migration of an H atom) to H-C≡C-H in the formation of vinylacetylene. This
is strong evidence toward vinylidene existing in equilibrium with acetylene;
calculation of pre-exponential factors suggests that addition involves an asymmetric
transition state in which the reacting species mostly retain their original geometries.341
Experiments examining the reverse reaction, vinylacetylene decomposition to
acetylene, also finds little evidence of H-atom radical chain reactions; however, the
authors also find that the activation energies determined appear consistent with a 2,3H migration in concert with the breaking of the C-C single bond in vinylacetylene,
yielding H-C≡C-H and H2C=C:,287,342 and as such, reaction does not appear to pass
through any of the stable isomers quoted earlier.
In contrast to this, a number of much more recent matrix isolation studies into
the addition of (usually fluorinated) vinylidene to acetylene has provided very strong
evidence for the presence of intermediate species.343,344

Vinylidenes produced

photolytically in matrices at approximately 10 K after UV irradiation (λ < 248 nm)
undergo rapid addition to the remaining acetylenic molecules upon annealing at 3040 K to form methylenecyclopropene derivatives. Irradiation at 420 nm generally
revealed formation of vinylacetylene and butatriene signals at the expense of
methylenecyclopropene.

The reaction of difluorovinylidene with acetylene, for

example, yields (difluoromethylene)cyclopropene, and following irradiation was
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shown to give 1,1-difluorobut-1-ene-3-yne.343 Methylenecyclopropene decomposition
may be direct, although there is some suggestion it leads first to allenylcarbene,
H2C=C=CR-CR: (R =H, F), which yields butatriene prior to vinylacetylene
formation.345 Irrespective of the exact route, intermediate species are clearly feasible
in the molecular dimerisation of acetylene.
Maier and Lautz have also performed a series of UV-photolyses on matrix
isolated acetylene mixtures; however, their approach involves excitation of the matrix,
not the reagent, and thus inducing non-photolytic reaction.346 Irradiation of acetylene
mixtures in a Xe matrix, particularly with longer wavelength radiation (248 nm), also
yields the acetylene dimer, vinylacetylene, without the presence of radicals; however,
in contrast with vinylidene-based processes, cyclobutadiene is observed in place of
methylenecyclopropene.

The authors suggest a mechanism via a 1,4-biradical,

.

HC=CH-CH=CH., as proposed by Benson,306 which either cyclises to cyclobutadiene,

or forms vinylacetylene in a 1,3-H-shift; the rearrangement of cyclobutadiene to
vinylacetylene also undoubtedly plays a role in high temperature systems.
However, a rigorous treatment of non-radical acetylene dimerisation processes
not involving vinylidene does not appear to have been undertaken. Examining the
exhaustive searches of C4H4 PESs330,338-340 in detail reveals that dissociation of the
cycloprop-3-ene-methylene carbene (which we give the label 1m when we introduce
it in Figure 5.13) to two acetylene molecules, appears to be the only route, other than
methylenecyclopropene decomposition to vinylidene and acetylene, leading from a
C4H4 isomer to two C2 fragments. To our knowledge, however, formation of this
carbene during acetylene pyrolysis as an alternative mechanism to molecular growth
has not been subject to serious consideration given the high barrier of dimerisation,
~200 kJ mol-1, and low reverse barrier due to its instability.
However, chlorinated congeners do not appear to have been considered.
Given the observed increasing reactivity of acetylenes with increased chlorine
substitution, a feature not readily explainable by vinylidene-based routes given a
relative insensitivity of rearrangement and addition barriers with increased
chlorination, and the apparent need for non-radical C4-formation routes (see
Chapter 4.4.3), this chapter focuses largely on routes based on congeners of 1m.
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5.2 – Benchmarking Calculations Relevant to Molecular C2 Adducts

Achieving chemical accuracy without incurring impractical computational
expense is of great importance. We present a number of benchmarking calculations
to assess which model will serve us the best in these investigations. Diels-Alder
cyclisations, H and Cl migrations, and HCl eliminations will all be considered. We
will first find the optimum computational method to search the PESs; we will then
test the G2MS level against these benchmarking reactions to ascertain its reliability
for later high level calculations to support our results.
5.2.1 –

Benchmarking Calculations for Searching C2 Dimerisation PESs

Owing to the presence of a number of heavy atoms, the only methods
accounting for correlation energy while remaining computationally tractable are DFT
and MP2 approaches. Within the DFT framework, all structures were optimised using
the B3LYP functional.157,156 6-31G* basis sets have been utilised for optimisation
with both DFT and MP2 approaches, also with a view to reducing computational
expense. ZPECs have been included using DFT/B3LYP/6-31G* (henceforth referred
to as DFT-opt) frequencies exclusively, and have been scaled by 0.9806.347 Various
single point energy schemes have been investigated, restricted to the same method
employed for the optimisation but with a larger basis set.
DFT methods have received substantially more attention due to the expected
importance of unimolecular HCl elimination processes in small chlorinated
hydrocarbons;348 as has been noted in numerous cases, DFT methods tend to
reproduce HCl elimination reactions better than other methods. Ferguson et al.349
found the DFT/B3PW91/6-31G(d’,p’) method reproduced HCl eliminations from
CH3CH2Cl, CH3CH2CH2Cl, and CF3CH2CH2Cl to within 2 kJ mol-1. While analysing
1,2-HF, HCl and ClF eliminations from CH2FCH2Cl, Rajamumar and Arunan169
found that, while B3LYP methods underestimate HCl elimination barriers by
approximately 20 kJ mol-1 for not only the title compounds, but also chloroethane,
they did note very good agreement for 1,2-dichloroethane. Further, higher level
methods (for example, CCSD and MP2) tended to overestimate experimentally
determined barriers by approximately 20 to 30 and 40 to 50 kJ mol-1 respectively.
Preference for DFT over MP2 methods is justified in Table 5.1 where we have
considered the deviations of energy barriers from experimental activation energies, or
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barriers from very high-level calculations, relative to values predicted from a variety
of benchmarking methods.

The reactions were chosen on the basis of their

similarities to processes expected in our studies, and are shown explicitly in
Figure 5.1. In Table 5.1, columns in italics show the energy barriers of structures
fully optimised at the quoted level of theory; all other columns represent single point
energy calculations based on these structures. We see that our chosen method must be
the DFT/B3LYP/6-31+G*//DFT/B3LYP/6-31G* (henceforth referred to as DFT-SPE)
level. Despite only a modest increase in the size of the basis set, this level has both
the smallest maximum and average deviations from the published data of all of the
methods considered; furthermore, for all reactions considered, DFT clearly outperforms MP2 calculations.
Table 5.1: Energy barriers/kJ mol-1 of relevant benchmark reactions
DFT/B3LYP

MP2

Literature

Reaction

6-31G*

6-31+G*

6-311++G**

cc-pVTZ

6-31G*

6-31+G*

(5.a)

230.2

234.8

239.0

233.1

280.7

273.0

241.3204

(5.b)

187.3

184.4

200.8

188.2

219.3

212.4

188.3204

(5.c)

326.6

321.2

304.3

307.0

377.5

372.3

318.4204

(5.d)

329.7

349.2

312.2

315.5

386.0

382.1

352.5204

(5.e)

241.3

258.4

225.6

249.8

298.0

289.1

242.6350

(5.f)

88.8

97.9

101.6

103.3

73.8

76.4

100.8351

Max. dev

22.8

15.8

40.3

37.0

59.1

53.9

Ave. dev

9.4

5.9

14.5

11.0

40.9

35.0

1.205

1.651

1.066

1.277
1.931

(5.a)
2.147
1.277

(5.b)
1.217
1.329

2.863

1.083

1.368
1.362

(5.c)

1.637

1.744
1.771
1.253

2.685

(5.d)

110 |

Chapter 5 – Theoretical Treatment of Nonradical Chloroethylene /Acetylene Recombination

1.799

1.516

2.642

1.269

(5.e)

1.331
1.422

2.271

(5.f)

1.339

Figure 5.1: Reactions (5.a) - (5.f) from Table 5.1; bond lengths in Å from DFT-opt

It is clear from Table 5.1 that DFT-SPE calculations reproduce the 3- and 4centre HCl elimination barriers from trans-C2H2Cl2 [reactions (5.c) and (5.d)]
calculated at the QCISD(T)/6-311+G(d,p)// MP2/6-31G* level of theory204 very
closely (as well as matching the Cl and H migrations of reactions (5.a) and (5.b),
calculated at the same level of theory). The experimental values for reaction (5.e) are
less well reproduced. However, the DFT-opt level results provide a much better
estimate; in fact, they reproduce exactly the value measured for reaction (5.e) by
Rajakumar et al.352 who also quote 241.8 ± 8.4 kJ mol-1. Also of great importance is
reproducing Diels-Alder cycloaddition barriers [reaction (5.f)], as most adducts
considered are formed via steps leading to 3-membered rings; there is very good
agreement with our results and those determined experimentally, with an activation
energy of 100.8 ± 12.9 kJ mol-1. 351
5.2.2 –

Benchmarking High Level G2MS Calculations

Compound methods are approaches that can achieve near-chemical accuracy
without incurring impractical computational expense. The first such model to attain
widespread use and success was the Gaussian-2 (G2) approach,353,354 where
MP2/6-31G(d) geometries are subject to QCISD(T) SPE calculations with the
relatively small 6-311G(d) basis set. A number of MP4 SPE calculations are also
performed with this and several other larger basis sets in order to try and correct for
errors in the QCI energy arising from the use of small basis sets. HF-level ZPEs are
also employed.
Although highly accurate, and far less expensive than QCISD(T) approaches
with large basis sets, some of these steps may still be prohibitively time-consuming
and memory-intensive for application to larger systems. To this end, the analogous
G2MS method has been developed:355,356
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E(G2MS) = E[CCSD(T)/6-31G(d)] + E[MP2/6-311+G(2df,2p)] – E[MP2/6-31G(d)]

+ HLCG2MS + ZPECDFT
All energies are obtained from single point corrections on DFT/B3LYP/6-31G(d)
geometries, with the (scaled)347 ZPECDFT coming from the same calculations.
HLCG2MS is an empirically determined high-level correction factor, which is
commonly deemed negligibly small. This is a far less expensive approach than the
G2 method, but also attains near-chemical accuracy.357,358 Benchmarking calculations
have again been performed, with the results in Table 5.2. Both the maximum and
average deviations in energy are very comparable to the DFT-SPE approach; thus,
G2MS energies will be a very useful supplement to the DFT-SPE values, although
will be employed only sparingly given their far higher computational expense.
Table 5.2: G2MS energy barriers/kJ mol-1 of relevant benchmark reactions

Reaction

(5.a)

(5.b)

(5.c)

(5.d)

(5.e)

(5.f)

Max. dev

Ave. dev

G2MS

233.0

174.4

317.1

327.9

250.7

99.0

13.9

7.0

Literature

241.3

188.3

318.4

352.5

242.6

100.8

5.3 – Computational Results I: Ethylene/Acetylene Adducts

We begin searches for vinylidene-free, non-radical, vinyl- and diacetylene
(and, to a lesser extent, butadiene) formation routes operative in chloroethylene
pyrolysis systems by considering the ethylene/acetylene reaction. After locating the
initial bimolecular addition routes, Chapter 5.3.1, rearrangements yielding our
observed products (passing through intermediates such as methylenecyclopropane and
cyclobutene congeners where necessary) will be considered in Chapters 5.3.2 to 5.3.5,
with an overview presented in Chapter 5.3.6.

The ethylene-acetylene reactions

considered here are, to our knowledge, novel processes.
5.3.1 –

Ethylene/Acetylene Adducts: The initial adduct

Attempts to optimise chloro-congeners of ethylene/acetylene analogues of the
.

CH=CH-CH=CH. biradical suggested by Benson306 invariably failed. However, the

novel transition state structures, TS1a-h (a-h denotes the congener pair considered)
connecting

minima

associated

with

the

ethylene/acetylene

pair

and

methylenecyclopropane-based biradical congeners 1a-h were located instead. The
energies and geometries of the eight ethylene/acetylene pairs a-h considered are given
in Table 5.3 and Figure 5.2 respectively.
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Table 5.3: Energies/kJ mol-1 [DFT-SPE (DFT-opt)] of selected ethylene/acetylene reactions for adduct formation
a

b

c

d

e

f

g

h

TS1

198.6 (196.6)

202.1 (200.0)

176.8 (175.5)

196.6 (196.3)

192.4 (190.0)

208.6 (208.9)

157.8 (156.4)

171.8 (169.9)

1

152.6 (148.5)

165.5 (158.7)

78.5 (75.6)

161.8 (161.5)

74.6 (72.3)

151.6 (150.0)

100.3 (99.8)

94.8 (94.9)

TS1a

TS1b

TS1c

1.306
2.187

1.643

2.071

1.407

2.069

1b

1.567

1.451

2.034

1.607

1.525

TS1f

2.382

1d

1.559 1.602

1.470

TS1h

1.261
1.599
1.606

2.379

1e

1.569

1.463

2.581

1.750

1g

1f

1.624
1.605 1.450
1.544

2.547

1.654

1.435

1.446
1.559

TS1g

1.447

1c

1.422
1.590

2.037

1.377

1a

TS1e
1.311

1.288

2.162
1.688

TS1d

1h

1.439

1.527
1.561

1.603

1.589

1.572

1.479

Figure 5.2: Geometries of initial adduct formation transition states, TS1a-h, and their products 1a-h; all bond lengths in Å, energies in Table 5.3

113 |

Chapter 5 – Theoretical Treatment of Nonradical Chloroethylene /Acetylene Recombination

A salient feature of these molecular adducts is the role of the substituent on the
acetylenic β-carbon. Table 5.3 shows that, when hydrogen occupies this site, energy
barriers of TS1 congeners (a, b, d, and f) are around 200-210 kJ mol-1; in particular,
we note that both C2H2-attack species, TS1a and TS1b, are very high in energy.
Conversely, chlorination lowers the barrier to around 160-170 kJ mol-1, with TS1e
(trans-C2H2Cl2 + C2HCl) an exceptional case, (the high energy barrier presumably the
result of pronounced structural deformation).

Similarly, β-chlorination also

significantly stabilises the adduct, 1a-h.
The electrostatic potential map in Figure 5.3, using 1c as an example, shows
that electron density accumulates on the β-carbon of the acetylenic tail. Along with
the near-sp3 bond lengths in the acetylene moiety, all around 1.45 Å, this is consistent
with a lone carbene pair (as we are working on singlet state PESs exclusively). The
stabilisation of singlet carbenes by lone-pair donating substituents such as halogens is
well-known;359,360 hence, all β-substituted adducts experience lower barriers and
energies.

Electrostatic potential energy surface of 1c

positive

negative

Figure 5.3: The electrostatic potential energy surface of TS1c

Although chlorine stabilises the carbene site, none of these adducts are
particularly low in energy relative to the free ethylene and acetylene. Consequently,
additional rearrangements are sought, ideally with the goal of removing the carbene.
Four processes have been considered, and are depicted in Figure 5.4; each will be
discussed in turn in the following sections.
5.3.2 –

Stabilisation of Ethylene/Acetylene Adducts Process I: A Concerted HCl
Elimination/Acetylene Slipping Mechanism

Guided by the relative energies of C4 isomers, as considered by Hehre and
Pople,330 methylenecyclopropanes appear to be a feasible stepping stone en route to
the observed C4 products (see Chapter 4). Indeed, the entropic gains associated with
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H
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H
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X
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Y
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X

H

W

Z

Y

Z

X

H

2a-h

Z

Cl

X

H

W

5a-h, 6a-h

Cl

X

H

W

9a-h

Figure 5.4: Schematic detailing the processes considered in the stabilisation of adducts 1a-h

the HCl elimination necessary to form C4H4-xClx congeners from the C4H6-yCly 1a-h
adducts discussed in the preceding section serve to make such processes
favourable.361 However, HCl elimination fails to remove the carbene site noted (see
Figure 5.3) unless preceded by another step.
Considering HCl elimination regardless of this ‘oversight’, it was found that
attempts to locate α,β-HCl eliminations across the cyclopropane C-C single bond in
the 1a-h congeners were, as anticipated, unsuccessful; α,α-HCl elimination, however,
enjoys considerable success. The transition states, TS2, and resultant adducts, 2, are
depicted in Figure 5.5, with the associated energies in Table 5.4. Only reactions for
systems a, c, e, and g are shown; the excluded pairs are merely cis-trans isomers of
those shown, the energy difference of which is expected to be negligible.
Although not explicitly sought, the stabilisation of the carbene centre is clearly
inherent in the α,α-HCl elimination mechanism. Apparently a concerted process, the
β-carbon of the acetylene moiety binds to the ethylene carbon from which the HCl
elimination is occurring, while the original cyclopropane ring is cleaved (see
Figure 5.5). The process resembles the slipping of the acetylene moiety into the site
vacated by the leaving HCl molecule.
Comparison of the energies of the TS2 congeners with those of TS1
(Table 5.3), shows that reverse reaction (via TS1) has a similar energy to TS2. Thus,
upon forming the carbene congeners 1, it is, on the basis of energy alone, of similar
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likelihood that reaction will proceed to the methylenecyclopropene products, 2, or
decompose back to the parent ethylene and acetylene. It is also apparent that chlorine
lowers the energy of TS2, and reaction may be promoted by the alleviation of steric
pressures in 1 exerted by chlorine. Further, Table 5.4 indicates chlorine lowers the
energy of methylenecyclopropene congeners, 2, relative to ethylene and acetylene.
The decomposition routes of 2 are discussed in Chapter 5.4.
Table 5.4:
Energies/kJ mol-1 [DFT-SPE (DFT-opt)] of selected ethylene/acetylene α,α-HCl
elimination reactions
a

c

e

g

TS2

207.2 (202.2)

178.2 (177.3)

178.5 (176.1)

155.5 (157.7)

2

38.3 (31.9)

12.1 (7.7)

9.7 (5.2)

-12.0 (-14.0)

TS2a

TS2c

TS2e

TS2g

1.275
1.276

1.275
2.060

1.107

1.546
2.866

2.132

2.876

2.205

2.052

2a

2c

2e

2g

1.697
1.446

1.320

1.316

1.079

1.434

1.571

2.896

1.534

1.316

1.687
1.324

1.319

1.324

Figure 5.5: Geometries of α,α-HCl elimination transition states, TS2a-h, and their products 2a-h; all
bond lengths in Å, energies in Table 5.4

5.3.3 –

Stabilisation of Ethylene/Acetylene Adducts Process II: H and Cl
Migrations Leading to 1,3Butadiene Formation

Process II in Figure 5.4 will now be discussed. Unlike the preceding HCl
elimination process, stabilisation of the carbene 1 is the explicit aim of these steps.
This is achieved by donation of the carbene pair to one of the ethylene substituent
atoms.

As the new C-H/Cl bond forms, the original is weakened and the

cyclopropane ring destabilised. As shown in Figure 5.4, the anticipated result is the
formation of 1,3-butadiene congeners. With the labels TS3 and TS4 denoting these
H- and Cl-migration transition states respectively, the energy barriers of these
reactions are given in Table 5.5, accompanied by the resulting minima (labelled 3 and
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Table 5.5: Energies/kJ mol-1 [DFT-SPE (DFT-opt)] of selected ethylene/acetylene H- and Cl migration reactions leading to 1,3-butadiene congener formation
a

‡

b

c

d

e

f

g

h
‡

TS3 (H-mig.)

268.7 (258.0)

252.3 (242.2)

219.2 (211.0)

260.0 (254.1)

244.0 (236.7)

257.6 (252.8)

na

236.7 (234.5)

TS4 (Cl-mig.)

na

309.1 (295.8)

na

na

232.7 (224.9)

264.7 (259.0)

223.0 (221.1)

195.7 (194.0)

3

-172.4 (-183.8)

-175.9 (-187.6)

-198.2 (-206.8)

-185.7 (-194.9)

-199.4 (-208.4)

-161.6 (-170.5)

na

-137.5 (-144.2)

4

na

-175.5 (-186.8)

na

na

-197.2 (-205.7)

-180.2 (-189.0)

3h

3h

No H (or Cl) present in structure to undergo migration
TS3b

TS3a
1.491

1.346

TS3c

TS3d

TS3f

TS3e

1.469

1.480

1.382

1.353

1.521

1.526

1.370

1.334

n.a.

1.529

1.275

1.525
1.386

1.549

1.250

1.318

1.468

1.259

1.355

1.342

1.497

1.489

3b

3a

TS3h

TS3g

3d

3c

1.337

3f

3e

3g

3h

1.337
1.339

1.083

1.340

1.339

1.478

1.350

n.a.

1.461

1.457

1.338

1.349

1.452

1.470

1.341

Figure 5.6: Geometries of H-migration transition states, TS3a-h, and their products 3a-h; all bond lengths in Å, energies in Table 5.5
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TS4a

n.a.

TS4b
1.492

TS4c

TS4d

1.505

n.a.

n.a.

2.259

4c

4d

2.045

1.464
1.593

1.430
2.187

1.433

4b
1.453

TS4f

2.145

1.566

4a

TS4e

4e

4f

1.742

1.340

1.342

1.751

n.a.

n.a.

n.a.

1.087
1.452

TS4g
2.057

TS4h
2.122

1.505

and
2.270

both give 3h
2.251
1.458

Figure 5.7: Geometries of Cl-migration transition states, TS4a-h, and their products 4a-h; all bond
lengths in Å, energies in Table 5.5

4, respectively).

The geometries of the transition states and minima of the H-

migration steps are given in Figure 5.6, and the Cl migrations in Figure 5.7.
The H- migration transition states, TS3a-h, shown in Figure 5.6, suggest that
during the migration the ring is still largely intact; this is evidenced by the still singlebonding C-C lengths observed about the ring, typically 1.46 – 1.50 Å. Analogous
results are observed for Cl-migration pathways, TS4a-h, given in Figure 5.7.
Substituent migrations are clearly taking place, with C-H bond lengths of 1.2 – 1.3 Å
in TS3a-h and C-Cl bond lengths around 2.1 – 2.2 Å in TS4a-h, much longer than the
equilibrium bonds lengths of ~1.1 and 1.8 Å respectively. Initially it seemed that an
intermediate species should result after these transition states, requiring a
cyclopropane C-C bond cleavage to yield the 1,3-butadiene congeners 3a-h and 4ah; however, attempts to locate such an intermediate failed, instead yielding the

butadiene. This therefore suggests that, although appearing largely as a H- or Clmigration exclusively, transition states TS3a-h and TS4a-h are in fact concerted
migration/C-C bond cleavage steps and yield butadienes directly. Comparison to
Table 5.3 shows that these processes require appreciably higher energies to initiate
than decomposition back to ethylene and acetylene congeners. Thus, we will not
consider these routes further.
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5.3.4 –

Stabilisation of Ethylene/Acetylene Adducts Process III: H and Cl
Migrations Leading to Methylenecyclopropane Formation

The second of the H/Cl migration routes shown in Figure 5.4 (process III)
leading to methylenecyclopropanes will now be discussed. The work of Hehre and
Pople330 indicates that methylenecyclopropane is a relatively high energy isomer, ~80
to 100 kJ mol-1 less stable than the global minimum trans-buta-1,3-diene, and we will
therefore also be considering their decomposition to more stable species.
Table 5.6, accompanied by Figure 5.8, reports the energies and geometries of
the methylenecyclopropane-directed H- and Cl-migration transition states, TS5a-h
and TS6a-h respectively, and the respective chloromethylenecyclopropane products
5a-h and 6a-h.

The energies provided clearly show a decrease in barrier upon

increasing the degree of chlorination; further, the C2H2Cl2/C2HCl systems, c-f, suggest
that H-migration is favoured over Cl-migration. However, comparison of the energies
of Table 5.6 with those in Table 5.3 suggest that the dissociation of adducts 1a-h back
to ethylene and acetylene will, in most cases, be favoured. Similarly, comparison
with Table 5.4 suggests that these migrations are unlikely to compete with the HCl
elimination/acetylene slipping reaction, Process I, considered in Section 5.3.2 either.
Despite the likelihood that the reactions of Process III are negligible in the
molecular recombination of ethylenes and acetylenes, the decomposition of
methylenecyclopropanes is still worthy of consideration. As HCl elimination from 1chloro-2-methylenecyclopropane, 5a, has been observed,362 dehydrochlorination has
received the most attention. Searches suggest the α,α- and α,β-HCl eliminations
shown in Figure 5.9 are the most probable such reactions; these are labelled TS7a-h
and TS8a-h respectively. The products of TS8a-h are the methylenecyclopropene
congeners, 2a-h, shown in Figure 5.5. TS7a-h leads to 7a-h, which are butatrienes.
Table 5.7 shows that the α,β-HCl elimination reactions TS8a-h are higher in
energy than the alternative processes TS7a-h, and consequently butatriene congeners
are expected to dominate. Butatriene itself is anticipated to be only 40 kJ mol-1 higher
in energy than vinylacetylene,340,363 and thus relatively stable. 1,3-H and Cl-shifts
have been considered from the butatriene congeners shown in Figure 5.9, the former
typically requiring ~320, and the latter ~250 kJ mol-1 in forming vinylacetylenes.
Consequently, chlorinated methylenecyclopropanes are expected to eliminate HCl
yielding butatrienes, with vinylacetylene forming as the result of secondary
isomerisation.

This

agrees

well

with

published

experimental
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Table 5.6: Energies/kJ mol-1 [DFT-SPE (DFT-opt)] of selected ethylene/acetylene H- and Cl migration reactions leading to methylenecyclopropane congener formation
a

‡

b

c

d
‡

e

f

g

h

TS5 (H-mig.)

227.1 (220.5)

224.9 (218.5)

183.2 (181.1)

na

192.6 (187.6)

na

na

na

TS6 (Cl-mig.)

na

na

na

210.2 (209.1)

na

231.7 (227.8)

184.2 (183.4)

190.2 (189.7)

5

-87.4 (-100.8)

5a

-114.4 (-121.1)

na

-102.8 (-112.7)

na

na

na

6

na

na

na

5c

na

5e

-119.6 (-124.0

6g

No H (or Cl) present in structure to undergo this migration step
TS5b
TS5a
TS5c

TS6d

TS5e

2.037

1.401
1.394
1.227

1.341

1.490

1.385

1.499

2.061
1.762

1.414

1.422

1.983

1.986

1.290

TS6h

TS6g

2.047

1.331

1.384

1.491

TS6f

2.070
1.532

1.530
1.524

5a

5c

1.322

1.087

5a

6g

5c
1.466

1.528

5e
5e
1.320

1.321

1.534

1.520

6g
1.324

1.732

1.534

Figure 5.8: Geometries of H- and Cl-migration transition states, TS5a-h and TS6a-h respectively, and their products 5a-h and 6a-h; bond lengths in Å, energies in Table 5.6

120 |

Chapter 5 – Theoretical Treatment of Nonradical Chloroethylene /Acetylene Recombination
Table 5.7: Energies/kJ mol-1 [DFT-SPE (DFT-opt)] of α,α- (TS7a-h) and α,β-HCl (TS8a-h)
elimination from methylenecyclopropanes 5a-h and 6a-h; butatriene congeners 7a-h also included
a

c

e

g

TS7 (α,α-HCl)

87.1 (79.9)

91.4 (90.5)

62.7 (60.8)

74.7 (77.8)

TS8 (α,β-HCl)

162.5 (154.5)

na‡

138.1 (138.4)

95.9 (99.8)

7

-41.1 (-46.1)

-64.8 (-67.0)

7c

-78.5 (-77.6)

‡

Two adjacent substituents identical; α,β-HCl elimination forbidden by structure.
TS7a

TS7c

2.424

TS7e

TS7g

1.298

1.299
1.407
1.145

1.108

2.949

1.131
2.328

2.070

TS8a

3.264

n.a.

2.913

1.987

TS8c

1.425

1.108

1.927

1.318

TS8g

1.511

1.514

1.271

1.317

1.690
1.261

3.266

2.038

7c
1.088

1.357

1.132
3.226

1.995

7a

2.928

TS8e

1.141
3.057

2.189

7c

7g

1.739
1.264

1.306

Figure 5.9: Geometries of α,α- (TS7a-h) and α,β-HCl (TS8a-h) elimination reactions from
methylenecyclopropanes 5a-h, 6a-h, and their products 7a-h; bond lengths in Å, energies in Table 5.7

observation; C4H4 isomers dominate C4H5Cl (5a) pyrolysis, with the major isomer
identified unambiguously as vinylacetylene.362 This assignment is substantiated as the
ionisation energy, IE, of this product, 9.6 eV, compares well with the reference value
of 9.58 eV.364

A minor isomer was identified in the pyrolysis of 5a with

IE = 9.2 eV;362 we suggest this is butatriene, which is supported by comparison of its
IE (= 9.15 eV)364 to that of the unknown. Further, other C4H4 isomers may be ruled
out, with methylenecyclopropene and cyclobutadiene having IEs of 8.28 and 8.02 eV
respectively.364,365

121 |

Chapter 5 – Theoretical Treatment of Nonradical Chloroethylene /Acetylene Recombination

5.3.5 –

Stabilisation of Ethylene/Acetylene Adducts Process IV: Formation and
Decomposition of Cyclobutene Congeners

The final stabilisation process considered in Figure 5.4 involves a concerted
C-C bond formation and cleavage step. Again, for simplicity’s sake (driven by the
negligible difference between isomer energies) we have only considered one isomer
for each chloroethylene/chloroacetylene pair. The energies of these cyclisations,
TS9a-h, and geometries of the resultant products, 9a-h, are given in Table 5.8 and

Figure 5.10 respectively.

The energies listed, when compared to the values in

Table 5.3, again suggest that these pathways are less likely than decomposition back
to the parent ethylene and acetylene. However, we will briefly explore this route
further, to supplement the known chemistry of cyclobutene and its derivatives.366-368
Table 5.8: Energies/kJ mol-1 [DFT-SPE (DFT-opt)] of selected ethylene/acetylene cyclobutene
formation routes, TS9
a

c

e

g

TS9

227.0 (225.8)

205.3 (204.2)

211.8 (209.3)

212.7 (213.5)

9

-123.3 (-138.8)

-158.8 (-166.9)

-170.4 (-180.0)

-194.0 (-199.4)

TS9a
2.899

TS9c
1.267

TS9e

1.313

1.294

2.434

TS9g

3.147

2.907
1.497

2.090
1.434

1.410

9a

1.416

9c

1.341

1.467

9e

9g
1.343

1.719
1.505

1.507

1.504

1.506
1.817
1.590

1.567

Figure 5.10: Geometries of cyclobutene formation routes, TS9a-h, and their products 9a-h; bond
lengths in Å, energies in Table 5.8

Three competing reactions have been considered: α,α-HCl elimination
(TS10a-h), Cl-migration from a doubly to singly-occupied carbon TS11a-h (Hmigrations are found to be very high in energy), and C-C bond cleavage between the
two doubly-substituted carbons (TS12a-h).

Table 5.9 lists the energies of these

species, and Figure 5.11 shows the PES for these competing processes from adduct 9c
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(Figure 5.10); the geometries of the stationary points referred to in Table 5.9 are not
shown as it is clear that C-C bond cleavage (TS12a-h) yielding 1,3-butadiene
congeners is the only feasible step. This is undoubtedly driven by the thermodynamic
favourability of butadienes; the carbenes 10a-h are clearly very high in energy
(higher,

in

fact,

than

their

formation

transition

states);

similarly,

the

bicyclo[1.1.0]butane congeners 11a-h and are much higher in energy than the
butadienes, 4a-h, in accordance with the results of Hehre and Pople.330
Table 5.9: Energies/kJ mol-1 [DFT-SPE (DFT-opt)] of selected ethylene-acetylene cyclobutene
decomposition routes; see Figure 5.11
a

c

e

g

TS10

84.3 (77.9)

83.2 (83.6)

70.7 (66.0)

46.3 (47.0)

10

133.6 (130.5)

96.5 (100.0)

115.2 (117.5)

67.2 (74.0)

TS11

73.9 (66.4)

51.7 (49.7)

34.8 (32.1)

2.0 (3.5)

11

-60.1 (-76.0)

-74.5 (-82.2)

-76.6 (-86.8)

-77.7(-83.8)

TS12 (to 4a-h)

55.2 (43.2)

-14.7 (-20.7)

39.9 (31.8)

-23.5 (-27.4)

200

TS9c
TS1c

150

Energy/ kJ mol-1

100
50

TS10c

10c

1c
TS11c

0

TS12c

-50

11c

-100
-150
9c

3c

-200

Figure 5.11: DFT-SPE energies of cyclobutene congener formation and decomposition on a C4H3Cl3
PES

The PES above (Figure 5.11) clarifies the salient points just discussed. It
clearly demonstrates that the cyclobutene route for congener pair c is not particularly
feasible. Reverse reaction via TS1c is expected to dominate, and any cyclobutene that
is formed will, for all practical purposes, proceed via bond cleavage to the global
minimum, a trichloro-1,3-butadiene isomer. Tabulated energies show that, in general,
the same results hold regardless of the degree of chlorination. Further, butadiene
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formation from cyclobutene is in good agreement with experiment;366-368 in
chlorinated derivatives, ring-opening as opposed to HCl elimination (as seen in
methylenecyclopropane congeners)362 is also observed to be favoured.369-372
5.3.6 –

Stabilisation of Ethylene/Acetylene Adducts: A Summary

A number of competing reactions have been considered in the preceding
sections, and for the sake of clarity all are considered in a representative PES shown
in Figure 5.12. The ordering of energies for all decomposition processes does not
appear to change with varying the chlorine content, thus the trends shown in this
figure hold generally.
Processes II and IV for dimer 1c (right-hand side of Figure 5.12) are both
higher in energy than the dimer-forming transition state, TS1c. Such processes are
expected to contribute negligibly, as has been discussed, and further study has been
included in this work merely for completeness. The left-hand side of Figure 5.12,
however, shows the Process I and III rearrangements of adduct 1c; both have energies
similar to that of the adduct-forming transition state, TS1, and thus are competitive
with dissociation. They also appear competitive with one another. In general, this
seems to be true for all congeners considered: methylenecyclopropane-forming H and
Cl migrations (TS5 and TS6 respectively) in Process III are found to be very slightly
higher in energy than dissociation, while the HCl elimination/acetylene slipping TS2
transition states (Process I) are typically a little lower in energy than dissociation.
Thus, the major route by which ethylene/acetylene adducts are expected to
react is via the concerted HCl elimination/acetylene slipping processes discussed in
Chapter 5.3.2. The resulting intermediates, methylenecyclopropene congeners, have
not been discussed further yet as they are, as it will be shown, extremely important in
acetylene/acetylene recombination.

However, it is worth noting here that these

decompose readily to vinylacetylene congeners, one of the major C4 products
observed during our pyrolyses.
5.4 – Computational Results II: Acetylene/Acetylene Recombination

Employing a similar approach to Chapter 5.3 the DFT-SPE PES has been
exhaustively searched in an attempt to locate all pertinent reactions between acetylene
molecules. We have considered congeners m-t, from fully hydrogenated to fully
chlorinated systems. The formation of the initial adduct is considered in
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Energy/ kJ mol-1

Process I
TS5c

TS1c

TS2c

200

TS3c
TS1c

150

TS9c

Process IV

100
1c

1c

50

2c
0
-50

Process III

Process II

-100

9c

-150

5c

-200

3c

Figure 5.12: PES (DFT-SPE level energies) of the major ethylene-acetylene adduct rearrangement
reactions on a C4H3Cl3 PES

Chapter 5.4.1, while 5.4.2 and 5.4.3 cover the stabilisation of the initial adducts by
methylenecyclopropene and cyclobutadiene routes respectively.
introduces

a

competitive

recombination/HCl

elimination

Chapter 5.4.4

channel,

and

all

acetylene/acetylene routes are summarised in 5.4.5.
5.4.1 –

Acetylene/Acetylene Adducts: The initial adduct

Acetylene recombination proceeds via a methylenecyclopropene-like route
(TS1m-t, with associated products 1m-t), very similar to the routes 1a-h considered
in Chapter 5.3.1. The energies of all transition states and minima considered are
given in Table 5.10, with the geometries given in Figure 5.13. Again, the transition
states are not symmetric, with one C-C bond appearing to be largely formed (with
lengths between ~1.5 – 1.8 Å); the second appears to form later, but still in an overall
concerted process.
Given this asymmetry, it is difficult to assign which acetylene carbon is
bridging across the C≡C bond of the other; however, the significant lowering of the
energy of these transition states and adducts with increased chlorine substitution has
clear parallels with the ethylene/acetylene adducts.

This, as mentioned in

Chapter 5.3.1, is likely due to the stabilisation by chlorine of the carbene centre
formed in the production of these adducts.
Similarities with the ethylene/acetylene adducts again suggest routes that
stabilise the carbene centre are required. Currently, we present the
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Table 5.10: Energies/kJ mol-1 [DFT-SPE (DFT-opt)] of selected acetylene/acetylene reactions for adduct formation
m

n

o

p

q

r

s

t

TS1

212.9 (211.7)

196.9 (196.3)

187.1 (183.5)

162.3 (159.6)

126.6 (122.4)

130.0 (132.7)

155.0 (157.9)

112.1 (109.7)

1

182.8 (178.6)

169.9 (167.4)

132.0 (126.2)

68.1 (64.8)

122.7 (119.9)

52.6 (52.0)

110.1 (110.3)

19.1 (21.1)

TS1m

TS1o

TS1n

2.094

1.609

TS1q

TS1r

1.259

2.121

1.539

2.430

2.180

2.636

1.767

1.572

2.271

1.482

1.268

1.256

1m

TS1t

TS1s

1.298

1.340

1.328

TS1p

1n

1p

1o

1q

2.130

2.679

1.881

1.274

1.259

1s

1t

1r

1.434
1.424

1.582

1.545

1.395
1.268

1.266

1.575

1.557

1.273

1.523

1.276

1.417

1.556
1.547
1.276

1.522

1.546
1.280

1.286

Figure 5.13: Geometries of initial adduct formation transition states, TS1m-t, and their products 1m-t; all bond lengths in Å, energies in Table 5.10

Figure 5.14: Schematic detailing the processes considered in the stabilisation of adducts 1m-t
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acetylene/acetylene recombination analogue of Figure 5.4 detailing the major
reactions we will consider; these are shown schematically in Figure 5.14. Based on
the results of Chapter 5.3 the most feasible processes are the methylenecyclopropene
routes (Process A – Chapter 5.4.2) and the cyclobutadiene channels (Process B –
Chapter 5.4.3).
bimolecular

After outlining these processes, we will introduce one final

reaction

channel

competitive

with

TS1m-t,

a

single

step

recombination/HCl elimination route leading directly to diacetylene congeners.
5.4.2 –

Stabilisation of Acetylene/Acetylene Adducts Process A: H and Cl
Migrations Leading to Methylenecyclopropene Formation

Methylenecyclopropene, according to the work of Hehre and Pople,330 is the
third lowest energy C4H4 isomer, after vinylacetylene and butatriene. It bears a close
skeletal resemblance to the initial adducts, 1m-t, and (as suggested by Figure 5.14)
congeners are probably simply formed from 1m-t via a single H or Cl migration. The
transition states of these migrations are labelled as TS2m-t (H-shift) TS3m-t (Clshift) with their energies and geometries given in Table 5.11 and Figure 5.15
respectively. The products formed, 2m-t and 3m-t, are identical to the products 2a-h
formed in Process I (Chapter 5.3.2, Figure 5.5); however, the energies relative to the
relevant acetylene pair are presented here.
Table 5.11 shows a marked decrease in energy relative to the zero of both Hand Cl-migration transition states and the final products, indicative of a considerable
lowering of energy of 1m-t upon chlorination. The breaking ring carbon-H/Cl bonds
in TS2m-s and TS3m-s (Figure 5.15), at ~1.2 and 1.9 Å respectively, are only a little
longer than typical equilibrium bond lengths, and much shorter than the forming
methylene carbon-H/Cl bonds (typically around 1.6 and 2.6 Å respectively), and thus
TS2m-s and TS3m-s are reasonably early transition states. TS3t, the Cl migration

step in the C4Cl4 isomer, is the exception; both breaking and forming bond lengths are
quite similar in length. It is noted that this transition state has a much lower than
expected energy; it seems reasonable, therefore, that the higher energy of early
transition states TS2m-s and TS3m-s is due to their more reactant-like nature as
reaction is quite exothermic.
A second feature of interest is the relative energy of H- and Cl-migration
processes. Table 5.11 shows that H-migration, on a particular C4H4-xClx PES, is lower
in energy than Cl-migration in a related isomer. This trend is also observable in two
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Table 5.11: Energies‡‡/ kJ mol-1 [DFT-SPE (DFT-opt)] of selected acetylene/acetylene H- and Cl-migration reactions leading to methylenecyclopropene congener formation
m

n

o

p

q

r

s

t

TS2 (H-mig.)

228.0 (216.5)

196.9 (188.0)

na

133.2 (124.8)

na

109.7 (104.1)

na

na

TS3 (Cl-mig.)

na

na

185.8 (177.6)

na

162.0 (156.8)

na

140.9 (138.2)

39.6 (38.1)

2

-94.4 (-111.6)

-120.0 (-134.3)

na

-139.1 (-152.6)

na

-162.0 (-171.9)

na

na

3

na

na

-120.0 (-136.3)

na

-142.0 (-154.9)

na

2r

-173.7 (-181.0)

TS2m

TS2n

TS3o

1.589

TS2p

2.587
1.460

1.416

1.478 1.225
1.869

2n

2m (=2a)

1.446

1.436

1.768

2p (=2e)

1.324

1.324

1.469

1.227

3q (=2c)

1.434

1.316

1.473
2.026

2r

3t (=2g)

1.324

1.079

1.316

TS3t
2.294

1.412

1.495

1.697
1.320

TS3s
2.630

1.853

3o
1.328

TS2r

2.606

1.510

1.412

1.188

TS3q

1.324

2r
1.687

1.318

1.319

Figure 5.15: Geometries of H- and Cl-migration transition states, TS2m-t and TS3m-t respectively, and their products 2m-t, 3m-t; bond lengths in Å, energies in Table 5.11
‡‡

Acetylene/acetylene serves as the zero-of-energy
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other H and Cl-migration processes, Processes II and III, considered in Chapter 5.3.3
and 5.3.4 respectively. Figure 5.16 suggests that this is largely attributed to the
electrostatic attraction between electron deficient H-substituents and the negatively
charged carbene centre on the methylene carbon in the acetylene/acetylene adducts.
Thus, electrostatic attraction appears to drive migration for all congeners considered.
1m

1t

positive

negative

Figure 5.16: Electrostatic potential energy maps of ethylene/acetylene adducts 1m and 1t

The methylenecyclopropene congeners, as we will show, are not the global
minima on their respective PESs.

Conversion to vinylacetylene will now be

considered; this completes not only the reaction profile currently under investigation,
but also that of Process I (Chapter 5.3.2). We will only consider four congeners,
namely 2a (≡2m), 2c (≡3q), 2r, and 2g (≡3t); see Figure 5.5 and Figure 5.15.
H/Cl-migrations from the cyclopropene ring to the methylene-substituted
carbon were first considered, initially with a view to comparing these to the energy of
C-C bond cleavage in the ring; however, it appears that migration is in fact
accompanied by ring cleavage, leading directly to vinylacetylene congeners. The Hand Cl-migrations (TS4m-t and TS5m-t respectively) are shown in Figure 5.17 for
the aforementioned pairs, with energies provided in Table 5.12 (relative to the
acetylene/acetylene zero-of-energy).

Cl-migrations, where relevant, are far more

energetically feasible than H-migration. On the acetylene adduct PES, with reference
to the values in Table 5.11, we see vinylacetylene formation is favoured over reverse
reaction (back to adducts 1m-t).

