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SUMMARY

The formation of polycyclic aromatic hydrocarbon®AHs), especially fused-ring
compounds, represents an essential step in theamiealis of formation of soot. In particular the
second-ring species, naphthalene, plays a keyask building block for the subsequent growth to
larger PAHs. Nevertheless the pathways leadingafghtinalene are still uncertain requiring further
experimental and theoretical investigations. Inghesent work the pyrolytic reactions of the phenyl
radical in the presence of acetylene have beelestad a possible pathway to the formation of the
second-ring species.

The experimental work has been conducted usingitigde-pulse high-pressure shock tube
(HPST) present at the University of Illinois at €dmjo. A new experimental set-up was studied and
developed for accurate measurement of large congsourhe major stable species, including the
heavy polycyclic aromatic hydrocarbons, were idexdi and measured using gas
chromatography/mass spectrometry techniques. Tperiexents were performed over a wide range
of high-pressures (25 — 50 atm) and temperatu@3®-{2.800 K) which encompass typical conditions
in modern combustion chambers.

First phenyl iodide decomposition was studied asoarce of phenyl radicals for the
subsequent experiments with acetylene. Along wighexpected major PAH products, which include
biphenyl, terphenyls, and biphenylene, significaarhounts of acenaphthylene and four-ring
condensed species (chrysene, benzo[a]anthracene, nzo[béh,iJfluoranthene, and
benzo[clphenanthrene) were measured. Small amoohtether PAH compounds, including
naphthalene, were detected in the analyzed mixtimeparticular, the formation of the fused-ring
species from the phenyl radical pyrolysis highlgtthe relevance of unconventional reaction
pathways leading to condensed structures.

In order to explore new possible pathways for tvenfition of such condensed structures, a

theoretical study of the radicalbond addition reactions between single-ring ar@ragdrocarbons

Xiv



was performed using ab-initio quantum mechanicsutations. Several pathways leading to the
formation of PAH compounds have been addressed@&nimally relevant for typical combustion
environments. In particular, the potential energyfaces for the addition between o-benzyne and
benzene and between phenyl radicals contain lowggnehannels leading to the formation of
naphthalene. The proposed pathways complemenbthesntional growth mechanisms involving the
reaction of a single aromatic hydrocarbon with $mlgphatic compounds.

The theoretical study was extended to the poteeti@rgy surface for the radicaldond
addition reactions between o-benzyne and the cyelichydrocarbons. The latter compounds are
common intermediates which derive from the oxidatid the phenyl radical in typical combustion
systems. The results indicate novel pathways,rgtee to the conventional ones, which lead to the
formation of indene, an important building block fmot formation.

Once the analysis of the phenyl radical pyrolyseswompleted, the phenyl + acetylene
reactions were studied. The experiments showedferatit distribution of PAH products compared
to the experiments conducted in the absence oflacet Biphenyl and acenaphthylene were still
among the major species, together with phenanth@renylacetylene + phenyl and biphenyl radical
+ acetylene) and diphenylethyne (phenylacetylerghenyl). Only small amounts of biphenylene,
naphthalene, terphenyls, and four-ring compounds weeasured. In this case, the reactions with
acetylene play a dominant role compared to thetiaddieactions between single-ring compounds.
On the other hand, the phenyl + acetylene readmes not lead to the formation of significant
amounts of naphthalene possibly due to the relgtiwsv initial concentrations of acetylene in the
system.

The experimental results on both the phenyl pyrslgsid the phenyl + acetylene reactions
provide unique data on the systems in consideraliofact, for the first time, it has been possitie
detect and accurately measure a variety of PAH ooimgs, including the fused-ring species, for
which mole fraction profiles have been obtainedciSspecies profiles were utilized to develop and

validate a comprehensive chemical kinetic modelkWliiielped clarify some of the aspects related to
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the mechanisms involved in the formation of largalypyclic aromatic hydrocarbons at high

pressures.
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1. INTRODUCTION

1.1. Background

The era known as the Industrial Revolution was aogein which innovative ideas and
discoveries brought about the most fundamental gggmito human society since the development of
agriculture thousands of years earlier. The trammsifrom a worker-based cottage industry to a
machine-based economy, with the growth of factosied mass production, deeply altered not only
human but also environmental history. The IndusRivolution marked the beginning of the period
during which mankind began substantially exploitmgfural nonrenewable resources and polluting
the atmosphere.