These results suggest that, once formed,

methylenecyclopropenes are easily converted to vinylacetylenes via concerted H/Clmigration/ring-opening processes. Further, these mechanisms are also compatible
with the fluorinated vinylacetylene congeners observed in the addition of
photolytically generated vinylidenes to matrix isolated acetylenes discussed in
Chapter 5.1.343-345 The methylene group of the methylenecyclopropene congeners is
experimentally observed to become the doubly-substituted vinyl group in the
vinylacetylenes, as predicted by our model.
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Table 5.12: Energies*/kJ mol-1 [DFT-SPE (DFT-opt)] of selected H- and Cl-migrations from
methylenecyclopropene congeners leading to vinylacetylenes
m

p

r

t

TS4

156.6 (147.5)

116.1 (108.3)

na

na

TS5

na

90.0 (84.2)

45.5 (41.6)

42.8 (42.7)

4

-183.1 (-196.2)

-210.9 (-221.9)

na

na

5

na

-220.7 (-229.7)

-226.1 (-234.7)

-233.9 (-239.1)

TS4m

TS4p

2.617

2.612

1.594

1.501
1.167

1.196

TS5p

TS5r

TS5t
2.501

2.382

2.750

2.324

4p
1.211

1.211
1.341

2.573

2.306

2.228

4m

2.503
2.554

1.342

5p

5r

5t

1.345

1.354
1.211

1.211

1.343
1.210

Figure 5.17: Geometries of H- and Cl-migration transition states, TS4m-t and TS5m-t respectively,
and their products 4m-t, 5m-t; bond lengths in Å, energies in Table 5.12

5.4.3 –

Stabilisation of Acetylene/Acetylene Adducts Process B: Cyclisation to
Cyclobutadiene and Further Rearrangement

The addition of the carbene centre of adducts 1m-t to a cyclopropene ring
carbon represents another effective means of stabilising this centre, yielding (with
C-C cleavage) another of the more stable C4H4 congeners, cyclobutadiene. These
processes, TS6m-t, compete with the methylenecyclopropene formation routes
TS2m-t and TS3m-t. The energies of four representative reactions, TS6n, TS6p,
TS6r, and TS6t are given in Table 5.13, with the related structures in Figure 5.18.
*

Acetylene/acetylene serves as the zero-of-energy
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Values of ~1.6 Å for the interior C-C bond in the transition states are indicative of
bond cleavage; hence, cyclopropene ring opening appears to occur in concert with
closure of the cyclobutadiene ring. Comparison with Table 5.11 shows that 1m-t
rearrange much more readily to cyclobutadienes than methylenecyclopropenes.
Table 5.13:
Energies/kJ mol-1 [DFT-SPE (DFT-opt)] of selected cyclobutadiene formation
cyclisations from 1m-t
n

p

r

t

TS6

171.7 (168.1)

79.8 (73.5)

122.7 (123.7)

31.0 (30.7)

6

-67.6 (-81.2)

-102.9 (-114.1)

-131.0 (-140.6)

-157.6 (-165.1)

TS6n

TS6p

2.415

1.520

TS6r

2.167

1.621

1.291

6n

1.333

1.615

1.481

1.295

6p

6r
1.575

1.579

TS6t

6t

1.580

1.332

1.698

1.334

1.332

Figure 5.18: Geometries of cyclobutadiene formation cyclisations from 1m-t, TS6m-t, and their
products 6m-t; bond lengths in Å, energies in Table 5.13

Crucial now is the mechanism of cyclobutadiene decomposition. With a view
to vinylacetylene production, H/Cl-migrations appear likely product forming steps.
Unfortunately, the possible rearrangements are numerous; not only are H- and Clmigrations possible, but the anti-aromaticity of the cyclobutadienes implies that
migration may occur across single or double bonds. All possible rearrangements of
6n (Figure 5.18) are considered in Table 5.14 below to assess relevance of each.
Table 5.14: Energies of all possible H/Cl-migrations from cyclobutadiene congener 6n
4

1

3

2

Migration from:

E/ kJ mol-1

Migration from:

E/ kJ mol-1

C1 → C2

187.1

C3 → C2

231.8

C1 → C4

N.A – see text

C3 → C4

242.0

C2 → C1

259.7

C4 → C3

246.2

C2 → C3

254.7

C4 → C1

238.8

By far the lowest energy step (all energies are ZPE-corrected barriers from the
DFT/B3LYP/6-31G* level) is from C1 → C2; the C1 substituent is a chlorine atom,
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and thus this is the only step to represent a Cl-shift. Note C1 → C4 is also a potential
Cl-migration, however we find (confirmed by additional examples) that Cl-shifts
along single bonds are not able to be located. All remaining migrations are H-shifts
and much higher energy. There is a ~30 kJ mol-1 variation in these processes, but this
appears insufficient to render H-migrations feasible even occasionally. Consequently,
the only decomposition routes considered for the cyclobutadiene congeners will
involve Cl-migration, necessarily across a double bond.
The Cl-migration steps are labelled TS7m-t and are shown in Figure 5.19 with
energies listed in Table 5.15. The presence of chlorine again significantly stabilises
these transition states and their four-membered ring products, 7m-t, relative to the
zero of energy. In all cases, the current Cl-shifts are lower in energy than TS6m-t
(reverse reaction); thus, once formed, cyclobutadiene congeners readily undergo
decomposition initiated by Cl-migration.
The formerly double-bonded C-C group across which migration took place is
the longest C-C bond (~1.5 Å typically) in 7m-t and the best candidate for bond
cleavage. The energy of this process, TS8m-t, is also much lower in energy than its
reverse (Cl-shift via TS7m-t) and therefore reaction proceeds readily to 8m-t where
we see the vinylacetylene structure is now evident. Very facile H/Cl migrations,
TS9m-t, should be very easily traversed at pyrolytic temperatures as barriers are only

~20 kJ mol-1; these lead to the global minima, the vinylacetylene congeners 9m-t.
Table 5.15: Energies/kJ mol-1 [DFT-SPE (DFT-opt)] of lowest energy cyclobutadiene, 6m-t,
decomposition routes
n

p

r

t

TS7

114.2 (105.9)

77.9 (72.4)

30.7 (28.8)

2.8 (5.7)

7

-8.5 (-18.8)

-56.6 (-63.1)

-93.8 (-96.8)

-94.4 (-92.9)

TS8

37.3 (27.6)

1.3 (-4.8)

-38.7 (-41.0)

-21.5 (-19.7)

8

-27.4 (-33.9)

-40.6 (-45.5)

-22.5 (-24.2)

-31.4 (-29.1)

TS9

-21.1 (-28.5)

-27.4 (-33.1)

-7.9 (-11.2)

-18.3 (-17.5)

9

-209.9 (-221.0)

-220.0 (-229.2)

-226.1 (-234.7)

-233.9 (-239.1)

5.4.4 –

Competition for the Direct Acetylene/Acetylene Adducts: Concerted
Recombination/HCl Elimination Transition States

The importance of diacetylenes was fully appreciated in Chapter 4 where they
were acknowledged as one of the major C4 products in chlorinated ethylene pyrolyses
systems. However, no attempt to describe their formation has been made in this work
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TS7n

TS7p

1.368

TS7r

1.362

TS7t

2.236

1.367

2.157

1.458
1.533

1.454
2.133

2.181

7n

2.205

1.372

7p

7r

7t
1.557

1.416
1.473

1.487

1.487

1.469

1.377

1.396

1.551

1.556

TS8n

TS8p
1.380

TS8r

1.436

TS8t

2.346

1.387
1.337

2.139

2.322

2.242

1.338

8n

8p

1.339
1.097

8r

8t

1.320

1.342

1.319

1.330
1.764

1.325

1.365

1.736

TS9n

TS9p

1.320
1.268

TS9r

1.266

1.250

TS9t

2.056

2.054
2.026

1.245

9n

9r

1.209

1.210

9t
1.643

1.342
1.418

1.302

1.300

9p

2.034

1.211

1.343

1.211

1.354

Figure 5.19: Geometries of cyclobutadiene decomposition steps leading to vinylacetylene congeners;
energies provided in Table 5.15

so far; the current section serves to establish such a process.
Discussion

of

ethylene/acetylene

systems

ignored

direct

concerted

addition/HCl elimination steps leading to vinylacetylenes; typically these were very
difficult to locate theoretically for all congeners. Further, we will argue in due course
that the ethylene/acetylene adducts will probably contribute negligibly anyway.
Location of analogous processes has been attempted for the far less crowded
acetylene/acetylene pairs, with much greater success. The energies of this reaction for
C2H2/C2HCl (TS10n and 10n), 2C2HCl (TS10p and 10p), and C2HCl/C2Cl2 (TS10r
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and 10r) are given in Table 5.16 below, with the accompanying geometries in
Figure 5.20. Note no such process is possible for either 2C2H2 or 2C2Cl2; with
reference to the literature review of Chapter 4, H2 and Cl2 eliminations are invariable
too high in energy to be competitive with HCl loss. Discussion of these routes is left
until the next section.
Table 5.16:
Energies/kJ mol-1 [DFT-SPE (DFT-opt)] of direct concerted recombination/HCl
elimination routes, TS10m-t
n

p

r

TS10

154.0 (146.5)

104.6 (100.6)

97.5 (94.7)

10

-98.4 (-102.8)

-103.1 (-107.1)

-106.7 (-110.5)

TS10n
1.408

TS10p

TS10r

1.120

2.133

1.409

2.055

1.211

2.960

10n
1.212

1.369

10p

10r

1.643

1.214

1.366

1.363

Figure 5.20: Geometries of direct concerted recombination/HCl elimination transition states TS10m-t
and diacetylene products, 10m-t; energies given in Table 5.16

5.4.5 –

Nonradical Acetylene/Acetylene Reactions: A Summary

Non-radical acetylene recombination routes, although less complicated than
their ethylene/acetylene counterparts, still represent an involved PES fragment, and it
is prudent to provide an overview of these reactions. A representative C4H2Cl2 PES is
given in Figure 5.21 for both Processes A and B, as well as the as yet undiscussed
concerted recombination/HCl elimination processes of Chapter 5.4.4.
Close examination of values tabulated throughout Chapter 5.4 reveals the
trends in the C4H2Cl2 PES given below are representative of all acetylene
recombination reactions. Further, molecular recombination occurs more readily with
increased chlorination. Comparison with the energies in Figure 5.12 also shows that
these reactions are likely to be many orders of magnitude faster than
ethylene/acetylene reactions operative in the same systems. Figure 5.21 shows that
while there is some capacity for methylenecyclopropene formation (Process A),
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cyclobutadiene formation (Process B) is far more facile.

Figure 5.21 also

demonstrates that, once formed, the cyclobutadienes are readily converted into
vinylacetylene congeners, as we observe.
In competition with both of these processes is the alternative reaction via
TS10m-t leading to diacetylene congeners and HCl; these tend to be ~20 kJ mol-1

more favourable than cyclobutadiene formation. At typical pyrolytic temperatures,
this implies an order of magnitude difference in rates; however, if accompanied by a
smaller pre-exponential factor, as discussed in Chapter 5.5.2, the HCl elimination
reactions may proceed with a similar rate to the cyclobutadiene routes.
Energy/ kJ mol-1

TS3q
Process A

TS1q
TS10p 120

TS5p

1q
TS6p

60

TS7p

TS8p
0
-2.5

2

-0.5

1.5

Process B

3.5

5.5

8p

-60

10p

-120

TS9p
9.5

7.5

7p

6p
3q

-180

-240

9p

5p

Figure 5.21: DFT-SPE PES of the major acetylene adduct rearrangement reactions for C4H2Cl2

5.4.6 –

G2MS Tests of the Accuracy of DFT Energies of Acetylene Adducts

Finally, the accuracy of the DFT energies has been reconsidered by
comparison with the results of the highly accurate G2MS approach.

Adduct

formation (Figure 5.13 and Table 5.10) is the most important process as it is rate
limiting. In the 2C2H2 system TS1m has a DFT-SPE barrier of 212.9 kJ mol-1; this is
an underestimate of the G2MS value of 238.8 kJ mol-1, although both values appear
similar to published estimates.338-340 Interestingly, DFT appears to over-estimate
values for chlorinated processes; 2C2HCl and 2C2Cl2 reactions via TS1q and TS1t
have G2MS energies of 116.1 and 94.7 kJ mol-1, 10.4 and 17.4 kJ mol-1 lower than
their respective DFT values. Thus, acetylene adducts are probably more readily
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formed than DFT estimates suggest. Ethylene-acetylene recombination barriers may,
however, be underestimated and therefore overemphasised with DFT methods; for
example, the C2HCl/cis-DCE, TS1c, recombination energy, found to be
176.8 kJ mol-1 with the DFT-SPE approach, is 199.2 kJ mol-1 with G2MS estimates.
Similarly,

direct

acetylene

recombination/HCl-elimination

processes

appear

overemphasised with DFT, with TS10m (C2H2-C2HCl) and TS10p (2C2HCl)
transition state energies raised from 154.0 and 104.6 kJ mol-1 respectively (DFT-SPE)
to 194.0 and 147.2 kJ mol-1 respectively (G2MS).
The dimerisation reaction of C2Cl2 via the cyclobutadiene route (Process B)
has also been reconsidered in full at the G2MS level. These energies, along with
DFT-SPE and CCSD(T)/6-31G(d) SPE values are given in Table 5.17.

Two

observations may be made; first, although there are some energy differences, DFT and
G2MS values generally appear similar, and therefore DFT should be reliable for most
quantitative analyses; the second is that CCSD(T) values do not appear to support
G2MS values any more than they support DFT values. Thus, the less expensive DFT
approach does not appear considerably poorer than highly correlated methods. It is
noteworthy, however, that both highly correlated methods suggest that DFT overestimates the barrier of the rate-limiting adduct formation step via TS1t.
Table 5.17: DFT-SPE, G2-MS, and CCSD(T) SPE values (employing B3LYP/6-31G* ZPECs) of
2C2Cl2 dimerisation and rearrangement

2C2Cl2

TS1t

1t

TS6t

6t

TS7t

7t

TS8t

8t

TS9t

9t

DFT

0

112.1

19.1

31.0

-157.6

2.8

-94.4

-21.5

-31.4

-18.3

-233.9

G2-MS

0

94.7

43.0

50.7

-155.4

30.3

-83.2

-12.0

-21.1

-4.6

-227.5

CCSD(T)

0

93.8

27.4

39.1

-176.9

25.6

-101.9

-25.3

-37.9

-6.4

-239.8

5.5 – Discussion of Radical and NonRadical Routes in C4 Growth

While routes based on vinyl and ethynyl radicals do describe some features of
the experimental work of Chapter 4, the discussion of Chapter 4.4.3 lists a number of
shortcomings. A feasible alternative must mimic all the successes of the radical
model, and address each of its failings.

We first examine all such points in a

qualitative sense for the novel molecular processes developed in this chapter before
going further and justifying that such reactions, at least in low temperature regimes,
are fast enough to be feasible.
lifetimes.

We also address the issue of chlorovinyl radical

We conclude with an exploration of the electronic structure of the

formation of these novel adducts.
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5.5.1 –

Description of Qualitative Trends of C4 Growth With Acetylene Adducts

In this section, we focus predominantly on the role of acetylene/acetylene
adducts, which appear much more feasible than their ethylene/acetylene analogues.
In particular, for a given reaction system, DFT barriers for acetylene adducts are
typically

around

~20 kJ mol-1

lower

(and

probably

over-estimated)

than

ethylene/acetylene adduct formation steps (which are probably under-estimated).
The major success of radical routes (Chapter 4.4.2) is in their predictive power
of product stoichiometry in a wide range of systems. However, Table 5.18 shows
acetylene/acetylene adducts are equally successful (as are ethylene/acetylene
adducts); the predicted C4 congeners are readily verified with reference to Chapter 4
to be the major observed products. Note, too, the final column of Table 5.18 correctly
describes product formation for both DCE/C2H2 (Chapter 4.3.3) and C2HCl/C2H2
systems (Chapter 4.3.4); radical routes describe the products of DCE/C2H2 pyrolyses
incorrectly, and erroneously predict no product formation in C2HCl/C2H2 systems due
to the absence of a radical initiator.
Table 5.18: Predicted C4 congeners (via acetylene dimerisation) in various ethylene pyrolysis systems

Ethylene

DCE

DCE/TCE

TCE

DCE/C2H2

Acetylene

C2HCl

C2HCl/C2Cl2

C2Cl2

C2HCl/C2H2

C4H4 (predicted)

C4H2Cl2

C4HCl3

C4Cl4

C4H3Cl

C4H2 (predicted)

C4HCl + HCl

C4Cl2 + HCl

No reaction

C4H2 + HCl

We now address the aspects for which radical mechanisms failed in turn.
Chapter 4.4.3 begins by highlighting the role of the rapidly-decaying chlorinated vinyl
radical; this will be considered in the following section.

The second feature

scrutinised concerns the relative yields of C2HCl and C2Cl2. The recombination
model must necessarily address the observed low yields of C2Cl2 as the consequence
of its rapid consumption. Indeed, Table 5.10 shows clearly that increased chlorine
substitution leads to significant increases in acetylene reactivity, readily accounting
for these observations, and for which radical routes seem unable to provide an
alternative. In fact, the molecular route takes another curious observation in its stride;
in DCE/C2HCl rich systems C2H2 appears a stable product (Chapter 4.2.1) while when
formed with either TCE or C2Cl2 present it is readily consumed (Chapter 4.2.3). This
is now understandable given the anticipated lowering of the barrier to recombination
between C2H2 and the more highly chlorinated C2Cl2. This, too, explains the results
of Taylor et al. in which they note C2Cl2 dimerises far more rapidly than C2H2.305
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A third major failing in the radical mechanism is in the description of C4HCl3
isomers produced during DCE/TCE co-pyrolyses (Chapter 4.2.3). IR and GC-MS
evidence indicates that three isomers are formed, with a particularly dominant isomer
bearing a C≡C-Cl tail. Radical routes incorrectly suggest C≡C-H isomers dominate.
Acetylene recombination, found to favour Process B of Figure 5.14, predicts
formation of the trichlorocyclobutadiene intermediate, 6r.

Chapter 5.4.3 restricts

decomposition of 6r to Cl-migration across a C=C bond only, leaving only three
possible decomposition routes (this agrees with the number of observed C4HCl3
isomers). These routes, with DFT-SPE barriers, are given in Figure 5.22; expected
yields based on these energies appear to correlate well with observed yields
(Figure 4.21), and clearly indicate that C≡C-H isomers are the least likely to form, in
good agreement with experiment.

Figure 5.22: Decomposition routes and energies of trichlorocyclobutadiene

Finally, several other features are also well described with molecular routes.
C4H6 congeners do not appear in abundant yields; acetylene adducts alone cannot
form such congeners, and ethylene/acetylene adducts indicate HCl-elimination routes
dominate, also leading to C4H4 congeners. The pivotal role played by acetylenes, as
exemplified in Chapter 4.3.1, is inherent in molecular adduct models, as is the
observed continuation of reaction even in ethylene-depleted systems (thus in the
probable absence of a radical source). This is particularly striking in Chapter 4.3.4
where acetylenes, which are very resistant to bond cleavage, react even in the absence
of a radical initiator. Further, these routes are also consistent with various photolytic
experiments involving trapped acetylenes. While reactions targeted at vinylidene
production

have

been

observed

to

involve

methylenecyclopropene

intermediates,343-345 when reaction is induced indirectly (by photoexcitation of the
matrix, and not the acetylene), cyclobutadiene is formed instead.346

The latter
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experiments arguably resemble thermal decomposition more closely than photolysis,
and the dominant intermediate in these cases, despite being higher energy than
methylenecyclopropenes, is in line with our predictions.
5.5.2 –

Kinetic Analysis of C4 Growth With Radical and Acetylene Adduct Routes

Discussed several times throughout Chapter 4, the much lower barrier of vinyl
decomposition to acetylene in chlorinated congeners, by around 50 kJ mol-1, suggests
extension of C2H3-based growth routes, arguably successful in non-chlorinated
systems, may be questionable. We now address this issue, and the feasibility of
molecular routes, in a far more quantitative sense, presenting a kinetic analysis of the
low-temperature DCE system of Chapter 4.3.1 (for which we have a large amount of
data). We restrict discussion of molecular routes to C2HCl dimerisation. We assume
isothermal conditions, with a temperature of 800 K, as derived in Chapter 4.3.1.
We begin with a treatment of radical processes in C4HCl production.
Decomposition proceeds via the following steps:
DCE + Cl → C2HCl2 + HCl; ka

(5.g)

C2HCl2 → C2HCl + Cl; kl

(5.h)

C2HCl + Cl → C2Cl + HCl; kc

(5.i)

C2Cl + C2HCl → C4HCl + Cl; kd

(5.j)

The rate of DCE decomposition may be expressed as
d [DCE ]
= − k a [Cl ][DCE ] = − k a ' [DCE ]
dt

(5.1)

employing the pseudo-steady state approximation for [Cl]. Solving equation (5.1),
and expressing the solution as a Taylor expansion terminated at linear terms only:

( )

2
⎛
ka' 2 ⎞⎟
'
⎜
[DCE](t ) = [DCE]0 exp − k t = [DCE]0 ⎜1 − kat +
t ... ≈ [DCE]0 1 − ka' t
⎟
2
⎝
⎠

(

'
a

)

(

)

(5.2)

With reference to Figure 4.11 the first 150 s of reaction is dominated by cis-trans
isomerisation; between 150-300 s, the DCE reaction profile is dominated by HCl
elimination (C2HCl is the only product observed here), and is approximately linear (as
is the C2HCl profile). Thus, the gradient, m, is given by:

m = ka ' [DCE]0 = [DCE]0 ka [Cl]

(5.3)

The total DCE gradient (sum of gradients over both isomers) between 150-300 s is
~7 × 10-6 mol L-1 s-1.

With ka = 5.5 × 107 L mol-1 s-1 (based on estimates of
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A ~ 1 × 109 L mol-1 s-1, Ea ~ 30 kJ mol-1),178,198 we derive [Cl] = 2.5 × 10-12 mol L-1;
the low concentration is in line with the use of low temperatures to restrict the size of
the radical pool. With [Cl] quantified, we may now examine growth.
From reactions (5.i) and (5.j) we derive:
d [C 4 HCl ]
= k d [C 2 Cl ][C 2 HCl ]
dt

(5.4)

d [C 2 Cl ]
= k c [C 2 HCl ][Cl ] − k d [C 2 Cl ][C 2 HCl ]
dt

(5.5)

Application of the steady state approximation to (5.5), and insertion into (5.4), gives:
d [C 4 HCl ]
= k c [C 2 HCl ][Cl ]
dt

(5.6)

i.e. formation is controlled by the rate of abstraction from C2HCl.198 kc may be
estimated as ~ 1.5 × 103 L mol-1 s-1 (A ~ 5 × 109 L mol-1 s-1 and Ea ~ 100 kJ mol-1).
Assuming all DCE is converted to C2HCl, which undergoes negligible reaction, then:

[C 2 HCl ](t ) = [DCE ]0 k a' t

(5.7)

Substitution of (5.7) into (5.6), then integrating subject to [C4HCl]0 = 0 mol L-1, yields

[C 4HCl] = 1 kc [Cl]2 [DCE ]0 kat 2
2

(5.8)

The results, plotted later, are insufficient to describe C4HCl yields; for example, at the
experimental maximum of ~(500 s, 3 × 10-6 mol L-1), equation (5.8) gives
[C4HCl] ~ 2 × 10-11 mol L-1, clearly many orders of magnitude too low.
Similar arguments can be made regarding C4H2Cl2 formation via vinyl
radicals. Although unobserved in the IR, probably a consequence of the presence of
multiple isomers, chromatographic work suggests that these may reach similar (orderof-magnitude) total yields as the C4HCl isomers during higher-temperature pyrolyses
(Chapter 4.2.1); we will continue under this assumption. Radical processes leading to
C4H2Cl2 formation can be described by the following elementary process:
C2HCl2 + C2HCl → C4H2Cl2 + Cl; kr

(5.k)

Rates of change of [C4H2Cl2] and [C2HCl2] are now of interest:
d [C 4 H 2 Cl 2 ]
= k r [C 2 HCl 2 ][C 2 HCl ]
dt

(5.9)

d [C 2 HCl 2 ]
= k a [C 2 H 2 Cl 2 ][Cl ] − kl [C 2 HCl 2 ] − k r [C 2 HCl 2 ][C 2 HCl ]
dt

(5.10)

Application of the steady-state approximation of (5.10) leads to
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[C 2 HCl 2 ] = k a [C 2 H 2Cl 2 ][Cl]
kl + k r [C 2 HCl]

(5.11)

and insertion of (5.11) and (5.7) into (5.9) leads to

⎛
⎜
'
d [C 4 H 2 Cl 2 ] k ' k r k a E 02 [Cl] ⎜ t − k a t 2
=
⎜
dt
kl
k E k'
⎜1+ r 0
⎜
kl
⎝

⎞
⎟
⎛ t − k a 't 2 ⎞
⎟
⎟
⎜
⎟ = B⎜ 1 + Ct ⎟
⎠
⎝
t ⎟⎟
⎠

(5.12)

Integration of (5.12) in its current form is difficult; however, we may reach a more
practical form by long division.

⎡
⎛ 1 k ' ⎞⎤
⎜⎜ + 2 ⎟⎟ ⎥
⎢ '
'
C C ⎠⎥
⎞
⎛
⎛ t − k 't 2 ⎞
⎡
k
k
β ⎤
−
1
⎟⎟ = B ⎢
B⎜⎜
t + ⎜⎜ + 2 ⎟⎟ − ⎝
= B ⎢ − αt + β −
⎢ C
(Ct + 1)⎥⎦
Ct + 1 ⎥
⎣
⎝C C ⎠
⎝ 1 + Ct ⎠
⎢
⎥
⎢⎣
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(5.13)

where constants such as α, β, and C are readily defined by inspection. This expansion
leads to (with application of initial conditions):
⎛k k 'E
⎞ ⎫⎪⎤
E02 ⎡− ka ' 2
k ⎛ 1
k ⎞⎧⎪
kl
t + l ⎜⎜ + l ⎟⎟⎨t −
ln⎜⎜ r a 0 t +1⎟⎟ ⎬⎥
⎢
kl ⎢ 2
kr ka ' E0 ⎝ [Cl] kr E0 ⎠⎪⎩ kr ka '[Cl] E0 ⎝ kl
⎠ ⎪⎭⎥⎦
⎣
2

[C4H2Cl2 ](t) = kr ka '

(5.14)

We will discuss this process in due course.
Anticipating poor predictions from (5.14), we will also derive concentration
expressions for molecular acetylene dimerisation processes. Both dimerisation and
dimerisation/HCl elimination routes proceed via the same rate limiting step:
2C2HCl → C4HCl + HCl or C4H2Cl2; km

(5.l)

with each process differing merely in the value of km. The rate of change of [C4HCl]
is given simply by
d [C 4 HCl]
2
2
= k m [C 2 HCl] = k m [DCE ]0 k a '2 t 2
dt

(5.15)

and integrates readily to the following (with initial conditions):

[C 4 HCl] = 1 k m [DCE ]02 k a ' 2 t 3
3

(5.16)

The extent to which each of these mechanisms operates may now be assessed,
once any remaining rate constants are defined. For radical processes, kr from reaction
(5.k) is given the reasonably high value of A = 5 × 109 L mol-1 s-1, and low estimate of
Ea of 25 kJ mol-1 which, at 800 K gives kr = 1.2 × 108 L mol-1 s-1.249 For molecular
routes, km(dimer) is given A = 1 × 109 L mol-1 s-1, Ea of 120 kJ mol-1; that is, lower
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pre-exponential factors are considered for molecular dimerisation, with energies from
DFT-SPE estimates. This gives km(dimer) = 15 L mol-1 s-1. For dimerisation/HCl
elimination, km(dimer/HCl) = 30 L mol-1 s-1, with a DFT energy barrier of
~100 kJ mol-1, and a low A factor of 1 × 108 L mol-1 s-1, from TST estimates.
Finally, given the pivotal role played by the vinyl decomposition route,
reaction (5.h), two estimate of kl are given. Both employ the reasonably high A-value
of 5 × 1013 L mol-1 s-1, and differ only in energy. The first takes the energy barrier of
~140 kJ mol-1, as used by Taylor in TCE236 and tetrachloroethylene250 pyrolysis,
giving kl(Taylor) = 3.6 × 104 s-1. The second takes the seemingly more reasonable
estimate of activation energy of ~110 kJ mol-1, as used by Wu et al.,198 leading to
kl(Wu) = 3.3 × 106 s-1. All theoretical yields, and the experimental yields of C2HCl
and C4HCl, are given below in Figure 5.23.
C2HCl
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Figure 5.23: Experimental and theoretical yields of pertinent C2 and C4 products formed in low
temperature DCE pyrolyses

Given the inherent approximations (such as isothermal conditions and linearity
of the Taylor expansion of C2HCl yields) and the approximate values used in rate
constants, theoretical C2HCl yields agree remarkably well with experiment.
Similarly, predicted yields labelled by C4HClmol mimic experimental C4HCl profiles
closely in both profile shape and order-of-magnitude yield estimates; these represent
the molecular dimerisation/HCl elimination routes. Radical processes, proceeding via
reaction (5.j), predict yields around five orders of magnitude too low. This is likely to
hold at higher temperatures, too. Comparing equations (5.6) and (5.15) leads to:
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⎧ d [C4 HCl]mol ⎫ ⎧ d [C4HCl]rad ⎫ km [C2HCl]
⎨
⎬ ⎨
⎬=
dt
dt
kc [Cl]
⎩
⎭ ⎩
⎭

(5.17)

While at all temperatures, km is around an order of magnitude lower than kc, [Cl] will
undoubtedly be several orders of magnitude lower than C2HCl, and as such, the rate
of C4HCl via molecular dimerisation will always be greater than its radical analogue.
Dichlorovinylacetylene yields, as GC-data suggests, are of similar order of
magnitude to C4HCl.

Molecular acetylene recombination routes (C4H2Cl2mol)

therefore appear to agree well with experiment. Further supporting these routes is
their similarity with radical processes when employing the early, apparently overestimated, values indicating vinyl stability [C4H2Cl2(Taylor)]. These estimates were
shown to give good agreement with experiment,236,250 and will presumably give good
agreement with the (unobserved) products in our system, despite the questionable
validity of the values employed.

Figure 5.23 succinctly highlights the problem

alluded to a number of times throughout Chapter 4; the more reasonable barrier to Clloss in chlorinated vinyl radicals, used to derive data labelled as C4H2Cl2(Wu), leads
to yields two orders of magnitude lower than the that of C4H2Cl2(Taylor). These
results clearly suggest that extension of vinyl-carried growth processes in chlorinated
systems is in fact unreasonable; as the degree of chlorination increases, molecular
recombination appears to become active in their place.
5.5.3 –

The Electronic Structure of Acetylene Adduct Formation

The foregoing description of recombination initially seemed most readily
described by drawing parallels between acetylene recombination and Diels-Alder
interactions; conventionally, this considers frontier orbital overlap.

Figure 5.24

highlights similarities in the overlap of the orbitals involved in butadiene/ethylene
cyclisation and chloroacetylene recombination. The strong overlap obvious facilitates
the necessary electron transfer.
Close inspection shows that loss of linearity in the acetylene unit leads to
greater overlap, which would suggest a more facile bond formation. Such nonlinearity is typical of the chloroacetylenes in their triplet state; this suggests singlettriplet splitting may also play a pivotal role in acetylene recombination. Further
investigation reveals that, while within a certain class of recombinations (such as
C2H2, C2HCl, or C2Cl2 adding to C2H2, for example) while increasing reaction barrier
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HOMO

LUMO

Figure 5.24: (left to right) Frontier orbitals of the Diels-Alder cyclisation of ethylene with 1,3butadiene, dimerisation of C2HCl, and C2HCl dimerisation reconsidered with a bent C2HCl moiety

correlates with the HOMO-LUMO gap373,374 in keeping with the Woodward-Hoffman
rules,375 the singlet-triplet gap EST also provides a very effective descriptor. EST,
which increases with increasing reaction barrier, has also recently been suggested in
the literature to be a suitable parameter in the analysis of some cycloaddition
reactions.376-379 The alternative description of bond formation employed in such
works uses the concepts of valence bond theory. Although an ‘obsolete’ alternative to
MO-theory, it is arguably experiencing a renaissance as it provides a more intuitively
consistent description of the molecular wavefunction, in which it is described as a
linear combination of chemically relevant structures.380 Valence bond diagrams have
been developed by a number of workers,381-383 and allow for a qualitative
understanding of how pertinent parameters (EST, for example) influence energy
barriers and thermodynamics.

To illustrate the role and development of these

diagrams, we consider the Diels-Alder cyclisation of butadiene and ethylene as
considered in Shaik and Shurki381 –see Figure 5.25. The excited state of the reactants
is considered to be the triplet excited states of both C4H6 and C2H4. As the molecules
approach one another, the parallel spins in the S = 3 reactants begin to spin-pair across
the forming C-C bonds, lowering the energy of this state; concomitantly, the paired
spins in these reactants end up as a parallel-spin pair in the products, raising the
energy of this state. Avoided crossing along the reaction coordinate leads to the
energy barrier, denoted Ea.

From Figure 5.25 this is clearly proportional to the

quantity G, and as such Diels-Alder barriers should increase with the increasing of the
sum of EST of the two reactants.

The analogous argument for the acetylene

recombination reaction is afforded in Figure 5.26. The pz orbitals are involved in the
first stage of bonding, and should form one of the C-C bonds with a barrier
determined predominantly by the singlet-triplet gap. Considering the upper acetylene
unit, a shift of the spin-up electron in the py orbital (these electrons are shown in red)
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S=3

G = EST(C4H6) + EST(C2H4)

Ea ∝ G
S=1

Figure 5.25: Valence bond diagram of C4H6/C2H4 Diels-Alder cyclisation

of the β-carbon into the half-filled pz orbital on the same carbon, allows the spin-down
py electron on the α-carbon to readily bond with the unpaired pz electron on the lower
acetylene.

z

S=3

y
x

G = 2EST(C2X2)

Ea ∝ G
S=1

Figure 5.26: Valence bond diagram acetylene dimerisation

This model readily accounts for several pertinent bonding features.

The

asymmetry of bond formation is explained; Cs symmetry is expected with in
concerted bond formation, while valence bond diagrams account for the largely stepwise bond forming processes observed (Figure 5.13). Further, the emergence of a
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filled largely pz-like carbene centre on the β-carbon is anticipated in this model;
indeed, the HOMO orbitals of several structures found in IRC calculations at
HF/STO-3G for both 2C2H2 and 2C2Cl2 dimerisations clearly show this (Figure 5.27).

Products

Reactants

Figure 5.27: HOMO orbitals along the IRC of C2H2 (top) and C2Cl2 (bottom) dimerisation; carbene pz
orbital circled in orange

However, the success of this model lies in its ability to explain two essential
features of the thermodynamics of bond formation: the lowering of energy barrier and
increased stability of the adduct with increasing Cl-content. Lower energy barriers
follow immediately from the observation that DFT calculations suggest that EST (= G)
decreases dramatically as chlorine (or other halogens) are added [see scenario b) of
Figure 5.28; scenario a) represents a reference system]. Scenario c) illustrates the
lowering of singlet-state product energies (i.e. paired electrons in one p-orbital,
leaving a second unoccupied) and its influence on thermodynamics. Scenario c) is
also more favourable with increased chlorine content as halogens are known to
stabilise the singlet state of carbenes;360 consequently, both features of scenarios b)
and c) are applicable to the chloroacetylene systems, and the overall effect is
described in scenario d). The contrast of scenarios a) and d), corresponding with
C2H2 and chlorinated acetylene adducts respectively, describes our trends. Increased
Cl-content lowers EST ; at the same time, the singlet state of the adduct becomes
increasingly stable, and thus increased chlorine content simultaneously lowers the
activation energy, making these routes more accessible, while stabilising the product,
inhibiting decomposition back to acetylene.
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Scenario a)
e.g. C2H2

Scenario b)
Lowering EST

Scenario c)
Stabilising the
adduct

Scenario d)
e.g. C2Cl2

Ea,r
Ea,r

Ea,r
Ea,f

Ea,f

Ea,f

Ea,f

Ea,r

Figure 5.28: The role of EST and product stability on acetylene dimerisation kinetics and
thermodynamics

5.6 – On the Formation of C4 Products in Chlorinated Systems: Conclusions

At first sight, reactions of vinyl and ethynyl radicals with acetylenes, given
their successes in non-chlorinated systems, seem good candidates for the respective
descriptions of vinylacetylene and diacetylene yields in chlorinated systems. Indeed,
early kinetic models appeared to validate this assertion, particularly regarding the role
of vinyl radicals.236,250 However, while increasingly accurate rate parameters have
been derived since these works, implying far shorter lifetimes of chlorinated vinyl
radicals, the kinetic models have not been re-examined.
Chapter 4.4.3 raises a number of concerns with, in particular, the role of
chlorinated vinyl radicals in growth, not only regarding their lifetimes, but also the
inability of vinyl-based models to adequately explain qualitative details of chlorinated
ethylene/acetylene pyrolysis. The current chapter developed a theoretical description
of non-radical ethylene/acetylene and acetylene/acetylene recombination processes.
In the former reaction system, an acetylenic carbon forms a three-membered ring
across an ethylene double bond, a process that becomes increasingly easy as the
degree

of

chlorination

increases.

These

rearrange

most

easily

to

methylenecyclopropene congeners, after HCl elimination, which readily isomerise to
vinylacetylenes.

A much more feasible alternative is afforded via an analogous

acetylene recombination process. These too become increasingly more active with
increased chlorine content. Vinylacetylene congeners are readily formed from these
adducts as well, which first pass through cyclobutadiene intermediates. A direct
recombination/HCl elimination route also appears competitive with these processes.
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These novel recombination channels mimic the success of radical routes in
regard to describing the stoichiometry of the major products of various chlorinated
systems. Further, all the shortcomings of radical mechanisms are also addressed
(Chapter 5.5.1).

The increased reactivity of acetylenes with increased chlorine

content during pyrolysis305,384 and in various cycloaddition-like reactions385 in both
our studies and those of others is readily handled with such mechanisms; it is
noteworthy that, in line with our computational work suggests, C2Cl2 is found to be
notoriously reactive with respect to polymerisation.386,387

Valence bond theory

arguments attribute this to a lowering of the singlet-triplet gap. A number of other
features are readily explained for which radical mechanisms fail: an explanation of the
isomers of C4HCl3; the absence of C4H6 congeners; continued reaction of acetylenes
after the consumption of any radical initiators; the clear necessity of acetylenes in
initiating pronounced molecular growth (Figure 4.11 and 4.12); formation of
cyclobutadiene intermediates in thermal-like reactions of C2H2,346 as opposed to the
more stable330,340 methylenecyclopropenes observed to dominate when vinylidenes
formation is induced.343-345 Further quantitative evidence is provided in Chapter 5.5.2
where approximate kinetic models were developed with radical and molecular
processes in direct competition with one another. Modelling suggests that not only do
molecular routes react faster at low temperatures than radical processes, they also
achieve good temporal agreement with the observed yields. While at this stage only
low temperatures have been modelled, it seems reasonable that these routes may still
be operative at higher temperatures as the model justifies a core assumption: vinyl
radicals decompose far too rapidly to participate appreciably in molecular growth, and
this is likely to be exacerbated at higher temperatures.
Thus, we argue that upon increasing the degree of chlorination, key radicals
(such as vinyl congeners) decompose far too rapidly to undergo appreciable
bimolecular growth reaction.

This ostensibly implies little growth of higher

molecular weight products; however, in the exact same circumstances, molecular
recombination occurs increasingly readily, effectively replacing their radical
counterparts.
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Chapter 6.
The First Aromatic Rings: Pyrolytic Formation of the
Chlorobenzenes
Benzene production is widely acknowledged as the rate limiting step in the
formation of soots and PAHs; thus, the importance of the phenyl ring in such
reactions

cannot

be

understated.

This

chapter

outlines

experimental,

computational, and kinetic modelling studies exploring the formation mechanisms
of chlorobenzenes. The unimportance of channels involving C3 dimers and C4
radicals is discussed, and alternative routes based on Diels‐Alder cycloaddition are
developed. Steric hindrance in highly chlorinated systems is shown to give rise to a
unique set of novel molecular pathways.

We advocate these channels as the

dominant routes in the production of the distinctive non‐aromatic C6 products
observed during TCE pyrolysis.

6.1 – Previous Work into the Formation of Aromatic Rings in High
Temperature Systems

Aromatic formation in chlorinated systems is currently thought to involve a
series of reactions analogous to those operative with non-chlorinated precursors.
Consequently, this section begins by reviewing the relevant high temperature
chemistry of hydrocarbons (Chapter 6.1.1) before discussing extension to chlorinated
analogues (Chapter 6.1.2). With a view to addressing inadequacies in these schemes,
Chapter 6.1.3 reviews work concerning the thermochemistry of important C4 and C6
isomers which may be invoked in developing revised models of growth.
6.1.1 –

Mechanisms of Aromatic Formation in NonChlorinated Systems

While experiments into the pyrolytic production of benzene date back as early
as 1866, research and debate regarding its formation mechanism is still ongoing.388
Produced in a variety of conditions, and from a number of different fuels such as
methane,279 ethylene,271,389-392 acetylene,271,277,281,295,391,392 and propylene,271,391,392 a
great deal of information pertaining to benzene formation routes has accumulated.
We briefly chronicle the development of these mechanisms in order to justify the
currently prevailing models.
A number of the earliest studies advocated molecular processes, such as DielsAlder cyclisations between 1,3-butadiene and ethylene or acetylene,393-395 or alkene
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trimerisation,394 in particular. While these routes garnered support largely due to their
simplicity and the clear connection between reactants and products, radical based
routes, too, eventually began to generate considerable interest.396,397 Arguably the
first work to attempt a quantitative assessment of various reaction rates with a view to
ranking the importance of proposed elementary processes was the study of nearsooting, premixed flat flames of 1,3-butadiene by Cole et al.398 Molecular beam
sampling, coupled with on-line mass-spectrometry, afforded the authors yields of
stable and radical intermediates, including many that had been previously proposed as
benzene precursors.

The concentrations were used in conjunction with kinetic

parameters to derive the rates of elementary steps. Diels-Alder addition of acetylene
to butadiene was immediately dismissed as it predicted rates of benzene formation
around three orders of magnitude too low. The authors did not consider any route
involving vinylacetylene on the basis that all channels necessarily require an
unfavourable 1,3-H-shift. Vinyl radical addition to 1,3-butadiene was ostensibly far
more successful:
C2H3 + 1,3-C4H6 → C6H9

(6.a)

C6H9 → cyc-C6H9

(6.b)

cyc-C6H9 → cyc-C6H8 + H

(6.c)

cyc-C6H8 → C6H6 + H2 (or 2H)

(6.d)

However, the energy barriers encountered in reaction (6.d) are arguably too high,
over-predicting C6H8 and under-predicting benzene. (Several more recent works have
since argued to the contrary, however).271,399,400
A similar sequence based on a model originally developed by Kinney and
Crowley,401 involved the addition of 1,3-butadienyl radicals to acetylene.

This

alleviated the difficulties inherent in reactions (6.a) to (6.d) while still predicting a
suitable rate of formation.
1,3-C4H5 + C2H2 → C6H7

(6.e)

C6H7 → cyc-C6H7

(6.f)

cyc-C6H7 → C6H6 + H

(6.g)

Formation of 1,3-C4H5 is feasible within the context of butadiene flames via Hinitiated H-abstraction from the fuel (a barrier of 25.1 kJ mol-1 is encountered in
removing a terminal hydrogen, based on TST estimates).260 Bimolecular reaction
between acetylene and vinyl radicals may also play a major role in other
systems.260,306,402
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C2H2 + C2H3 → 1,3-C4H5

(6.h)

At higher temperatures, analogous pathways via C4H3 leading to C6H5 are often
favoured.252,399,402,403 C4H3 may be formed through H loss from vinylacetylene:402
C4H4 → C4H3 + H

(6.i)

ethynyl addition to acetylene:402
C2H + C2H2 → C4H3

(6.j)

H-initiated H-abstraction in vinylacetylene:262,402
C4H4 + H → C4H3 + H2

(6.k)

or the dimerisation of acetylene, accompanied by H loss.254
2C2H2 → C4H3 + H

(6.l)

Strong opposition to the mechanisms described thus far was voiced by Miller
and Melius199 in their 1992 re-examination of the modelling of acetylene flames of
Bastin et al.404

While dimerisation of C3 intermediates had understandably been

promoted as the dominant route to the first aromatic ring during the pyrolysis of C3
reagents,401,405-407 Miller and Melius asserted its dominance in C2 and C4 based
systems as well. Their arguments stem largely from the thermodynamics of the
isomers C4H5 and C4H3 may adopt, a point that, until then, had largely been ignored.
These isomers are shown in Figure 6.1; both C4H5 and C4H3 have a resonantly
stabilised i-form which Miller and Melius199 contended is more thermodynamically
favourable and far less reactive than the n-isomer invoked for benzene growth. The
thermodynamics of these isomers are addressed in greater detail in Chapter 6.1.3.

Figure 6.1: i- and n- isomers of potential phenyl and benzene forming radicals C4H3 and C4H5

Further significance of isomeric distinction became apparent later upon
theoretical examination of the nature of their reaction with acetylene. The i-isomers
lend themselves much more readily to the generally less abundant C6H6 isomer
fulvene, rather than benzene, as their resonance forms with the radical site on the
interior carbon tends to be the far more reactive of the two structures. This was
demonstrated for C4H3 radicals in the computational work of Walch,408 although it
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was suggested that the C6H5-fulvene-like isomer formed may ring open and re-close
to form phenyl radicals in an energetically favourable reaction. On the other hand,
computational and modelling studies strongly suggest that i-C4H5 + C2H2 yields
fulvene (+ H) as the major product over the temperature range of 500 – 2500 K.409
Thus, it seems that if i-isomers do indeed dominate C4-radical yields in high
temperature systems, they should preferentially produce non-aromatic C6 isomers.
The alternative, recombination of C3 units,199 is attractive as, like the i-C4Cl3
and C4Cl5 radicals, the favoured C3H3 (propargyl) radicals are also resonance
stabilised, and therefore accumulate in flames. However, as reaction now proceeds
via

radical-radical

recombination,

dimerisation

is

both

kinetically

and

thermodynamically far more favourable relative to the analogous C4 + C2 steps.
Furthermore, radical sites in both C3H3 resonance structures are on terminal carbons;
therefore, unlike the i-C4H5 (or C4H3) + C2H2 reactions, benzene may be formed
without necessarily involving isomerisation of fulvene.

The PES of C3H3

dimerisation is, however, very complicated; as both ends of the C3H3 resonance
hybrid are reactive, there are three distinct approaches to dimerisation. Further, for
each channel a multitude of important minima must be considered for accurate
modelling of reactions proceeding ultimately to benzene.410-414

In light of the

complexity of these reactions and the likely irrelevance of C3 species in our
experiments (see Chapter 3; this point is also justified further in the current chapter)
C3 dimerisation is not explicitly considered in this work.
Finally, non-radical processes have also been reconsidered recently, although
only to a limited extent. Their frequent neglect has been primarily due to the far
lower barriers encountered in radical/radical or radical/molecule recombination,
which are thus assumed to be faster. Although this assumption appears correct when
considering the improbable non-radical acetylene trimerisation, a reaction customarily
relegated to the ranks of theoretical interest only,415-419 C4/C2-based molecular routes
may play appreciable roles if reactant yields are high enough. In particular, nonradical cyclisation routes are found to be essentially the exclusive pathway to benzene
during low temperature (400 – 500 ° C) co-pyrolyses of vinylacetylene with
acetylene; benzene forms as the sole C6H6 isomer under such conditions.420 The
activation energy determined for this reaction, 125.9 ± 5.4 kJ mol-1, is similar to the
computational estimates of barriers to Diels-Alder cyclisation of C4H4 with
acetylene.421,422
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Despite assertions that the rates of cycloadditions are insufficient to compete
with radical routes in the flames of certain fuels,398 very recent kinetic models of
ethylene, acetylene, and propylene pyrolyses indicate that 95 % of benzene production
in acetylene systems proceeds via non-radical cycloaddition of acetylene to
vinylacetylene.271,391,392 Interestingly, these works also discount the role of C4H5 and
C4H3 radicals from all three precursors, and suggest ethylene and propylene produce
aromatic products by way of C3H3 dimerisation.
6.1.2 –

Radical Mechanisms to Aromatic Formation in Chlorinated Systems

Subject to much less scrutiny, chlorinated precursors are typically suggested as
exclusively following C4/C2 radical addition pathways analogous to those proposed
for non-chlorinated systems. Extension to chlorinated mechanisms is achieved by
imposing two important constraints: Cl losses are substantially faster than H losses,
and H-abstraction by Cl atoms is both energetically and entropically favoured over
Cl2 formation.
Some of the earliest work concerning chloroethylenes explored TCE. Chang
and Senkan237 used routes (6.m) and (6.n) to model fuel-rich C2HCl3/O2/Ar flames:
C4Cl5 + C2Cl2 → C6Cl7

Ea = 16.7 kJ mol-1

(6.m)

C4Cl6 + C2Cl3 → C6Cl9

Ea = 4.2 kJ mol-1

(6.n)

All kinetic parameters were estimated; these steps are clearly the perchloro analogues
of (6.e) and (6.a) respectively, and are noticeably lower in energy than their nonchlorinated analogues, for which values of 39 and 29 kJ mol-1 respectively are
typical.400
The presence of oxygen in Chang and Senkan’s studies led predominantly to
carbon conversion to CO and CO2;237 thus, chlorinated aromatic yields are relatively
low, and assessment of the feasibility of the quoted reactions is somewhat unreliable.
The seminal work into chloroaromatic formation from TCE came from Taylor et al.236
in comprehensive kinetic modelling studies of oxygen free environments at high
temperatures. The authors note small amounts of pentachlorobenzene (pentaCB)
form, while hexachlorobenzene (hxCB), dominates products; this is consistent with a
number of other works.235,314,423,424

Tetrachloroethylene also readily yields

hxCB,250,270,425 while DCE produces trichlorobenzene (triCB), 1,2,4-triCB in
particular.426

In their analysis of TCE, Taylor et al.236 included (6.m), and the

analogous step with C4Cl3 radicals, forming pentachlorophenyl radicals (C6Cl5) but
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disregarded reaction (6.n). Sensitivity coefficients showed that, as in non-chlorinated
systems, C4Cl5 plays a major role at lower, and C4Cl3 at higher, temperatures. Further
studies by this group into tetrachloroethylene250 and hexachlorobutadiene427 pyrolysis
also advocated C4Cl5 and C4Cl3 radical routes. While no other reactions forming
phenyl or benzene were included in the analysis of products from C2 precursors, C3Cl3
dimerisation was included and found to be an important process during the pyrolysis
of hexachloropropene.428 The role of i- and n-C4Cl5/C4Cl3 isomers was addressed in
these works; as in non-chlorinated systems, n-isomers were found to be
predominantly involved in aromatic formation. The i-isomers, unreactive in addition
reactions, were claimed to represent a constant source of the n-isomer.
These works do not, unfortunately, address non-aromatic C6Cl6 isomers at all.
Although unacknowledged, small quantities of a second isomer elutes, with a
retention time similar to pentaCB, in the GC-MS separation of TCE soots formed at
1110 K by Mulholland et al.424 Based on IR- and mass-spectroscopic standards, Earl
and Titus found that hexachloro-1,5-hexadien-3-yne, which also has a similar
retention time to pentaCB, forms from TCE in yields comparable to hxCB;
perchlorofulvene is also detected in lower quantities.314 We also notice that the
energy barriers of 143 and 204 kJ mol-1 for the decomposition of C4Cl5 and C4Cl3 to
C4Cl4 and C4Cl2 respectively are based on similar estimation methods as the
decomposition of C2Cl3 to C2Cl2,250 which Chapters 4 and 5 argue may over-predict
their stability and therefore their influence on growth. The distinct possibility of
erroneous thermodynamic data in the current models, and their inability to describe
non-aromatic products, suggests much closer scrutiny is required.
6.1.3 –

Thermochemistry of Potentially Important C4 and C6 Intermediates

With a view to the rigorous study of C6H6-xClx PESs to complement or refute
the models discussed in Chapters 6.1.1 and 6.1.2, detailed consideration of the
thermodynamics of C4 and C6 isomers, and their formation pathways, is prudent.
Detailed computational studies following the decomposition of benzene provide a
great deal of pertinent information;429,430 a number of rearrangements most relevant to
our studies, reproduced from the review by Mebel,429 are shown in Figure 6.2.
Energies presented are from the G2M level of theory.
While Figure 6.2 suggests that the most feasible decomposition routes of
benzene involve H-loss, possibly preceded by 1,2-H-shifts around the ring, a number
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Figure 6.2: Energies/ kJ mol-1 of pertinent C6H6 rearrangements

of the acyclic intermediates shown are of interest with regard to benzene formation.
In particular, reactants cis- and trans-a (1,3-hexadien-5-yne) appear extremely
important on the C6H6 PES. They are the lowest energy acyclic C6H6 isomers,431 and
Figure 6.2 indicates that reversible rearrangement of a to cis- or trans-b (1,2,4,5hexatretraene) is one of the most important processes operative following the
barrierless dimerisation of propargyl radicals, c.

This has been confirmed

experimentally, as pyrolysis of b has been shown to lead to a at low temperatures, and
eventually benzene.432 Miller and Klippenstein also suggest that 1,5-hexadiyne (not
shown), another direct product of C3H3 dimerisation, also rearranges to give b.411
Pyrolysis of 1,5-hexadiyne

confirms this, yielding, amongst other isomers,

appreciably quantities of a, b, benzene, and fulvene,433 with the latter suggested to
form directly from b.411,430 Finally of note are the reactions of n- and i-C4H3 with
vinyl radicals, d and e respectively.

These are the two highest energy minima

presented in Figure 6.2, and while the less stable n-isomer, d, easily yields a and
eventually benzene, the more stable (and therefore more abundant)434 i-isomer, e,
requires several difficult rearrangement steps, indicating (as discussed in
Chapter 6.1.1) that benzene formation via this isomer appears unfeasible.
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The role of fulvene is of particular relevance given the identification of
hexachlorofulvene in TCE photolysis soots.314 Fulvene rearrangement to benzene at
temperatures in excess of 800 °C has been observed,435 with early experimental
estimates indicating a barrier of around 268-285 kJ mol-1.436 A number of the first
computational studies suggested that prefulvene (see Figure 6.3) is an important
intermediated in this rearrangement;437-439 however, more recent work suggests this
species is in fact a first-order saddle point.429,440

The latest studies favour the

formation of bicyclo[3.1.0]hexa-1,3-diene, which forms benzene after ring-opening
and a 1,2-H-shift,440,441 although Bettinger et al.442 argue that reaction via the 2,4cyclopentadienylcarbene intermediate is probably a very feasible alternative.

Figure 6.3: Important intermediates in the isomerisation of fulvene to benzene

Finally, the conspicuous absence of hexa-1,5-dien-3-yne, the fully chlorinated
congener of which has been observed in TCE soots,314 from the products and studies
of C6H6 is noteworthy. Although the second lowest energy acyclic structure on the
C6H6 PES,431 we believe its appearance in TCE decomposition is indicative of very
different chemistries inherent in these systems. Such views have also been echoed in
the very recently published work of Detert et al.443 in which the authors state that, due
to the different electronic and steric factors associated with hydrogen and chlorine,
‘the interpretation of the reaction mechanisms of perchlorinated alkenes in analogy to
simple hydrocarbon analogs may thus be misleading’. These authors introduce a
number of C6Cl8 intermediates in the isomerisation of perchloro-1,3,5-hexatriene, and
its role in hxCB formation; a number of these species are analogous to the C6Cl6
isomers we introduce in this work.
Figure 6.2 also highlights the importance of C4-isomer stabilities and
reactions, a topic only briefly addressed in Chapter 4. C4H6, and its decomposition,
has been studied intensively concerning benzene formation. A number of early works
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have found that buta-1,2-diene (1,2-C4H6), decomposes most easily via C-C bond
cleavage to form methyl and propargyl radicals;406,444,445 consequently, C3
dimerisation was found to be the dominant route to benzene formation in these
systems.406,445

Similarly, the earliest works into buta-1,3-diene (1,3-C4H6)

decomposition also suggested C-C cleavage, this time resulting in C2H3 production,
initiated radical growth reactions eventually involving C4H5;262,397,446 arguably,
molecular decomposition to C2H2 and C2H4 also plays a major role in
decomposition.447,448 However, growing evidence concerning isomerisation of C4H6
species444,445,449 led Hidaka et al. to explore isomerisation in 1,3-C4H6 pyrolyses, who
found that 1,3-C4H6 readily converts to 1,2-C4H6; subsequent decomposition to C3H3
plays a pivotal role in 1,3-C4H6 pyrolysis.332

Numerous experimental and

computational studies of 1,3-C4H6 pyrolysis and photolysis have since agreed with
these findings, essentially confirming the dominance of C3H3-based routes in benzene
formation during C4H6 pyrolysis.258,331,400,450 Chlorinated analogues have received far
less attention; 1,3-C4Cl6 is predicted to decompose via Cl loss/abstraction, leading to
C4Cl5 radicals. However, isomerisation to 1,2-C4Cl6, and subsequent decomposition,
has not been considered despite the observed formation of C3Cl4 and C3Cl6.427,451
In spite of indications from C4H6 systems that the role of C4H5 radicals may be
negligible in C6H6 production, their analogues may not necessarily have nonnegligible contributions in chlorinated systems or when considering different
precursors; similarly, C4H3 isomers, which react analogously, are also potentially of
great importance. Consequently, accurate thermochemistry of these radicals is of
paramount importance. A great deal of computational work has amassed and suggests
the resonance stabilised i-C4H5 isomers are 23.3-63.6 kJ mol-1 more stable than the nisomer;255,257,258,452 similarly, i-C4H3 isomers are found to be 27.6-50.2 kJ mol-1 more
stable than n-C4H3.363,452-454 This work led to the assertion that far lower abundances
of n-isomers should be observed in flames, which has recently been substantiated with
molecular-beam mass spectrometry experiments.434

Very little work concerning

chlorinated systems has been undertaken, with only the heats of formation of
chlorinated n-C4H3 congeners being addressed specifically;455 however, early
estimates in kinetic modelling studies do suggest that perchlorinated n-isomers are
significantly higher in energy than i-isomers.236,250,427 Consequently, chlorinated iisomers, which also presumably lead to non-aromatic products upon extension of
mechanisms from non-chlorinated systems, should dominate and contemporarily
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favoured routes involving chlorinated C4H5 and C4H3 congeners also appear
questionable.
6.2 – Experimental Studies into Chlorinated Benzene Formation

The formation of chlorobenzenes during chlorinated ethylene pyrolysis has
been studied primarily by GC-MS analyses of products formed in various mixtures of
DCE and TCE. More directed experiments have been performed by doping C4Cl6 and
C4Cl4 with acetylene. The role of the degree of chlorination, feasibility of C4/C2 and
2C3 routes, and structures of C6 products in chlorobenzene formation will be
discussed.
6.2.1 –

Probing Benzene Formation: Experimental Details

Five ethylene-only pyrolyses have been performed with a view to the
production of solids. A modified pyrolysis cell (Chapter 2.1.5) was filled with a total
pressure of 40 Torr in DCE:TCE ratios of 0:1, 0.25:0.75, 0.5:0.5, 0.75:0.25, and 1:0.
Pyrolyses were carried out at aperture 5; after filling with the reagents, the cell was
subjected to six 30 s exposures with 30 s of cooling in between. Three fills at a given
DCE:TCE ratio were carried out prior to dissolution of solid (Chapter 2.1.11),
ensuring sufficient material had accumulated for removal and analysis.
The role of C4 moieties was subject to closer scrutiny with several perchloro1,3-butadiene (co)-pyrolyses. All pyrolyses involved the addition of approximately
1 mL of 1,3-C4Cl6 to the cell reservoir (Chapter 2.1.3) prior to the addition of SF6/copyrolytic reagents; heating the reservoir with a heat gun was necessary to ensure 1,3C4Cl6 attained sufficient volatility.

1,3-C4Cl6 is relatively thermally stable, and

required aperture 2 to initiate product-forming reaction; similarly, co-pyrolysis with
20 Torr C2H2 also required aperture 2. 1,3-C4Cl6 co-pyrolyses with ~20 Torr DCE or
TCE were performed at both apertures 6 and 2. All 1,3-C4Cl6 experiments utilised six
exposures of 10 s each, with 20 s cool-down periods between exposures; three fills of
reagent were employed per sample for the accumulation of sufficient quantities of
solid. Neat 1,3-C4Cl6 was an exception; as excess butadiene is added to the cell, a
single fill is adequate; similarly, aperture 2 co-pyrolyses with DCE and TCE also
differed slightly, requiring only three exposures per fill as the ethylenes were readily
consumed.
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6.2.2 –

Aromatic Formation in Chlorinated Ethylene Systems

The most elementary analysis of C6 yields neglects isomer identity. Analysing
the degree of chlorination of C6 products as the reaction atmosphere changes from
pure DCE to TCE reveals a strong correlation between the starting material and the C6
congener.

These data are plotted in Figure 6.4 with the expected (binomially

distributed) yields from acetylene trimerisation, assuming only C2HCl and C2Cl2 form
from DCE and TCE respectively. Theoretical yields have been scaled to attain, at
their maximum, the same value as the experimental maxima. Experimental data, in
turn, have been scaled by the ratio of product molar mass with the molar mass of
C6Cl6 such that the peak areas are more representative of the molarities. Reasonably
close agreement is apparent suggesting HCl elimination is important, as is acetylene
trimerisation (or equivalent).
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Figure 6.4: Experimental C6H6-xClx yields as a function of the initial fraction of DCE present; also
shown are the yields expected via C2HCl and C2Cl2 trimerisation reactions

Isomer specific analyses are shown in Figure 6.5.

C6H3Cl3 isomers are

identified as 1,3,5-, 1,2,4- and 1,2,3-triCB, in order of retention time; similarly,
1,2,3,5-, 1,2,4,5- and 1,2,3,4-tetCB are the dominant isomers observed in C6H2Cl4
chromatograms, and pentachlorobenzene dominates C6HCl5 yields.

Unidentified

isomers also form in these systems but are typically negligibly small.

While

Figure 6.4 shows varying the DCE and TCE concentrations changes the relative
homologue yields, the relative yields of individual isomers within a particular
homologue family are largely invariant.
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C6Cl6 yields are very notably different; although hxCB dominates, two less
abundant isomers are also produced in significant quantities. The most abundant of
these is the earliest eluting isomer, with a retention time similar to pentaCB, identified
as 1,1,2,5,6,6-hexachloro-1,5-hexadien-3-yne; the other, eluting just before hxCB, is
perchlorofulvene. Toluene extracts of TCE soot, spotted onto the cell windows, has
allowed for a simple means of recording the IR spectrum of solids; shown in
Figure 6.6, this confirms the identification of perchloro-1,5-hexadien-3-yne by Earl
and Titus,314 with a number of features present in agreement with the measured
spectrum of this compound.456 Notable, too, are modes consistent with hxCB,457 but
absence of those associated with perchlorofulvene458 and other C6Cl6 isomers such as
perchloro- 3,4-dimethylenecyclobutene.459

Higher temperature pyrolyses of TCE

show reduction of these non-aromatic features, with hxCB forming almost
exclusively.
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Figure 6.6: IR spectrum of TCE soots; hxCB ◊, perchloro-1,5-hexadien-3-yne ●

6.2.3 –

Aromatic Formation in C4Cl6 and C4Cl4based Pyrolyses

As discussed in Chapters 3 to 5, DCM and chloroethylene pyrolysis systems
are likely to involve C4/C2 reactions, as opposed to C3 dimerisation, in the formation
of aromatic products. Reflecting this, potential C4 precursors have been sought.
Figure 6.7 gives the major products formed during the pyrolysis of C4Cl6 eluting up to
hxCB; additional insights are afforded by comparing this with the products formed in
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C4Cl6 + TCE soots (also see Figure 6.7) and neat-TCE systems (Figure 6.5) as all
three systems tend to yield perchlorinated products.
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Figure 6.7: (top to bottom) Separable products of aperture 2 C4Cl6 and C4Cl6/TCE pyrolysis soot

C4Cl6 post-pyrolysis chromatograms are dominated by unreacted hexachloro1,3-butadiene; there is also a large isomer peak at 26.6 min assigned to
perchlorocyclobutene (based on comparisons of retention times to studies with
authenticated standards).460 The sole C6Cl6 isomer formed is hxCB; curiously, a very
large amount of perchlorocyclopentadiene forms, which was also observed in the
C4Cl6 pyrolysis experiments of Taylor et al.427 but not modelled.

Although not

shown, a number of heavier odd-carbon products (C9Cl8 in particular) are formed in
C4Cl6 soot. Pyrolyses were performed at aperture 2 (higher temperatures) as no
appreciable reaction occurred with smaller apertures. Co-pyrolysis with TCE restores
perchloro-1,5-hexadien-3-yne routes.
Further information is gleaned upon pyrolysing C4Cl6 with acetylene. To
supplement this work, a TCE product mixture in which the C4Cl4 fraction has been
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significantly concentrated through numerous distillation steps, has also been
pyrolysed with C2H2. ~0.5 mL of distillate was added to the cell reservoir followed
by 20 Torr of C2H2; the mixture was pyrolysed in 6 successive 10 s exposures.
Anticipating C4 + C2 additions, C6H2Cl4 isomers were hypothesised from both
reagents; Figure 6.8 shows the C6H2Cl4 products formed in these experiments. The
total area of C6H2Cl4 product formed in C4Cl6/C2H2 represents 4.3 % of the total
products eluting, and therefore we may conclude that an appreciable quantity of
C6H2Cl4 is formed; C4Cl4/C2H2 co-pyrolyses produce far lower relative yields of
C6H2Cl4, although this is likely a consequence of far lower concentrations of C4
precursor available.

It is clear that relative yields of 1,2,3,4-tetCB are greatly

increased when compared to DCE/TCE-only pyrolyses.
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Figure 6.8: (top to bottom) C6H2Cl4 products of C4Cl6/C2H2 and C4Cl4/C2H2 soot

6.2.4 –

Discussion of Experimental Results of Aromatic Growth in DCE and TCE
Soot

DCE pyrolyses clearly yield substantial quantities of triCB products, giving
way to tet- and pentaCB isomers with increasing TCE content. While our observation
of 1,2,4-triCB dominating triCB yields in DCE pyrolysis is consistent with the
observations of Molera et al.,426 different starting materials have been shown to lead
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to unique sets of tri- and tetCB isomers (see, for example, Yasuhara).461 Further,
isomers produced in our work do not adhere to the expected thermodynamic
yields, 418,462-464 and as such, analysis of their yields should greatly assist mechanistic
deductions.
Figure 6.4 clearly demonstrates that C6 stoichiometry is well described by an
acetylene trimerisation model. This is good evidence toward a C4/C2 scheme as the
C4 species produced appear to be the result of acetylene dimerisation (Chapters 4 and
5); it is far more difficult to conceive of a C3 dimerisation model by which these
results may be described as convincingly. Direct acetylene trimerisation, on the other
hand, also appears inadequate; termolecular reactions have a very low probability of
occurring, and such routes cannot account for the formation of substantial quantities
of 1,2,3-triCB from C2HCl alone. Further evidence against C3 dimerisation, and
alternatives to acetylene trimerisation, will be discussed in due course.
The unique products formed during TCE pyrolysis will undoubtedly play a
significant role in developing feasible C6 formation mechanisms. In agreement with
Earl and Titus,314 such systems produce a large quantity of non-aromatic isomers. It
is unlikely that this is indicative of a different underlying chemistry when compared
with DCE given general the similarity of products formed in these two systems. Thus
we expect a description of non-aromatic isomers to arise naturally from a general
model of C6 formation from chlorinated ethylenes. Looking closely at TCE products,
we see there are notable structural similarities between the abundant linear C6Cl6
isomer, perchloro-1,5-hexadien-3-yne, and perchlorovinylacetylene. C6Cl6 is clearly
an isomer of C4Cl4 + C2Cl2, the dominant C2 and C4 products of the TCE system
(Chapter 4). These observations provide circumstantial evidence toward C4/C2 routes
in growth, probably involving vinylacetylenes.
It therefore seems reasonable to anticipate that the pyrolyses of C4Cl6 should
be particularly instructive. However, neat pyrolyses show only aromatic isomers
form; this is concurrent with the production of significant quantities of odd-carbon
products, as one may expect if C3 moieties are abundant and play a significant role in
growth.

Assuming similarities with non-chlorinated congeners, 1,3-C4Cl6 should

isomerise to 1,2-C4Cl6, then decompose primarily to CCl3 and perchloropropargyl
radicals (see Chapter 6.1.3). Thus, despite first appearances, a different underlying
chemistry with C4Cl6 is evident, and is consistent with the formation of a distinctive
set of C6Cl6 isomers (probably via C3Cl3 dimerisation). Restoration of perchloro-1,5164 |
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hexadien-3-yne production upon addition of a C2 fragment (TCE co-pyrolysis) is
consistent with the re-establishment of C4/C2 pathways.
C2 addition pathways are further evidenced by the C4Cl6 and C4Cl4 copyrolyses with acetylene. TetCB is the expected product of a recombination of this
type; further, there is a clear shift from largely 1,2,3,5-tetCB production in DCE/TCE
pyrolyses to 1,2,3,4-tetCB in the C4Clx/C2H2 mix. This is the expected product of
ring closure via acetylene addition to the 1- and 4-carbons of perchlorinated C4
moieties. Reaction is likely to involve C4Cl4 given the similarity of products with
both C4Cl4 and C4Cl6.

Diels-Alder addition with C4H4 has been shown to be

important in some non-chlorinated systems,271,420 and the 1,3-migration necessary to
form the aromatic ring in such schemes provides a means of explaining the origin of
1,2,3-triCB from C2HCl. Finally, vinylacetylene formation has been seen (Chapter 4)
to be stoichiometrically equivalent to acetylene dimerisation; consequently, further
addition of acetylene is equivalent to an acetylene trimerisation.
Thus, these results and those of Chapter 4 (where we note that C4H6-xClx
isomers form in low yields and tend to be unreactive) seem to rule out butadiene in
benzene formation during chloroethylene pyrolysis. This in turn appears to discount
2C3 routes, which must be initiated by 1,3-C4Cl6 as Chapter 3 argues that C1 addition
to C2 moieties is inactive in chlorinated systems. The inactivity of C3 dimerisation
routes in DCE/TCE systems is evidenced by the absence of odd-carbon products
which, as we have observed, seem to accompany these routes. This insists that the
focus of intensive study should be based on C4/C2 routes of growth, with
vinylacetylene playing an integral role. Chlorinated C4H5 and C4H3-based analogues
may not be effectively ruled out yet, however, and should also be addressed given the
importance of fully hydrogenated congeners in the literature. We postulate inactivity,
however; the similarity of energies of decomposition (and their methods of
estimation) of these C4 radicals with vinyl radicals may indicate C4H5-xClx and
C4H3-yCly species are also too short lived to undergo appreciable bimolecular reaction
(see Chapter 5.5.2 for a justification of this point regarding vinyl radicals). The
following section therefore presents an intensive theoretical study with the intention
of describing all C6H6-xClx, 3 ≤ x ≤ 6, isomers, including non-aromatic species, with a
single class of reaction.
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6.3 – Theoretical Studies into Chlorinated Benzene Formation

This section explores a number of C4/C2 routes to chlorobenzene formation.
C4Cl3 and C4Cl5 are examined first, and it will be shown that, like their nonchlorinated analogues,408,409 product formation is poorly described indicating their
negligible contribution to reaction. Diels-Alder cyclisations between vinylacetylene
and acetylene congeners are also considered, and will be shown to be energetically
feasible growth pathways. C4Cl4/C2Cl2 analogues, however, fail to cyclise leading
naturally to analogues of the molecular adducts studied in Chapter 5. Kinetic models
developed in Chapter 6.4 show that these channels are capable of successfully
describing both hxCB and non-aromatic isomer growth.
6.3.1 –

Benchmarking Calculations

To our knowledge, this chapter introduces the first detailed quantum chemical
study into the product formation pathways of any chlorinated congeners of the
C4H5/C4H3 + C2H2 reactions. Given the computational expense inevitably incurred
with very high level calculations on chlorinated C6 structures, our aim is for a
preliminary, qualitatively correct, model.

In this way, we hope to screen out

inoperative channels such that any future works aimed at greater chemical accuracy
may invest time and resources in only the most important pathways. We will adopt
the DFT-opt and DFT-SPE levels employed in Chapter 5; however, we re-examine
several pertinent benchmarking reactions with a variety of theories (Table 6.1) to
ensure the best possible description of important processes.
While both DFT-opt and DFT-SPE have been shown to reproduce the
experimental activation energy of the Diels-Alder cyclisation of 1,3-butadiene with
ethylene, as well as faithfully reproducing QCISD(T)/6-311+G(d,p)//MP2/6-31G*
level barriers to H and Cl migrations in C2HCl, DFT has been shown to perform quite
poorly with the C-C and C-Cl bond dissociations in heavily chlorinated ethanes.465
The underestimates in reaction enthalpy have been traced to an over-estimate of
repulsive forces involving Cl, likely the result of the known inability of Density
Functional Theory to adequately describe dispersion interactions.466,467

Table 6.1

clearly shows that our DFT estimates do severely underestimate the C-C bond
cleavage in hexachloroethane, while the ROMP2/6-31G(d) (ROMP2) approach
recovers this energy very well. However, the MP2/6-31+G*// DFT/B3LYP/6-31G*
(MP2- SPE) methods perform much more poorly for all other benchmarking reactions
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Table 6.1: Benchmark calculations of reaction steps pertinent to the study of chlorobenzene formation

C2Cl6 → 2CCl3
ROMP2/6-31G(d)
DFT/B3LYP/6-31+G*
C2Cl6*
-2833.6187042
-2837.342667
CCl3
-1416.7497541
-1418.628272
Barrier†
302.6
215.6
<S2>
na
0.753500
293±15
Expt465,468,469
ZPE (C2Cl6) = 0.017967; ZPE (CCl3) = 0.006980

MP2/6-31+G(d)
-2833.639873
-1416.757004
319.9
0.766797

QCISD(T)/6-31G(d)
-2833.723731
-1416.807592
274.4
0.766520

CCSD(T)/6-31G(d)
-2833.722545
-1416.806928
274.8
0.766520

G2MS
-2834.319023
-1417.099605
304.0
na

MP4(SDTQ)/6-31G*
-2833.729248
-1416.806467
294.8
0.766520

G2MS
-78.427544
-155.678358
-234.0718123
99.1

MP4(SDTQ)/6-31G*
-78.3197442
-155.4842983
-233.7679251
104.5

G2MS
-536.2704588
-536.1989291
174.4

MP4(SDTQ)/6-31G*
-536.1246822
-536.0448199
196.3

-536.1789733
232.9

-536.0244657
255.8

C2H4 + trans-C4H6 → C6H10; Diels-Alder Addition
DFT/B3LYP/6-31G* DFT/B3LYP/6-31+G*
MP2/6-31+G(d)
QCISD(T)/6-31G(d)
-78.5874485
-78.5932296
-78.2910708
-78.3220667
C2H4
C4H6
-155.9921565
-156.0010777
-155.433711
-155.4874357
TS
-234.5438313
-234.5550169
-233.6954093
-233.7695068
Barrier
103.6
112.8
86.8
114.6
Expt351,470
100.8±12
ZPE (C2H4) = 0.051210801; ZPE (C4H6) = 0.0855006423; ZPE (TS) = 0.140389949

CCSD(T)/6-31G(d)
-78.321843
-155.4869641
-233.768787
114.7

HC≡CCl → C=CHCl; via H and Cl migration, respectively
DFT/B3LYP/6-31G* DFT/B3LYP/6-31+G*
MP2/6-31+G(d)
QCISD(T)/6-31G(d) CCSD(T)/6-31G(d)
C2HCl
-536.9132621
-536.9198012
-536.0926419
-536.1243193
-536.1238028
H mig
-536.836842
-536.8444548
-536.0094529
-536.0450642
-536.0444354
Barrier
187.3
184.4
205.0
194.7
195.0
Ref.
188.3
Cl mig.
-536.8228157
-536.8303694
-535.9862624
-536.0275331
-536.0266173
Barrier
230.2
234.8
272.0
246.8
247.9
Ref.
241.3
ZPE (C2HCl) = 0.0188299118; ZPE (C2HCl H migration TS) = 0.0136448375; ZPE (C2HCl Cl migration TS) = 0.0160161544
Ref. energies from calculations performed at the QCISD(T)/6-311+G(d,p)//MP2/6-31G* level of theory204
*
†

Computed absolute energies in hartree
Calculated and experimental barriers in kJ mol-1
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we have previously considered,471 and thus (RO)MP2-SPE values, although included
throughout, may not be particularly reliable in a number of instances. Also included
in Table 6.1 are the spin expectation values, <S2>, associated with the CCl3 radical;
all methods appear to give reasonable values (one anticipates 0.75 for doublet
systems). Consequently, most post-Hartree-Fock methods describe the enthalpy of
C-C bond cleavage reasonably well. However, <S2> may be an important property to
consider when discussing radical species as MP2 estimates can become severely spin
contaminated.
Energetics of the typically rate limiting bimolecular steps may be very
important to describe correctly, and it is prudent to have some dependable high-level
calculations to refer to support our primary methods. MP4(SDTQ), QCISD(T) and
CCSD(T) have therefore been utilised for single point energy calculations; due to
computational expense, only relatively small basis sets, 6-31G(d), have been used.
We also provide the results of the highly accurate G2MS method. Energies of the
benchmarking calculations, from DFT/B3LYP/6-31G* optimised geometries, are also
available in Table 6.1. We now examine several important features.
Firstly, although DFT performs very poorly for the bond dissociation of C2Cl6
for reasons already mentioned, MP2 estimates are also too high to agree within the
experimental errors. This appears to be an artefact of even a modest amount of spin
contamination as the barrier becomes 307.4 kJ mol-1 (thus in agreement) when using
the spin-projected MP2/6-31+G(d) energy.

QCISD(T) and CCSD(T) may suffer

similar problems, although the MP4(SDTQ) results appear very good, as do the
G2MS values. Care is obviously needed concerning radical species as even modest
amounts of spin contamination may lead to untrustworthy results; spin-projected or
restricted open shell methods may be helpful. Second, concerning the Diels-Alder
step and the H and Cl migrations, all levels except MP2 appear to perform quite well,
with QCISD(T) and CCSD(T) barely differing.

Due to the high computational

expense but lack of marked additional accuracy, MP4(SDTQ), QCISD(T), CCSD(T)
and, consequently, G2MS calculations will not be utilised extensively.
6.3.2 –

System A, C4Cl3 + C2Cl2

The DFT-opt PES of pertinent reactions of C6Cl5 is given in Figure 6.9. More
detail is offered in the appendix; important geometric parameters of i-C4Cl3, and its
C2Cl2 addition and rearrangement products, are given in Figure A6.1. Analogous data
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C4Cl2 + Cl (+ C2Cl2)

C4Cl2 + Cl (+ C2Cl2)
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85
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10A

-85

2A
TS8A

6A

-170
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12A
-255
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Figure 6.9: DFT-opt PES of the reaction of C4Cl3 isomers with C2Cl2 (relative to C4Cl4 + Cl + C2Cl2)
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for the n-isomer is explored in Figure A6.2. All energies at a variety of levels of
theory, and <S2>, are also provided in the appendix (Table A6.1).
Attempts to optimise Cl-initiated abstraction transition states from C4Cl4 with
DFT-opt failed, with the leaving Cl2 fragment moving to unrealistically long distances
from the C4Cl3 moiety during optimisation.

Typically nearly barrierless,

the

endothermicity of Cl-abstraction should serve as a sufficient estimate of the energy
barrier. This, however, may be difficult to ascertain accurately given the poor C-Cl
bond cleavage values noted for DFT methods and the high susceptibility of MP2
approaches to spin contamination. DFT/B3LYP/6-31G* optimised geometries and
vibrations have been employed for calculation of single point energies with a variety
of methods. These are shown in Table 6.2 where both n- and i-isomers are reexamined in full to justify our theoretical approaches. Clearly, all methods but the
DFT approaches are plagued by spin contamination, (differing significantly from
<S2> = 0.75). MP2-SPE values are very poor indeed, even predicting the relative
order of endothermicities of the two radicals (presumably) incorrectly. MP4(SDTQ)
estimates predict only a small difference in the energies of these isomers, not likely to
be particularly realistic as i-C4Cl3 is resonance stabilised; CCSD(T) gives a larger and
probably more realistic energy separation of the two isomers, although it is still
unclear whether they reproduce absolute energy barriers correctly.

They are,

however, close to ROMP2 estimates which are not spin contaminated. These values
suggest that the DFT approaches underestimate these C-Cl bond cleavage barriers, as
expected.

The results suggest that the best absolute values for these classes of

reaction, with acceptable computational expense, are via ROMP2, although DFT at
least does appear to capture the relative energies reasonably well.
Considering the C2Cl2-addition pathways, reaction of the lower energy
i-isomer is the most important. Spin density maps of i- and n-C4Cl3 are given in the
Appendix (Figure A6.1 and A6.2) and demonstrate that the n-radical has unpaired
spin concentrated exclusively on the first carbon, while i-C4Cl3 has spin on both the
first and third carbons. This is consistent with the expectation within a valence bond
theory framework of two resonance forms, and explains the i-isomer’s greater
stability. Addition of C2Cl2 to the 1 and 3-carbons of i-C4Cl3, and to the radical site
of n-C4Cl3, TS2A, TS3A, and TS10A respectively, all have low barriers (1060 kJ mol-1 at all levels of theory). The resonance stabilised i-C4Cl3 is less reactive
than the n-isomer. The C≡C bond lengths of the C2Cl2 moiety are all very close to the
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Table 6.2: Absolute energies/ hartree and endothermicity/ kJ mol-1, of i- and n-C4Cl3 at various levels
of theory; <S2> also provided

<S2>

C4Cl4
Cl
n-C4Cl3
i-C4Cl3
E[n-C4Cl3]
E[i-C4Cl3 ]

DFT-SPE
-1993.1020105
-460.138290
-1532.8340735
-1532.8537356
137.2
83.7

<S2>

C4Cl4
Cl
n-C4Cl3
i-C4Cl3
E[n-C4Cl3]
E[i-C4Cl3 ]

MP4(SDTQ)/6-31G(d)
-1990.406397
-459.5698349
-1530.677714
-1530.679738
409.1
401.9

0.75
0.76

0.76
1.28
1.49

MP2-SPE
-1990.321821
-459.5540909
-1530.5970351
-1530.5943181
268.1
273.3

<S2>

CCSD(T)/6-31G(d)
-1990.400129
-459.5704842
-1530.694288
-1530.703143
347.5
322.3

<S2>

1.27
1.48

0.76
1.28
1.49

ROMP2/6-31G(d)
-1990.31069603
-459.5528975
-1530.6104724
-1530.6252169
369.1
328.5
G2MS
-1990.855556
-459.6483522
-1531.061387
-1531.070405
382.7
359.1

ZPEC(C4Cl4) = 0.025329144 hartree; ZPEC(n-C4Cl3) = 0.0222853576 hartree; ZPEC(i-C4Cl3) =
0.0215539297 hartree

DFT/B3LYP/6-31G* bond length of 1.206 Å for isolated C2Cl2, and the forming C-C
bond is clearly non-bonding at 2.3-2.4 Å, all features consistent with a very early
transition state; similar features are observed on C6H5 and C6H7 PESs.408,409
The adducts of the i-C4Cl3/C2Cl2 reaction are labelled 2A and 3A.
Figure A6.1, in the appendix, shows their respective spin density surfaces.

The

radical site in both adducts is now localised exclusively on the β-carbon of the
acetylene moiety and is the most probable site for further reaction. Accompanying
each structure in this figure is a LUMO map representing the likely sites for accepting
the unpaired spin; these are largely networks of π-bonding and anti-bonding virtual
orbitals. As these networks cover all carbon atoms, 2A may undergo either 5- or 6membered ring cyclisation (TS6A and TS5A respectively); further, the Cl on the 3carbon has a vacant p-orbital allowing Cl migration (TS4A) to form the 1dichloromethylene-4,4,5-trichloro-4-penten-2-ynyl radical 4A. Fulvene cyclisation,
TS6A, is found at all levels of theory considered to be by far the easiest process

available to 2A (see appendix – Table A6.1); and although there is little agreement
between DFT and MP2 approaches concerning the relative importance of TS4A and
TS5A all levels indicate that neither process contributes appreciably.
3A, although possessing a similar network of orbitals, cannot feasibly convert

itself into any experimentally observed structure, other than fulvene, without incurring
a number of potentially high energy rearrangement steps. Electronically, there should
be little barrier hindering this cyclisation (TS7A), as a diffuse unoccupied p-orbital on
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the 4-carbon of the i-C4Cl3 moiety in the LUMO of 3A (see appendix – Figure A6.1)
can readily accept the radical site.

All but the MP2-SPE values confirm this,

suggesting a small barrier of ~30-40 kJ mol-1; thus any C2Cl2 addition to i-C4Cl3
radicals very much favours the formation of fulvene-like structures.
Reaction via n-C4Cl3, 9A, with C2Cl2 occurs via TS10A to yields the addition
product, 10A. Once formed, 10A will rapidly cyclise; the spin density and α-LUMO
(see appendix – Figure A6.2) suggests small electronic barriers as the unpaired spin
resides solely on the C2Cl2-moiety β-carbon, and the LUMO extends onto the carbon
centres involved in 5- and 6-membered ring closure. In fact, all but the MP2-SPE
values suggest fulvene cyclisation (TS12A) occurs barrierlessly, while phenyl
formation (TS11A) requires around 100 kJ mol-1. The fulvene-like intermediate 12A
may readily isomerise to the more stable fulvene-based radical, 6A, via a Cl-shift
(TS13A). Thus, n-isomers also appear to lead far more easily to fulvene, rather than
aromatic or linear structures.
Summarising, i-C4Cl3 is thermodynamically favoured, and will undoubtedly
act as the dominant C4Cl3 precursor in product formation, analogous to the current
understanding of non-chlorinated systems. Acetylene addition to either the terminal
or interior carbon of i-C4Cl3, forming 2A and 3A respectively, both lead most readily
to fulvene-like structures; although addition to the interior carbon was not considered
in studies of i-C4H3 + C2H2, the formation of fulvene has also been predicted by
Walch.408 We find that C2Cl2 adds more readily again to the probably less-abundant
n-isomer of C4Cl3. The product, 10A, may undergo one of two cyclisation processes
leading to either fulvene- or benzene-based radicals; unexpectedly, the former (via
TS12A) is considerable more favourable.

This suggests the chloroethylene

combustion models of Taylor et al.236,250,427 which relied on i-C4Cl3 as a sink for the
production of n-C4Cl3, in turn yielding aromatic products, has an unexpected flaw
revealed only upon closer scrutiny. In non-chlorinated systems (although the author
never explicitly addresses this) fulvene-like cyclisation is in fact the lower barrier
processes, although phenyl cyclisation is anticipated to be a mere 15.5 kJ mol-1
higher.408 Consequently, reaction is not as disproportionately in favour of fulvene
cyclisation when compared to the fully chlorinated analogues, presumably a
consequence of steric hindrance presented by chlorine. In non-chlorinated systems,
Walch includes an isomerisation step analogous to TS13A to allow the abundantly
produced analogue of 6A to isomerise to a 12A-like structure (both have fulvene
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carbon skeletons), which may then ring-open (through a TS12A-like saddle point) and
easy re-cyclisation (TS11A) to thermodynamically favoured phenyl radicals. This
sequence was emphasised by Walch as it ostensibly redeems C4H3 by predicting
benzene, and not fulvene, formation. However, the same processes are unlikely on
the C6Cl5 PES given the far greater energy disparity (now ~100 kJ mol-1) between
TS11A and TS12A; thus C4Cl3 radicals should lead predominantly to fulvene isomers

at all but the most extreme pyrolytic temperatures.
6.3.3 –

System B, C4Cl5 + C2Cl2

The second of the radical routes to have received a great deal of attention
involves C4Cl5. Potentially formed via Cl addition to C4Cl4, Cl abstraction from
C4Cl6, or C2Cl2 addition to C2Cl3 (although in Chapters 4 and 5 it was argued that
C2Cl3 is too short-lived to undergo this reaction), C4Cl5 has been suggested to
dominate in the lower temperature regimes probably typical of our experiments.236,250
Like C4Cl3, n- and resonance-stabilised i-isomers are possible. As discussed in the
preceding section, DFT and ROMP2 approaches agree reasonably well for most
reactions with the exception of the absolute size of the initial formation step of C4Cl5
radicals (for which DFT is expected to perform poorly). Consequently, these two
methods should also explain this otherwise particularly expensive system adequately
for our purposes. The DFT-opt C6Cl7 PES is given in Figure 6.10; additional data
including pertinent bond lengths and energies at the DFT-opt, DFT-SPE, and ROMP2
levels are given in the appendix (see Figure A6.3 and A6.4, and Table A6.2)
The formation of the initial radical, which we take here as forming via Cl loss
or abstraction from C4Cl6, is nearly barrierless and leads to a thermodynamic
distribution of i- and n-C4Cl5 isomers.

The exact nature of C4Cl5 formation is

currently ignored; it is sufficient for our purposes to describe only the relative isomer
yields. Accurate estimates of the endothermicity require accurate geometries, and
unlike 1,3-butadiene, known to adopt a C2h trans- form at room temperatures,472 the
perchloro analogue instead prefers a conformation approximately midway between
this and the C2v cis-form,473 with roughly C2 symmetry.

Our own calculations

corroborate this with DFT-SPE putting the twisted conformer at 72.7 kJ mol-1, and
MP2-SPE 89.0 kJ mol-1, lower than the planar trans- form. DFT values very closely
match most experimentally fitted parameters, with a small discrepancy concerning the
CCCC

dihedral

angle

(87.26 º,

vs.

101.9 º

determined

experimentally).473
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Figure 6.10: DFT-opt PES of the reaction of C4Cl5 isomers with C2Cl2 (relative to C4Cl6 + Cl + C2Cl2)
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i- and n-C4Cl5 (1B and 10B respectively), with accompanying spin density
maps and additional geometric data are given in the appendix, Figures A6.3 and A6.4.
The i- isomer adopts an almost Cs symmetry while the n-isomer retains most of the
CCCC-dihedral twist; as an aside, this suggests that steric interactions of the 2 and
3-C Cl atoms with those bonded to the 4- and 1-C atoms respectively are responsible
for the twisting in C4Cl6. The spin density maps (Figures A6.3 and A6.4) again show
delocalisation of the radical site in i-C4Cl5, while the n-isomer has the unpaired spin
solely on the 1-carbon; again, resonance arguments explain the lower energy of the
i-isomer, and results suggest one and two attack sites on the n- and i-isomers
respectively. Overall, ROMP2 energies, relative to our zero of energy, are much
higher than the DFT values for Cl-loss, while most energy barriers for further
isomerisation processes are similar between the two theories.
The C2Cl2 addition transition states to the 2-carbon (TS2B) and 4-carbon
(TS3B) of i-C4Cl5, and to the 1-carbon (TS11B) of n-C4Cl5, all appear early. C≡C
bond lengths in the C2Cl2 moiety are not appreciably different from the
DFT/B3LYP/6-31G* optimised equilibrium bond length of 1.206 Å for free C2Cl2;
forming bonds are still very long at ~2.3 Å. However, several C-C bonds within the
C4Cl5 framework have changed by, in some cases, as much as ~0.5 Å, indicating
considerable internal structural deformation on the approach of C2Cl2. DFT and
ROMP2 energies indicate attack at the 2-carbon site of i-C4Cl5 (TS2B) is favoured
over addition to the terminal carbon (TS3B) by ~20 kJ mol-1, i.e. enough to favour the
rate of formation of the former by around an order of magnitude at ~1000 K.
Reactions via TS3B, however, are still likely of importance in the description of the
minor isomers. Additionally, while DFT and ROMP2 disagree on the magnitude of
the addition barrier (ROMP2 values are about twice that of DFT), both suggest it is
considerably easier for C2Cl2 to add to the n-isomer (TS11B) than to the i-isomer, in
agreement with the postulate that 10B is a much more reactive species due to
localisation of unpaired spin.
Spin densities and α-LUMO maps aid in justifying the next steps in the
reaction sequence. Both 2B and 3B have unpaired spin localised exclusively on the βcarbon of the C2Cl2 moiety (Figure A6.3). 2B can only reasonably undergo a 5membered ring cyclisation (TS4B) given its structure, and this is facilitated by an
empty orbital of p-like character on the C4Cl5 4-carbon to accept unpaired electron
density. This occurs with a slight barrier of ~50 kJ mol-1 (although ROMP2 estimates
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suggest barrierless cyclisation), forming a fulvene-based intermediate 4B; barrierless
Cl loss is assumed in the formation of perchlorofulvene, 6B.
The α-LUMO density in 3B, on the other hand, appears over both the 3- and
4-carbons of the C4-moeity (farthest from C2Cl2) as a π-bonding virtual orbital, and
suggests both 5- and 6-membered ring cyclisation is possible. Prior to cyclisation,
however, a rotation about the C-C single bond between the C4Cl5 and C2Cl2 fragments
is needed. The rotational PES about this bond has been calculated at the AM1 level of
theory at 10 ° intervals over a 400 ° rotation (see Figure 6.11). A buckling of Cl
groups at ~150 ° as the C2Cl2 fragment spins deforms the carbon skeleton and leads to
different conformers at 0 and 360 °, making this a relatively difficult rotational PES to
analyse. The AM1 values show barriers in the order of ~10 kJ mol-1 and although this
level of theory is not likely to be particularly accurate, this should give a qualitative
sense of the barrier; that is, the rotation barrier is probably negligibly small.

AM1 relative energies/kJ mol-1
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Dihedral angle/ degrees

Discontinuity at ~150 ° due to Cl-Cl interactions: as
C2Cl2 forces the Cl atom (red circle) on the terminal
C4Cl5 carbon down, steric interaction with the Cl
atom on the 2-carbon (blue circle) resists this. The
strain is alleviated suddenly as the strain finally
pushes the Cl atoms past one another
Figure 6.11: Energy profile at the AM1 level of the C2Cl2 rotation about the C-C bond in 4B from 0 –
400 ° (carbons in varying dihedral marked in red for minima)

Attempts to locate 6-membered ring cyclisation from 3B were successful
(TS6B), and lead to 6B. The formation barriers (30-110 kJ mol-1) vary considerable
with theoretical method, but are probably not insurmountable. However, fulvene-like
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cyclisations would not optimise with DFT approaches. DFT/B3LYP/6-31G*//AM1
approaches were successful, and suggest the fulvene route is probably lower in energy
than TS6B by ~20 kJ mol-1. We will not explore this route further, sufficing to say
that its neglect will probably lead to an underestimate of fulvene yields in the kinetic
model developed in Chapter 6.4. 6B has two doubly chlorinated carbons and an
unsubstituted carbon, and no feasible Cl migrations to this bare atom were located.
The Cl bond lengths at the doubly substituted sites are reasonable long at ~1.82 Å
which suggests that Cl-losses may be more reasonable than Cl-migration. We have
assumed again that these losses are barrierless, and lead to 7B or 8B; while 7B, ~4070 kJ mol-1 lower in energy than 8B, is more readily formed, it requires an additional
Cl-shift (TS8B) of at least ~110 kJ mol-1 to lead to 8B, which then leads directly onto
the final product hxCB, 9B. As a result, it is not particularly clear which Cl-loss
dominates in hxCB formation, although neither appear inaccessible.
Returning to the n-isomer, 10B (Figure 6.10), likely to be of limited
importance due to a higher enthalpy of formation, we find C2Cl2 adds to the terminal
carbon via TS11B leading to the C6Cl7 adduct 11B. The provided spin density map
shows unpaired spin is localised on the C2Cl2 β-carbon (1-C), while the α-LUMO (see
appendix – Figure A6.4) shows an unoccupied π-bonding orbital across 4- and 5-C
allowing for 5-membered ring cyclisation (TS13B). A little p-orbital character on 6-C
should also facilitate 6-membered ring cyclisation (TS12B), and an unoccupied porbital on the chlorine atom bound to 3-C may mediate a Cl migration (TS14B; see
appendix) to a 1,5-hexadien-3-yne structure. Forming C-C bond lengths are all long
(~2.3 Å), typical of these transition states; forming and breaking C-Cl bond lengths in
TS14B are also typical of Cl migration steps considered already at ~2.1 Å. DFT (and

MP2/6-31G(d) values, not shown, but calculated in the absence of the failed ROMP2
estimates) suggests that 5-membered ring cyclisation, TS13B, is favoured over 6membered ring cyclisation, TS12B, by around 20 kJ mol-1, and neither barrier is
particularly high. Thus cyclisation is easy, with hxCB (9B) formation inhibited,
presumably due to steric factors. Cl-migration (TS14B) appears to be prohibitively
high although quantitative agreement between DFT and ROMP2 is lacking (see
appendix – Table A6.2). Products 12B and 13B are considered, but due to its high
energy, further reaction of TS14B is neglected. 12B and 13B are easily converted to
their respective stable, closed shell, products hxCB, 9B, and perchlorofulvene, 5B, by
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Cl loss; these losses are energetically uphill, however gains in the associated entropy
will undoubtedly render these steps quite reactive.
The overall energetics, with DFT-SPE estimates, indicate the most probable
C4Cl5 + C2Cl2 route is via TS2B, the sterically less hindered addition of C2Cl2 to the
interior carbon of the low energy i-isomer. Thus, as the resultant 2B may undergo
fulvene-like cyclisation only, this model is also likely to predict perchlorofulvene as
the dominant pre-isomerisation product (this is confirmed in Chapter 6.4), clearly at
odds with experiment. Results are, however, in line with non-chlorinated systems in
which it is predicted that n-isomers contribute negligibly, and i-isomers lead
predominantly to fulvene. Consequently, molecular routes will now be explored.
6.3.4 –

System C, C4Cl4 + C2Cl2

The obvious starting point for the discussion of non-radical processes is the
Diels-Alder cyclisation process, the only molecular route to receive attention in the
literature. Unfortunately, all attempts to optimise Diels-Alder transition states on the
C6Cl6 PES with DFT-opt have failed. While the C-C bond between the two ethynyl
groups forms readily, the bond to the C4Cl4 vinyl group lengthens unreasonably.
Optimisation eventually yields TS1C, shown in the PES of Figure 6.12; again, all
pertinent geometric parameters are in the appendix, Figure A6.5 and A6.6, and the
energies at various levels of theory are included in Table A6.3. TS1C has a DFT-SPE
barrier of 101.9 kJ mol-1 relative to perchlorovinylacetylene and dichloroacetylene.
This is somewhat lower than the estimates associated with Diels-Alder cyclisation in
non-chlorinated systems which have already been acknowledged as very important.271
The transition state, TS1C, closely resembles those for molecular acetylene
recombination developed in Chapter 5. By analogy with such processes, the low
energy of TS1C may be rationalised as the stabilisation of the singlet carbene centre,
forming on the C2Cl2 β-carbon, by chlorine. Loss of linearity in the acetylene unit
and a lengthening of this C-C bond in 1C suggests significant unpaired electron
density resides on the β-carbon of the ethynyl group. Consequently, DFT estimates
should adequately describe these barriers given their success with analogous acetylene
adducts (Chapter 5).
We have considered two reaction sequences from 1C. The first very simply
leads directly to 2C, perchloro-1,5-hexadien-3-yne, through a 1,3-Cl shift from the
C4Cl4 ethynyl group onto the C2Cl2 β-carbon (TS2C). 2C is the dominant C6Cl6
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Figure 6.12: DFT-SPE PES of the reaction of C4Cl4 with C2Cl2 (relative to C4Cl4 + C2Cl2)

179 |

Chapter 6 – The First Aromatic Rings: Pyrolytic Formation of the Chlorobenzenes

isomer observed at lower temperatures. Reaction is facilitated by the addition of the
carbene lone pair on this β-carbon to an unoccupied p-orbital of the migrating Cl atom
(present in the LUMO of 1C). While there is considerable disagreement between
DFT and MP2 values for the energy of TS2C, we note that MP2 tended to
overestimate the barrier of Cl-migration in the benchmarking reactions of
Chapter 5.2.1.

DFT performs better in benchmarking calculations, but may still

represent a slight underestimate. A barrier of around 50 kJ mol-1 from 1C is expected.
The second reaction sequence proceeds in analogy with the acetylene adducts
of Chapter 5 and forms the perchloro-3-vinylcycloprop-3-ene methylene carbene, 3C.
A concerted process in the acetylene system, the cyclopropene ring is now formed
from 1C via TS3C, if formed across the C4Cl4 ethynyl group, or TS12C, if formed
across C2Cl2. The energies provided in the appendix (Table A6.3) show all levels of
theory provides similar results; both cyclopropene formation steps are lower in energy
than TS2C, however as far fewer rearrangement steps are required through TS2C this
may still be an important route. These discrepancies may be addressed with the
construction of a kinetic model (Chapter 6.4).
We discuss reaction via 3C, the lowest energy cyclopropene route, first. By
analogy with acetylene adducts, 3C may react via methylenecyclopropene (TS4C) or
cyclobutadiene (TS5C) routes. TS5C is of lower energy at 51.0 kJ mol-1 above the
zero than methylenecyclopropene rearrangement (66.1 kJ mol-1). Cyclobutadiene ring
formation proceeds through an early transition state, as evidenced by the relatively
short (1.577 Å, i.e. single bonded) breaking 3-membered ring C-C bond and a long
(2.151 Å, therefore non-bonding) forming 4-membered ring C-C bond. TS5C is in
fact barrierless at all levels of theory considered. TS4C, only a little higher in energy
than TS5C, was considered further, having potential to explain minor products;
however, searches find that later rearrangements encounter substantial barriers of
~260 kJ mol-1. As reformation of 3C is favoured, this channel may be safely ignored.
A number of channels from perchloro-1-vinylcyclobuta-1,3-diene, 5C, an
important C6Cl6 intermediate, have been considered.

The energies listed in the

appendix (Table A6.3) show TS6C and TS7C, which involve Cl migration from the
vinyl α-carbon to the cyclobutadiene ring and cyclisation to a Dewar benzene-like
intermediate respectively, are much lower in energy than perchlorofulvene-directed
TS8C, which is consequently not likely to be competitive at all.
180 |

Chapter 6 – The First Aromatic Rings: Pyrolytic Formation of the Chlorobenzenes

It is unclear which process dominates; DFT estimates put both TS6C and
TS7C at similar energies, whereas MP2 estimates significantly favour TS7C. Again,

we are inclined to trust the DFT estimates here given their greater success with
benchmarking calculations.

Further reaction through both transition states was

examined.
Reaction through TS7C appears most suited for benzene formation. MP2
predicts a much lower heat of formation, relative to C4Cl4 + C2Cl2, for 7C than the
DFT values, however, all subsequent barriers from this intermediate leading to hxCB
appear to agree reasonably well between the two theories. The exception, again, is the
Cl-shift TS11C, which has a higher barrier with MP2 estimates. The Dewar-benzene
ring opening step, TS9C, occurs readily (around 20 kJ mol-1 lower in energy than the
reverse reaction via TS7C) and all barriers leading to the global minimum, 11C
(hxCB), should be readily traversed.
Reaction via TS6C is also shown in Figure 6.12, leading to the cyclic adduct
20C. This undergoes ring-opening (TS21C) with an energy at least 80 kJ mol-1

lower than reverse reaction, and is probably quite facile. The acyclic adduct 21C
requires around 170 kJ mol-1 for a 1,3-Cl shift that leads to the dominant low
temperature product perchlorohexa-1,5-diene-3-yne. Overall, this is a relatively facile
reaction and this channel probably plays an important role in product formation.
Finally, we return briefly to discuss the reaction channels through TS12C. We
find these play a minor role, and although included in the final kinetic model, all
energies and structures of pertinent intermediates are provided in the appendix
(Figure A6.6) only. Around 20 kJ mol-1 higher in energy than TS3C, the competing
cyclopropene-forming step TS12C should be roughly an order of magnitude slower at
~1000 K. The product 12C may undergo a number of processes analogous to 3C, and
the dominant channel involves cyclobutadiene ring formation (TS13C – see the
appendix for details). With a mere barrier of ~10 kJ mol-1, this leads back to 5C, one
of the most important intermediates given in the PES of Figure 6.12. However, unlike
3C, 12C easily undergoes rearrangement (with a DFT-SPE barrier of 2.1 kJ mol-1) to

a methylenecyclopropene intermediate via TS14C. A second Cl-migration, TS15C,
was also considered, but found to be negligible.

14C undergoes a difficult

(~200 kJ mol-1) ring closure, TS16C; however, this is still more accessible than
reverse reaction. 2,3,4,4,5,6-hexachlorobicyclo[3.1.0]hexa-2,6-diene, 16C, may ring181 |
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open to a fulvene-structure (TS17C). However as this is ~50 kJ mol-1 higher in
energy than C-C cleavage to the 6-membered ring adduct 18C, which easily gives
hxCB after a number of Cl shifts, this reaction has been deemed negligible.
6.3.5 – System D, C4H2Cl2 + C2HCl

As there are a number of C4H2Cl2 isomers, we have chosen Z-1,2-C4H2Cl2 to
illustrate the relative importance of various reaction classes. We assume that energy
barriers encountered in the different reaction classes are largely invariant with regard
to the choice of C4H2Cl2 isomer. Reactions are similar to those located on the C6Cl6
PES, although complicating matters, Diels-Alder cyclisation now appears feasible,
too. We briefly address the acetylene-bridging molecular adducts (see the PES in
Figure 6.13) as most are mere analogues of reactions on the C6Cl6 PES. Diels-Alder
reactions (Figure 6.14) are also examined. All energies of stationary points at various
levels of theory are given in the appendix (Table A6.4); schemes depicting pertinent
geometric parameters are also given here in Figure A6.8 and A6.9 for acetylene
recombination and Diels-Alder channels respectively.
Initial recombination can occur through two approaches, TS2D or TS3D.
Addition with Cl on the α-carbon (TS3D) is found to be ~20 kJ mol-1 higher than
TS2D (similar to findings with C2 analogues – Chapter 5) and will not be considered

further. As on the C6Cl6 PES (Chapter 6.3.4) the acetylene more readily bridges the
vinylacetylene ethynyl group (TS4D) than the converse by ~40 kJ mol-1 and is thus
the only pathway considered here. Vinylmethylenecyclopropene formation from 4D
via TS5D is less accessible by ~40 kJ mol-1 than vinylcyclobutadiene production
(6D), and is also negligible. Similar results are found on the C6Cl6 DFT-SPE PES.
Some aspects of reaction from 6D, however, differ from the perchlorinated analogue;
on the C6Cl6 PES, the Cl-shift TS6C was found to be slightly lower in energy, with
DFT approaches, than the Dewar-benzene like cyclisation TS7C, providing a possible
explanation for the production of a linear isomer. On the C6H3Cl3 PES, however,
Dewar-benzene production routes (TS7D) are now, with DFT estimates,
approximately

20 kJ mol-1 more accessible than the Cl-shift TS8D initiating

trichlorohexa-1,5-diene-3-yne production.

In the discussion of Chapter 6.5 we

address the fundamental role played by sterics in the ring closure. Anticipating these
results, we suggest the observed deviation, the lowering of the barrier to Dewar182 |
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benzene closure, relative to the aforementioned Cl-shift, upon increased Hsubstitution, is due to appreciably decreased crowding at the ring-closure site. The
product of ring-opening of the internal C-C bond in the Dewar-benzene intermediate
(via TS9D) is 19D (also see Figure 6.14), and tabulated energies (see appendix,
Table A6.4) show the Dewar-benzene-like route readily yields triCB. The formation
of the acyclic species through TS8D is further hindered by several high energy Hshifts, TS11D and TS12D. It is also noteworthy that no processes likely to readily
lead to fulvene structures were located.
Diels-Alder cyclisation competes with TS2D. There are two modes of attack,
with the C2HCl Cl pointing either toward or away from the vinyl group of C4H2Cl2,
which we label TS13D and TS19D respectively. Both have barriers of ~125 kJ mol-1
with DFT-SPE, and the PES of Figure 6.14 suggests that the necessary H/Cl-shifts,
leading to triCB isomers, occur readily. Strong overlap of frontier orbitals is vital
during Diels-Alder cycloadditions; overlap of these orbitals is apparent, but not
particularly strong with linear C2HCl (Figure 6.15). This is very much enhanced with
the bent C2HCl (see Figure A6.9 in the appendix) evident in TS13D and TS19D –
also see Figure 6.15.
.

Z-1,2-C4H2Cl2 HOMO

Z-1,2-C4H2Cl2 HOMO

Bent C2HCl LUMO

C2HCl LUMO

Figure 6.15: Frontier orbitals of Z-1,2-C4H2Cl2, C2HCl, and bent C2HCl mimicking TS13D, a DielsAlder cyclisation step on the C6H3Cl3 PES

The relative contributions of Diels-Alder and acetylene recombination
channels are of paramount importance.

If we consider the recombination and

cyclopropene formation steps (TS2D and TS4D) as a near concerted step, this has an
effective barrier of ~120 kJ mol-1 (the energy of TS4D) and comparable to DielsAlder cyclisation. Both routes appear to readily yield triCB as experiment suggests
[the

acetylene

recombination

channels

proceeds

most

readily

through

vinylcyclobutadiene-forming processes (6D) to give the Dewar-benzene like species
7D which leads to triCB]. Given the importance of the rate-limiting bimolecular
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steps, we were prompted to reconsider recombination barriers (TS2D, TS13D, and
TS19D) at higher levels of theory.

C6H3Cl3 Diels-Alder cyclisations were considered at a variety of levels.
Reaction involving TS13D, with RQCISD(T)/6-31G(d)//DFT/B3LYP/6-31G*, was
found to have a barrier of 125.2 kJ mol-1, similar to the DFT values. However,
MP4(SDTQ)/6-31G(d) SPEs were lower at 110 kJ mol-1.

The near isoenergetic

conformer TS19D was re-evaluated with G2MS; while the CCSD(T)/6-31G(d) SPE
gave 121.7 kJ mol-1, similar again to both DFT and QCISD(T) barriers, G2MS
barriers are closer to MP4(SDTQ) estimates at 111.4 kJ mol-1. The lower barriers are
probably more reliable; numerous Diels-Alder reactions have been adequately
described by both G2MS356 and MP4(SDTQ)421 [MP4(SDQ)/6-31G(d) also performs
well].474 Consequently, it is quite likely that DFT has overestimated Diels-Alder
addition barriers by ~15 kJ mol-1.
Similarly, the energies (above that of two isolated acetylene molecules) of the
acetylene recombination step, TS2D, and the subsequent acetylene-bridging
rearrangement, TS4D, were also reconsidered with higher level SPE calculations.
DFT-SPE energies of these transition states are 92.9 and 121.5 kJ mol-1 respectively;
these are 97.7 and 145.7 kJ mol-1 with RQCISD(T)/6-31G(d) SPEs, and 85.1 and
152.7 kJ mol-1 with MP4(SDTQ)/6-31G(d) SPEs.

It appears that, although DFT

models the recombination step well, it appears to significantly underestimate the
necessary acetylene bridging step TS4D that precedes rearrangement to products.
There are two important implications of these findings. First, there appears to
be a far greater disparity between Diels-Alder and acetylene-recombination steps than
DFT estimates predict, and thus the influence of Diels-Alder cycloadditions will be
significantly under-represented in kinetic models based on DFT-energies. The second
implication is important on the C6Cl6 PES. If the acetylene-bridging step (TS3C) is
higher than DFT estimates suggest, and these are in competition with the direct
perchloro-1,5-hexadien-3-yne forming step via TS2C, the influence of the channel
leading to the linear product may also be underestimated.
6.4 – Kinetic Model of Aromatic Formation in Chlorinated Systems

CTST (Chapter 2.2.8) has been employed to develop a full kinetic model of
the reactions in the C4Cl4/C2Cl2 (TCE pyrolysis) and C4H2Cl2/C2HCl (DCE pyrolysis)
systems. All kinetic parameters are given in Table A6.5 of the appendix. Several
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pertinent assumptions and approximations have been made during the modelling of
these reactions. Importantly, no attempt to reproduce the experimental temperature
profile has made given the relative crudity of the current model. This is a particularly
important simplification given the known difficulties associated with defining and
modelling temperature in IR LPHP.91 Instead, temperatures were assumed isothermal
and varied in 50 K increments from 800 to 1300 K inclusively. DFT-SPE barriers
have been employed exclusively as these typically appear to perform better than MP2
calculations for relevant benchmarking reactions.

While this is not particularly

accurate for the initial Cl-abstraction steps, it appears that the relative energetics of
Cl-abstraction from C4Cl4 is fairly well captured. This should be sufficient for our
kinetic models which are implemented primarily to help clarify the relative
importance of the otherwise complicated results of Chapter 6.3; anticipated erroneous
isomer prediction will provide evidence against radical routes as convincing as an
inability to reproduce the rates of product formation. Residence times of 60 s are
utilised, as this is similar to the total exposure duration employed experimentally.
Initial reagent concentrations were based on typical instantaneous yields
derived in similar ethylene-only experiments. [C2HCl] and [C4H2Cl2] were initially
set to 1 x 10-4 and 5 x 10-5 mol L-1 respectively – see Chapter 4.2.1. Similarly, when
describing C4Cl4/C2Cl2 and C4Cl3/C2Cl2 reactions (we assume C4Cl3 forms
predominantly through Cl-abstraction from C4Cl4), [C4Cl4] and [C2Cl2] were both
assumed 5 x 10-5 mol L-1 initially (see Chapter 4.2.2). C4Cl5 reactions require C4Cl6,
and this too was assumed to be 5 × 10-5 mol L-1. Both radical reactions require Cl
atoms for initiation; to this end, we have utilised the Cl2/2Cl equilibrium step used in
works by Taylor et al.236,250 This of course requires an initial estimate of this Cl2
concentration; assuming Cl-initiated Cl-abstraction from the parent ethylene (typically
in concentrations of 5 × 10-4 mol L-1 – Chapter 4) is the major source of Cl2, and that
this reaction is in competition with H-abstraction, one finds, using the kinetics of
Wu et al.,198 that Cl-abstraction is around 2 × 10-4 % the rate of the H-abstraction.
Consequently, this fraction of the initial reagent (1 × 10-9 mol L-1) is probably a fair
representation of [Cl2].
The contribution of System A, C4Cl3 + C2Cl2 (Chapter 6.3.2), is considered
first. Relative product yields are given in Figure 6.16, and the kinetic model confirms
that

fulvene-like

isomers

dominate

at

lower

temperatures

(800-1000 K);

thermodynamic control appears to become important at higher temperatures and
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Figure 6.16: Measured and theoretical yields of C6Cl5 isomers as a function of temperature formed via
the C4Cl3 radical model

phenyl radicals eventually dominate. This figure also includes experimental product
yields during aperture 6 (lower temperature) and aperture 2 (higher temperature)
pyrolyses. Three separate experiments were considered, and the range of yields is
reflected by the error bars used. The effective temperatures are approximated such
that the relative experimental C6Cl6 yields closely match theoretical C6Cl5 quantities.
It is clear that prediction of non-aromatic isomers is very poor with this model.
Both systems A and B (involving C4Cl3 and C4Cl5 radicals, respectively)
should be quite unreactive, particularly at low temperatures given the sizable barriers
to Cl-abstraction and low concentrations of Cl. This is, in the case of C4Cl5 radicalbased mechanisms, consistent with the observation that C4Cl6 is unreactive in our
IR LPHP systems (Chapter 4.2.2). Considering System B, our model suggests that at
800, 1000, and 1300 K respectively, 1.87 × 10-6 %, 4.27 × 10-3 %, and 96.4 % of the
original C4Cl6 is consumed, suggesting radical reaction is only applicable in the
highest temperature regimes considered. Similar results are found with C4Cl3. It is
very noteworthy that neither C4Cl3 nor C4Cl5 have been allowed to decompose
unimolecularly in these models, which may further restrict the role of these radicals
especially given certain parallels with rapidly decomposing chlorinated vinyl radicals
(see Chapters 4 and 5).

Further compounding the problem of C4Cl3 and C4Cl5

reactions is the probable (significant) underestimate of Cl-abstraction barriers with
DFT; thus the percentage of C4Cl6 remaining is probably severely underestimated.
Perhaps more convincingly, Figure 6.17 shows relative product yields are again
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poorly described in reactions involving C4Cl5, at least at the lower temperatures, even
with the neglect of additional probable fulvene formation routes involving n-C4Cl5
(TS6B, Chapter 6.3.3). Thus, C4 radicals are probably of little importance under the
studied conditions. As anticipated in Chapter 6.3.3, perchlorofulvene formation is
indeed the dominant anticipated (low temperature) product, contradicting observation.
100
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Figure 6.17: Measured and theoretical yields of C6Cl6 isomers as a function of temperature formed via
the C4Cl5 radical model

The final C6Cl6 formation routes considered were the molecular adducts of
system C (Chapter 6.3.4). This model predicts 1.89, 39.1, and 93.6 % of the C4Cl4
was consumed after 60 s of reaction at 800, 1000, 1300 K respectively; thus, this
channel appears to be the fastest considered, especially at temperatures up to
~1200 K. More importantly, the yields of observed C6Cl6 isomers are very well
reproduced (Figure 6.18). The predicted high yields and good agreement concerning
temperature dependent isomer prediction gives a great deal of support to the
dominance of the molecular mechanisms developed in this chapter. Again, the model
predicts thermodynamic distributions at the highest temperatures (with hxCB
dominating), while at low temperatures prediction of dominating yields of acyclic
perchloro-1,5-hexadiene-3-yne naturally arises from failed Diels-Alder cyclisations.
Molecular adducts on the C6H3Cl3 PES, system D, account for a considerable
fraction of C4H2Cl2 consumption; with both acetylene recombination and Diels-Alder
routes included, 0.07, 4.28, and 76.5 % of the vinylacetylene is consumed at 800,
1000, and 1300 K respectively. This is lowered to 0.04, 2.55, and 64.9 % when the
acetylene recombination route is removed, and 0.03, 1.81, and 42.3 % when the DielsAlder cyclisations are removed. This suggests Diels-Alder cyclisations are around
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Figure 6.18: Measured and theoretical yields of C6Cl6 isomers as a function of temperature formed via
the C4Cl4 non-radical model
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Figure 6.19: Theoretical yields of C6H3Cl3 isomers as a function of temperature formed via the
C4H2Cl2/C2HCl non-radical model

twice as important as the acetylene adducts, which may be a significant underestimate
given the much lower barriers found (with G2MS methods) to Diels-Alder
cyclisation, and the probable underestimate of barriers of the second step of acetylene
recombination. This justifies the far less rigorous treatment of acetylene adduct-like
routes. The clear implication is that Diels-Alder cyclisations are, probable by several
orders of magnitude, the major product forming channel for partially chlorinated C6
congeners.

Temperature-resolved product yields are shown in Figure 6.19, and

exclusive prediction of aromatic isomers at all temperatures, in line with our
observations, is demonstrated.
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6.5 – Discussion and Concluding Remarks

The experimental results of Chapter 6.2 have highlighted that aromatic
isomers typically dominate IR LPHP C6-product distributions in our systems, with
C6Cl6 an exceptional case. Homologue yields may be explained, in a stoichiometric
sense, as acetylene trimers, with the acetylenes forming exclusively through HCl
elimination from the ethylene reagent.

Isomers are not thermodynamically

distributed; this is nowhere more strikingly seen than during moderate temperature
TCE pyrolyses, with products typified by Figure 6.5, in which the acyclic C6Cl6
isomer perchloro-1,5-hexadiene-3-yne forms abundantly. This system provides an
intriguing case study to contrast and compare routes advocated in the literature,
particularly as no contemporary mechanism appears capable of describing C6Cl6
products upon extension from non-chlorinated systems.
The kinetic model developed in Chapter 6.4 describes the major results of the
quantum chemical study of Chapter 6.3 most succinctly.

Conventional radical

mechanisms have been considered first; C2Cl2 reacting with either C4Cl3 or C4Cl5
radicals is found to give a poor description of C6Cl6 chemistry, being both
significantly slower than novel molecular routes, and unable to correctly describe
isomer profiles. Both radicals are overwhelmingly present as resonance stabilised iisomers which, as found with their non-chlorinated counterparts,408,409 lead most
readily to perchlorofulvene. We observe this experimentally as a minor product.
High barriers to radical formation are responsible for the predicted slow rate of
reaction. It must be recognised that radical routes do eventually predict formation of
aromatic isomers, and thus cannot be ruled out at temperatures greater than ~1300 K.
Regardless, C4Cl3 and C4Cl5 appear to contribute negligibly in our experiments.
The production of C5 and C9 products during perchlorobuta-1,3-diene
pyrolysis, a hypothesised precursor to C4Cl5 radicals, is indicative of C3 routes. hxCB
appears to be the sole C6Cl6 isomer from these reactions which suggests C3
dimerisation channels produce aromatic species exclusively. This observation, and
absence of abundances of odd-carbon products during chloromethane and
chloroethylene pyrolyses, provides evidence against C3 radical routes in growth in
these systems.
The only remaining alternative, if we neglect C3 radicals (further justified in
Chapter 3), involves the invocation of non-radical Diels-Alder cycloadditions between
acetylene and vinylacetylene congeners.

Recently suggested to be the dominant
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aromatic formation route in C2H2 pyrolysis,271,391,392 we find this scheme is readily
extended to triCB formation during DCE pyrolysis. Our kinetic model suggests at
least two thirds of C6 formation proceeds through these channels, but probably
substantially more, as indicated by several higher level calculations, with the
prediction of exclusively aromatic products between 800 – 1300 K (Figure 6.19).
This is in good agreement with our experimental observations (Figure 6.5). Some
product formation is possible through a number of novel acetylene-recombination like
channels between the acetylene and vinylacetylene ethynyl group.

These new

channels also appear capable of explaining all C6Cl6 products. We now justify that
these routes are most reasonably thought of as ‘failed’ Diels-Alder cyclisations, and
thus arise naturally as the result of steric barriers imposed by Cl-atoms.
Figure 6.20 presents the bond length between the vinylacetylene vinyl group
and the incoming acetylene in a number of Diels-Alder transition states, optimised at
the DFT/B3LYP/6-31G(d) level of theory. This bond length, d/Å, is plotted as a
function of degree of chlorination, fluorination, or methylation of the carbons about
this bond. Chlorine substitution lengthens this bond; this is also observed to a limited
extent in the transition states TS13D and TS19D (see appendix – Figure A6.9). An
extreme case appears to be the C6Cl6 analogue leading to 1C where this distance is far
too long to be considered bonding; this failure to close leads naturally to the acetylene
recombination route. Bulky, but with far lower electronegativity,475,476 methyl groups
appear to have the same lengthening effect, while fluorine (having similar electronic
properties, but being appreciably smaller) leads to negligible changes in this bonding
distance with increased substitution. This indicates that non-closure in highly
chlorinated analogues is steric, rather than electronic, in origin.
Reaction along the ‘failed’ Diels-Alder route leads to a vinylacetyleneacetylene adduct which most readily isomerises such that the acetylene moiety
bridges the vinylacetylene ethynyl group (see, for example, 3C and 4D).

DFT

estimates indicate that the overall barriers likely in this reaction do not differ
appreciably with the degree of chlorination, and generally aren’t particularly different
from the barriers of Diels-Alder cyclisation, but are probably less important than
direct cyclisation on all but the most highly chlorinated PESs. Interestingly, in studies
by Taylor et al.305 on C2H2 and C2Cl2 at low temperatures (300 – 500 °C) and in the
absence of a catalyst, it is found that C2H2 is unreactive to both dimerisation and
trimerisation; C2Cl2, on the other hand, dimerises readily (as explained in Chapters 4
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Figure 6.20: Influence of Cl, F, and CH3 substitution on the Diels-Alder transition state; note there are
multiple ways to arrange 1 or 2 substituents around the groups labelled X in the structure inset.

and 5) but is also reasonably unreactive to trimerisation. Insensitivity to the rates of
trimerisation despite varying the degree of chlorination is readily described by the
molecular model.
These adducts are then converted to 1-vinylcyclobuta-1,3-diene intermediates,
5C and 6D. Very notably, these species bear a very close resemblance to novel

adducts very recently suggested by Detert et al.443 as being instrumental in the
isomerisation of C6Cl8. Two competing novel channels may now operate; a shift from
the vinyl α-carbon to the ring (e.g. TS6C and TS8D) initiating 1,5-hexadien-3-yne
formation processes, or cyclisation (e.g. TS7C and TS7D) leading to Dewar-benzene
like intermediates which eventually isomerise to benzenes. In light of the importance
of sterics in these systems, it appears likely that Dewar-benzene cyclisation on the
C6Cl6 is hindered, and thus the Cl-shift, and consequently the formation of an acyclic
product, dominates; with lower degrees of chlorination, less hindrance at the
cyclisation site restores benzene formation channels to dominance. Thus, it is clear
that acyclic products should only form abundantly in C6Cl6-forming systems, as
observed. It should be mentioned, however, that higher level calculations suggest one
of the important early steps of acetylene recombination (TS3C, TS4D, for example)
may be higher than DFT-values suggest, suggesting that perchloro-1,5-hexadien-3yne may form via a competitive direct Cl-shift (TS2C) in an initial adduct.
Regardless of the exact mechanism of formation, the novel acetylene adduct channel
is the only model that even hints at the formation of this linear product. The low
temperature requirement of this model (the model predicts acyclic species begin to
disappear at ~1000 K) is entirely reconcilable with the presence of a small quantity of
a second unidentified C6Cl6 isomer, with a retention time similar to hxCB, in the
1100 K TCE pyrolyses of Mulholland et al., which is completely absent at 1225 K.424
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A number of integral features are summarised in the illustrative experiments
where C4Cl6/C4Cl4 are pyrolysed with C2H2. The congener produced is indicative of a
C4/C2 addition, as hypothesised; in the absence of radicals, the model calls for
acetylene addition to perchlorovinylacetylene (an acetylenic adduct), which leads to
tetCB as required. Figure 6.8, especially upon contrast with Figure 6.5, suggests
1,2,3,4-tetCB is the dominant recombination product. Addition of C2H2 should not
perturb the Diels-Alder transition state dramatically, and rearrangements should not
scramble any of the substituents in the original acetylene; thus, the advocated DielsAlder channels correctly predict the observed isomer. The appearance of a nonaromatic C6H2Cl4 isomer, in reasonably low relative yields, is also consistent with a
small degree of failed cyclisation.
In conclusion, DCE and TCE, and consequently DCM, pyrolysis systems do
not appear to form C6 products through C3 or C4 radical routes. Instead, Diels-Alder
cyclisation between vinylacetylenes and acetylenes appears active, as observed for
C2H2 pyrolysis.271,391,392

This occurs regardless of the presence of radicals.

Similarities with acetylene are entirely consistent with arguments from Chapters 4 and
5 where we note that chlorinated vinyl radicals decompose to acetylenes far too
rapidly to facilitate growth reactions. Such cyclisations are consistent with both the
observed similarities of C6 stoichiometry with acetylene trimerisation, and the
formation of strictly aromatic products.

In the highest degrees of chlorination,

however, steric properties of Cl-atoms lead to inhibited ring closure, consistent with
the recent claims that the chemistry of highly chlorinated species may not necessarily
proceed through the same channels as their generally well-studied non-chlorinated
analogues.443

Failed cyclisation leads to C4H4/C2H2 analogues of the acetylene

adducts developed in Chapter 5, and the analogous cyclobutadiene formation channel
also dominates chemistry here. Cl-shifts, leading to perchloro-1,5-hexadiene-3-yne,
may out-compete the sterically hindered Dewar-benzene cyclisation, which leads to
highly stable hxCB, at lower temperatures; direct Cl-shifts from the initial adduct may
also be responsible for perchloro-1,5-hexadien-3-yne production. In either case, a
temperature-consistent description of the formation of important non-aromatic
isomers in our work, and published data,314,424 is possible. The following chapter
continues from the chlorobenzenes, which we show serve as an important starting
point for the formation of naphthalene and higher PAHs.

194 |

Chapter 7
The
First
Fused
Rings:
Production
Phenylacetylenes and Naphthalenes

of

This chapter considers the mechanism of formation of the first fused ring PAHs. We
draw heavily upon the processes believed operative in non‐chlorinated systems, and
examine the HACA channel in particular. Doping various chloroethylene fuels with
trichlorobenzene (triCB) isomers is observed to perturb C8 and C10 yields. These
perturbed systems are used to derive a probabilistic kinetic‐based model which
describes individual congener yields of phenylacetylene, naphthalene, and a second
set of unusual C10 products extremely well. We find this model is readily extended
to the more general ethylene‐only systems. A novel amended Bittner‐Howard route,
supplemented by C4Cl4 additions, is advocated.

7.1 – Literature Review of the C8 and C10 Formation Pathways in High
Temperature Systems

As is typical of studies into growth from chlorinated precursors, most favoured
mechanisms of C8 and C10 formation are extensions of channels believed operative in
far more thoroughly studied non-chlorinated systems. Consequently, we review the
formation routes of non-chlorinated C8 and C10 products in Chapter 7.1.1 before
considering the currently favoured mechanisms of production of their chlorinated
analogues.
7.1.1 –

Review of High Temperature NonChloroC8 and C10 Product Formation

As will be elaborated, C8 species such as styrene (C8H8, φ-C2H3) and
phenylacetylene (C8H6, φ-C2H) are considered important precursors en route to
naphthalene; they represent either intermediates leading to, or channels competing
with, naphthalene formation. Considering the earliest works, while there were some
proponents of the addition of C4 molecules to C4H5 radicals in particular,251,398,477
many soon began to favour sequential C2 additions instead.396,478 While in one of the
first kinetic models of combustion systems, Jensen refined these schemes and
suggested that these routes involve acetylene exclusively,479 it was the seminal
modelling of benzene/oxygen flames by Bittner and Howard in 1981 that first showed
that the addition of acetylene to phenyl radicals, (C6H5, φ), is indeed capable of
describing the growth of φ-C2H.480
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(7.a)
Later models confirmed that reaction (7.a) is faster than C4 radical/molecule addition
channels.403
While these results spurred interest in measuring the kinetics of acetylene
addition to phenyl radicals,247,481 the cavity-ring-down experiments of Yu et al. in
1994 were the first accurate attempts to measure this rate directly.482 The experiments
suggested addition does indeed occur with relative ease, as does H-loss to form
phenylacetylene.

Reaction (7.a) has since become a widely accepted model of

phenylacetylene formation; as such, it is somewhat surprising that the first direct
experimental observation of this pathway was not obtained until 2007. Crossed beam
studies of phenyl radicals and acetylene, coupled with TOF-MS detection, confirms
that this reaction produces phenylacetylene abundantly.483

Measured barriers of

addition and H-loss agree well with theoretical studies (at around 16 and 28 kJ mol-1
respectively).484 The experimental data confirm the existence of a short-lived C8H7
radical, φ-CH=CH, prior to H-loss.

Further, reaction with C2D2 confirms H-

abstraction from acetylene by phenyl radicals is negligible, and that H-loss leading to
phenylacetylene occurs exclusively from the acetylene moiety. Similar studies with
phenyl radicals and C2H4 or C2D4 confirm reactions analogous to those in
reaction (7.a) lead to styrene,485 with experimental barriers similar to those calculated
by Tokmakov and Lin.486

Styrene decomposition has also been implicated in

phenylacetylene formation.487-489
The addition step depicted in reaction (7.a) has also been promoted as the
major initiation step in naphthalene production; in fact, a great deal of research
detailing phenylacetylene formation has been primarily concerned with the formation
of fused ring systems. The 1981 work of Bittner and Howard was one of the first
modelling works to consider naphthalene in detail.480 It was suggested that collisional
stabilisation of the C8H7 adduct of reaction (7.a), φ-CH=CH, followed by acetylene
addition to the β-carbon of the ethynyl moiety, with H-loss, readily leads to
naphthalene. This particular addition sequence, now known as the Bittner-Howard
mechanism of addition, represents one of the earliest and most important of the
HACA (Hydrogen-abstraction acetylene addition) schemes of PAH formation.
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Despite the nomenclature, Bittner and Howard actually suggested that H-loss leading
to phenylacetylene was too rapid to lead to appreciable naphthalene formation.480
Consequently, a number of authors advocated a similar mechanism in its
place.252,253,256,490-492

(7.c)
By analogy with reaction (7.a), Wang and Frenklach predict the production of
diethynylbenzene at higher temperatures as the result of H-loss from the C10H7.256
At about the same time that these mechanisms were being developed,
McEnally et al. performed a number of interesting experiments studying doped
CH4/O2 flames. The earliest studies considered flames doped with benzene, φ-CH3,

φ-C2H5, φ-C2H3, and φ-C2H,487 and indicated phenylacetylene yields are linearly
related to the yields of naphthalene, as expected in HACA pathways.
experiments on flames doped with singly

Later

13

C-labelled styrene found singly labelled

phenylacetylene and naphthalene were produced, also in keeping with the HACA
mechanism.489 These unique experiments provide compelling evidence toward an
HACA mechanism without relying on kinetic modelling. Doping of relevant fuels
with judicious choice of aromatic species, and developing a mechanism based on the
resultant yield perturbations will be an approach we too will utilise extensively
throughout this and the following chapter.
The necessary reactivation of phenylacetylene in reaction (7.c) by
bimolecularly-initiated H-abstraction processes is perhaps not the most efficient
means of leading to naphthalenic structures. There was growing support for HACA
processes, although the exact mechanisms were still unknown, and consequently there
was renewed interest into the role of C8H7 isomers. An alternative mechanism was
introduced in 1998 by Frenklach et al. while considering acetylene addition across the
4C-bay region of phenanthrene during the formation of pyrene.493

Its potential

fundamental importance was soon realised, and an extensive ab initio study
considered application of this mechanism to the reaction of acetylene with phenyl
radicals.494 This mechanism suggests the C8H7 intermediate may be stabilised against
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unimolecular H-loss by internal H-abstraction prior to the addition of the second
acetylene:

(7.d)

Reaction (7.d) is commonly referred to as the Frenklach HACA mechanism, and
along with the Bittner-Howard route, is one of the most accepted HACA routes in the
current understanding of PAH growth.
Shortly after publication of this scheme, the Bittner-Howard and Frenklach
mechanisms were directly compared in a DFT study.495 While the Bittner-Howard
C8H7 intermediate, φ-CH=CH, was found to be lower in energy than the Frenklach
analogue, the latter is much less susceptible to H-loss. Both routes were found to be
important, with the Bittner-Howard mechanism dominating when φ-CH=CH is
collisionally stabilised, with the Frenklach channel [reaction (7.d)] active otherwise.
Much more recent DFT/B3LYP/cc-pVDZ studies, accompanied by RRKM
rate constant analyses, have considered the C8H7 PES in far greater detail.496
Additional rearrangements leading to various [4.2.0]-bicyclic structures, based around
a benzocyclobutadiene-like structure, were also included. The results suggest that
both high pressure and/or low temperature conditions, where collision with the bath
gas is frequent but still stabilising rather than activating, leads to significant
stabilisation of the φ-CH=CH radical.

Consequently, H-loss leading to

phenylacetylene, although still important, does not dominate reaction, and therefore
addition of a second acetylene is feasible.

Both Frenklach and Bittner-Howard

mechanisms are suggested to be important, but [4.2.0]-bicyclic compounds were
predicted to play a negligible role.
This work was later refined further by Tokmakov and Lin.484 RRKM analyses
were repeated, with barriers estimated by the highly accurate G2M method. [4.2.0]bicyclic species were again reconsidered, and the PES was extended to include
[3.3.0]-bicyclic compounds based on a pentalene carbon frame. Stabilisation against
H-loss in high pressure/low temperature regimes was reconfirmed, as was the
probable importance of both Bittner-Howard and Frenklach mechanisms. However,
while [3.3.0]-bicyclics were found to be of negligible importance, the [4.2.0]-bicyclic
radical formed in reaction (7.e) is predicted to accumulate in significant quantities.
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(7.e)
This species was suggested to act as a sink for the Frenklach and Bittner-Howard
C8H7 radicals, presumably providing additional stabilisation against H-loss as the
formation of benzocyclobutadiene + H was deemed negligible. Interestingly, small
quantities of benzocyclobutadiene have been observed in certain flames.497
While Bittner-Howard and Frenklach HACA mechanisms are generally
accepted, a series of novel reactions have been recently suggested. These involve
successive additions of ethynyl radicals to benzene leading to fused ring
systems.498,499

However, H-loss rather than ring closure is generally found to

dominate, and as such, it appears that the 4-ethynyl-1-naphthyl radical is the smallest
fused ring species predicted.

Clearly not particularly successful in explaining

combustion systems where naphthalene is prevalent, this model is applicable to
planetary/interstellar space systems.

Addition is found to be barrierless, as is

necessary in cool conditions such as these, and ethynyl radicals are easily generated
photolytically by incident solar radiation.500-502
Early suggestions by Bittner and Howard480 that C4H4 addition pathways are
faster than HACA routes have since been refuted;492 however, these paths may still be
important in particular fuels.

Later works refining the original C4 addition

mechanisms indicate that these routes are viable if an internal H-abstraction by the βcarbon of the C4H4 moiety, similar to that in reaction (7.d), is allowed:503
H
+H

(7.f)

Close analysis found that the necessary rotation about the double-bond is
prohibitively high in energy. Consequently, slight amendments have been suggested
to reaction (7.f). H-loss from the adduct leads to 1-phenyl-3-buten-1-yne; re-addition
of an H-atom, if occurring in the correct geometry, can yield a C6H5-C4H4 isomer
which bypasses the rotation.504

A channel analogous to reaction (7.f) was also

considered in which the vinyl end of C4H4 adds to the ring. Although not discussed in
detail here, H-loss from this adduct will lead to 1-phenyl-1-buten-3-yne; this
compound has been shown to readily isomerise to naphthalene when pyrolysed.505
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The problem of this rotation about the double bond in reaction (7.f) was
cleverly circumvented by Aguilera-Iparraguirre et al. in 2007, without requiring the
relatively slow bimolecular addition of H-atoms.506 The addition product, after the
internal

H-abstraction

shown

in

reaction (7.f),

can

cyclise

to

a

vinyl-

benzocyclobutadiene intermediate which exhibits free rotation of the vinyl moiety. If
ring-opening occurs in the correct geometry, the C4 unit readily lends itself to
cyclisation to naphthalene.

(7.g)
To a lesser extent, butadiene addition has also been considered. Cavallotti
performed RRKM analyses based on DFT/B3LYP/6-31G(d,p) geometries and
energies of the C6H5-C4H6 reaction.507 It was found that the rate constant of addition
of butadiene was only marginally slower than that of acetylene, and consequently,
such pathways should dominate when [C4H6] > [C2H2]. Further, naphthalene (rather
than methylindene) should be the sole product. Fascella et al.508 also explored the
addition of n-C4H5 to C6H6 and found similar results. The C6H5-C4H6 reaction was
later reassessed by Ismail et al., and extended to phenyl addition to the interior carbon
of C4H6 as well.509 This addition was found to be unimportant, and H-loss leading to
1-phenyl-1,3-butadiene was also found as an important product.
We briefly touch on two additional mechanisms for completeness as these
routes probably have little influence in the systems we study. The first proceeds with
propargyl (C3H3) addition to benzyl (φ-CH2). Proposed, and later rejected, by Bittner
and Howard,480 there has since been evidence in support of these schemes with
particular fuels. Toluene (φ-CH3) doped CH4 flames exhibit enhanced naphthalene
yields without a corresponding increase in the amount of φ-C2H produced.487 Further,
similar flames doped with φ-13CH3 leads to singly-labelled naphthalene.489 Both
results are consistent with naphthalene growth via φ-CH2 (probably with C3H3)
without necessarily forming φ-C2H.

The second mechanism considers C5H5

dimerisation. In particular, this involves recombination of cyclopentadienyl radicals,
C5H5, or C5H5 addition to cyclopentadiene; both routes appear feasible, and
considerable

work

has

been

undertaken

exploring

cyclopentadienyl-based

growth,510-516 which even appear active in IR LPHP systems.517

We will not,
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however, discuss C5 routes in detail given the absence of odd-carbon species amongst
our products (see Chapter 6.2) to serve as precursors.
7.1.2 –

Review of High Temperature ChloroC8 and C10 Product Formation

Distributions of polychlorinated naphthalenes, PCNs, and styrenes have been
of considerable interest given their toxicity and environmental persistence, and have
been discovered in a number of biological, soil and air samples.6-9,518-520 Many
studies have focussed on MWIs, which have been shown to be sources of PCNs in the
environment.518,521,522 While technical mixtures of PCNs like halowax, formed in the
chlorination of C10H8 with Cl2 over FeCl3 or SbCl5 catalysts,523 show a distinct isomer
pattern consistent with electophilic and nucleophilic substitutions, distributions from
MWIs and other production methods are very different.9,519,522,524-526

Computed

thermodynamics can show that profiles are not generally thermodynamically
distributed.527,528 Although a somewhat complicated problem (particularly as there
are 76 PCN congeners), it soon became recognised that the distinctive isomer profiles
could be used advantageously for mechanistic deduction by comparing the identity of
major products with those predicted by various reaction mechanisms.524,528-531
Currently, successive chlorination/dechlorination mechanisms528,530 and condensation
reactions of chlorophenols529 are both believed active in PCN production in MWIs.531
Dissimilarities between reaction conditions and isomer profiles found in this
study with published works528,531 suggests that the processes operative in MWIs are
probably not prevalent during chlorohydrocarbon pyrolysis. The chemistry of these
systems is far less well-studied; in fact, it was little over a decade ago (1998) that
El Mejdoub et al.532 stated that “Contrary to the cases of hydrocarbons, detailed
studies of molecular growth during the combustion/pyrolysis of chlorinated
hydrocarbons are practically nonexistent.” Unfortunately, little work has since been
undertaken in this area to rectify these deficiencies. A little kinetic modelling has
been undertaken, generally focussing on fully chlorinated products.

Typically,

analogues of HACA processes quoted for non-chlorinated species are thought active.
Perchlorinated styrenes and phenylacetylenes are thought to be formed via C2Cl4 and
C2Cl2 addition to C6Cl5 radicals respectively,236,250,270,532 although C2Cl3 addition to
hxCB with Cl-displacement is also suggested to be an effective route to
C8Cl8,236,250,270 as is direct addition of C2Cl3 to C6Cl5.533 C4 dimerisation channels
have been advocated as the dominant route in C3Cl6 pyrolysis, but are otherwise
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mostly inactive.428 Naphthalenes are thought to form via Bittner-Howard HACA
processes, or analogues of reaction (7.c).250,270

However, these routes are not

universally accepted; there is some suggestion that aromatics in lower degrees of
chlorination, formed in CH4/CH3Cl flames, do so via successive H/Cl
disproportionation reactions of naphthalene in CH3Cl/C2H4 flames,196 C2H2 loss from
C12 intermediates during chlorobenzene pyrolysis,534-536 or Diels-Alder addition of
chlorinated 1,3-butadienes to chlorobenzynes.537 Isomer analysis in aiding studies of
chlorinated C8 and C10 production during chlorohydrocarbon pyrolysis does not
appear to have been utilised to date, and the mechanism of closure is yet to be probed
explicitly.
7.2 – Experimental Investigations Regarding Chlorinated Naphthalene
Formation
In Chapter 3 it was argued that the high temperature chemistry of DCM is

dictated largely by reactions of its primary products DCE and TCE. Consequently,
with a view to describing the production of chlorinated naphthalenes from single
carbon atom precursors, C10H8-xClx yields have been analysed by way of a number of
DCE/TCE pyrolyses. The notably high yields of benzene congeners produced during
such experiments (Chapter 6) suggest HACA routes acting on phenyl radicals may
play a pivotal role. To justify this hypothesis, we also show that the products of DCE
or TCE pyrolysis, doped with either 1,2,3- or 1,2,4-triCB, are perturbed relative to
neat ethylene pyrolyses in a manner consistent with such a mechanism.
7.2.1 – C8H8xClx, C8H6xClx, and C10H8xClx formation in Chlorinated Ethylene Systems

All explicit details of these experiments are given in Chapter 6.2.1; briefly,
40 Torr total mixtures of ethylenes, consisting of 0, 25, 50, 75, and 100 % DCE with
TCE making up the remainder, have been pyrolysed and the products analysed via
GC-MS.

Product yields all show significant production of phenylacetylene and

naphthalene congeners. The degree of chlorination is sensitive to the starting fraction
of the DCE used. Styrene congeners are also detected in all samples; however,
percentage chromatographic peak areas are appreciably lower than phenylacetylene
peaks for all but the perchloro-congener produced in neat TCE pyrolyses.
In a similar approach to that adopted in the analysis of chlorobenzenes in
Chapter 6, we begin with a broad analysis in which only the homologue family is
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considered. Total percentage peak areas of C8H6-xClx and C10H8-xClx congeners are
plotted as a function of the fraction of DCE used in sample production (Figure 7.1).
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Figure 7.1: (top to bottom) Experimental C8H6-xClx and C10H8-xClx yields as a function of the fraction
of DCE in the starting material; also shown are theoretical yields

Calculated yields are also provided; these assume acetylene tetramerisation
and pentamerisation respectively. Yields are binomially distributed in such a model;
C8H8-xClx, and C10H10-xClx yields are derived with equation (7.1).

[C 2n H n− x Cl n + x ] =

n!
[C 2 HCl]n − x [C 2 Cl 2 ]x
x!(n − x )!

(7.1)

In deriving phenylacetylene and naphthalene yields, we assume C8H8-xClx and
C10H10-xClx described in equation (7.1) decompose by HCl elimination exclusively;
we find that allowing half of the C8Cl8 and C10Cl10 content to decompose by Cl2 loss
provides the best fit with experiment. Figure 7.1 indicates that this model appears
valid.
Styrene yields are not included as, with the exception of C8Cl8, they are
negligibly low. This too is in keeping with the acetylene oligomerisation model,
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which assumes far less of the C8Cl8 decomposes than its partially chlorinated
analogues. We have not yet included the yields of additional C10 products, isomeric
with the PCNs; the identity of these compounds will be discussed in due course.
Isomeric analysis of phenylacetylene and naphthalene congeners will be discussed in
Chapters 7.5 and 7.6 where we develop a model of formation of these species.
7.2.2 – C8H8xClx, C8H6xClx, and C10H8xClx formation in TriCB/Ethylene systems

Anticipating the importance of HACA mechanisms in chlorinated systems,
sooting ethylene systems have been perturbed by the addition of either 1,2,3 or 1,2,4triCB.

Approximately 1 – 2 mL of triCB has been added to the cell reservoir

(Chapter 2.1.3), followed by addition of ~20 Torr of chloroethylene (DCE or TCE).
Pyrolyses were performed at aperture 6, employing six 10 s exposures with 20 s cooldown periods in between. Three successive fills of chloroethylene were employed
prior to sample extraction. Samples were also generated at aperture 2, however only
three exposures per fill were needed for these samples.
While triCB is readily produced in DCE pyrolyses (it is, in fact, the most
abundantly formed benzene homologue), it is absent during TCE pyrolyses (see
Chapter 6). As such, the TCE/triCB systems should provide the most immediately
obvious evidence of perturbation.

Figure 7.2 depicts the phenylacetylene and

naphthalene homologue yields in these systems, with results of pure DCE and TCE
pyrolyses for reference. There is a clear shift to producing C8H2Cl4 and C10H2Cl6 far
more abundantly. Again, styrene yields are negligible. As expected, C8H3Cl3 and
C10H4Cl4 remain the most abundant homologues during DCE/triCB co-pyrolyses.
Returning to TCE/triCB systems, stoichiometry is in agreement with that
anticipated in an HACA mechanism involving C6H3Cl3 and C2Cl2. Cl atoms abstract
hydrogen from triCB; C2Cl2 addition to the trichlorophenyl radical yields
C6H2Cl3-CCl=CCl, and Cl loss from the α-carbon yields tetrachlorophenylacetylene.
Alternatively, C2Cl2 addition to the stabilised C8H2Cl5 intermediate, followed by ring
closure and Cl loss, will yield hexachloronaphthalene, hxCN. Analogous arguments
are also successfully applicable to the DCE/triCB reaction.
Finally, phenylacetylene and naphthalene congeners are heavily dependent on
the triCB isomer added to the reaction system. Similarly, sets of non-naphthalene
C10H2Cl6 isomers also form, and the identity of these species is also very sensitive to
the triCB used. This will become obvious from chromatograms presented in
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Figure 7.2: Yields of phenylacetylene and naphthalene homologues as a function of starting material

Chapters 7.5 and 7.6, and is clear evidence that aromatic species serve as a seed for
the production of C8 and C10 species. Unfortunately, the complexity of these systems
is such that the elucidation of explicit mechanisms of formation has traditionally been
precluded.

However, these doped systems represent ideal candidates for the

construction of growth models, and in this chapter we will present what we believe is
very strong evidence toward the elucidation of these sought-after schemes.
7.3 – Computational Studies of Chlorinated C8 and C10 Formation
The C8 and C10 systems under scrutiny in this chapter are quite complicated; a
successful model of formation must describe not only the variations of homologue
dominance on changing the reagents, but, more subtly, the response of individual
congener yields to these changes. Quantum chemical methods represent very useful
companion

techniques

for

aiding

mechanistic

deductions,

particularly

in
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the absence of substantial prior work in this field (see Chapter 7.1.2 for a review).
With (to our knowledge) no prior computational studies on chlorinated analogues, we
first extend likely routes in chlorine free systems to the triCB/DCE and TCE copyrolysis systems.

We consider Frenklach, Bittner-Howard, and [4.2.0]-bicyclic

HACA based mechanisms only, as early indications suggest that the systems we
encounter exhibit the requisite acetylene addition to phenyl radicals.
7.3.1 – The triCB/TCE and DCE HACA Channels

The first step in any HACA sequence is the formation of a phenyl radical. In
chloroethylene systems, Cl rather than H-loss establishes the initial radical pool
(Chapter 4.1.1); this appears to hold in chlorobenzenes as well.538 Cl-atoms should
abstract hydrogen far more readily than chlorine from the chlorobenzenes,533 and thus
trichlorophenyl radicals should be formed almost exclusively. For the purpose of our
computational studies, we follow the reaction of the 2,4,5-trichlorophenyl radical; this
represents a fairly general system, bearing both H and Cl at the ortho-sites.
Discussion follows reaction with DCE as the acetylene produced has two modes of
addition (with H or Cl on the α-carbon) and is therefore the more instructive scenario.
Figure 7.3 depicts the extension of the Bittner-Howard HACA mechanism
[see reaction (7.b)] to our chlorinated systems, relative to the energy zero, 2,4,5trichlorophenyl + 2C2HCl. The initial addition crosses a very early transition state.
In situations where the acetylene adds with H on the β-carbon (red line), we find a
barrier of 14.5 kJ mol-1; this is very similar to the barriers determined by
Richter et al.496 and Tokmakov et al.484 for the addition of C2H2 to phenyl radicals
(13.5 and 14.6 kJ mol-1 respectively). Importantly, there is a significant lowering of
this barrier when the β-carbon is chlorinated; repeated calculations with other
chlorinated phenyl radicals suggests that barriers are generally lowered by
~15 kJ mol-1 upon β-chlorination. The resultant adducts are also more stable by
~30 kJ mol-1. The spin density map included in Figure 7.3 indicates the radical site is
localised on the β-carbon, suggesting chlorine stabilisation of the radical is again
responsible for significant lowering of barriers and increased thermodynamic drive.
Following reaction of the β-chlorinated fragment (reaction of the βhydrogenated moiety occurs analogously) we find that addition of the second
acetylene unit is very similar to the first. Transition states are early, and chlorination
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Figure 7.3: DFT-opt PES of Bittner-Howard addition of C2HCl to 2,4,5-trichlorophenyl radicals
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Figure 7.4: DFT-opt PES of Frenklach addition of C2HCl to 2,4,5-trichlorophenyl radicals
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Figure 7.5: DFT-opt PES of [4.2.0]-bicyclic-based addition of C2HCl to 2,4,5-trichlorophenyl radicals
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of the β-carbon of the second C2HCl moiety again lowers the barrier by ~15 kJ mol-1
relative to the β-hydrogenated analogue. The adduct formed is similarly stabilised.
Following the lowest energy conformer (black line) again, we note two possible
modes of ring closure as one ortho-carbon is chlorinated, the other hydrogenated.
Closure at the latter site, favoured over the former by ~30 kJ mol-1 (presumably
because of steric pressures) leads to pentaCN isomers on the C6H2Cl3 + 2C2HCl PES.
To our knowledge, the first extensions of the Frenklach HACA scheme
[reaction (7.d)] to chlorinated systems are given in Figure 7.4. We follow the lower
energy Cl3-φ-CH=CCl moiety; this undergoes the defining internal H-shift with a
barrier of 117.0 kJ mol-1 and is endothermic by 18.7 kJ mol-1. These values are very
similar to G2M-(RCC6,RMP2) values (114.6 and 5.0 kJ mol-1) for the analogous
reaction on the C8H7 PES,484 which indicates the degree of chlorination has little
influence on the energetics of Frenklach-like H-abstraction.

Notably, no Cl-

abstractions could be found despite trialling a number of phenyl/acetylene pairings,
suggesting these may be appreciably high energy. Addition of the second acetylene is
very similar to the first; β-chlorination of the adding C2HCl fragment leads to an
almost barrierless addition, ~15 kJ mol-1 easier than the converse, and leads to a
significantly stabilised adduct. Cyclisation between the β-carbons of the ethenyl and
vinyl groups is barrierless, and Cl loss leading to tetCN isomers is readily realised.
Although not shown, H-loss, while sufficiently high in energy that it is probably not
competitive with Cl-loss, is not unfeasible. Consequently, PCN formation via H-loss
is possible if the β-carbon of the vinyl group is substituted exclusively by hydrogen.
Finally, we examine the role of [4.2.0]-bicyclic intermediates discussed by
Tokmakov and Lin.484 The cyclisation barrier we find, 104.3 kJ mol-1, is similar to
that found for non-chlorinated analogues (134.3 kJ mol-1), and we too find that this is
the most stable C8H7-xClx isomer.484 Unlike other works, we explore these isomers
further with regard to their explicit role in growth. Considering only the lower energy
(β-chlorinated) C2HCl addition step we find significantly larger barriers are imposed,
although they are far from insurmountable. While additions have so far been found to
be nearly barrierless, the second C2HCl addition in Figure 7.5 requires 31.9 kJ mol-1.
Once the initial C10H4Cl5 species has been formed, cyclisation follows readily.
It may do so via two pathways which are essentially direct extensions of the pathways
discussed already. The pathway in black in the previous figure follows a direct
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cyclisation, not unlike the Bittner-Howard process; this leads to a fused-Dewarbenzene intermediate which readily ring opens to give the naphthalenic structure; both
Figure 7.3 and Figure 7.4 show these final intermediates readily form naphthalene
with H- or Cl-loss. The second pathway (in red) undergoes a Frenklach-like internal
H-abstraction, which is lower in energy than the competing direct cyclisation, then a
[4.2.0]-bicyclic-like ring closure leading to another readily ring-opening fusedDewar-benzene intermediate; this ring closure is higher in energy than the direct
cyclisation process. As such, it is difficult to tell from the PES alone which channel
should dominate.

Importantly, the two channels each predict a different tetCN

isomer.
A final set of reactions based on non-radical acetylene recombination have
also been considered, the PES of which is shown in the appendix (Figure A7.1) for
the reaction of 1-chloroethynyl-2,3,4-trichlorobenzene with C2Cl2. Addition barriers
of ~100 kJ mol-1 are much higher than the addition barriers discussed for the radical
processes, however overall rates may be comparable given the higher yields expected
of the non-radical C8 precursor. We find that cyclobutadiene formation between the
acetylene moieties is favoured, as found in Chapters 5 and 6. However, several high
energy ring closure and H/Cl-shifts (see Figure A7.1) probably render this route
inactive (as we will justify in Chapter 7.3.2) and as such we refrain from a more
detailed analysis of these pathways.
7.3.2 – Testing the Feasibility of the HACA Growth Schemes

The PESs developed in the preceding section indicate that all mechanisms of
growth appear energetically feasible in the formation of fused ring products. These
models alone are unlikely to provide the level of accuracy required to make a
definitive assessment; potential erroneous predictions by the B3LYP functional, the
necessary use of small basis sets (due to time and computational restraints), and
neglect of pertinent features such as collisional stabilisation will all compound errors.
Numerous simple arguments can exemplify these concerns; for instance, while the
relatively low energies of [4.2.0]-bicyclic intermediates may suggest their
accumulation at high temperatures, kinetic factors indicate that a series of high energy
isomerisation steps may hinder these channels.

Clearly, rigorous theoretical

assessment requires far more accurate thermodynamics than are currently practical, as
is a means of describing the extent of bimolecular reaction prior to isomerisation.
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With higher level calculations impractical, and rigorous RRKM studies
beyond the scope of this work, we optimistically use to our advantage the extensive
isomerisation exhibited by the chloronaphthalenes, a feature which has otherwise
been viewed as complicating high temperature chemistry. We hypothesise that H and
Cl-substituents may effectively label the origin of various carbon fragments. We
approach these studies by initially refining our models, screening out schemes proven
inoperative by counter-example. The simplest system to analyse first is the 1,2,3triCB/TCE system owing to the high symmetry of both the benzene and acetylene.
The hxCN isomers are shown in Figure 7.6; it is clear that an effective model must
predict formation of 1,2,3,4,6,7- and/or 1,2,3,5,6,7-hxCN, or 1,2,3,6,7,8-hxCN.
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Figure 7.6: hxCN products formed during aperture 6 1,2,3-triCB/TCE pyrolyses

The first scheme tested is the Bittner-Howard mechanism in its contemporary
form – reaction (7.h). It is clear from this counter-example that this route does not
even describe the dominant homologue formed correctly; thus, it must be inoperative.

(7.h)
The Frenklach mechanism, the second of the two traditionally favoured HACA
schemes, is trialled next in reaction (7.i); this too appears unsuccessful. While hxCN
congeners are correctly predicted, the prediction of 1,2,3,5,7,8-hxCN as a major
product is inconsistent with experiment.
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(7.i)
This now leaves the [4.2.0]-bicyclic intermediates as the prime candidate in
molecular growth. The PES of Figure 7.5 indicates there are two, nearly isoenergetic,
potential modes of ring closure. The first is initiated by a Frenklach-like internal Habstraction; extension to the 1,2,3-triCB/TCE pyrolysis system is shown in
reaction (7.j).

(7.j)

Again, counter-example clearly indicates that this mode of ring closure is probably
inoperative also. This finally leaves the direct fused Dewar-benzene closure route,
extended to the 1,2,3-triCB/TCE system, in reaction (7.k).

(7.k)
This is the first channel to successfully describe product formation. Notably, the use
of the 2,3,4-trichlorophenyl radical as the base, also produced from 1,2,3-triCB, leads
to 1,2,3,6,7,8-hxCN production, the other major product expected, in good agreement
with experiment.
To further explore the capabilities of this model, we also considered its
extension to the 1,2,3-triCB/DCE pyrolysis system. Computational work shows both
C2HCl additions tend to occur with H on the α-carbon, and therefore the two most
likely reactions are given in reactions (7.l) and (7.m).

(7.l)
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(7.m)
Two major tetCN isomers are observed in these experiments, 1,2,3,6- and 1,2,3,7tetCN, clearly in disagreement with our predicted products. It must be conceded that
the large number of isomers did make experimental assessment of tetCN products in
particular quite difficult, and assignment may be a little uncertain (see
Chapter 2.1.14). As such, it is possible that the peak currently assigned as 1,2,3,6tetCN could be 1,2,3,5-tetCN, which elutes only very slightly earlier than the former
providing evidence in favour the [4.2.0] bicyclic route.

However, the second

predicted isomer, 1,2,3,8-tetCN, must elute much later than the first, based on
published retention times; our data show that the two isomers produced elute at very
similar times (see Figure 7.15). Thus, even if the assignment is slightly erroneous,
theory cannot match experiment. As such, the prediction of 1,2,3,8-tetCN is evidence
against a [4.2.0]-bicyclic route.
While it is somewhat disappointing that this initially promising channel has
been shown to be inoperative, it does highlight an important point; it is very difficult
to conceive of a mechanism that describes all yields, but is not the major channel
under our experimental conditions.

Further, all examples considered thus far

emphasise the power of making mechanistic deductions in partially chlorinated
systems, justifying the hypothesis that we may use chlorine to effectively label the
origin of various carbon fragments. It gives weight to the conjecture that, if a suitable
mechanism can be derived that describes all product yields well, this is the probable
channel responsible for molecular growth.
Two final channels are to be examined, and use phenylacetylene as a base.
The first is the novel acetylene recombination-like path, shown in the appendix
(Figure A7.1). This figure demonstrates that C2Cl2 additions to 1-chloroethynyl2,3,4-trichlorobenzene leads readily to 1,2,3,5,6,7-hxCN, the major observed product.
Reaction (7.n) shows reasonable yields of 1,2,3,4,7,8-hxCN should also form from
this pairing, contrary to observation.

Further, reaction (7.o) suggests that the

dominant isomer is by far 1,2,3,6,7,8-hxCN as the symmetry of the initial adducts is
such that there is only one possible isomer from this reaction and, as we will show,
214 |

Chapter 7 –The First Fused Rings: Production of Phenylacetylenes and Naphthalenes

the 3,4,5-trichlorophenyl radical this channel forms from should be produced in the
highest abundance. Thus, with reference to Figure 7.6, although the correct isomers
are (largely) well predicted by the molecular recombination channel, relative yields
are poorly explained.

This suggests that these routes are inactive, and further

indicates that a successful model should describe relative congener yields.

(7.n)

(7.o)
The final channel is the addition of acetylene units to radicals formed after Habstraction from phenylacetylenes [see reaction (7.c)].

This assumes that

phenylacetylene forms via acetylene addition to phenyl radicals, with loss of the αsubstituent of the ethynyl moiety. Tests, described in Chapter 7.5, indicate this is
indeed the operative channel. This channel then involves ortho-H abstraction from
phenylacetylene, followed by acetylene addition; this is one of the routes considered
in perchloro- systems (C2Cl4) by Taylor et al.250 Reaction of 1,2,3-triCB with C2Cl2
suggests 1,2,3,6,7,8-hxCN forms ~60 %, based on parameters discussed in
Chapter 7.4.2, and 1,2,3,5,6,7-hxCN the remaining ~40 % of naphthalene yields, the
converse of what is observed. Thus, this must also be a minor channel at best.
7.4 – Probabilistic Kinetic Models of Chlorinated C8 and C10 Formation
Counter-examples have shown that no currently favoured scheme is capable of

describing all products formation adequately. It is also clear that not only major
isomer identity, but also their relative yields, are important properties to describe
during mechanism elucidation. This section details the scheme we advocate for
growth, based on a minor amendment to the Bittner-Howard scheme; C4Cl4 addition
also appears to play a prominent role. We derive a novel approach to ascertaining
relative product yields simply, without resorting to complicated and arduous kinetic
modelling.

We provide evidence that these schemes are capable of describing

phenylacetylene and naphthalene yields, as well as those of a number of unidentified
C10 products. These models not only describe triCB/ethylene systems, where HACA215 |
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based growth is forced, but more ‘general’ systems: namely, chloroethylene-only
pyrolyses.
7.4.1 – The Amended BittnerHoward HACA mechanism

In Chapter 7.3.2 we showed that the Bittner-Howard scheme, in its accepted
form, is incapable of correctly describing yields of the major chloronaphthalene
homologue, let alone individual congeners. We found that this was rectified with the
inclusion of a novel Frenklach-like internal H-abstraction by the C4-moiety
immediately prior to ring-closure. The PES fragment given below in Figure 7.7
indicates this pathway is accessible. Although this new pathway is a little higher in
energy, our CTST estimates indicate that the pre-exponential factor of ring closure is
around an order of magnitude lower than the novel H-shift step.

Initial tests

suggested these processes may be capable of describing isomer yields during
triCB/ethylene co-pyrolyses. A final stringent set of tests is now outlined, quantifying
yield prediction of phenylacetylenes and other C10 isomers produced via these routes.
-380

2.414 Å

Energy/ kJ mol-1

-432

-484

2.267 Å
1.464 Å

-536

1.267 Å
1.349 Å

1.328 Å
-588

+ Cl

-640

Figure 7.7: The modified Bittner-Howard route; internal H-abstraction occurs prior to ring closure

7.4.2 – The Development and Implementation of Probabilistic Reaction Trees

Ideally, to describe yields a kinetic model is required. A schematic of even the
relatively simple reaction of adding a single acetylene fragment to a 1,2,3-triCB base,
given below in Figure 7.8, emphasises that construction of a kinetic model will be far
from elementary.

With each arrow requiring both forward and reverse rate (or
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equilibrium) constants, this will quickly become impractical. Further, the accuracy of
such approaches are limited by poor knowledge of temperatures in the IR LPHP.

Figure 7.8: Schematic of the addition of an acetylene unit to 1,2,3-triCB-based radicals

A far simpler approach is to think of the likes of Figure 7.8 much less as a
reaction scheme, but as a probability tree. Only the relative rates, expressed as
probabilities, are required, and only for the points at which the reaction scheme
branches. As such, rates of many rearrangement steps, particularly cyclisation steps
after the addition of the second acetylene unit, are negligible. Further, as rates are
utilised only in a relative sense, we are likely to benefit from cancellation of errors in
computationally determined parameters. This can be justified if we assume errors in
energies are largely additive (not unlike the assumption inherent in perturbation
theoretical approaches), and errors in pre-exponential factors are multiplicative (not
unreasonable, as these are derived as the ratio of product and reactant partition
functions, each of which are separable into the products of their translational,
rotational, vibrational, and electronic components).

For example, low frequency

vibrations corresponding to rotations of acetylene moieties bound to the phenyl ring
should be treated as hindered rotors; while our CTST treatment ignores this effect,
which can be substantial,508,539 these terms will cancel in our treatment.

Rate

constants may take the approximate form:
k i = αAi e

− Ei + ΔE
RT

(7.2)

where α and ΔE are unaccounted for errors in A and Ei, respectively; we assume these
are invariant within a set of similar reactions. The probability, P(i), that reaction i
occurs is given by

P(i ) =

ki
=
∑kj
j

αAi e
αe

ΔE
RT

− Ei
RT

e

ΔE
RT

∑ Aje
j

−E j
RT

Ai e

=

− Ei
RT
−E j

∑ A j e RT

(7.3)

j
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where it is clear that, assuming all reactions are similar, the final probability is free of
systematic errors introduced by theoretical techniques. Neglect of reverse reactions
will also simplify the model dramatically. We also assume classes of reaction do not
differ in relative rate; for example, C2HCl will add with chlorine on the β-carbon with
the same fixed probability regardless of the chlorobenzene base.
The use of relative rate constants will, unfortunately, lead to an inability to
account for yields in an absolute sense, as well as the details of temporal evolution of
these systems.

Thus, the utility of this model is solely for the purpose of

demonstrating the feasibility of the modified Bittner-Howard HACA mechanism of
chloronaphthalene formation to provide a starting point for more accurate modelling
endeavours.

Figure 7.9: Probability tree fragment depicting the chances of forming the reactive phenyl radicals
necessary for naphthalene growth

Considering a general reaction, as we wish to eventually test HACA schemes
in ethylene-only sooting systems, the first important step is the formation of a
chlorophenyl radical. The first values in the probability tree dictate the chlorobenzene
congener chosen as the ‘seed’ molecule – see Figure 7.9. We weight the reaction
system by 5Cl, 4Cl, or 3Cl, the relative likelihood of penta-, tetra-, or triCB
respectively being encountered for reaction. HxCB has not been considered as it is
appreciably more stable against Cl-abstraction. These parameters are the final relative
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benzene homologue peak areas from our chromatograms; they have been weighted by
a molar mass factor (GC-MS response factors are typically given in an area/mass, not
area/mol, unit). We have further corrected for the relative reactivities as, for example,
triCB is around 3 times more reactive than pentaCB as it has three times the number
of hydrogen atoms available for abstraction.

This method assumes the final

chlorobenzene yields reflect the instantaneous proportions present during reaction.
The final parameters are given in the appendix (Table A7.1).
Once a chlorobenzene has been encountered in the reaction atmosphere,
hydrogen abstraction yielding the phenyl radical base can proceed, and more
probability tree branching may occur. While the C6Cl5 reaction path has only one
isomer, tetCB is formed in three distinct isomers; the probability of encountering each
is labelled 1234tet, 1235tet, and 1245tet in Figure 7.9. These parameters are also
assigned numerical values based on their relative measured abundances in our
ethylene pyrolyses, and are set to 0.4, 0.5, and 0.1 respectively (compare with
Figure 6.5). Similarly, three trichlorobenzene isomers exist; the values of 124tri,
123tri, and 135tri are given as 0.6, 0.3, and 0.1 respectively. Values of 0.9, 0.1 and 0

are utilised during 1,2,4triCB co-pyrolyses, and 0.1, 0.9, and 0 in 1,2,3-triCB copyrolyses based on the formation of additional isomers during pyrolysis.
Finally, triCB isomers must be weighted by a further parameter to provide a
suitable phenyl radical base. Unlike pentaCB and tetCB, there are several unique Hatoms that may be abstracted, a consequence of their lower symmetry. 1,2,4triCB is
therefore weighted by 0.16, 0.42, or 0.42 to form 2,3,6-, 2,3,5-, or 2,4,5trichlorophenyl radicals; these values are based on CTST rates of H abstraction.
Similarly, 1,2,3triCB has two possible radical isomers; CTST estimates give ~0.23
and 0.77 as the relative proportions of 2,3,4- and 3,4,5-trichlorophenyl radicals.
However, we could not optimise these at the DFT/B3LYP/6-31G* levels, as we could
with 1,2,4-triCB isomers, and values have been empirically revised to 0.4 and 0.6
respectively. These are also shown in Figure 7.9.
The next branches of our probabilistic reaction tree involve the acetylene
addition steps – see Figure 7.10. As a simplification, we assume that only C2HCl and
C2Cl2 form from DCE and TCE respectively. We weight reaction branches with a
probability p of reacting with C2Cl2, and 1-p of undergoing C2HCl addition. The
value of p is simply assigned by assuming the proportion of the parent ethylene
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Figure 7.10: Probability tree fragment depicting the chances of adding certain acetylene fragments to
phenyl radicals, and their probabilities of survival to form naphthalene

reflects the proportion of the acetylene; for example, the 75:25 C2HCl3:C2H2Cl2
system implies p = 0.75.
While C2Cl2 addition is relatively straightforward, C2HCl leads to additional
branching as the H- or Cl-bearing carbon may bond to the phenyl radical.
Computationally, we find that the first scenario is typically ~15 kJ mol-1 lower in
energy than the second. Denoting the probability of α-hydrogenated acetylene as q,
and assuming both additions have roughly the same pre-exponential factor, we derive
the following (recalling φ denotes a phenyl radical):
q=

rate(φ − CH ≡ CCl )
(
rate φ − CH ≡ CCl ) + rate(φ − CCl ≡ CH )
−E

=

[φ ][C 2 HCl]Ae RT
[φ ][C 2 HCl]Ae

−E
RT

+ [φ ][C 2 HCl]Ae

− ( E +15 )
RT

=

1
−15
⎛
⎞
⎜1 + e RT ⎟
⎜
⎟
⎝
⎠

(7.4)

Equation (7.4) allows us to derive a value of q = 0.85 at T = 1000 K.
Under the assumption that phenylacetylenes form as the result of ‘failed’
naphthalene formation routes we are now in a position to introduce the next
parameter, Ph, the relative proportion of φ-CCl≡CX (α-chlorinated) species that
decay to phenylacetylenes, φ-C≡CX.

We assume that addition of the second

acetylene to give φ-CCl≡CX-CY≡CZ radicals is the only competitive reaction, and
that φ-CH≡CY does not decompose. This allows us to derive equation (7.5):
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Ph =

rate(φ − CCl ≡ CX Cl loss )
rate(φ − CCl ≡ CX Cl loss ) + rate φ − CCl ≡ CX C 2 YZ add n

(

=
ACl e

− E (Cl )
RT

ACl e

)

− E (Cl )
RT

+ AAce e

− E ( Ace )
RT

[Ace]

(7.5)

Unimolecular Cl loss has a pre-exponential factor ACl ~5 × 1013 s-1, and the energies
derived at the DFT/B3LYP/6-31G* level are typically around 80 kJ mol-1. However,
it has been noted that, in chlorinated ethanes, similar levels of theory underestimate
the Cl loss barrier by successively larger amounts as the Cl content is increased,465 up
to 60 kJ mol-1 in C2Cl6, leading to a revised value of E(Cl) = 140 kJ mol-1. This
probably significantly overestimates the stability of these compounds as the reaction
site is not particularly highly chlorinated. Bimolecular acetylene addition, AAce, is
roughly around 1 × 109 L mol-1 s-1, and the barrier to addition, E(Ace), is around
10 kJ mol-1.

Finally, with typical chloroacetylene concentrations of around

1 × 10-4 mol L-1 (Chapter 4), we find a value of (at least) 0.99 for Ph. This implies
that essentially all Ph-CCl≡CX decomposes to phenylacetylene. Figure 7.10 clarifies
the meaning of parameters derived in the first acetylene additions to phenyl radicals.
Addition of the second acetylene fragment is assumed to proceed in an
analogous fashion to the first. There is a probability p that C2Cl2 adds, and q again
dictates the probability that addition of C2HCl proceeds with H on the α-carbon.
With the second acetylene bound, we now look to ring closure; depending on the

ortho-substituents of the ring, we find several processes are possible.
The first situation involves H and Cl atoms on the two ortho-sites. Depicted
in Figure 7.11 we have found three energetically feasible options; the first two are
simply traditional Bittner-Howard ring closures, and involve cyclisation at either the
H or Cl sites, followed by loss of the ortho-substituent. These processes are found to
have typical energies of 15 and 40 kJ mol-1 respectively, and CTST estimates put the
pre-exponential factor of cyclisation at ~1 × 1012 s-1; these are denoted Hl and Cl
respectively. Competing with these steps is the novel channel we have developed
involving H-abstraction by the δ-carbon of the C4-chain, followed by ring closure and
then Cl-loss from the doubly occupied carbon; this is denoted Ha, and have typical A
values of 1 × 1013 s-1 and energies of around 30 kJ mol-1. In analogous calculations to
those shown in equations (7.4) and (7.5), we find values of 0.02, 0.61, and 0.37 for
Cl, Ha, and Hl respectively. For the case of only hydrogens in the ortho-positions,
Ha, and Hl are renormalised to 0.62 and 0.38. It is clear from these vales that the
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modified Bittner-Howard route (with probability Ha) is dominant as, although the
conventional mechanism (probability Hl) is reasonably active, it describes congeners
in a higher degree of chlorination than those of interest.
One final situation considered is the case of Cl-only in the ortho-positions.
Branching, denoted Cl1, was initially expected to be 0.5, i.e. both reactions occur
with similar ease; however, acknowledging that the majority of the time we find the

δ-carbon substituent (Y in Figure 7.11) is Cl, we allowed for steric factors. We
considered the meta-substituents as well; if both were the same, Cl1 is set to 0.5;
however, if one is H and the other Cl, the potential steric hindrance of ring closure
along this Cl-rich side of the phenyl ring will make this process, 1-Cl1, slightly less
favoured; thus, in these cases, Cl1 is set at 0.7, that is, ring closure is slightly more
preferred at the ortho-Cl, meta-H side of the ring.

Figure 7.11: Probability tree fragment depicting the chances of certain cyclisation routes when H and
Cl are present on the ortho-carbon

7.5 – TriCB Copyrolyses: Further Model Amendments and Confirmation of
the HACA Mechanism

Chloroethylene sooting systems doped with triCB are very likely to exhibit
HACA-like growth, having particularly high quantities of the necessary precursors.
They represent the ideal systems on which to test the modified Bittner-Howard
HACA sequence proposed in Chapter 7.4 before extension to the more general
ethylene-only system. This section provides strong evidence in support of these
schemes after the introduction of a supplementary C4Cl4 addition channel.
7.5.1 – NonGaussian Curve Fitting and the Similarity Index

For easy visual comparison between theory and experiment, this and the
following chapter will adopt the device of plotting experimental chromatographic data
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alongside fitted theoretical curves of major products.

Although in a number of

instances chromatographic peaks may be sufficiently approximated by Gaussian
curves, throughout this chapter in particular we find that peaks tend to be rather
asymmetric, a consequence of overloading. As such, naphthalene curves have been
simulated by modified Poisson functions of the form:540
h(t ) = hmax e

− k (t − t r )

⎡ k
⎤
⎢1 + n (t − t r )⎥
⎣
⎦

n

(7.6)

where tr is the retention time of the fitted peak, h is the peak height, and k and n are
Poisson model parameters. The latter two are readily derived from the shape of the
experimental curves of interest;540 of greater importance is the derivation of hmax.
Integration of equation (7.6) yields:

2πn
k

Area ≈ hmax

(7.7)

Thus once n and k have been determined, the maximum relative height of the fitted
curve is determined by equation (7.7) and using the relative peak areas derived in our
probabilistic reaction tree approach.
Visual comparison is best supported with a solid quantitative basis; for this we
will employ the similarity index, SI. This compares two profiles of isomers, and is
calculated with equation (7.8):541
S ( A, B ) =

∑AB
∑ ( A ) ∑ (B )
i

i

2

i

2

i

(7.8)

A value of 1 represents a perfect fit between the two data sets; typically, values of 0.7
are taken to indicate an acceptable level of similarity between the two
distributions.528,541 The similarity index will be used extensively throughout this and
the following chapter.
7.5.2 – Total Yield Prediction with Amended BittnerHoward HACA Sequences

With all pertinent reaction parameters defined, a reaction scheme was
generated. 207 distinct reactions were included. This model was very successful in
describing naphthalene congener profiles, with SI values varying between ~0.90 –
0.95 for descriptions of the major naphthalene products formed in both ethylene-only
and benzene-doped ethylene pyrolyses. Unfortunately, as a consequence of the high
value of Ph, total yields of highly chlorinated naphthalenes were severely
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underestimated. The results of this model are shown in Figure 7.12 where we have
plotted the total naphthalene homologue yields as a function of the proportion of
C2HCl3 present in the reaction atmosphere.

We see that naphthalenes represent

around 80 % of the total products (naphthalene or phenylacetylene) in C2H2Cl2-only
pyrolyses, probably reasonable order-of-magnitude results, but represent only 1 % of
the total C2HCl3 products, which, as we will see later, is clearly incorrect. Thus, this
model appears to perform poorly in a key aspect, predicting naphthalenes as a minor
product. Further, no explanation for the origin of unidentified additional C10H8-xClx
species is given. Thus, we have considered supplementary reactions involving C4Cl4
additions. On a more optimistic note, homologue profiles are very similar to the
experimental and theoretical profiles depicted in Figure 7.1.
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0.25

0
0
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0.5

0.75

1

[C2HCl3]/[Total Ethylene]
Figure 7.12: Total predicted yields of naphthalenes based on an HACA-only mechanism

7.5.3 – Final Model Refinements: Inclusion of C4Cl4 additions

The Cl loss from Ph-CCl≡CX is most problematic at higher degrees of
chlorination as, in C2HCl systems, ~85 % of addition are expected to lead to the
relatively stable Ph-CH≡CCl isomer; thus, it is largely the Ph-CCl≡CCl additions that
lead to discrepancies.

However, we have noted that molecular acetylene

recombinations readily yield vinylacetylene congeners,361 and the rate of these
reactions are appreciably lowered by the presence of chlorine. We find that [C2Cl2] is
a similar order of magnitude to [C4Cl4] in such C2HCl3-rich systems (Chapter 4).
Further, our computational studies have shown that direct reaction with C4Cl4 is a
feasible route to naphthalene; the DFT-opt PES of this reaction with a 1,2,3-triCBrelated radical is shown in Figure 7.13. Direct ring closure is unfeasible given severe
strain in the largely sp-hybridised β-carbon; internal H-abstraction relieves this strain.
In Figure 7.13 we also consider an alternative approach to ring closure, based on the
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formation of a vinyl-benzocyclobutadiene intermediate, as hypothesised by AguileraIparraguirre et al.506 While we see this intermediate probably affords an effective
means of providing the conformational change required for ring closure, the
cyclisation mechanism depicted in Figure 7.13 is unlikely to be competitive with the
conventional routes, such as that depicted in Figure 7.3.
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-200
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-300
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Figure 7.13: PES representing the mechanism of C4Cl4 addition to phenyl radicals

Inclusion of these reactions requires the addition of three more parameters, B,
V, and vinH. The first represents the probabilities that reaction proceeds via the

Bittner-Howard route, B, or by C4Cl4 addition, 1-B. B is set at 0.4 and represents an
estimate of relative concentrations of C2Cl2 and C4Cl4 in the reaction atmosphere. V
represents the vinylacetylene equivalent of the parameter Ph, loss of the Cl atom from
the α-carbon of the newly bound C4Cl4 moiety leading to a Ph-C≡C-CCl=CCl2
species, an isomer of naphthalene. DFT energies of the Cl loss are higher than those
from phenylvinyl radicals at around 100 kJ mol-1, empirically corrected (as with Ph)
to ~160 kJ mol-1. The H-abstraction step, with which Cl-loss is competitive, has an
energy of about 150 kJ mol-1, and the analogous calculation to that in equation (7.5)
(with the pre-exponential factor of the abstraction process set at ~1 × 1013 s-1) leads to
60 % Cl loss. This substantially lowered fraction of Cl loss, when contrasted with Ph,
is a consequence of the fact that the competing process in this case is unimolecular
(not bimolecular), and thus has a much higher pre-exponential factor.
Finally vinH is the relative probability of undergoing an internal hydrogen
abstraction if the option of abstracting Cl is also present. The energy of H abstraction
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is lower, typically by around 20 kJ mol-1, and this leads to about a 90 % chance that
H-abstraction occurs relative to Cl abstraction.
These parameters define an additional 36 reactions thus yielding a 243
reaction model which should be capable of describing all naphthalene,
phenylacetylene, and phenylvinylacetylene (naphthalene isomer) yields. This final
model will now be tested for a wide variety of experiments. The final probability
trees are depicted explicitly in the appendix (Figures A7.2 – A7.17).
7.5.4 – Phenylacetylene Yields in TriCBdoped DCE and TCE IR LPHP Systems

Phenylacetylenes are predicted to represent ~15 and ~40 % of the total
modelled yields in DCE and TCE systems respectively, and thus can not be
considered minor products, consistent with observation.

Further, C8H3Cl3 and

C8H2Cl4 isomers are the predicted dominant congeners in doped DCE and TCE
pyrolyses respectively, in good agreement with experiment also. Unfortunately, lack
of experimental retention times inhibits close isomeric scrutiny in doped DCE
systems, although some features will be re-examined in Chapter 7.6.1. Fortuitously,
the TCE systems are a little less complicated, and we have guessed retention times for
the sake of illustration; Figure 7.14 below shows that there is considerable agreement
between theory and experiment, assuming these guessed assignments are correct.
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Figure 7.14: (left to right) C8H2Cl4 isomers observed (black line) and predicted (red boxes) during
1,2,3- and 1,2,4-triCB-doped TCE pyrolyses respectively

7.5.5 – Naphthalene Yields in TriCBdoped DCE and TCE IR LPHP Systems

Probably the most important predictions concern naphthalene production. The
refined model, including C4Cl4 addition, now predicts naphthalenes as a major
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product in both DCE and TCE systems, in accordance with experiment. Further, the
prediction of tetCN and hxCN as the most abundant homologues is also in good
agreement with observation (see Figure 7.2). However, far more importantly, we are
in a position to consider isomeric predictions, which represent a much more stringent
test of the present mechanism.
The DCE-doped systems are considered first; results are given in Figure 7.15.
As noted in Chapter 7.2.2, tetCN yields are significantly perturbed upon addition of
triCB; however, despite significant product changes, yields are very well modelled.
SI values of 0.9632 and 0.9103 for 1,2,4- and 1,2,3-triCB doped tetCN yields
respectively provide quantitative proof of good fit. Figure 7.16 gives the analogous
data for the hxCN yields in TCE-doped experiments. Again, we see significant
profile changes, but these are very well described (SI = 0.9668 and 0.9543 for 1,2,4and 1,2,3-triCB co-pyrolyses respectively).
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Figure 7.15: (top to bottom) C10H4Cl4 isomers observed (black line) and predicted (red boxes) during
1,2,3- and 1,2,4-triCB-doped DCE pyrolyses respectively

7.5.6 – Additional C10 Isomer Yields in TriCBdoped DCE and TCE IR LPHP Systems

As aluded to earlier, a number of non-naphthalene C10H8-xClx isomers have
formed in non-negligible abundances, particularly in the more highly chlorinated
systems. No candidate structures for this family of compounds were obvious from the
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Figure 7.16: (left to right) C10H2Cl6 isomers observed (black line) and predicted (red boxes) during
1,2,3- and 1,2,4-triCB-doped TCE pyrolyses respectively

HACA schemes. Octachlorofulvalene has been proposed as an important C10Cl8
isomer in a number of chlorinated systems,424,542 although Mulholland et al. observe a
third C10Cl8 isomer in their TCE pyrolyses.424 However, it is unclear how such
products would form, particularly in the absence of cyclopentadienes, the
perchlorinated analogues of which have been shown to yield octachlorofulvalene
under certain conditions.543
The necessary inclusion of C4Cl4-addition channels in our naphthalene growth
model has the fortuitous spin-off of proposing a naturally arising candidate for these
products. Additional C10 isomers are not observed during DCE-doped co-pyrolyses,
but are abundantly present as hexachlorinated congeners during TCE/triCB
experiments. This is in good agreement with our model, as only TCE-based systems,
in which the C2Cl2 exhibits sufficiently rapid dimerisation to produce enough
vinylacetylene; further, TCE systems suffer particularly badly from losses leading to
competing phenylacetylene production channels. Again, guessing the likely isomers
(Figure 7.17), we see that this model can achieve very good agreement with
experiment, giving considerable strength to the argument that C4Cl4-addition to
phenyl radicals plays a very prominent role in growth.
7.6 – ChloroethyleneOnly Pyrolyses: The Efficacy of the HACA and C4Cl4
Addition Mechanism in a General System

In Chapter 7.5 we presented strong evidence for a Bittner-Howard HACA
sequence, amended to include an internal H-abstraction prior to ring closure, and
supplemented with a novel C4Cl4-addition channel, that is capable of describing
congener yields of phenylacetylenes and naphthalenes in triCB-doped DCE and TCE
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Figure 7.17: (left to right) Non-naphthalenic C10H2Cl6 isomers observed (black line) and predicted
(red boxes) during 1,2,3- and 1,2,4-triCB-doped TCE pyrolyses respectively

pyrolyses.

It also predicts the existence, and describes the yields, of novel

phenylvinylacetylene congeners.

However, these co-pyrolyses undoubtedly force

HACA growth by introducing an unrealistic concentration of phenyl radicals. We
now apply the unaltered model directly to DCE/TCE only pyrolyses to determine if
these reaction sequences are active in a much more general system.
7.6.1 – Phenylacetylene Yields in DCE and TCE IR LPHP Systems

Chapters 4 and 5 argue that vinylacetylenes form as acetylene dimers;
Chapter 6 suggests aromatic species form via acetylene addition to vinylacetylene,
and is hence equivalent to an acetylene trimer. H-abstraction from the benzenes, and
Cl loss from the acetylene is the only phenylacetylene-forming route included in our
model, and thus predicted yields are necessarily acetylene tetramers after HCl
elimination. This is in good agreement with the experimental data as discussed in
Chapter 7.2.1, and thus our model is describes homologue yields correctly.
More difficult to assess are the congener yields, as we can not correlate
retention times to each congener. However, some findings are still explainable.
C8H3Cl3 is formed abundantly in both DCE and DCE/triCB systems. The model
predicts congeners in both systems form via C2HCl addition to trichlorophenyl
radicals, with Cl-loss from the acetylene. Consequently, the identities of C8H3Cl3
isomers formed in all experiments should be similar, all of the type Cl3-φ-C≡CH.
Experimental results corroborate this; i.e. all experiments, triCB doped or not, form
the same set of C8H3Cl3 isomers, and only their relative yields differ. On the other
hand, 25:75 % mixes of TCE:DCE and TCE/triCB systems both produce C8H2Cl4
abundantly.

In the latter, C2Cl2 addition to trichlorophenyl radicals, forming
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Cl3-φ-C≡CCl isomers exclusively, is the only process modelled. In mixed ethylene
systems, however, both C2Cl2 addition to C6H2Cl3 and C2HCl addition to C6HCl4
radicals (yielding Cl4-φ-C≡CH C8H2Cl4 isomers) are possible. The model suggests
formation of Cl4-φ-C≡CH dominates; if growth occurs via successive additions of
three C2HCl and one C2Cl2 molecules, there is only a one in four chance that C2Cl2
will add last to form Cl3-φ-C≡CCl. Consequently, two distinctly different sets of
C8H2Cl4 isomers are predicted; Cl3-φ-C≡CCl isomers during TCE/triCB pyrolyses,
and Cl4-φ-C≡CH isomers during chloroethylene-only pyrolyses. A different set of
C8H2Cl4 isomers from those shown in Figure 7.14 is indeed observed during ethyleneonly pyrolyses, in good agreement with theory.
7.6.2 – Naphthalene Yields in DCE and TCE IR LPHP Systems

An analogous argument to that made in the opening of Chapter 7.6.1 can be
made regarding the prediction of acetylene pentamers (with HCl elimination) by our
model, and thus predicted homologues are again in good agreement with experiment
(Figure 7.1). With a good description of homologue yield, analysis again turns to the
accuracy of isomer description.
Neat-DCE pyrolyses are seen to yield the highest abundances of tetCN, and
the isomers formed are shown in Figure 7.18. Despite the greater generality of this
system, we see quite a good fit is obtained. The SI value is 0.8970, and although this
is the lowest value we obtain for any fit performed in this work, it is still much higher
than 0.7, considered as the threshold for an acceptable degree of similarity. The SI
value is lowered largely as a consequence of interfering co-elution with other
products. Note that the profile is quite similar to the 1,2,4-triCB/DCE experiments
(Figure 7.15) as 1,2,4-triCB is the most abundantly formed triCB isomer formed
during DCE pyrolysis (see Figure 6.5).
Similarly, the 0.75:0.25 DCE:TCE experiments produce the highest
pentaCN abundances, as expected. These congeners have so far gone unexamined as
they are not produced in particularly high quantities in the triCB doping systems. A
good fit is noted with these compounds, with an SI value of 0.9152. These isomers,
and their fitted theoretical yields, are shown in Figure 7.19. Again, some unmodelled
peaks are contaminants
The 0.5:0.5 DCE:TCE experiments are the most instructive for examining
hxCN yields. Isomers are well modelled with SI = 0.9473 – see Figure 7.20. Unlike
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Figure 7.18: C10H4Cl4 isomers observed (black line) and predicted (red boxes) during 1:0 DCE:TCE
pyrolyses

45.5

Retention time/ min

48.4

Figure 7.19: C10H3Cl5 isomers observed (black line) and predicted (red boxes) during 0.75:0.25
DCE:TCE pyrolyses

49.4
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Figure 7.20: C10H2Cl6 isomers observed (black line) and predicted (red boxes) during 0.5:0.5
DCE:TCE pyrolyses

tetCN yields, which share similarities with 1,2,4-triCB-doping experiments, hxCN
yields in chloroethylene-only and triCB-doped chloroethylene systems are quite
dissimilar. This is understandable in the HACA framework as, given low triCB
abundances during 0.5:0.5 DCE:TCE pyrolyses, naphthalene growth is far more likely
to occur around a tetra- or pentachlorobenzene seed radical (see Figure 6.4).
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Product yields in the final two systems, 0.25:0.75 and 0:1 DCE:TCE, are
rather more straightforward. In the former heptaCN and OCN are predicted to form
in quite high abundances, in agreement with observation.

The earlier eluting

1,2,3,4,5,6,7-heptaCN isomer is predicted to form in higher yield than 1,2,3,4,5,6,8heptaCN, and the SI value of fit for these isomers is a very high 0.9536. Neat TCE
pyrolyses are predicted, and observed, to yield OCN in very high abundances.
7.6.3 – Additional C10 Isomer Yields in DCE and TCE IR LPHP Systems

Additional non-naphthalenic isomers with the same molecular formulae as the
chloronaphthalenes are observed typically when higher ratios of TCE are employed.
This too is in agreement with our model; as these isomers are predicted to be
chlorinated phenylvinylacetylenes, with a C4Cl3 vinylacetylenic moiety, these are
more likely in higher concentration TCE (C2Cl2) environments. Neat TCE pyrolyses
should form Cl5-φ-C≡C-CCl=CCl2 abundantly according to our model; an early
eluting C10Cl8 isomer approximately one third the area of OCN is observed.
Similarly, during 0.25:0.75 DCE:TCE co-pyrolyses, a cluster of minor
C10HCl7 isomers is observed with a combined area roughly 10 % of the total heptaCN
yield. There are three isomers with retention times of 49.15, 49.25, and 49.68 min (on
the HP5-MS column – see Chapter 2.113) in an approximate ratio of 1:1.75:1.5. Our
model suggests these form as the result of C4Cl4 addition to tetrachlorobenzene-based
phenyl radicals, in ~10 % yields, and in a ratio of about 1:5:4. Yield agreement is
qualitatively similar, but not ideal; however, the low abundances of these C10HCl7
isomers in our experiments will make yield determinations unreliable, and it is still
quite conceivable that our model does describe non-naphthalenic C10HCl7 formation.
7.7 – C8 and C10 Formation from Chlorinated Precursors  Conclusions

In this chapter we have presented the results of what we believe is the first
congener-specific mechanistic study into C8 and C10 growth in chlorohydrocarbon
pyrolysis systems.

We have produced a model capable of describing relative

chlorinated phenylacetylene, phenylvinylacetylene, and naphthalene isomers in
chloroethylene, and by extension, potentially DCM and general C1 and C2, pyrolysis
systems.
Product congener yields were varied by addition of different triCB isomers to
DCE and TCE pyrolyses. A number of pathways have been screened by comparing
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the dominant predicted and observed isomers formed in the triCB-doped systems.
This indicated that several channels commonly deemed very important are in fact
inoperative in our systems; this includes the addition of acetylene to phenylacetylene
based radicals, and the Frenklach mechanism [reactions (7.c) and (7.d) respectively].
Similarly, we explored the novel reactions of acetylene addition to [4.2.0]-bicyclic
radicals and molecular addition to phenylacetylenes; both were found to be inactive.
The Bittner-Howard mechanism of HACA growth [reaction (7.b)] was found
to be the dominant scheme necessary to describe all product yields after a minor
modification. The reaction requires an internal H-shift from the ortho-ring carbon to
the δ-carbon of the C4 moiety prior to ring closure to correctly describe product yields
of the dominant homologue (Figure 7.7). Similarly, due to the rapid loss of Cl in key
radical species (similar problems were discussed with regard to vinyl radicals in
Chapters 4 and 5) C4Cl4 additions are required in more highly chlorinated systems as
the C8Cl7 Bittner-Howard intermediate decomposes to phenylacetylene far too rapidly
for growth processes to occur. This is enabled by the exceptionally fast dimerisation
of C2Cl2 described in Chapter 5.

Internal H-abstraction by the C4Cl4 β-carbon

(Figure 7.13) is also required to afford an accurate isomer prediction.
In order to test our model, we have taken predictions further than those
typically employed, and have attempted to describe relative yields of various
congeners.

Practical modelling was achieved by taking the novel approach of

considering the reaction schemes as a probabilistic reaction tree, allowing relative
product yields to be calculated with only a handful of approximate parameters. This
has allowed us to quantify the effectiveness of our model. Chapters 7.5 and 7.6
demonstrate the ability of the amended Bittner-Howard HACA/C4Cl4 addition
sequence to describe all pertinent C8 and C10 congeners in nine different experiments
involving various mixtures of DCE, TCE, 12,3- and 1,2,4-triCB. In all cases, this
scheme has performed extremely well.
Thus, we believe that the amended Bittner-Howard HACA/C4Cl4 addition
sequence developed in this work is the dominant route to phenylacetylene,
naphthalene, and phenylvinylacetylene formation, at least in chlorinated systems.
Further, this channel very probably represents the general HACA-like mode of the
growth of increasingly large PAHs. To consider this growth in more detail, Chapter 8
will now address several other prototype reactions which are also probably
instrumental in PAH and fullerene growth from (chlorinated) hydrocarbon precursors.
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Growth:

In addition to conventional HACA schemes, explored in Chapter 7, further HACA
sequences may occur across 3‐ or 4‐carbon bay regions formed by two adjacent
rings present in the increasingly complex structures of growing PAHs. 3C bay
additions lead to cyclopentafused‐PAHs (CP‐PAHs) which undergo distinctive 5‐
membered ring shift reactions. PAH recombination is another feasible alternative to
growth as yet unstudied in this work. This chapter considers prototype systems,
acenaphthylene and biphenyl, to extend these new growth schemes, typically for the
first time, to chlorinated systems.

8.1 – Literature Review of C12 Formation in High Temperature Systems

The current chapter is concerned primarily with the formation of chlorinated
C12 products, predominantly acenaphthylenes (ACN) and biphenyls. Congeners of
these, and heavier related products, have been the subject of extensive research
regarding

their

toxicity

and

presence

in

environmental

and

biological

samples;7,10-13,15,526,544,545 further, Cl-ACNs and biphenyls are extremely convenient
compounds to conclude the current work.

The next highest carbon content

compounds observed after naphthalene, they are the natural next step of study, but are
also demonstrative of four key reactions leading to larger PAHs and, very likely,
fullerenes. These are the ring-contraction initiated isomerisation of cyclopentafused
PAHs (CP-PAHs), PAH recombination, and 3C/4C bay closing acetylene additions.
8.1.1 –

Ringcontraction Initiated Isomerisation of CPPAHs

A great deal of research has focused on the growth mechanisms58,67,546-549 and
dynamics simulations550-554 of the carbon-only clusters prevalent in graphite laser
ablation or arc discharge methods of fullerene production. Such studies reveal that
annealing reactions must occur in the growing carbon fragments to achieve closure; in
agreement with these hypotheses, a ‘pre-annealed’ C2v C60 isomer, #1809, has very
recently been observed for the first time,555 although additional C60 isomers have been
noted in earlier work.556 Stone and Wales introduced a candidate mechanism in
1986,83 illustrated in reaction (7.a) for pyracyclene, which interchanges two adjacent
five- and six membered rings. This is now known as the Stone-Wales transformation.
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(8.a)
Several mechanisms have been explored computationally for a number of fullerenes
and their subunits, with barriers found to be around ~570 – 770 kJ mol-1.557-567
Fullerene production during hydrocarbon pyrolysis (see Chapter 1) must rely on a
different mechanism given these extremely high energies. Although the barriers are
significantly reduced (to perhaps as low as 290 kJ mol-1 in pyracyclene) upon the
addition of radicals to particular carbon atoms of the isomerising moiety,568,569 a
possible scenario during pyrolysis, a number of what initially seemed to be unrelated
processes, the CP-PAH isomerisation reactions, may in fact represent some of the
vital annealing reactions occurring prior to fullerene closure.
While 1,2-carbon atom switches in polybenzoid hydrocarbons have been
shown possible by 13C-labelling experiments,570-576 presumably proceeding through a
benzvalene-like carbene intermediate,440,442,577 analogous experiments by Scott and
Roelofs in 1988 using acenaphthylene showed a unique, much more facile set of
processes, dependent on the CP-ring, were operative.578 Since these seminal studies, a
wealth of experimental evidence demonstrating the efficacy of CP-PAH isomerisation
has amassed.579-583

The mechanism of the shifts is shown in Figure 8.1 for

representative reactions of ACN and two C14H10 isomers.

Barriers of around

~400 kJ mol-1 are found in computational studies undertaken for CP-PAHs up to
C20;580,583,584 the C-C shift is generally found to be rate determining.583,585

All

reactions involve the contraction of a 6-membered ring, and a C-C cleavage process
interchanging the position of an adjacent 5- and 6-membered ring pair.
Of the greatest relevance to our work is the role of these ring-contraction
isomerisation processes in fullerene formation.

Scott has identified these as the

requisite annealing processes in fullerene production,586 and their inclusion in kinetic
models for C14 – C16 species has lead to improved fullerene descriptions.587 It is also
generally found that migrations tend to favour internal cyclopentadienyl rings,582,588 a
trait of fullerenes and their sub-units; this too is optimal for increasing fullerene
yields. Further, although some computational estimates suggest radical-mediated
Stone-Wales transformations should be lower in energy,568 expected Stone-Wales
transformations are not observed while in analogous precursors the CP-shift reaction
is quite facile.589

However, while there is accumulating evidence that the ring-

contraction CP-shift is important in fullerene growth during hydrocarbon
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Figure 8.1: 5-membered ring migrations in CP-PAHs

pyrolysis/combustion, its influence may be limited; studies have shown that
rearrangement in CP-PAH larger than ~C20 may be too slow to affect isomer yields.590
Finally, we note that no analogous works appears to have been undertaken
studying the explicit role of chlorine in isomerisation. Such studies are necessary;
while the trapping of PAH intermediates by hydrocarbons during graphite-based
production methods of fullerenes has been attempted,591 the analogous production of
(Cl)-PAHs by doping with chlorine592 or chlorohydrocarbons22,593 has, in some cases,
been shown to significantly increase fullerene yields.18,594 Similarly, pyrolytic and
combustion experiments also indicate that the presence of chlorine may enhance
fullerene formation,595 possibly through enhancement of H-abstraction processes.596
However, effective formation of fullerenes, and their precursors, in both partially
hydrogenated20,117,597 and fully chlorinated25 systems indicate that more than enhanced
radical formation by Cl-atoms may be required to drive increased fullerene yields.
8.1.2 – PAH Recombination Models of Growth

While conventional 2-acetylene HACA mechanisms analogous to those
studied in Chapter 7 have been studied further,598,599 (Chapters 8.1.3 and 8.1.4 discuss
single-acetylene addition pathways), the role of PAH recombination in growth has
attracted increased interest. Analogues of the cyclopentadiene dimerisations involved
in naphthalene formation (see Chapter 7) have received some attention (particularly
indene/cyclopentadiene recombination yielding phenanthrene),16,488,514,600-604 but
recombination of aromatic species will be of greater relevance to the present work.
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Numerous experimental observations show that mono- to tetracyclic aromatic
hydrocarbons readily oligomerise, predominantly forming dimers, at high
temperature,605-615 and it has slowly come to light that the inclusion of PAH
recombination steps is very important in high temperature systems. Several workers
have argued that the HACA sequence alone proceeds too slowly to explain growth of
larger molecules, a shortcoming alleviated by supplementation with PAH
recombination schemes.598,616-621 While the recombination mechanism itself has been
the focus of computational studies,506,622-624 the unique chemistry afforded by the
adducts has also been of considerable interest. It has been found that, once formed,
the adduct can often undergo a second PAH addition, then a relatively facile C-C
bond formation step across 3C or 4C bays and, with H2 (or 2H) loss, lead to a more
condensed PAH framework.587,609,617,621,622,625 Similar reactions involving 2H loss
across 5C bays, followed by C-C bond formation has also been considered in the
production of CP-PAHS.579,626,627 Examples are given in Figure 8.2.

3C bay addition625

4C bay addition617

5C bay closure40
Figure 8.2: (top to bottom) 3C and 4C bay addition and 5C bay closure examples in PAH
recombination

It is clear that these routes should be extremely influential in the product
formation channels of PAHs and, undoubtedly, fullerenes; thus, the mechanism of
recombination in particular is very worthy of investigation. Biphenyl is the prototype
system typically investigated;247,628 and the reaction has been suggested as proceeding

via phenyl addition to benzene, accompanied by H-loss.615 This reaction has an
effective barrier of a mere 18.0 ± 0.3 kJ mol-1.628 Extension of benzene dimerisation
to chlorinated systems has also received a great deal of attention; however, such
works have focussed less on Cl-PAH growth, but the formation of chlorinated
biphenyls and the closely related polychlorinated dibenzodioxins/dibenzofurans
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(PCDD/Fs) in MWIs, the latter arguably forming via similar, albeit more complex,
pathways.629-634 Such studies initiated a great deal of work in to the identification of
chlorobiphenyl congeners.635,636 A variety of chlorinated biphenyls have been formed
in the high temperature reactions of chlorobenzenes.533-535,637-639 Their identities are
consistent with both phenyl/benzene and phenyl/phenyl dimerisation, with small
amounts of unexpected congeners often forming as a consequence of Cl-scrambling
channels in the benzenes. The phenyl radicals are formed via Cl-loss or Cl-intiated
H-abstraction;640,641 however, there is some evidence of the reaction of benzynes
formed in HCl elimination from the chlorobenzenes.642 Phenyl radicals should either
dimerise, or add to another chlorobenzene, with loss of H or Cl from the addition site.
The details of product formation have been disputed; while there is evidence
that chlorobiphenyls are formed adhering to statistical and steric factors,534 as nonchlorinated PAH dimers also appear to do,608,609 Mulholland’s group has argued that
thermodynamic distributions are achieved in biaryl643 and chlorobiphenyl639
formation. The latter work introduces a very detailed and successful description of
mono- and dichlorobiphenyl congeners formed during o-dichlorobenzene pyrolysis.
We will readdress these models in Chapter 8.3.2.
8.1.3 – 3C Bay Closure Acetylene Addition Models of Growth

Generally, ACN synthesis is thought to occur almost exclusively via C2H2
addition across the 1- and 8-carbons of naphthalene; the analogous reaction with C2H4
has been shown to readily yield acenaphthene.644 By extension, this is undoubtedly
an effective path to many larger CP-PAHs. The initiation step is thought to involve
C2H2 addition to 1-naphthyl radicals;256,496,587,645 the exact mechanism of ring closure
from this point has been studied closely. Again drawing parallels with traditional
HACA mechanisms for prototypical ACN formation, Bittner-Howard and Frenklach
like ring closures have been proposed, leading to 2-naphthyl vinyl and 1-vinyl-8naphthyl radicals respectively – see Figure 8.3. Both compete with H-loss to yield 1ethynyl-naphthalene. While early studies indicated that H-loss is unfeasible, and that
the two cyclisation channels proceed through steps of very similar energies,646 later,
more sophisticated, studies favour channels via 2-naphthyl vinyl radicals.496 These
studies also indicate that these radicals are stabilised against H-loss, thus favouring
ACN formation, at higher temperatures and lower pressures;496 this re-enforces the
potential of these routes in fullerene formation, which requires similar conditions.647
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Figure 8.3: Proposed mechanisms of ACN formation via C12H9 intermediates

Although this mechanism of ring closure is found to be facile, cyclisation of
C12H9 radicals followed by H-loss is not the exclusive closure route. Reaction of
1-napthyl radicals with d2-C2H2 has been shown to lead to monodeuterated ACN;648
thus, H-loss must occur from the acetylene moiety prior to ring closure under certain
conditions, leading to 1-ethynylnaphthalene as an intermediate. Given the importance
of CP-PAHs, a great deal of work has been undertaken to distinguish these from
ethynylarenes,649-651

and

from

such

works

it

is

now

confirmed

that

1-ethynylnaphthalenes, and analogous ethynylarenes from which CP-PAH formation
is feasible, are typically absent from pyrolysis products, in agreement with this
mechanism.652,653 A large body of experimental evidence confirms the efficacy of the
conversion of ethynylarenes into CP-PAHs; indeed, this is commonly exploited in the
Flash Vacuum Pyrolytic syntheses [see reaction (8.b), from Jenneskens et al.,580 for
example].580,582,583,589,654-660

(8.b)
Cioslowski et al.661 have studied this closure at the DFT/BLYP/6-311G** level
considering a number of uni- and bimolecular processes. They find, analogous to 4C
bay closures (Chapter 8.1.4), that a unimolecular process involving isomerisation of
the acetylene to a vinylidene, followed by a concerted closure/H-migration step
dominates [see reaction (8.c)];661 other works agree with this deduction.584,662

(8.c)
Interestingly, the above reaction is reversible, and CP rings may migrate around the
periphery of the growing PAH or soot fragment,663 a process which may also have
extremely important implications regarding soot morphology. Finally, we note that,
while the radical routes discussed thus far have been contrasted with benzogenic
Diels-Alder reactions (see Chapter 8.1.4), radical channels are found to dominate
overwhelmingly.664
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8.1.4 – 4C Bay Closure Acetylene Addition Models of Growth

A second single-acetylene bay closure mechanism is enjoying increased
interest in the literature, and involves addition across a bay of four carbons (4C bay),
forming a new fused aromatic ring. Acetylene addition across this bay in biphenyl
has received the most attention, and is presumed to be an extremely important route to
the synthesis of phenanthrenes:253,492,587,599,602,603,665
(8.d)
The analogous reaction of phenanthrenes, yielding pyrene, also features frequently in
the literature.256,493,664,665 As with 3C bay closure, Flash Vacuum Pyrolysis of select
ethynylarenes is shown to yield PAH moieties via this sequence;666-668 again, closure
appears reversible, potentially allowing for ethynyl migration around the PAH
periphery, and thus PAH isomerisation.669-671 Again, studies suggest reaction in high
temperature systems proceeds via ethynylarene intermediates and involves H-shift to
yield a vinylidene,672 which undergoes subsequent cyclisation.673
(8.e)

However, the absence of 4C bays in graphene-like PAHs, inexplicable within
the otherwise random HACA frameworks, suggests that benzogenic Diels-Alder
cycloaddition is a probable alternative;674,675 exemplified for corannulene formation
[reaction (8.f)]:

(8.f)

However, despite its inability to explain these observations in a qualitative sense, the
HACA mechanisms have been shown to be much more energetically feasible than the
benzogenic Diels-Alder reaction.599,664 The details of the mechanism of 4C bay
additions are very important given their instrumental role in the synthesis of fullerene
subunits,676,677 such as corannulene (an important sub-unit commonly found in
fullerene-producing systems).86,87
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8.2 – The Chemistry of Heptachloroacenaphthylene: 5membered Ring
Shifts and 3C Bay Acetylene Additions

As there is strong evidence that acenaphthylenes are produced via the addition
of acetylene across the 3C bay of naphthalene, they consequently represent the
smallest prototype reaction of this kind for chlorinated products. Further, as the
smallest CP-PAH, they should also exhibit CP-shifts; low degrees of symmetry of
partially chlorinated acenaphthylenes may lead to observable (non-degenerate)
isomerisation. Consequently, we will study CP-shifts in a number of C12H8-xClx
isomers; the results will lead to plausible isomeric identification of the four heptaACN
isomers eluting in our GC-MS experiments, enabling a preliminary study of C2H2-yCly
addition to 3C bays of Cl-(CP)-PAHs.
8.2.1 – Experimental Results: Chlorinated Acenaphthylenes, ClACN

Cl-ACN isomers are naturally produced during varied ratio DCE/TCE copyrolyses (see Chapter 6.2.1 for experimental and analytical details).

Figure 8.4

demonstrates that, as we found with the chlorobenzenes (Chapter 6), and
phenylacetylenes and naphthalenes (Chapter 7), homologue yields are well described
with a chloroacetylene oligomerisation model.

In this particular case, we have

C2HCl/C2Cl2 hexamers:
(C2HCl)n(C2Cl2)6-n = C12HnCl12-n

(8.1)

Assuming HCl elimination only, we attain Cl-C12H8 congeners with two
dehydrohalogenations, i.e. C12Hn-2Cl10-n + 2HCl; note 2 ≤ n ≤ 6 as species with n = 0,
1 require 2Cl2 and Cl2 + HCl losses respectively. The binomially distributed ClC12H8 yields are given by equation (8.2) (where [C2Cl2] = 1- [C2HCl], and total
ethylene concentrations have been normalised):

C12 H n − 2 Cl10− n =

6!
[C 2 HCl]n [C 2 Cl 2 ]6−n 2 ≤ n ≤ 6
n!(6 − n )!

(8.2)

In modelling experimental results, we have allowed the addition of terms from n = 0,
1 to C12Cl8 yields, both multiplied by 0.1; that is, we have acknowledge a small
degree of Cl2/2Cl loss, probably through radical-initiated Cl abstraction processes,
followed by Cl loss.
Figure 8.4 also demonstrates homologue yields in triCB/DCE or TCE copyrolysis experiments.

Again, yields are very sensitive to the ethylene dopant;

tetACN dominates during DCE co-pyrolyses, while there is a significant shift to the
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Figure 8.4: (top to bottom) Cl-ACN yields in mixed ratio DCE/TCE and triCB-doped DCE or TCE
co-pyrolyses respectively

production of heptaACN upon doping triCB with TCE at high temperatures.
Analogous results were observed with the chlorophenylacetylenes and
naphthalenes in Chapter 7, where it was subsequently found that the triCB isomer
used also had a profound influence on individual isomers produced. Similar results
were anticipated with the Cl-ACNs, and as Figure 8.5 demonstrates, this hypothesis is
indeed confirmed. An intriguing additional peculiarity was observed, however; whilst
isomer profiles of phenylacetylene and naphthalene congeners, and indeed, Cl-ACNs
in lower degrees of chlorination (tetACN, for example), are insensitive to
temperature, heptaACNs appear to equilibrate in the highest temperature regimes we
have considered. This, too, is demonstrated in Figure 8.5.
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Figure 8.5: SIM chromatograms of tetACN- and heptaACN isomers as functions of reagent triCB
isomer and aperture size (temperature)

8.2.2 – Discussion of Experimental Results: ClACN

Prior to fuller analysis and computational study, several salient points must be
addressed.

Perhaps the most pertinent is the justification that we are indeed
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examining ACN isomers; biphenylene congeners possess an identical mass, and
exhibit very similar mass spectra.642 There is precedent in the literature where such
compounds have been claimed to form in pyrolytic systems at least alongside ACN.642
In the absence of retention times or calibration standards, our evidence for preferential
ACN formation is circumstantial, although we still feel it is compelling, and relies on
isomer counting. Only a single C12Cl8 isomer is observed in our experiments, and
thus we must be forming either biphenylene or ACN. Four C12HCl7 isomers, on the
other hand, are produced (see Figure 8.5). There are exactly four distinct positions to
place the solitary H-atom around the approximately C2v ACN carbon frame; only two
such isomers are possible around the D2h biphenylene structure.
Preliminary observations are consistent with an acetylene/naphthyl radical
recombination channel to ACN formation. Recalling (Chapter 7) naphthalenes are
effectively acetylene pentamers, the observation that ACN is an acetylene hexamer is
consistent with the claim that it is the acetylene addition product of naphthalene.
TriCN co-pyrolyses also support this; tetCN dominates during triCB/DCE copyrolysis, and C2HCl addition/HCl elimination leads to tetACN (as observed).
Similarly, if hxCN produced abundantly in triCB/TCE co-pyrolyses serves as a base
for ACN formation, the expected C2Cl2 addition/HCl elimination product is
heptaACN, again, as observed.
The detailed mechanistic features of ring closure cannot be probed further
without isomer identification.

Lack of standards appears to impede such work;

however, difficulties may be circumvented with heptaACN isomers as, with only a
few isomers, we may be able to use thermodynamics for structural determination. As
Figure 8.5 demonstrates, increasing temperature leads to little change in tetACN
yields, while the distinctive heptaACN profiles generated during low temperature
experiments are almost identical in those from aperture 2 pyrolyses, indicating
isomers are now thermodynamically distributed.

Consequently, computed free

energies, correlated with abundance, may allow for unambiguous isomer
identification. Identification, and its validity, will be discussed in Chapter 8.2.3, and
the mechanism of ring closure is explored in Chapter 8.2.4.
We must also consider the mechanism of, and reason for, equilibration of
highly chlorinated ACN yields at higher temperature. The most likely route is the
CP-shift reaction; an intriguing, previously unconsidered, possibility is that these
reactions become more facile in Cl-CP-PAHs, is now examined.
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8.2.3 – Theoretical Studies Concerning CPshift Isomerisation Reactions in ClACNs

The role of chlorine in 5-membered ring migrations, to our knowledge, has yet
to be studied. The heptaACN system, contrasted with the non-chlorinated analogue,
provides a convenient starting point for considerations into CP-shifts in chlorinated
systems given the small number of congeners. The non-chlorinated system will be
considered first for both benchmarking and comparison purposes. The results are
given in Figure 8.6.
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1.835
[Transition state]

[Transition state]

0
[0]
<0>
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<367.7>

373.8
[365.8]
<365.8>

408.6
[388.9]
<400.0>

0
[0]
<0>

Figure 8.6: 5-membered ring automerisation reaction in ACN; energies are in kJ mol-1 and calculated
with
the
DFT/uB3LYP/6-31G*,
[DFT/uB3LYP/6-311G(d,p)//DFT/uB3LYP/6/31G*],
and
<DFT/uB3LYP/6-311G(d,p)> levels of theory; bond lengths in Å.

Given computational constraints imposed by such large systems, DFT has
been used. The work of Marković et al.584 employed the DFT/uB3LYP/6-311G(d,p)
method for analogous calculations as this method had been shown to perform well
with carbenes. Consequently, we too have adopted this level of theory. However,
anticipating far greater expense with C12HCl7, we have also considered
DFT/uB3LYP/6-31G*

and

DFT/uB3LYP/6-311G(d,p)//DFT/uB3LYP/6-31G*

energies. It is clear from Figure 8.6 that energies are essentially insensitive to the
level of theory utilised for optimisation; however, predicted barriers are far lower
when employing larger basis sets.

All levels of theory agree qualitatively with

previous studies, that C-C shifts are the rate-determining step in the automerisation
reaction. Energies are appreciably lower than AM1 results, which predict a C-C shift
barrier of 438.5 kJ mol-1.580 Our results suggest that reasonably slow automerisation
is possible.
Figure 8.7 introduces the C12HCl7 isomerisation reactions. This system is
slightly more complicated than ACN, not only a consequence of the presence of
multiple isomers, but because isomerisation initiated via either a C-C or Cl-shift
yields, in general, different isomers. There are five distinct processes, two of which
are automerisations (processes A and E), and will not be considered computationally.
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Figure 8.7: Isomerisation and automerisation routes available to C12HCl7 isomers

The scheme analogous to that shown in Figure 8.6 is given in Figure 8.8 for
heptaACN isomerisation processes B – D. The zero of energy is redefined for each
process. In all cases, we see that the C-C shift is, again, the highest energy step, as
observed during ACN automerisation.
At first sight, our hypothesis that chlorine lowers the isomerisation barrier
appears incorrect; the C-C shift barriers, relative to the relevant zero-of-energy, do not
appear particularly different from those with ACN. However, relative to the higher
energy isomer of a given pair, the barriers are appreciably lower, by as much as
30 kJ mol-1 relative to ACN in some cases. This clearly supports earlier assertions
that CP-shifts are more accessible in highly chlorinated congeners. This may well be
a consequence of chlorine stabilising carbene centres and lowering certain transition
state energies relative to the non-chlorinated equivalent, an effect we have observed
previously.361
This previously unobserved peculiarity of highly chlorinated systems is
worthy of greater study. Consequently, we have also considered the fully chlorinated
analogues of two important CP-PAH rearrangements in hydrocarbon systems: these
are the acephenanthrylene/fluoranthene C16H10 and acepyrene/benzo[ghi]fluoranthene
C18H10 rearrangements. Only one illustrative pathway between each pair has been
considered, and they are contrasted with the energies of their non-chlorinated
analogues – see Figure 8.9.
In these larger structures, the profound influence of chlorinating the
peripheries of these PAHs on CP-shift migrations is clear. Again, the C-C shifts are
found to be rate-determining (see Chapter 8.1.1), however these barriers are reduced
significantly, by around 60 kJ mol-1, upon chlorination. Clearly, if these steps are in
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Figure 8.8: 5-membered ring isomerisation reactions in C12HCl7 isomers, as calculated at the
DFT/B3LYP/6-31G* and [DFT/uB3LYP/6-311G(d,p)//DFT/uB3LYP/6/31G*] levels of theory; bond
lengths in Å, energy in kJ mol-1

fact the requisite annealing steps for fullerene formation, they are appreciably more
facile in chlorine rich environments. However, while rapid attainment of equilibrium
is important, the identity of favoured isomers is equally pertinent. This is particularly
relevant on the C18 PESs, where acepyrene and perchlorobenzo[ghi]fluoranthene are
generally the most abundant isomers.87 The former lends itself, by 3C acetylene
addition, to dicyclopentapyrenes, and the latter (via 4C acetylene addition) to
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Figure 8.9:
(top to bottom) acephenanthrylene ↔ fluoranthene and acepyrene ↔
benzo[ghi]fluoranthene isomerisation energies/ kJ mol-1 and calculated with the DFT/uB3LYP/6-31G*,
[DFT/uB3LYP/6-311G(d,p)//DFT/uB3LYP/6/31G*], and <DFT/uB3LYP/6-311G(d,p)> levels of
theory; bond lengths in Å.

corannulene congeners. Both are C20H10 isomers, but despite possessing CP-rings,
cannot isomerise to one another. Commonly found together in sooting flames,87
corannulene

is

an

extremely

important

fullerene

precursor

and

subunit;

dicyclopentapyrene bears no resemblance to the fullerenes. This sequence represents
a probable point of divergence between soot and fullerene formation. Thus, it is an
important conclusion that chlorinated precursors should produce this essential
fullerene subunit both more rapidly and abundantly than their non-chlorinated
analogues.
Finally, we consider the validity of the conjecture that CP-shifts lead to a
thermodynamic distribution of heptaACN isomers, using calculated thermodynamics
to model the chromatograms obtained of equilibrated C12HCl7 isomers thereby
assigning the likely retention times of each isomer.

Calculation of equilibrium

constants is achieved with the use of partition functions.113 Assumptions made are
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identical to those for CTST estimates (see Chapter 2.2.8) The relative concentration
profile is attained simply:528

[C12 HCl 7 ]i

e

=

⎛ − ΔGi , j (T ) ⎞
⎜
⎟
⎜
⎟
RT
⎝
⎠

∑e

⎛ − ΔGn , j (T ) ⎞
⎜
⎟
⎜
⎟
RT
⎝
⎠

=

k i ,k

∑k

(8.3)

n, j

where ΔGi,j gives the free energy difference the ith isomer and the lowest free energy j
isomer.
Low peak areas lead to symmetric C12HCl7 isomer peaks in our
chromatograms, which may reasonably be approximated peaks by Gaussian curves;
the area of each is given by equation (8.4).

∫

∞

−∞

∞

f (t )dt = ∫ Ae

⎛ − (t − t r )2
⎜
⎜ 2b 2
⎝

−∞

⎞
⎟
⎟
⎠

= 2π Ab

(8.4)

We have assumed the most abundant peak observed corresponds to the isomer with
the highest predicted relative concentration (that is, they have equivalent relative
responses with the detector), and so on.

The parameter b, describing peak

broadening, is assumed the same for all peaks, (1.9 × 10-2 leads to a good fit); b is
defined by the full-width at half maximum (FWHM ~0.045 min):
FWHM = 2 2 ln (2 )b

(8.5)

Consequently, the relative peak heights, determined by A, also represent the relative
areas. The parameter tr is the retention time of each peak. The comparison between
experiment and theory is most clearly represented graphically; to this end, the
experimental data are scaled to their relative yields.

We once again adopt the

similarity index, SI,541 to quantify the closeness of fit (see Chapter 7.5.1).
Gaussian curves fitted against experimental data are shown in Figure 8.10 for
(left to right) 1,2,4-triCB + C2HCl3 and 1,2,3-triCB + C2HCl3 aperture 2 pyrolyses. A
good fit between the thermal equilibration model and the experimental data is
apparent; this is supported by SI values of 0.9886 and 0.9967 for each respective
system. Due to co-elution, SI values were calculated by treating the two earliest
eluting isomers as a single peak. Nonetheless, visual inspection of the data suggests
that the description of these two isomers is very good.
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Figure 8.10: (left to right) – 1,2,4-triCB + C2HCl3, 1,2,3-triCB + C2HCl3, aperture 2. Solid line is
experimental data; predicted thermally equilibrated C12HCl7 isomers shown in red

8.2.4 – 3C Bay Acetylene Addition in ClACN Formation

The good agreement between theory and experiment evident in Figure 8.10
not only supports the proposal of equilibration in these systems, but also provides
probable heptaACN isomer assignments. This is important as profiles from aperture 6
experiments are very dependent on the triCB isomer used to dope TCE pyrolysis
systems.

As product formation is apparently kinetically controlled under these

conditions, mechanistic details are able to be extracted.
As discussed, the 3C bay HACA routes are typically favoured in ACN
formation; this involves hydrogen abstraction from the 1-C site of naphthalene,
acetylene addition, then some means of ring closure at the 8-C site of naphthalene. Hloss is also required at some point. Extension to the formation of C12HCl7 in a C2Cl2rich atmosphere proceeds through Cl-initiated H-abstraction at the 1, 4, 5, or 8-C
positions of C10H2Cl6 (hxCN) isomers, with C2Cl2 addition and eventual Cl-loss. If
all of these positions are chlorinated, we will assume negligible contribution to
heptaACN formation.
Regarding ring closure in ACN, there are three competing mechanisms
debated in the literature (Chapter 8.1.3). The first involves cyclisation immediately
following acetylene addition, with H-loss from the junction of the 5- and 6-membered
rings. In the second, ring closure occurs after a Frenklach-like internal H-abstraction
with H-loss from the CP-ring. Finally, H-loss from the vinyl moiety may occur prior
to ring closure; vinylidene formation in the resultant 1-ethynyl-naphthalene is then
required for cyclisation.

Extension to the hxCN/C2Cl2 reaction for all three

mechanisms is shown in Figure 8.11; for all but the last scheme (1,2,3,6,7,8250 |
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hxCN/C2Cl2), all channels give identical predictions.

This last channel will be

discussed in greater detail shortly; presently, however, we discuss the fit of these
models to experiment.

Figure 8.11: Simple HACA pathways to C12HCl7 isomers based on C2Cl2 additions to hxCNs

This model of heptaACN formation, if we assume that all addition/cyclisation
reactions proceed with almost identical rate constants, indicates the rates of isomer
production are largely dependent upon the relative concentrations of hxCN precursors
present. Consequently, the relative heptaACN yields predicted are approximately
proportional to the sums of the precursor hxCN yields as given by Figure 8.11. The
peak areas of hxCN isomers formed during aperture 6 triCB + C2HCl3 co-pyrolyses
are given in the appendix (Table A8.1).
The results of this analysis are given in Figure 8.12. Regarding the final
ambiguous channel of Figure 8.11, we have included routes leading to 1,3,4,5,6,7,8heptaACN, and not perchloroACN. In fact, we see that inclusion of this channel is
vital; apart from isomerisation (which should be largely inactive), no other routes lead
to this isomer. As it is produced, mechanisms predicting C12Cl8 are probably only
minor channels, as we will soon discuss. We see very good agreement, with SI values
of 0.9745 and 0.9836 for the 1,2,4- and 1,2,3-triCB systems respectively; thus, it
seems very probable that an HACA-mechanism describes ACN formation in
chlorinated systems.
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Figure 8.12: (left to right) – 1,2,4-triCB + C2HCl3, 1,2,3-triCB + C2HCl3, aperture 6. Solid line is
experimental data; predicted C12HCl7 isomers shown in red

Finally, we address the details of the mechanism of ring closure. As the final
channel of Figure 8.11 is the only ambiguous process it is consequently the only
process which may be used to distinguish between the various mechanisms. The three
possible channels are shown explicitly in Figure 8.13. Of the first two reactions,
Process A is generally found to dominate ACN formation. We assume there is little
appreciable difference upon chlorination (this appears reasonable as this
approximation yielded good results regarding the chloronaphthalene formation steps
of Chapter 7). As such, if Process A out-competes B, but makes predictions contrary
to observation, it must follow that neither Processes A nor B contribute appreciably to
growth. This leaves Process C, which also describes the correct product in all cases.
Cl

Cl

H

Cl

Cl
Cl
Cl

Cl

Process A Cl

Cl

Cl
Cl

Cl

Cl

Cl

H

Cl

Cl

Cl

Cl

Process B Cl
Cl

Cl

Cl
H

Cl
Cl

Cl

Cl

Cl

H

Cl

Cl

Cl

+H

Cl
Cl

Cl

Cl

Cl

Cl

H

Cl

Cl

Cl

Cl

Cl

Cl

+ Cl

Cl
Cl

Cl

Cl

Cl

Cl

Process C

Cl
Cl
Cl

Cl

Cl
+ Cl

Cl

Cl

Cl

H

Cl

H

H

Cl

Cl

Cl

Cl

Cl

Cl

Cl
Cl
Cl

Cl

Cl

Figure 8.13: Competing mechanisms of ring closure during C12HCl7 formation

Comparison with the findings of Chapter 7 offers further support to this
conclusion as it was found that the overwhelming product forming channel available
to α-chlorinated 2-phenylvinyl congeners is Cl-loss. Analogous processes in the
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hxCN/C2Cl2 system lead to chlorinated congeners of 1-ethynylnaphthalene.

The

barriers of various analogues of Process C in non-chlorinated systems tend to be
around ~250 kJ mol-1 (with the acenaphthylene step proceeding with a barrier of
231 kJ mol-1) based on DFT/BLYP/6-311G** energies.661 As vinylidene-forming Clshifts are only a little higher than H-shifts in chloroacetylene congeners,203,204 and ring
closure at Cl-substituted sites also only slightly hindered relative to H-bearing
analogues (Chapter 7), 3C bay cyclisation of chlorinated species should also be
readily achieved. The chemistry of α-hydrogenated 2-phenylvinyl radicals, which
will not lose this substituent to yield an ethynylarene as easily, is unclear; parallels
with phenylacetylene/naphthalene formation indicate that reaction may take a very
different path, and may potentially be stabilised to initiate pathways A or B. This is
very worthy of close study in future work.
8.3 – The Chemistry of Hexachlorobiphenyl: PAH Dimerisation and 4C Bay
Acetylene Additions

Recent assertions that an HACA scheme alone is insufficient to account for
the formation of very large PAHs has led a number of authors to consider PAH
dimerisation channels.

(Chloro)benzene dimerisation, leading to (chlorinated)

biphenyl congeners, is perhaps the most thoroughly studied dimerisation.

We

readdress the results of chlorobenzene dimerisation, and suggest product formation is
kinetically driven. We also present some very preliminary evidence to acetylene
addition across the 4C bay of hexachlorobiphenyl isomers leading to chlorinated
phenanthrene congeners.
8.3.1 – Experimental Results: Chlorinated Biphenyls

The most logical experiments to probe biphenyl formation are neat
chlorobenzene pyrolyses. To this end, two samples were generated; 1,2,3-triCB and
1,2,3/1,2,4-triCB (co)-pyrolysis soots. Each sample was produced at aperture 2, and
employed three blocks of 6 × 10 s exposures, with 20 s cooling between exposures;
typically, around 5 minutes was allowed for cooling between blocks of pyrolyses.
TriCB was added to the pyrolysis cell reservoir (~1 mL total; the mixed 1,2,3/1,2,4triCB pyrolysis used ~0.5 mL of each benzene) and required gentle heating during
pyrolysis to increase reagent volatility.
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The products are predominantly penta- and hexachlorobiphenyls; the former
homologue tends to be generated in about twice the abundance of the latter. SIM
chromatograms at m/z = 326 and 360 (C12H5Cl5 and C12H4Cl6 respectively) are shown
in the appendix (Figure A8.2) and clearly demonstrate that the 1,2,3-triCB system is
by far simpler, with only two and three major C12H5Cl5 and C12H4Cl6 products,
respectively. We therefore study these systems first.
8.3.2 – PAH Dimerisation: Analysis of (Hexachloro)biphenyl Formation

The first experimental results to be analysed were those concerning neat 1,2,3triCB pyrolyses given the far simpler chromatograms obtained. Without reference
standards, we must employ RRIs, readily obtained from the work of Bolgar et al.

635

Consequently, we must unambiguously know the identity and retention time of at
least two biphenyl congeners in order to explicitly determine the relationship between
retention time and RRI on our columns. In aperture 2 triCB-doped TCE pyrolysis
systems (see Chapter 7.2.2 for experimental details) we observe the formation of
perchlorobiphenyl and all three possible C12HCl9 isomers; these four data points
establish the linear relationship required.

Unfortunately, not all octa- and

heptachlorobiphenyl congeners are observed, and similar retention times/indices of
those that are identifiable leads to considerable uncertainty when assigning retention
times to congeners with much lower degrees of chlorination (which elute far earlier)
given the considerable extrapolation required. Consequently, initial examinations
follow the slightly more highly chlorinated hexachlorobiphenyl isomers.
Without significant structural isomerisation of the trichlorophenyl radicals
expected in hexachlorobiphenyl formation, there are only three likely isomers in
1,2,3-triCB pyrolysis; biphenyls 128, 157, and 169.

(8.g)
Biphenyl 128, for example, forms via either of the following illustrative reactions:

(8.h)

254 |

Chapter 8 –Important Models in PAH/Fullerene Growth: Prototypes Based on C12 Species

If it is assumed that the steric interactions of the approaching Cl-atom dictate the
relative H-abstraction rates, it can be assumed the relative approaches of another
bulky group (a trichlorophenyl radical, for example) will approach the various Hatoms of triCB with similar relative rates. As such, the relative yields predicted by
the two mechanisms shown should be almost identical.
The correlation of the line relating retention time to RRI for these three
C12H4Cl6 congeners, and C12HCl9 and C12Cl10 isomers, is fair (R2 = 0.975). Assuming
this assignment is correct, a model of formation is now obtainable; contrasting
thermodynamic with kinetic control plays a central role here.

Studying

tetrachlorobiphenyl congeners produced in the pyrolysis of o-dichlorobenzene below
1400 K, Mulholland et al.639 concludes that isomers are thermodynamically
distributed, noting in particular that the number of ortho-chlorines corresponds
closely with product yields.

Extension of their AM1 and group additivity

estimates,639 which agree with DFT free energies,678 suggests that PCB 169 (the most
stable isomer) dominates, at odds with observation – see Figure 8.14.
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Figure 8.14: Hexachlorobiphenyl products of aperture 2 pyrolyses of 1,2,3-trichlorobenzene (black
lines are experimental data, red theoretical)

The alternative we now present is via kinetically controlled radical
dimerisation reactions leading to biphenyl formation. Utilising a similar approach to
our modelling of naphthalene (Chapter 7), reaction may be described by employing a
probabilistic reaction tree. This particular example is relatively straightforward; if the
dimerisation reaction responsible for biphenyl formation is almost barrierless, their
relative yields are proportional to the relative phenyl radical concentrations only. As
noted, this yields identical predictions as obtained assuming the addition of a phenyl
radical to an H-substituted benzene carbon, with H-loss, assuming the relative
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addition rates are identical to those for the analogous H-abstraction. The naphthalene
formation model developed in Chapter 7 employed TST analyses of H-abstraction
from 1,2,3-triCB to obtain the relative radical concentrations; we found the
probability of forming 3,4,5-trichlorophenyl radicals, a, is 0.6. Thus, PCB 169, the
dimer of this radical, has a probability a2 = 0.36 of forming; similarly PCB 128, a
2,3,4-trichlorophenyl radical dimer, has a (1-a)2 = 0.16 chance of forming.

The

remaining 2a(1-a) = 0.48 gives the relative quantity of PCB 157. Comparison with
Figure 8.14 shows agreement between theory and experiment is very good.
Initial optimism regarding kinetic control prompts the analysis of the much
more complicated 1,2,3/1,2,4-triCB pyrolysis congener profile. Now contributions
from 3,4,6-, 2,4,5-, and 2,3,6-trichlorophenyl radicals must also be accounted for, as
well as additional terms describing the likelihood of encountering 1,2,3- or 1,2,4triCB based radicals. Probability trees derived for these processes are available in the
appendix (Figure A8.3).
The results of the equimolar (c = 0.5 in Figure A8.3) co-pyrolyses of triCB
congeners are given in Figure 8.15. For ease of visualisation, Gaussian functions
[b ~ 0.025; see equations (8.4) and (8.5)] have been used to demonstrate the
comparison between experimental and theoretical data. Both data sets are plotted
relative to the most abundant isomer (note, however, the experimental data exhibits a
peak with height larger than 1, at 53.08 min, as it was contaminated by column bleed).
Once again, the relative yields are very similar between theory and experiment, with
SI = 0.9271.
1
0.8

Relative yield

0.6
0.4
0.2
0
49

50
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52
53
Retention time/ min

54
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Figure 8.15: Experimental (black line) and theoretical (red line) yields of hexachlorobiphenyl isomers
in equimolar 1,2,3-and 1,2,4-triCB pyrolysis at aperture 2
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We should address the mismatch of retention times shown in Figure 8.15.
RRIs of probable structures were plotted against retention times of major isomers
observed; a linear plot with an R2 value of 0.9964 was obtained. This plot was then
used to convert the RRIs back into theoretical retention times, which were used to
centre the calculated curves. This approach was adopted to highlight uncertainty in
the retention time assignments made; they are based largely on chemical intuition
regarding probable structures rather than direct evidence linking congener to a
retention time. Despite the absence of standards, and consequent uncertainty in our
assignments, elution times are quite well reproduced, with the average and maximum
percentage retention time deviations a mere 0.16 and 0.41 % respectively (absolute
average and maximum deviations are 0.20 and 0.08 min respectively).
The major conclusion drawn is that hexachlorobiphenyl formation in triCB
systems is kinetically controlled involving either radical dimerisation (after the
abstraction of hydrogen) or addition of these phenyl radicals to an H-substituted triCB
carbon, with H-loss. This is at odds with Mulholland et al.639 who advocate that
yields are thermodynamically distributed. Clearly, this disparity must be addressed
and resolved as the two approaches employ almost mutually exclusive concepts.
The results of Mulholland639 are shown in Figure 8.16, and there are clear
parallels between this and the 1,2,3-triCB system. The 3,4-dichlorophenyl is very
similar to the 3,4,5-trichlorophenyl radical, as are 2,3-dichloro- with 2,3,4trichlorophenyl radicals. The similarities are exemplified most clearly in Figure 8.17;
this suggests it is reasonable to assume most parameters associated with the triCB
system can be used in the diCB reaction.

b2

2b(1-b)

(1-b)2

Figure 8.16: Experimental yields of o-dichlorobenzene pyrolysis; our re-derived theoretical results
based on kinetic-based models are shown in red
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Figure 8.17: Transition states of H-abstraction from o-dichlorobenzene and 1,2,3-trichlorobenzene

Defining b, analogous to the parameter a (defined earlier regarding C12H4Cl6
formation), the probabilities for the diCB system are also given in Figure 8.16. Direct
extension of the triCB chemistry to this new reaction implies the relative
concentrations should be 0.36, 0.48, and 0.16 [b2, 2b(1-b), (1-b)2] respectively for
3,3’,4,4’-,

2,3,3’,4’-,

and

2,2’,3,3’-tetrachlorobiphenyl,

as

found

with

hexachlorobiphenyl, and thus our kinetic model appears to be wrong. Figure 8.17,
however, also clearly demonstrates differences in symmetry between a number of
pertinent transition states in these two congener systems, which may affect rate
constant estimates. a is defined, associating 2,3,4-trichlorophenyl radicals with rate

k1, and 3,4,5- with k2 (see Figure 8.17), by:
a=

k2
;
k1 + k 2

(1 − a) =

k1
k1 + k 2

(8.6)

Which leads to the expression:
k2
a
=
k1 (1 − a )

(8.7)

This expression can now be considered in greater detail, expanding the rate constants
in the formalism of CTST. (Note, due to difficulties associated with optimising the
1,2,3-triCB-based H-abstraction steps, the parameter a was empirically corrected. We
find similar difficulties arise with the very similar diCB system, hence a less straightforward approach to modify a is required). Associated with both ki’s are the same
reactants (triCB and a Cl atom), thus the reactant partition functions cancel in the
expansion of equation (8.7) leading to
1
k2 σ 2
=
k1
1

σ1

⎛ − E2 ⎞
⎜
⎟
RT ⎠

Q2 e ⎝

⎛ − E1 ⎞
⎜
⎟
⎠

(8.8)

Q1e ⎝ RT

with Qi the transition state partition function, and σi the symmetry number of the
transition state. Rearranging, we obtain a form that will be useful shortly
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⎛ − ( E 2 − E1 ) ⎞
⎟
RT
⎠

q rot q vib ⎜
σ 2k2
σ 2a
=
= 2rot 2vib e ⎝
σ 1 k1 σ 1 (1 − a ) q1 q1

(8.9)

noting that molar masses and electronic degeneracies are identical in the two
transition states, and thus translational and electronic partition functions will cancel.
An analogous expression for b is obtainable:
⎛ − ( E 2′ − E1′ ) ⎞
⎟
RT
⎠

σ 2′ b

q 2′ rot q ′2vib ⎜⎝
=
e
σ 1′ (1 − b ) q1′ rot q1′ vib

(8.10)

σ2 (associated with 3,4,5-trichlorophenyl radicals) is equal to 2 as the transition state
has C2v symmetry; all other symmetry numbers for both di- and triCB systems
considered are equal to unity.

Given the structural similarities of the di- and

trichlorobenzenes, we now make the assumption that the right-hand-sides of
equations (8.9) and (8.10) are approximately equal; that is, the relative transition state
energies and ratios of the rotational and vibrational partition functions do not differ
significantly between the triCB and analogous diCB pairs. Consequently, we obtain:

σ 2a

σ 1 (1 − a )

=

σ 2′ b

σ 1′ (1 − b )

(8.11)

Equation (8.11) clearly demonstrates our initial argument: neglect of symmetry leads
to a = b, which we have shown gives erroneous predictions. Explicit inclusion of
symmetry numbers (i.e. σ2 = 2 is the only value not equal to unity) one obtains:

b=

2a
(1 + a)

(8.12)

Substituting in a = 0.6, we find b = 0.75. Thus, the reaction probabilities are now
b2 = 0.5625, 2b(1-b) = 0.375, and (1-b)2 = 0.0625; these values appear to explain the

relative yields of the tetrachlorobiphenyl yields considered by Mulholland right up
until the convergence at ~1460 K. In fact, at 1100 K, the experimental percentage
yields of the tetrachlorobiphenyl isomers are 48, 25, and 3 % respectively; converting
our probabilistic yields into corresponding ‘absolute’ yields (such that both sets of
values sum to the same total, namely 76 %) gives 42.75, 28.5, and 4.75 %
respectively, in very good agreement. These data are given in Figure 8.16 in red.
This casts further doubt on the assertion that yields are necessarily
thermodynamically distributed, as both this and the kinetic control model developed
here appear to describe yields equally well. However, earlier results concerning more
highly chlorinated systems find thermodynamic models fail where a kinetic model
performs much more reasonably; this strongly suggests (although does not necessarily
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prove) that the agreement with thermodynamic models in the o-dichlorobenzene
system is probably coincidental.

More generally, it is indicative that PAH

dimerisation reactions are all probably kinetically driven.
A brief re-examination of the C6H5Cl pyrolysis studies of Louw et al.535
provides further support and detail for our proposed mechanism. These authors find

ortho:meta:para (o:m:p)-chlorobiphenyl ratios of 21:52:27; these are very similar to
the

(temperature

(o:m:p = 12:63:25).

independent)

abundances

found

by

Rouzet et al.534

Rouzet et al.534 quote that the probabilities of forming

chlorophenyl radicals is o:m:p = 0.1:0.5:0.4, thus suggesting sterics plays the decisive
role in C12H9Cl distributions. Numerical agreement between these probabilities and
experimental ratios is fair, but there is room for improvement.
Our model assumes Cl-initiated H-abstraction leads to o, m, or p-C6H4Cl
radicals; we presumed that, in place of dimerisation, these radicals may add to the Clsubstituted carbon of a chlorobenzene in reactions analogous to the additions to Hsubstituted sites considered thus far.

Difficulty in assigning retention times of

pentachlorobiphenyl isomers made testing this particular mechanism with our data
difficult; thus the published data provides an excellent alternative data set.

We

assume o, m, and p-C6H4Cl radicals are equally reactive to C6H5Cl, forming o, m, or

p-C12H9Cl + Cl respectively. Consequently, the probabilities of forming the phenyl
radicals directly reflect the relative proportions of the chlorobiphenyls produced; this
appears to be the underlying assumption of Rouzet et al.,534 too. To rederive Habstraction probabilities, we refer to Figure 8.18, where parallels between mono- and
dichlorobenzene are drawn.

From the results of equation (8.12), we find that

abstraction of the m-hydrogen from C6H4Cl4 is three times more likely than from the

o-site. This may be readily extended to chlorobenzene; assuming sterics (that is, the
proximity of chlorine atoms to the abstracted hydrogen) is the dominant interaction,

m-abstraction is again likely to be about three times faster than o-abstraction. In this
new system, we now have p-hydrogen to account for as well; as both m- and phydrogen have only H-atoms adjacent, both abstractions should occur with equal
probability.

This, of course, now requires a downward revision of p-hydrogen

abstraction, of which there is only one atom, as the probabilities of o- and mabstraction acknowledge the presence of two unique, abstractable hydrogens each;
thus, p-abstraction only occurs at half the rate of m-abstraction. From Figure 8.18 we
see that all probabilities are expressible in terms of the probability of m-abstraction;
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thus, normalisation of the total probability yields this probability, and in turn, the
probabilities of each abstraction reaction.
(

This analysis yields o:m:p =18:55:27

2 6 3
534,535
: : ), in very good agreement with experiment.
11 11 11
Cl

1
o = m = 0 . 25
3

Cl
Cl

o=

m = 0 . 75

1
m
3

m
1
p= m
2

Figure 8.18: Probabilities of H-abstraction from di- and monochlorobenzene

These parameters may also be used to explain the yields of dichlorobiphenyls
(C12H8Cl2) formed during chlorobenzene pyrolysis.535 We assume that these are, by
our original mechanism, the product of chlorophenyl radical dimerisation (identical to
the addition of C6H4Cl to C6H5Cl, with H-loss).

Thus, the relative yields of

chlorophenyl radicals are the only pertinent parameters. For example, formation of

o,o’-C12H8Cl2 (the prime designates the o-position of the second ring) should be well
described by the probability of two o-C6H4Cl radicals encountering one another, equal
2

2
to 0.182 (= ⎛⎜ ⎞⎟ )= 0.033. For the recombination of two different radicals, this term is
⎝ 11 ⎠

multiplied by a factor of 2 (as o,m’-C12H8Cl2, for example, may be thought of as
either o-C6H4Cl adding to m-C6H4Cl, or vice versa). The results of this model are
presented in Table 8.1, alongside the experimental data;535 once again, extremely
good agreement is evident.
Table 8.1: Theoretical and experimental relative yields of dichlorobenzene isomer yields formed
during chlorobenzene pyrolysis

Biphenyl
Theory

Expt.

535

o,o’

o,m’

o,p’

m,m’

⎛ 2 ⎞⎛ 6 ⎞
2⎜ ⎟⎜ ⎟
⎝ 11 ⎠⎝ 11 ⎠

⎛ 2 ⎞⎛ 3 ⎞
2⎜ ⎟⎜ ⎟
⎝ 11 ⎠⎝ 11 ⎠

⎛6⎞
⎜ ⎟
⎝ 11 ⎠

3.3

19.8

9.9

4.4

21.8

11.4

⎛2⎞
⎜ ⎟
⎝ 11 ⎠

2

m,p’

p,p’

⎛ 6 ⎞⎛ 3 ⎞
2⎜ ⎟⎜ ⎟
⎝ 11 ⎠⎝ 11 ⎠

⎛3⎞
⎜ ⎟
⎝ 11 ⎠

29.8

29.8

7.4

27.0

26.0

7.3

2

2

8.3.3 – Preliminary Evidence for 4C Bay Acetylene Additions

Very preliminary evidence has been provided in TCE/triCB co-pyrolysis
experiments for 4C bay closure. The raw chromatograms given in the appendix
(Figure A8.1) show clear evidence for the formation of C14H4Cl6 and C14H2Cl8
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isomers (m/z = 384 and 454 amu respectively). It is apparent that congeners formed
are very sensitive to the triCB isomer used in the fuel. The most reasonable structures
that these compounds probably adopt, given the general prevalence of PAH
compounds in high temperature systems, are based on anthracene or phenanthrene.
Conventional HACA schemes are a reasonable mechanism leading to tricyclic
PAH structures. However, we recognise in TCE/triCB systems, hxCNs are the most
abundant aromatic base; H-abstraction, and addition of two C2Cl2 units, will lead to
either C14HCl9 or C14Cl10 with Cl- or H-loss respectively, in conflict with observation.
Further, there are only a few isomers from each homologue family, which tends to
suggest only one carbon skeleton, (anthracene or phenanthrene), is produced.
Experiment and theory tend to suggest that phenanthrenes, being more stable, tend to
be more abundant.679
Presuming phenanthrene structures are the most probable, and acknowledging
the abundance of biphenyls forming concomitantly, the 4C bay acetylene additions
reviewed in Chapter 8.1.4 may potentially have more success.

Penta- and

hexachlorobiphenyls are abundant; H-loss from, and C2Cl2 addition to, each yields
intermediates C14H4Cl7 and C14H3Cl8 respectively. While we are unfortunately left
with the thus far inexplicable peculiarity that ring closure must be accompanied only
by Cl loss in the former and H-loss in the latter, it is clear from this scheme that the
observed C14 isomers must form with the inclusion of two triCB species, not just one.
4C bay addition in biphenyl is the only mechanism currently available to describe
product stoichiometry; given the debate concerning radical addition and the
benzogenic Diels-Alder reaction to achieve closure, these reactions may be of
considerable interest to future work.
8.4 – Prototypical Steps in PAH/Fullerene Formation  Conclusions

Several important prototype steps for PAH/fullerene growth are readily
examined in studies of (chlorinated) C12 species. Acenaphthylenic species studied in
Chapter 8.2 demonstrate, for what we believe is the first time, the probable
importance of Cl-CP-PAHs in regard to the annealing necessary for successful
fullerene formation. Equilibration of heptaACN has been observed experimentally;
computational studies on these, and C16 and C18 structures, shows chlorination
dramatically reduces the barriers CP-shifts, by as much as 60 kJ mol-1 (enough to
increase the rate of reaction by three orders of magnitude at ~1000 K). Further,
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isomers more closely resembling fullerene subunits become significantly more
thermodynamically favoured. The overall effect should be to significantly increase
the instantaneous yields of fullerene precursors, and thus yields of the fullerenes
themselves. We propose this novel phenomenon as an additional means of describing
increased fullerene yields in chlorinated environments beyond merely increasing the
radical pool size by efficient H-abstraction.594
Equilibration at higher temperatures has a profound influence on the direction
of studies of other processes. Correlation of yields to computed free energies allowed
for a simple alternative means of assigning isomers. From here, studies into the
mechanism of ring closure in lower temperature (kinetically controlled) conditions
were feasible. Within the context of 3C bay C2Cl2 addition to hexaCN, which we find
is indeed the probable mechanism of heptaACN formation, ring closure is preceded
by Cl-loss leading to chloroethynylhexachloronaphthalene isomers. Product yields
are consistent with a 1,2-Cl shift initiated vinylidene isomerisation, followed by
cyclisation. This is entirely reconcilable with the results of Chapter 7 where αchlorinated acetylene addition reactions are far too susceptible to facile Cl-loss to
undergo more traditional cyclisations.

Although this model is probably readily

extended to larger PAHs, the role of hydrogen-substitution on the acetylenic αcarbon, which is not as easily cleaved, will require further study. We have found
some evidence of 4C bay acetylene addition leading to phenanthrenes; however, this
too will require far more study to elucidate the precise details of cyclisation.
Chlorinated biphenyls represent the base of the (potentially) observed 4C bay
growth, and the mechanism of their formation is undoubtedly an important prototype
reaction for the more general sequence of PAH dimerisation schemes. Our findings
clearly indicate that growth is kinetically controlled, contrary to the findings of
Mulholland et al.639 A very simple probabilistic model can be derived, based on
empirically adjusted DFT parameters for H-abstraction, which is capable of
reproducing our results, those of Mulholland et al.,639 and of other researchers.534,535
This model affirms that the initiation step involves Cl-initiated H-abstraction from
chlorobenzenes; these may either add to a Cl-substituted chlorobenzene carbon atom,
eventually losing a Cl-atom, or to an H-substituted site (with H-loss), a process
unfortunately indistinguishable from phenyl radical dimerisation with the current
results. Again, this sequence probably extends unaltered and very readily to the
dimerisation of larger PAHs.
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The apparently simple DCM pyrolysis system has a far richer chemistry than
originally anticipated. Numerous compounds in an extensive range of chlorination
have been found;88 mechanistic elucidation is far from trivial in such a complez
reaction system. Deductions have been greatly aided by first considering the simpler
daughter compounds, DCE and TCE. It is through these studies in particular that we
have come to uncover the unique processes involved in chlorinated PAH and fullerene
precursor growth in detail.
While a majority of previous studies have drawn parallels between chlorinated
and non-chlorinated systems, there in fact appear to be five unique phenomena that
drive the high temperature chemistry of chlorinated compounds: facile radical
formation by Cl-initiated H-abstraction, the thermodynamic drive of HCl elimination,
extremely rapid Cl-loss from many important radical intermediates, stabilisation of
carbene centres due to Cl-atom substitution, and the introduction of additional steric
effects. We find these phenomena are responsible for a considerable deviation in the
initial stages of growth from that expected by simple analogy with non-chlorinated
systems.
As we have shown, growth occurs via the following processes.

DCM

decomposition is initiated by Cl-loss, alongside HCl elimination and H-abstraction,
which generates the initial radical pool. These radicals and carbenes recombine to
form DCE and TCE. Neither ethylene undergoes appreciable growth reaction with
the C1 radicals/carbenes (Chapter 3), as indicated by doping DCM systems with DCE
and TCE. Instead, H-abstraction, followed by Cl-loss, generates chloroacetylenes,
which are also unreactive toward C1 intermediates.

Time-resolved FTIR-probed

studies of DCE, TCE, and their mixture, show that C2 moieties readily undergo
bimolecular reaction, driven by HCl elimination, to give vinylacetylenes and
diacetylenes (Chapter 4). DFT calculations suggest the former are generated either by
novel ethylene/acetylene or acetylene/acetylene non-radical recombination channels;
both become increasingly facile with added chlorine due to Cl-stabilisation of
carbenes (Chapter 5). Diacetylene forms through a bimolecular addition reaction with
a concerted HCl elimination step. Analysis by reaction kinetics suggests that rapid
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Cl-loss from vinyl radicals (the Cl-initiated H-abstraction products of the ethylenes)
unexpectedly prevents their accumulation and limits their influence on growth. Vinyl
radicals are, however, believed to play a significant role regarding growth processes
in non-chlorinated systems.
By similar parallels with non-chlorinated systems, C4 analogues of vinyl
radicals (C4H3 and C4H5-based species) are expected to play a major role in benzene
formation in the observed absence of C3 species. However, we again argue that these
radicals decompose too quickly (Chapter 6); further, DFT analyses, supported (where
practical) with CCSD(T) and G2MS energies and in conjunction with kinetic
modelling, suggest analogues of C4H3/C4H5 + C2H2 pathways are too slow and lead to
product distributions that differ from observation. Diels-Alder cycloaddition, instead,
appears to dominate. Previously unforeseen steric pressures prevent closure of C6Cl6
species, and novel vinylacetylene/acetylene recombination channels developed in the
DFT study of Chapter 6 appear operative as this is the only process to correctly
describe the production of an acyclic isomer.
After the formation of the first aromatic ring, the chemistry of DCM, DCE and
TCE typically appears to resemble that of non-chlorinated precursors more closely,
apparently a consequence of the fact that chlorophenyl radicals can no longer
decompose via Cl-loss to a more stable compound. Sequential acetylene addition
(HACA) pathways dominate growth of naphthalene (an observed fullerene
precursor),84 phenylacetylene, and probably a number of larger PAHs.

This

exclusively involves a novel modified Bittner-Howard route; this deviates from the
conventional scheme by requiring a Frenklach-like internal H-abstraction by the C4
moiety immediately prior to ring closure (Chapter 7). C4Cl4 addition also appears to
be important in highly chlorinated systems, a consequence of the exceptionally rapid
dimerisation of C2Cl2. These models were developed in this work by employing a
novel kinetic approach where the reaction systems were considered as a probability
tree.

Branching parameters were derived in conjunction with DFT and CTST

approaches, and tested initially on DCE and TCE systems doped with
trichlorobenzene, and eventually on DCE/TCE mixtures.
Analogues of other non-chlorinated product growth pathways appear active in
later stages of growth (Chapter 8). 3C bay acetylene addition is argued to be the
dominant route to acenaphthylene congeners, another fullerene precursor and
subunit,20 by comparison of predicted probability tree derived yields with experiment.
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We also have early evidence of 4C bay acetylene addition in chlorinated biphenyls;
these, in turn, form in benzene dimerisation reactions analogous to those expected in
non-chlorinated systems, as suggested by comparison of probability tree estimates
with the results of 1,2,3- and 1,2,4-triCB (co)-pyrolyses. We have also observed, for
what we believe is the first time, the CP-shift reaction in chlorinated compounds
(heptachloroacenaphthylene), an isomerisation channel closely related to the
annealing processes necessary in fullerene formation. The rate of this final process is
found in, a DFT study, to be substantially increased by chlorine substitution, again
probably due to the stabilisation of carbene centres. This undoubtedly has a major
impact on the formation of fullerenes.
We have attempted to develop a thorough understanding of the chemistry
influencing the formation of fullerene precursors, at least as large as corannulene
(C20H10) based on our prototype schemes, but more work is needed.

The next

candidates for study are too involatile to elute in GC studies, requiring HPLC. We
have already attempted to mimic the separation of Cl-PAHs afforded by
methanol/ethanol/cyclohexane gradients20,25 on a Supelcosil LC-318 HPLC column,
but mobile phase immiscibility was a recurring problem.

These issues must be

rectified for continued study. Once amended, however, identification may present
another major hurdle as standards become far scarcer with increased product size.
Fortunately, CP-PAHs will be of major interest in fullerene studies; the approach
adopted in Chapter 8, reconciling predicted and observed congener profiles in high
temperature, thermally equilibrated, systems may prove a useful identification tool.
Preparative HPLC may help confirm assignments by isolating species for
additional (IR, UV, NMR) analyses.

This technique has a second foreseeable

application; isolated product may then be used as a co-pyrolysis material. In fact, a
library of intermediate/precursor materials may be generated for study, utilising
IR LPHP as a synthetic method, much as Flash Vacuum Pyrolysis appears to have
become.586 Studies of short-lived intermediates will also supplement mechanistic
studies well. Technical issues prevented the application of IR spectroscopy and
electron spin resonance studies of short-lived matrix isolated species in this work,
which have greatly aided past IR LPHP studies,94,174,348 but rectification of these
problems would undoubtedly yield important information.
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Table A2.1: Unambiguous assignments of products formed in our chromatograms; all retention times
(r.t) in minutes, RRI are relative retention indices, and R2 is the coefficient of determination.
Molec form

Structure

HP5MS

Restek

Lit. r.t.314

C4Cl4

Perchlorovinylacetylene

19.93

21.35

11.2

C4HCl5

E-1,1,2,3,4-Pentachloro-1,3-butadiene

23.16

24.65

12.9

C4HCl5

1,1,2,4,4-Pentachloro-1,3-butadiene

24.15

25.70

13.5

C4HCl5

Z-1,1,2,3,4-Pentachloro-1,3-butadiene

24.47

25.98

13.7

C4Cl6

Hexachloro-1,3-butadiene

25.72

27.40

14.45

C6HCl5

Pentachlorobenzene

33.75

35.55

19.2

C6Cl6

Perchloro-1,5-hexadien-3-yne

34.39

36.12

19.4

C6HCl7

1,1,2,3,5,6,6-heptachloro1,3,5-hexatriene

34.71

36.41

19.6

C6Cl6

Hexachlorofulvene

37.80

39.64

21.55

C6Cl6

Hexachlorobenzene

38.13

40.03

21.75

C8HCl7

α,β-1,2,3,4,5-heptachlorostyrene

43.20

44.32

24.15

C8HCl7

α,β-1,2,3,4,5-heptachlorostyrene

43.57

45.43

24.8

C8Cl8

Octachlorostyrene

44.73

46.65

25.5

0.9992

0.9999

2

R

Molec form

Structure

HP5MS

Restek

Lit. RRI680,681

C6H3Cl3

1,3,5-Trichlorobenzene

23.16

24.6

1131

C6H3Cl3

1,2,4-Trichlorobenzene

24.49

26.11

1177

C6H3Cl3

1,2,3-Trichlorobenzene

25.59

27.28

1211

C6H2Cl4

1,2,3,5-Tetrachlorobenzene

28.90

30.50

1326

C6H2Cl4

1,2,4,5-Tetrachlorobenzene

28.97

30.55

1326

C6H2Cl4

1,2,3,4-Tetrachlorobenzene

30.18

31.89

1366

C6HCl5

Pentachlorobenzene

33.75

35.49

1496

C6Cl6

Hexachlorobenzene

38.13

40.03

1656

0.9994

0.9993

2

R
Molec form

Structure

HP5MS

Restek

Lit. r.t.460

C4HCl5

1,1,2,4,4-Pentachloro-1,3-butadiene

23.16

24.65

12.66

C4HCl5

E-1,1,2,3,4-Pentachloro-1,3-butadiene

24.15

25.70

13.32

C4HCl5

Z-1,1,2,3,4-Pentachloro-1,3-butadiene

24.47

25.98

13.49

C4Cl6

Hexachlorocyclobutene

-

26.58

13.83

C4Cl6

Hexachloro-1,3-butadiene

25.72

27.40

14.4

0.9985

0.9989

2

R
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Molec form

Structure

HP5MS

Restek

Lit. r.t.424

C4Cl6

Hexachloro-1,3-butadiene

25.72

27.4

9.10

C6HCl5

Pentachlorobenzene

33.75

35.55

13.44

C6Cl6

Hexachlorobenzene

38.13

40.03

15.99

C8Cl6

Hexachlorophenylacetylene

42.28

44.16

18.17

C8Cl8

Octachlorostyrene

44.73

46.65

19.50

C9Cl8

Octachloroindene

-

51.92

22.37

C10Cl8

Octachloronaphthalene

57.02

59.13

26.88

0.9993

0.9991

2

R
Molec form

Structure

HP5MS

Restek

Lit. r.t.6,520

C8HCl7

α,β,β,2,3,5,6-heptachlorostyrene

41.27

42.92

20.13

C8HCl7

α,β,β,2,4,5,6-heptachlorostyrene

41.37

43.09

20.35

C8HCl7

α,β,β,2,3,4,5-heptachlorostyrene

42.50

44.32

22.34

C8HCl7

Z-α,β,2,3,4,5,6-heptachlorostyrene

43.20

45.05

24.32

C8HCl7

β,β,2,3,4,5,6-heptachlorostyrene

43.57

45.43

25.16

C8HCl7

E-α,β,2,3,4,5,6-heptachlorostyrene

44.59

46.44

27.3

C8Cl8

Octachlorostyrene

44.73

46.65

28.2

0.9934

0.9917

2

R

Molec form

Structure

HP5MS

Restek

r.t.522/RRI682

C10Cl8

Octachloronaphthalene

57.05

59.20

65.32

C10HCl7

1,2,3,4,5,6,7-Heptachloronaphthalene

53.77

55.80

56.88/2694

C10HCl7

1,2,3,4,5,6,8-Heptachloronaphthalene

53.82

55.88

57.19/2694

C10H2Cl6

1,2,3,4,6,7+1,2,3,5,6,7-Hexachloronaphthalene

49.54

51.563

46.29/2378

C10H2Cl6

1,2,3,4,5,7+1,2,3,5,6,8-Hexachloronaphthalene

49.99

51.99

47.53/2405

C10H2Cl6

1,2,3,5,7,8-Hexachloronaphthalene

50.15

52.16

48.00/2415

C10H2Cl6

1,2,4,5,6,8+1,2,4,5,7,8-Hexachloronaphthalene

50.32

52.34

48.53/2425

C10H2Cl6

1,2,3,4,5,6-Hexachloronaphthalene

50.99

53.01

50.12/2472

C10H2Cl6

1,2,3,4,5,8-Hexachloronaphthalene

51.35

53.38

51.10/2493

C10H2Cl6

1,2,3,6,7,8-Hexachloronaphthalene

51.55

53.49

51.46/2505

C10H3Cl5

1,2,3,5,7+1,2,4,6,7-Pentachloronaphthalene

45.57

47.50

36.91/2145

C10H3Cl5

1,2,4,5,7-Pentachloronaphthalene

45.98

47.91

37.89/2168

C10H3Cl5

1,2,4,6,8-Pentachloronaphthalene

46.14

48.08

38.30/2178

C10H3Cl5

1,2,3,4,6-Pentachloronaphthalene

46.27

48.19

38.59/2186

C10H3Cl5

1,2,3,5,6-Pentachloronaphthalene

46.35

48.29

38.90/2190

C10H3Cl5

1,2,3,6,7-Pentachloronaphthalene

46.85

48.78

40.16/2217

C10H3Cl5

1,2,4,5,6-Pentachloronaphthalene

46.95

48.92

40.35/2227

C10H3Cl5

1,2,4,7,8-Pentachloronaphthalene

47.13

49.09

40.79/2235
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Molec form

Structure

HP5MS

Restek

Lit. r.t./RRI

C10H3Cl5

1,2,3,5,8+1,2,3,6,8-Pentachloronaphthalene

47.34

49.25

41.08/2243

C10H3Cl5

1,2,4,5,8-Pentachloronaphthalene

47.57

49.55

41.24/2261

C10H3Cl5

1,2,3,4,5-Pentachloronaphthalene

47.81

49.78

41.96/2275

C10H3Cl5

1,2,3,7,8-Pentachloronaphthalene

48.23

50.39

42.22/2309

C10H4Cl4

1,3,5,7-Tetrachloronaphthalene

41.27

43.12

27.63/1911

C10H4Cl4

1,2,5,7+1,2,4,6+1,2,4,7-Tetrachloronaphthalene

42.01

43.88

29.26/1950

C10H4Cl4

1,3,6,7+1,4,6,7-Tetrachloronaphthalene

42.43

44.28

30.22/1970

C10H4Cl4

1,3,6,8+1,2,5,6-Tetrachloronaphthalene

42.80

44.71

31.07/1993

C10H4Cl4

1,2,3,5+1,3,5,8-Tetrachloronaphthalene

42.95

44.86

31.33/2000

C10H4Cl4

1,2,3,6-Tetrachloronaphthalene

43.04

44.92

31.67/2006

C10H4Cl4

1,2,3,7+1,2,3,4+1,2,6,7-Tetrachloronaphthalene

43.24

45.13

31.82/2018

C10H4Cl4

1,2,4,5-Tetrachloronaphthalene

43.46

45.39

32.36/2029

C10H4Cl4

1,2,4,8-Tetrachloronaphthalene

43.62

45.53

32.71/2038

C10H4Cl4

1,2,5,8+1,2,6,8-Tetrachloronaphthalene

43.87

45.81

33.13/2052

C10H4Cl4

1,4,5,8-Tetrachloronaphthalene

44.54

46.48

35.01/2086

C10H4Cl4

1,2,3,8-Tetrachloronaphthalene

44.75

46.64

35.12/2101

C10H4Cl4

1,2,7,8-Tetrachloronaphthalene

45.07

46.95

35.81/2114

2

R

0.9979/0.9949

0.9974/0.9946

A2.1 – Derivation of the HartreeFock Equations

One of the fundamental difficulties encountered with solving the Schrödinger
equation was associated with separating it out into its eigenfunctions. The problem of
separability arises due to the two-body electron-electron repulsion term, g(i,j):
n −1

He =

1

M

ZA

∑ h(i ) + ∑ g (i, j ); h(i ) = − 2 ∇ − ∑ r
i =1,

2
i

, g (i, j ) =

A=1 iA

i< j

1
rij

(A2.1)

Neglect of g(i,j) leads to n separable equations of the type

h(i )ψ i (i ) = ε iψ i (i )

(A2.2)

To treat g(i,j), Hartree suggested that each electron moves in the mean field of all the
other electrons, and solving the equation with an iterative approach. Assuming initial
guesses of the orbitals take the form sn(rn,θn,φn),164 and that electron 1 moves through
the mean field of 2, ‘feeling’ a potential proportional to the charge density of 2, ρ2, in
an infinitesimal volume dv2, which is then summed over all space, an effective
potential may be obtained.
g (1, 2 ) → V

eff
12

=

e
4πε 0

ρ2

∫r

12

dv 2 =

∫

s2
r12

2

dv 2

(A2.3)
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The total field experienced by electron 1 is the sum of these effective potentials over
all n electrons, therefore
n

s i (ri )

i=2

r1i

Vtoteff,1 (r1 ) = ∑ ∫

2

ZA
A =1 riA
M

dv i − ∑

(A2.4)

where integration over angles θ and φ leads to a suitable potential to use in the
Schrödinger equation, which, now separable, leads to the equations
(A2.5)

⎡1
⎤
eff
− ⎢ ∇12 + Vtot
,1 (r 1 )⎥ t1 (1) = ε 1t1 (r1 )
⎣2
⎦

Solution for t1(r1) leads to an improved wavefunction of the form:

Ψ(1,2,...n) = t1 (r1 )s2 (r2 )...sn (rn )

(A2.6)

This function allows an effective potential to be derived for electron 2, improving the
estimate of Ψ; this is repeated from electron 3 to n, then starting again with electron 1
until successive iterations lead to negligible improvement in Ψ; this highlights the
iterative approach inherent in quantum chemistry.

This approach, as noted in

Chapter 2.2.1, neglects the exchange symmetry of the electronic wavefunction.
Introduction of a single-determinant wavefunction (which we soon show naturally
shares the mean-field concept of Hartree) leads to an energy expectation value of:
E = Ψ He Ψ
n −1

n

= ψ 1 (1)...ψ n (n ) ∑ h (i )∑ (− 1) P p ψ 1 (1)...ψ n (n )
i =1

n −1

+ ψ 1 (1)...ψ n (n ) ∑

p

p =0

n −1

n

∑ g (i , j )∑ (− 1)

i =1 j = i + 1

p=0

p

P p ψ 1 (1)...ψ n (n )

(A2.7)

Considering the terms in the one-electron operator, h(i), it can be shown that
(adopting a and b to designate orbitals, and i and j electrons) all permutations aside
from the p = 0 (no exchange) lead to zero due to the orthonormality of the ψi, and
n

n

n

i =1

i =1

a =1

Ψ h (i ) Ψ = ∑ ψ 1 (1)...ψ n (n ) h (i ) ψ 1 (1)...ψ n (n ) = ∑ ψ i h (i ) ψ i = ∑ ha

(A2.8)

defining the term ha. Similarly, only the p = 0, 1 terms survive considering the
analogous approach with the two-electron operator, g(i,j).
n −1

E = Ψ g (i, j ) Ψ = ∑

1
∑ ψ (1)...ψ (n ) r (1 − P )ψ (1)...ψ (n )
n

i =1 j = i +1

n −1

=∑

n

⎡

1
∑ ⎢ ψ (i )ψ ( j ) r
⎢⎣

i =1 j = i +1

n −1

=∑

i

ij

n

∑ [J

a =1 b = a +1

j

ab

i

ij

n

i

n

ij

ψ i (i )ψ j ( j ) − ψ i (i )ψ j ( j )

1
ψ i ( j )ψ j (i )
rij

− K ab ]

⎤
⎥
⎥⎦

(A2.9)

This defines both the Coulomb, Jab, and the exchange, Kab, terms.
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We are now in a position to see how the mean-field approach arises naturally
by the use of the single determinant wavefunction. The energy of the ith electron is
M

Ei = − ψ i (i ) ∇ i ψ i (i ) − ∑ ψ i (i )
2

A=1

n

1
∑ ψ (i )ψ ( j ) r

−

j =1; j ≠ i

i

ZA
ψ i (i ) +
riA

n

1
∑ ψ (i )ψ ( j ) r
i

j =1; j ≠ i

j

ψ i (i )ψ j ( j )

ij

ψ i ( j )ψ j (i )

j

ij

= Ti − K ij + ψ i (i )

n

∑∫

ψ j ( j)

2

rij

j =1; j ≠ i

ZA
ψ i (i )
A=1 riA
M

dv j − ∑

= Ti − K ij + ψ i (i ) Vtoteff,i (ri ) ψ i (i )

(A2.10)

where it is apparent that the effective potential of equation (A2.4) is inherent in this
energy.

Further, we see the additional stabilising effect of exchange energy.

Changing the restraints on the summation indices, the total energy is
n

E = ∑ ha +
a =1

1 n n
∑∑ (J ab − K ab )
2 a =1 b=1

(A2.11)

as self-interaction is removed when i = j, as Jab = Kab. Equation (A2.11) is now
solved variationally. The variation principle asserts that, given a trial function ΩT
(Ω is the exact solution)with energy ET, the following holds:
ΩT H ΩT
ΩT ΩT

= ET ≥ E =

ΩHΩ

(A2.12)

ΩΩ

That is, the energy of the trial function is an upper bound on the true ground state
energy. If ΩT is chosen such that it depends a set of m adjustable parameters, ck,

k = 1,…,m, then one has a logical method by which to minimise equation (A2.12), as
opposed to the impossible task of trying every form ΩT could take. Constructing ΩT
as a linear combination of some basis set is a convenient method of introducing the
parameters ck during calculations on chemically relevant systems.
m
∂E
= 0; where ΩT = ∑ ckφk
∂ck
k =1

(A2.13)

Variational optimisation of equation (A2.11), subject to the constraint that the
basis set is orthonormal leads to:
n

∑
a =1

⎡⎛

n

⎞

n

⎤

⎣⎝

b =1

⎠

b =1

⎦

δψ a ⎢⎜ h(1) + ∑ {J b (1) − K b (1)}⎟ ψ a (1) − ∑ ε ab ψ b (1) ⎥ = 0 with

(A2.14)

δha = δψ a (1) h(1) ψ a (1) + ψ a (1) h(1) δψ a (1)
with δJab and δKab defined similarly. The constraints are imposed by the method of
Lagrange multipliers, with the Lagrange multiplier here being -εab. The Coulomb and
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exchange one-electron operators now appear, Jb(1) and Kb(1).
J b (1) f (1) = f (1)∫

K b (1) f (1) = ψ b (1)∫

ψ b (2 )

2

dv 2

r12

ψ b* (2 ) f (2 )

dv 2

r12

(A2.15)

(A2.16)

Equation (A2.14) is satisfied if the operators and ket terms are equal to zero. This
leads to n differential equations, the Fock equations
n

F (1)ψ a (1) = ε aψ a (1) ; F (1) = h(1) + ∑ [J b (1) − K b (1)]

(A2.17)

b =1

defining the Fock operator, F(1). ψa are the Hartree-Fock molecular orbitals and εa
the orbital energies. The total Hartree-Fock energy is:
n

E HF = ∑ ε a −
a =1

1 n n
∑∑ [J ab − K ab ]
2 a =1 b =1

(A2.18)

A2.2 – Iterative Solution of the HartreeFockRoothaan Equations

The RHF formalism for a closed-shell system requires:
n

n
2

2

n
2

∑ ε − ∑∑ [2 J

− K ab ]

(A2.19)

FRHF (1) = h(1) + ∑ [2 J b (1) − K b (1)]

(A2.20)

E RHF = 2

a

a =1

ab

a =1 b =1

n
2

b =1

MOs, φi, are specified as the linear combination of atom centred basis functions, χμ,
b

φ a = ∑ c μa χ μ

; φ = χc (in matrix form)

(A2.21)

μ =1

A complete set of atomic basis functions (i.e. b → ∞) of χμ are required for
equation (2.18) to represent the molecular orbitals exactly; however, practical
restrictions necessarily require a finite basis set. Substituting the LCAO-MOs into the
RFH Fock operator in equation (2.17):
b

b

μ =1

μ =1

∑ Fνμ cμa =∑ Sνμ c μa ε a ; Fc = Sce (in matrix form) where:

(A2.22)

S μν = ∫ χ μ (r1 )χν (r1 )dr1

(A2.23)

b

b

Fμν = Tμν + Vμν + ∑∑ Pλσ Gμνλσ
λ =1 σ =1

(A2.24)
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Tμν =

−1
χ μ (r1 )∇2 χν (r1 )dr1
2

∫

M

1

∑Z ∫ χ μ (r ) r

Vμν = −

1

A

1

∫∫χ μ (r )χλ (r ) r
1

2

12

(A2.26)

χσ (r2 )χν (r1 ) −

1

∫∫χ μ (r )χλ (r ) r
1

2

12

χν (r2 )χσ (r1 )

n
2

∑cμ cν

Pλσ = 2

χν (r1 )dr1

1A

A=1

Gμνλσ =

(A2.25)

a

a

(A2.27)
(A2.28)

- thedensitymatrix

a=1

Equation (A2.22) represents a system of equations known as the Roothaan-HartreeFock equations. These are typically solved by employing the techniques of linear
algebra which are readily handled with a computer. First, the atomic basis set {χ} is
transformed into a new orthonormal set {λ} by a unitary transformation u, found by
acknowledging that the overlap matrix in {λ} should have no off-diagonal elements.
(A2.29)

S λ = u TS χ u = I

From this, the inverse transforms may be found:

( )
= (u )

(A2.30)

T

S χ = u −1 u −1
Fχ

−1 T

F λ u −1

(A2.31)

Equations (A2.30) and (A2.31) transform the Fock equations:
F χ c = S χ ce
cT

(u ) F u
(u ) F u
−1 T

λ

−1

−1 T

λ

−1

( )
c = c (u ) u

(A2.33)

T

c = u −1 u −1ce
T

−1 T

−1

(A2.32)

ce

V T F λ V = V T Ve = e; V = u -1c

(A2.34)
(A2.35)

Thus, the method of solving the RHF Fock equations, for a given nuclear
configuration, typically proceeds as follows.
1. A basis set,

{χ}, is chosen.

The elements Sμν, Tμν, Vμν, and Gμνλσ are evaluated in this basis - see

equations (A2.23), (A2.25), (A2.26), (A2.27).
2. The overlap integral matrix Sχ is diagonalised, obtaining the transformation u; allowing the secular
equations (A2.32) to be rotated onto a new basis

{λ} as in equations (A2.33), (A2.34) and (A2.35).

3. An estimate is made of the vector c. The elements of the density matrix, equation (A2.28), can now
be evaluated.

This, in conjunction with the values from step 1, allows Fχ to be evaluated

[equation (A2.24)], and consequently Fλ from the unitary transform u (step 2).
4. The eigenvalues and eigenvectors of e and V [equation (A2.35)] are determined.
5. The improved estimate of c, found from V, is now used to re-evaluate the density matrix in step 3,
and the process continues iteratively until convergence is reached, that is, successive iterations lead
to negligible change (based on some pre-determined threshold) in Pλσ.
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A2.3 – TimeIndependent RayleighSchrödinger Perturbation Theory

Consider a time-independent Hamiltonian of the form H = H0 + λV. H0 is

{ }

assumed known, with an associated complete set of orthonormal eigenvectors φ n(0 )

each with an eigenvalue En(0 ) λ is a parameter, varying between 0 and 1, which
allows V to vary in strength (if required), and it is also a convenient means of keeping
track of the level of perturbation theory being applied.
The eigenvalues and eigenvectors of H are assumed to arise from an infinite
sum of correction terms added to the solutions of H0:
∞

∞

∑ λ E ( ); ∑ λ
a

a =0

a
n

a

a =0

φn(a )

(A2.36)

Substituting equation (A2.36) into the expression for H
H ψ n = En ψ n

⎛
; (H 0 + λV )⎜ ∑ λa φn(a )
∞

⎝ a =0

⎞ ⎛ ∞ b (b ) ⎞⎛ ∞ a (a ) ⎞
⎟ = ⎜ ∑ λ E n ⎟⎜ ∑ λ φ n ⎟
⎠ ⎝ b =0
⎠⎝ a =0
⎠

Expanding these summations, and collecting equivalent powers of λ:
H 0 φ n(0 ) = E n(0 ) φ n(0 )

λ (H 0 − E n(0 ) ) φ n(1) = −λ (V − E n(1) ) φ n(0 )

λ (H 0 − E n

(0 )

2

)φ

(2 )
n

(

(1)

)

(A2.38)
(A2.39)

(1)

(2 )

= −λ V − E n φ n
2

(A2.37)

(0 )

+ En φn

(A2.40)

and so on. By multiplying equation (A2.39) by φ n(0 ) and expanding the first order
correction term wavefunctions as an infinite sum over the eigenfunctions of H0, that is
∞

φ n(1) = ∑ a p φ p(0 )

(A2.41)

p =1

the first order energy and wavefunction corrections may be derived.
(1)

(0 )

(0 )

λEn = φn λV φn

(1)

; λ φn

=∑

p≠n

λ φ p(0 ) V φ n(0 )
(0 )

(0 )

En − E p

φ p(0 )

(A2.42)

Higher order corrections are attainable in a similar fashion, but are increasingly more
complicated; for example, the second order energy correction is

λ2 E n(2 ) = ∑

p≠n

λ2 φ p(0 ) V φ n(0 )
E n(0 ) − E p(0 )

2

(A2.43)

See Mandl for a concise account of perturbation theory in quantum mechanics.141
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A2.4 – Derivation of the KohnSham Equations of Density Functional Theory

Given a set of orthonormal functions φi, the density is given as
N

ρ = ni ∑ φi (r )

2

(A2.44)

i =1

with ni = 0, 1, or 2, the orbital occupancy. The energy functional may be written:
Eν [ρ ] = ∫ v(r )ρ (r )dr +

1 ρ (r )ρ (r ')
1 N
'
d
r
d
r
−
∑ φi ∇ 2 φi + E XC [ρ (r )]
2 ∫ r − r'
2 i =1

= ∫ v(r )ρ (r )dr + J [ρ (r )] + T0 + E XC [ρ (r )]

(A2.45)

E XC [ρ (r )] is the exchange-correlation functional; T0 is the kinetic energy operator of
the non-interacting electrons; and J is the electron-electron Coulomb term. The
variational principle may now be applied [compare to equation (A2.14)]:

φi → φi + δφi ; ρ i → ρ i + δρi where δρi = ∑ δφi* (r )φi (r )

(A2.46)

i

Inserting equation (A2.46) into (A2.45), and keeping only linear terms, one obtains:
−1 N
δT0 =
δφ i ∇ 2 φ i
(A2.47)
∑
2 i =1

N

N

∫

∑ δφ

)

)

δ v(r )ρ (r )dr =

i

(A2.48)

vφ i

i =1

δJ = ∑ ∫ δφi (r2 )J j (r2 )φi (r2 )dr2 ; J j (r2 ) = ∫
i , j =1

δφ *j (r1 )φ j (r1 )
r1 − r2

dr1

(A2.49)

Unfortunately, δEXC is still difficult to assess as its form remains unknown.
Functional derivatives are employed; for example, the functional derivative of F[f] for
a single variable x is
b

δF = ∫ dx
a

δF [ f ]
δf (x )
δf (x )

(A2.50)

δE XC
φi
δρ

(A2.51)

and therefore δEXC may take the form
N

δE XC = ∑ δφi
i =1

Introducing the constraint of orthonormality by way of Lagrange multipliers, εij
N

N

i , j =1

i =1

N )
N
⎧⎪⎡ − 1 2
⎫⎪
δE ⎤
∇ + v + ∑ J j + XC ⎥φi − ∑ ε ijφ j ⎬ = 0
δρ ⎦
⎪⎩⎣ 2
⎪⎭
j =1
i, j

δE − ∑ ε ij δφi φ j = ∑ δφi ⎨⎢

(A2.52)

The Kohn-Sham equations may be derived:
N )
δE
⎧ −1 2
⎫
φ
ε
φ
v
v
v
v
J (r ), v XC = XC
=
;
=
∇
+
+
+
⎨
∑
coul
XC ⎬ i
i i
coul
δρ (r )
⎩2
⎭
j =1

(A2.53)
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Chapter A6. The First Aromatic Rings: Pyrolytic
Formation of the Chlorobenzenes
Table A6.1: Energies of all pertinent stationary points on the C4Cl3 + C2Cl2 + Cl2 PES; all values in
kJ mol-1 and relative to C4Cl4 + C2Cl2 + Cl
Label

DFT-SPE

DFT-opt

MP2-SPE(<S2>)‡‡‡

ROMP2

i-C4Cl3 + C2Cl2
1A

83.7

84.9

273.3 (1.4845)

328.5

TS2A

121.1

120.1

365.3 (2.0428)

284.2

TS3A

126.0

124.2

335.0 (1.8233)

260.2

2A

-64.9

-68.2

32.0 (1.0318)

95.5

3A

-49.8

-52.9

5.0 (1.0198)

71.1

TS4A

42.2

38.7

351.1 (2.3939)

247.1

TS5A

72.6

71.1

291.1 (2.5019)

391.2

TS6A

-2.9

-7.9

135.9 (1.9746)

146.6

TS7A

-5.4

-10.4

146.9 (1.6433)

111.4

4A

-167.8

-171.9

61.4 (2.3939)

-21.5

5A

-1.7

4.3

13.4

280.1

6A

-142.7

-134.8

9.0 (1.6595)

6.3

TS8A

-19.0

-26.3

135.1

8.9

8A

-321.4

-331.1

-190.8 (1.5230)

-228.1

9A

137.2

139.2

268.1 (1.2684)

369.1

TS10A

155.5

154.3

313.6 (1.5654)

(422.5)

10A

-56.1

-59.5

0.2 (1.0239)

64.3

TS11A

68.2

64.3

276.1 (2.1562)

174.0

TS12A

-60.3

-66.9

70.3 (1.5371)

59.4

12A

-237.2

-245.7

-143.5 (1.3687)

-131.1

TS13A

-19.0

-26.3

165.0

82.0

n-C4Cl3 + C2Cl2

‡‡‡

<S2> value for Cl atom at the MP2-SPE level is 0.7552
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Figure A6.1: Geometries and labels of rearrangement products of the i-C4Cl3 + C2Cl2 reaction; LUMO
and spin-density maps of pertinent products also included
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Figure A6.2: Geometries and labels of rearrangement products of the n-C4Cl3 + C2Cl2 reaction;
LUMO and spin-density maps of pertinent products also included

278 |

Appendix – Chapter 6

1.343 Å
1.244 Å

1.234 Å
2.321 Å

1.295 Å

1.319 Å

2.260 Å

1.401 Å
1.410 Å
1B
Spin density

1.461 Å

1.315 Å
TS2B

Spin density

TS3B

Spin density

1.315 Å

2B

3B

1.320 Å
1.304 Å
1.479 Å

1.524 Å
1.528 Å

1.490 Å

LUMO

LUMO
TS6B

1.339 Å
2.306 Å

6B

2.300 Å
1.823 Å

1.733 Å

1.517 Å

1.819 Å
1.336 Å

1.384 Å

1.751Å

1.825 Å

1.455 Å

TS4B
1.824 Å
1.347Å
2.728 Å

1.499 Å
1.819 Å
1.501 Å
4B

7B

8B
2.746 Å

2.618 Å
1.358 Å

2.731 Å

1.461 Å

1.715 Å
5B (+ Cl)

9B
2.809 Å

TS8B
1.975

TS9B

2.238 Å

1.735 Å

Figure A6.3: Geometries and labels of rearrangement products of the i-C4Cl5 + C2Cl2 reaction; LUMO
and spin-density maps of pertinent products also included
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Figure A6.4: Geometries and labels of rearrangement products of the n-C4Cl5 + C2Cl2 reaction;
LUMO and spin-density maps of pertinent products also included
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Table A6.2: Energies of all pertinent stationary points on the C4Cl5 + C2Cl2 + Cl2 PES; all values in
kJ mol-1 and relative to C4Cl6 + C2Cl2 + Cl
i-C4Cl5 + C2Cl2
n-C4Cl5 + C2Cl2
Label

DFT-SPE

DFT-opt

ROMP2

Label

DFT-SPE

DFT-opt

ROMP2

1B

77.6

78.1

226.8

10B

139.1

140.0

267.1

TS2B

129.9

127.4

327.1

TS11B

157.8

156.0

323.2

TS3B

145.9

143.8

342.0

11B

-59.9

-63.4

-14.6

2B

-54.1

-58.4

-13.5

TS12B

-35.6

-41.3

0.8

3B

28.3

25.3

84.8

12B

-267.9

-276.4

-178.7

TS4B

-4.2

-8.7

-155.9

TS13B

-53.8

-59.3

100.3

4B

-219.3

-226.9

-182.2

13B

-181.6

-188.3

-99.6

5B

-134.0

-140.4

-126.3

TS14B

81.0

76.4

178.5

TS6B

54.5

50.8

203.7

6B

-90.4

-95.5

-28.4

7B

58.9

59.2

72.1

TS8B

173.3

176.2

240.7

8B

93.1

94.5

142.6

TS9B

104.8

104.7

153.6

9B

-259.2

-267.6

-269.3

Table A6.3: Energies of all pertinent stationary points on the C4Cl4 + C2Cl2 PES; all values in
kJ mol-1 and relative to C4Cl4 + C2Cl2
Label
DFT-SPE DFT-opt MP2-SPE
Label
DFT-SPE DFT-opt MP2-SPE
TS1C

101.9

99.3

46.2

TS11C

-109.5

-113.5

-133.5

1C

71.7

72.0

99.6

11C

-473.5

-485.8

-532.8

TS2C

116.2

115.0

194.7

TS12C

107.3

106.1

113.9

2C

-231.9

-236.9

-253.0

12C

68.7

67.9

78.6

TS3C

86.8

88.6

81.9

TS13C

78.2

76.4

75.0

3C

58.3

58.6

45.3

TS14C

70.8

68.8

86.5

TS4C

66.1

63.9

73.4

TS15C

172.1

171.2

160.1

4C

-151.8

-160.1

-163.4

14C

-145.3

-152.3

-169.6

TS5C

51.0

50.4

30.3

TS16C

54.8

50.4

40.5

5C

-128.2

-135.9

-160.6

16C

-129.5

-136.1-

207.4

TS6C

-9.3

-11.2

13.2

TS17C

-34.6

-38.3

-83.7

TS7C

-3.8

-7.4

-77.9

TS18C

-89.0

-93.0

-142.4

TS8C

128.0

128.9

76.9

18C

-119.1

-120.2

-141.4

7C

-112.9

-118.9

-188.2

TS19C

-55.3

-57.4

-54.7

TS9C

-18.5

-23.4

-90.7

20C

-222.6

-227.7

-250.8

9C

-155.2

-158.8

-215.4

TS21C

-89.4

-93.5

-109.0

TS10C

-41.0

-42.0

-51.1

21C

-169.0

-166.1

-144.6

10C

-121.0

-124.2

-145.1

TS22C

12.8

11.3

88.3
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Figure A6.5: Geometries and labels of rearrangement products of the C4Cl4 + C2Cl2 reaction; C2Cl2
bridges the C4Cl4 ethynyl group
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Figure A6.6: Geometries and labels of rearrangement products of the C4Cl4 + C2Cl2 reaction; the
C4Cl4 ethynyl group bridges C2Cl2
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Figure A6.7: Geometries and labels of rearrangement products of C4Cl4 + C2Cl2 from TS6C
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Figure A6.8: Geometries and labels of rearrangement products of Z-C4H2Cl2 + C2HCl via acetylene
bridging molecular adducts
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Figure A6.9: Geometries and labels of rearrangement products of Z-C4H2Cl2 + C2HCl via Diels-Alder
cyclisation
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Table A6.4: Energies of all pertinent stationary points on the Z-C4H2Cl2 + C2HCl PES; all values in
kJ mol-1 and relative to Z-C4H2Cl2 + C2HCl
Label

DFT-SPE

DFT-opt

MP2-SPE

Label

DFT-SPE

DFT-opt

MP2-SPE

TS2D

92.9

86.4

78.55

13D

-146.1

-157.1

161.0

TS3D

115.0

110.6

98.3

TS14D

-23.4

-32.4

19.4

2D

76.9

70.9

201.7

TS15D

-1.6

-6.8

-4.5

TS4D

121.5

117.6

151.7

14D

-63.3

-69.1

-48.9

4D

99.5

94.6

115.8

15D

-93.1

-102.5

-74.1

TS5D

138.3

130.0

169.6

TS16D

-76.6

-83.7

-75.5

TS6D

95.4

88.9

111.1

TS17D

-72.0

-81.5

-52.7

6D

-76.0

-88.3

-78.2

TS18D

-66.5

-75.4

-49.9

TS7D

34.2

22.1

7.8

16D

-462.6

-479.2

-487.8

7D

-61.0

-76.0

-87.3

17D

-473.8

-490.6

-496.2

TS8D

57.3

46.5

118.3

18D

-482.7

-499.4

-503.2

8D

-181.1

-193.5

-169.4

TS19D

126.6

119.9

86.6

TS9D

23.0

9.6

6.2

19D

-153.0

-163.6

-164.0

TS10D

-26.2

-37.8

-5.7

TS20D

-41.6

-50.0

3.8

10D

-185.7

-197.9

-148.3

TS21D

-23.7

-29.5

-22.1

TS11D

97.6

88.9

164.1

20D

-88.0

-95.9

-70.8

11D

20.5

13.5

86.4

21D

-118.9

-127.6

-96.7

TS12D

108.9

99.8

189.4

TS22D

-75.7

-85.1

-57.1

12D

-217.3

-228.7

-206.9

TS23D

-94.7

-102.6

-90.9

TS13S

124.5

117.7

89.9

TS24D

-87.7

-98.0

-62.2
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Table A6.5: Kinetic parameters, derived with CTST, of all pertinent reactions discussed in Chapter 6

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

A* (Arev†)
n (nrev)‡
Ea (Ea rev)§
i- and n- C4Cl3 formation
1.00E+10
0
83.7
C4Cl4+Cl ↔ i-C4Cl3+Cl2
1.00E+10
0
137.2
C4Cl4+Cl ↔ n-C4Cl3+Cl2
i-C4Cl3+C2Cl2 at 1-carbon
1.33E+02 (1.675E+11)
2.05 (1.28)
37.4 (186.0)
i-C4Cl3+C2Cl2 ↔ 2A
2.26E+11 (6.34E+10)
0.17 (1.11)
62.0 (139.8)
2A ↔ 6A
2.70E+11 (3.47E+11)
0.50 (0.47)
107.1 (210.0)
2A ↔ 4A
6.51E+10 (1.44E+10)
0.29 (1.30)
137.4 (66.8)
2A ↔ 5A
5A ↔ 8A
2.09E+11 (1.66E+11)
0.65 (0.84)
-85.1 (243.8)
4.73E+11 (3.84E+11)
0.60 (0.58)
123.7 (218.2)
6A ↔ 12A
i-C4Cl3+C2Cl2 at 2-carbon
4.72E+01 (1.00E+11)
2.13 (1.30)
42.2 (175.8)
i-C4Cl3+C2Cl2 ↔ 3A
3.83E+11 (6.34E+10)
0.11 (1.11)
44.4 (137.3)
3A ↔ 6A
n-C4Cl3+C2Cl2
7.99E+01 (2.17E+11)
2.32 (1.33)
18.3 (211.6)
n-C4Cl3+C2Cl2 ↔ 10A
1.93E+11 (1.39E+10)
0.29 (1.54)
124.3 (389.6)
10A ↔ 8A
10A ↔ 12A
7.60E+11 (7.07E+10)
0.18 (1.15)
-4.3 (176.9)
i- and n- C4Cl5 formation
9.998E+13
0
77.6
C4Cl6+Cl ↔ i-C4Cl5+Cl2
9.998E+13
0
139.1
C4Cl6+Cl ↔ n-C4Cl5+Cl2
i-C4Cl5+C2Cl2 at 2-carbon
2.82E+01 (4.72E+10)
2.14 (1.29)
52.2 (184.0)
i-C4Cl5+C2Cl2 ↔ 2B
9.68E+10 (7.44E+10)
0.18 (0.77)
49.9 (215.1)
2B ↔ 4B
1.00E+14
0
85.3
4B ↔ 5B + Cl
i-C4Cl5+C2Cl2 at 1-carbon
1.27E+01 (1.48E+11)
2.10 (1.01)
68.3 (117.6)
i-C4Cl5+C2Cl2 ↔ 3B
1.67E+11 (1.83E+11)
0.11 (0.90)
26.3 (144.9)
3B ↔ 6B
9.998E+13
0
149.3
6B ↔ 10C
9.998E+13
0
147.0
6B ↔ 8T6
n-C4Cl5+C2Cl2
3.33E+01 (2.38E+11)
2.36 (1.11)
18.7 (217.3)
n-C4Cl5+C2Cl2 ↔ 11B
7.93E+10 (4.19E+11)
0.11 (0.76)
23.9 (232.3)
11B ↔ 12B
9.998E+13
0
8.7
12B ↔ 9B + Cl
1.64E+11 (3.87E+11)
0.17 (0.71)
5.7 (127.8)
11B ↔ 13B
9.998E+13
0
47.6
13B ↔ 5B + Cl
250
Cl2/2Cl equilibrium
7.69E+08 (1.91E+04)
0 (0.23)
232.8 (-9.6)
Cl2 ↔ 2Cl
C2Cl2 bridges C4Cl4; via cyclobutadiene-like intermediate to benzene
6.23E+3 (4.11E+11)
2.06 (0.52)
101.9 (30.1)
C2Cl2+C4Cl4 ↔ 1C
2.36E+11 (4.16E+11)
0.28 (0.51)
15.1 (28.6)
1C ↔ 3C
3.63E+11 (5.12E+11)
0.28 (0.54)
35.5 (38.5)
1C ↔ 12C
5.81E+11 (1.52E+11)
0.10 (0.58)
-7.3 (179.2)
3C ↔ 5C
1.13E+12 (1.36E+11)
0.19 (0.60)
7.8 (217.8)
3C ↔ 4C
3.78E+11 (2.72E+11)
0.08 (0.60)
124.4 (109.1)
5C ↔ 7C
1.19E+11 (2.44E+11)
0.67 (0.53)
94.4 (136.7)
7C ↔ 9C
2.35E+11 (4.58E+11)
0.50 (0.39)
114.2 (80.1)
9C ↔ 10C
7.11E+11 (6.76E+10)
0.24 (0.85)
11.5 (364.0)
10C ↔ 11C
C2Cl2 bridges C4Cl4; via cyclobutadiene-like intermediate to hexadiene-3-yne
4.64E+11 (2.25E+11)
0.49 (0.59)
118.9 (213.3)
5C ↔ 20C
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39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

*
†

‡
§

A (Arev)
n (nrev)
Ea (Ea rev)
1.46E+11 (1.88E+11)
0.68 (0.29)
133.2 (111.1)
20C ↔ 21C
2.87E+11 (1.62E+11)
0.77 (0.86)
211.8 (243.1)
21C ↔ 2C
C4Cl4 bridges C2Cl2; via cyclobutadiene-like intermediate
4.66E+11 (1.52E+11)
0.24 (0.68)
9.5 (206.4)
12C ↔ 5C
C4Cl4 bridges C2Cl2; via methylenecyclopropene-like intermediate to benzene
1.02E+12 (2.05E+11)
0.20 (0.60)
2.0 (216.0)
12C ↔ 14C
1.20E+11 (2.54E+11)
0.45 (0.91)
200.0 (184.3)
14C ↔ 16C
3.46E+11 (8.63E+11)
0.38 (0.21)
40.5 (30.0)
16C ↔ 18C
7.10E+11 (3.18E+11)
0.40 (0.51)
63.8 (99.9)
18C ↔ 9C
1.00E+13 (1.00E+13)
0.00 (0.00)
44.5 (348.1)
1C ↔ 2C
C2HCl bridges C4H2Cl2, Cl on C2HCl tail; to cyclobutadiene intermediate
1.10E+03 (2.58E+11)
1.66 (0.84)
92.9 (16.8)
C2HCl+C4H2Cl2 ↔ 2D
3D ↔ 4D
3.20E+11 (2.28E+11)
0.41 (0.50)
45.4 (22.0)
5.95E+11 (4.33E+11)
0.13 (0.52)
-4.1 (171.4)
4D ↔ 6D
Cyclobutadiene intermediate decomposition to trichlorohexa-1,5-dien-3-yne
3.84E+11 (3.61E+10)
0.44 (0.88)
133.3 (238.4)
6D ↔ 8D
8.61E+10 (3.29E+11)
0.84 (0.30)
154.9 (159.5)
8D ↔ 10D
2.35E+10 (7.52E+10)
1.01 (0.75)
283.3 (77.1)
10D ↔ 11D
5.54E+10 (1.11E+10)
0.86 (1.08)
88.4 (326.1)
11D ↔ 12D
Cyclobutadiene intermediate decomposition to trichlorobenzenes
1.75E+12 (4.84E+10)
-0.12 (0.85)
110.2 (95.2)
6D ↔ 7D
1.13E+11 (3.25E+11)
0.82 (0.60)
84.0 (175.9)
7D ↔ 19D
3.58E+11 (1.34E+12)
0.55 (0.31)
111.4 (46.5)
19D ↔ 20D
6.94E+11 (4.70E+10)
0.23 (0.91)
12.3 (398.0)
20D ↔ 17D
19D ↔ 21D
1.03E+11 (1.61E+11)
0.62 (0.51)
129.3 (95.2)
3.29E+11 (5.29E+10)
0.43 (0.98)
24.2 (379.1)
21D ↔ 17D
21D ↔ 18D
8.43E+11 (4.47E+11)
0.24 (0.75)
31.2 (395.1)
Diels-Alder Route 1
7.76E+01 (9.72E+08)
1.70 (2.11)
124.4 (270.6)
C2HCl+C4H2Cl2 ↔ 13D
1.15E+11 (3.05E+11)
0.60 (0.41)
144.6 (91.5)
13D ↔ 15D
5.34E+11 (1.00E+11)
0.35 (1.00)
16.5 (406.2)
15D ↔ 16D
15D ↔ 17D
1.27E+12 (1.19E+11)
0.17 (0.77)
21.1 (401.8)
2.27E+11 (9.14E+11)
0.68 (0.39)
122.7 (39.9)
13D ↔ 14D
5.80E+11 (3.55E+10)
0.24 (0.93)
-3.2 (407.3)
14D ↔ 17D
Diels-Alder Route 2
3.38E+01 (4.14E+08)
1.73 (2.11)
126.6 (279.6)
C2HCl+C4H2Cl2 ↔ 19D

A in L, mol, s units
Reverse reactions are labelled with the subscript rev
Rate constants take non-Arrhenius form k (T ) = AT e
Activation energy in kJ mol-1
n

− Ea
RT
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Chapter A7. The First Fused Rings: Production of
Phenylacetylenes and Naphthalenes
Table A7.1: Cl, 4Cl, and 3Cl parameters giving the probability of reaction via a penta-, tetra-, or
triCB based phenyl radical
5Cl
4Cl
3Cl

100:0 DCE:TCE

0

0.21

0.79

75:25 DCE:TCE

0

0.58

0.42

50:50 DCE:TCE

0.34

0.65

0.01

25:75 DCE:TCE

0.71

0.23

0

0:100 DCE:TCE

0.95

0.05

0

123/124-triCB co-pyrolyses

0

0

1

Table A7.2: Other fixed parameters employed in probabilistic modelling
Parameter

Value

Parameter

Value

1234tet

0.4

245rad

0.42

1235tet

0.5

Ph

0.99

1245tet

0.1

q

0.85

135tri

0.1

Cl

0.02

123tri

0.3

Ha

0.61

124tri

0.6

Hl

0.37

234rad

0.4

B

0.4

345rad

0.6

V

0.6

236rad

0.16

vinH

0.9

235rad

0.42

100

E/ kJ mol-1

0

-100

-200

-300

-400

-500

Figure A7.1: PES of 1-chloroethynyl-2,3,4-trichlorobenzene with C2Cl2 following molecular
acetylene recombination pathways
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Figure A7.2: Probability tree depicting C2HCl/C2Cl2 addition to pentachlorophenyl radicals
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Figure A7.3: Probability tree depicting C2HCl/C2Cl2 addition to 2,3,5,6-tetrachlorophenyl radicals
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Figure A7.4: Probability tree depicting C2HCl/C2Cl2 addition to 2,3,4,5-tetrachlorophenyl radicals (C2Cl2 adds first)
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Figure A7.5: Probability tree depicting C2HCl/C2Cl2 addition to 2,3,4,5-tetrachlorophenyl radicals (C2HCl adds first)
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Figure A7.6: Probability tree depicting C2HCl/C2Cl2 addition to 2,3,4,6-tetrachlorophenyl radicals (C2Cl2 adds first)
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Figure A7.7: Probability tree depicting C2HCl/C2Cl2 addition to 2,3,4,6-tetrachlorophenyl radicals (C2HCl adds first)
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Figure A7.8: Probability tree depicting C2HCl/C2Cl2 addition to 2,3,6-trichlorophenyl radicals (C2Cl2 adds first)
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Figure A7.9: Probability tree depicting C2HCl/C2Cl2 addition to 2,3,6-trichlorophenyl radicals (C2HCl adds first)

297 |

Appendix – Chapter 7

Figure A7.10: Probability tree depicting C2HCl/C2Cl2 addition to 2,3,5-trichlorophenyl radicals (C2Cl2 adds first)
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Figure A7.11: Probability tree depicting C2HCl/C2Cl2 addition to 2,3,5-trichlorophenyl radicals (C2HCl adds first)
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Figure A7.12: Probability tree depicting C2HCl/C2Cl2 addition to 2,4,5-trichlorophenyl radicals (C2Cl2 adds first)
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Figure A7.13: Probability tree depicting C2HCl/C2Cl2 addition to 2,4,5-trichlorophenyl radicals (C2HCl adds first)
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Figure A7.14: Probability tree depicting C2HCl/C2Cl2 addition to 3,4,5-tetrachlorophenyl radicals
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Figure A7.15: Probability tree depicting C2HCl/C2Cl2 addition to 2,3,4-trichlorophenyl radicals (C2Cl2 adds first)
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Figure A7.16: Probability tree depicting C2HCl/C2Cl2 addition to 2,3,4-trichlorophenyl radicals (C2HCl adds first)
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Figure A7.17: Probability tree depicting C2HCl/C2Cl2 addition to 2,4,6-tetrachlorophenyl radicals
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Chapter A8. Important Models in PAH/Fullerene
Growth: Prototypes based on C12 Species
Table A8.1: Areas of HxCN isomers from chromatograms of products formed during triCB + C2HCl3
pyrolyses at aperture 6
1,2,4-triCB + C2HCl3

1,2,3-triCB + C2HCl3

Isomer

Area

Isomer

Area

123467+123567-HxCN

10354034

123467+123567-HxCN

66008515

123457+123568-HxCN

24383872

123457+123568-HxCN

10248272

123578-HxCN

14929250

123578-HxCN

6906317

124568+124578-HxCN

2219241

124568+124578-HxCN

928896

123456-HxCN

3250396

123456-HxCN

7176630

123458-HxCN

2516927

123458-HxCN

473265

123678-HxCN

932802

123678-HxCN

16569336

A
bundance
Ion 240.00 (239.70 to 240.70):
Ion 274.00 (273.70 to 274.70):
Ion 308.00 (307.70 to 308.70):
Ion 454.00 (453.70 to 454.70):
Ion 418.00 (417.70 to 418.70):
Ion 384.00 (383.70 to 384.70):

100000
95000
90000

59.33

85000
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C14H4Cl6

75000
70000
65000
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22070825p2s1.D
22070825p2s1.D
22070825p2s1.D
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m/z = 454;
C14H2Cl8

60000
63.80

55000
50000
45000

59.15

40000

59.68
64.42

35000
30000
25000
20000
15000
10000
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59.14

60.83

5000
0
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59.50

60.00

60.50

61.00

6
1
.61
61
.4
8

61.50
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61.96
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63.87
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Tim
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Figure A8.1: C14H10-xClx formation in aperture 6 TCE-doped triCB pyrolyses
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C12H4Cl6 products of 1,2,3-triCB/TCE
co-pyrolyses

C12H5Cl5 products of 1,2,3-triCB/TCE
co-pyrolyses

C12H5Cl5
products of
1,2,3/1,2,4triCB/TCE
co-pyrolyses

C12H4Cl6 products of 1,2,3/1,2,4triCB/TCE co-pyrolyses

Figure A8.2: Penta- and Hexachlorobiphenyl products formed during aperture 2 pyrolyses of 1,2,3- and 1,2,3/1,2,4-triCB

307 |

Appendix – Chapter 8

Figure A8.3: Probability tree of reactions available to the 1,2,3- + 1,2,4-triCB system
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