Evidence of pollution during the early Industriaé\Ilution in England and the European
continent is widespread, but the public awarenégheorelationship between air quality and health
built up only later, mainly after the Great SmoKel®52". In early December of that year a cold fog
descended upon London. Because of the cold, Lomsldmegan to burn more coal than usual. In
addition there was pollution and smoke from vehetbausts, particularly from diesel-fuelled buses
which had recently replaced the electric tram systeom the numerous coal-fired power stations
within the London area and from other industriadl @ammercial sources. The resulting air pollution
was trapped by the heavy layer of cold air, andcthrecentration of pollutants built up dramatically.
The smog was so dense that in some areas visibility reduced to a few yards; Figure 1 shows a
view of the Nelson's Column in Trafalgar Squaremuthe Great Smog.

Although the Great Smoke lasted only for few dayd then quickly dispersed after a change
in the weather, medical reports estimated that 4@@®d died prematurely and 100000 more were
made ill due to the smog effects on the human raspy tract. More recent research suggests tleat th

number of fatalities was considerably higher auatb12008. The Great Smoke is considered the



worst air pollution event in the history of the t&d Kingdom, but also the most significant in terms

of its impact on public awareness, environments¢aech and government regulation.

Figure 1. Nelson's Column in Trafalgar Square durgnthe Great Smog (source: Wikimedia Commons).

Since the Great Smoke, several environmental @isastlated to the usage of nonrenewable
natural resources have occured, until the recendiBshill in the Gulf of Mexico. Nevertheless, the
modern industrial economies, no matter how higlhtace still carbon-based economies; many of the
human activities, from electricity generation to mafacturing, from residential and commercial
heating/air conditioning to transportation, are mhaibased on fossil fuel combustion. The
combustion processes provide the energy necessarmhd specific activity, but they also release
numerous pollutants into the atmosphere. Partieuladtter (soot), ozone, carbon monoxide, sulfur
oxides, nitrogen oxides, and lead are representa@mful combustion products chosen by the US
Environmental Protection Agency (EPA) as "critgpiallutants" for the definition of the National
Ambient Air Quality Standards.

Among these pollutants, soot has recently receaddt of interest within the scientific
community, especially after the discovery of thak|lbetween exposure to fine particles (<grb,

referred to as PM) and adverse health effects. Epidemiological swdshow that increased



incidence of asthma and asthmatic symptoms is Egedowith increasing concentrations of R\h

the atmosphereln addition to acute respiratory problems, loegw effects include lung cancer and
cardiopulmonary diseases, as studied by Pope dh alollaboration with the American Cancer
Society>. These studies show that everyifIn® increase in the P concentration was linked to
approximately a 6% and 8% increase in cardiopulmoand lung cancer mortality respectively. Fine
particles inhalation may also worsen underlyinglthearoblems such as ischemic heart disease, fatal
arrhythmia, and congestive heart faififte

Strategies to reduce fine particulate matter (Rdvingtion include optimization of the design
of the combustion systems, variation of the fuehposition or usage of appropriate fuel additives.
These strategies have shown promise in reducingeidsions significantly. However, in order to
implement such PM mitigation strategies effectivedy accurate description of the fuel burning
process is essential. It is clear that soot isoaywet of incomplete hydrocarbon combustion gendrate
in regions of the flame where there is not enougtgen to convert the fuel into carbon dioxide and
water. In these regions the chemistry is driverublpurned or partially-burned hydrocarbons. Large
polycyclic aromatic hydrocarbons (PAHs) are fornfeadm primary aromatic species (first and
second ring)*; PAHs dimerization, coagulation and chemical giopftocesses lead to the formation
of soot precursor particles, characterized by @ sif 5-10 nm*?* These precursors undergo
simultaneous coagulation, coalescence and surfemstly to form the final aggregafed The
physico-chemical description of PM formation isogpd schematically in Figure 2.

Within the complexity of the processes leadingdotsthe limiting step of the overall chain
is the formation of the primary aromatic speciesmstimes, these first and second ring compounds
already present in large amounts in raw fuels @ farmed during the combustion processes. Many
theoretical and experimental studies have beemeeid on the formation of the first aromatic ring,
as described in recent critical reviéit’s On the other hand, the pathways leading to suleseq

multi-ring compounds have not been so well studied understood.



In particular, the recombination reactions betwdenphenyl radical (§Hs) with acetylene
(C,Hy) have not been well studied despite being hypatbdsas important pathways to the formation

of relevant multi-ring compounds as naphthalengHg; second ring aromatic).
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1.2. Phenyl + Acetylene

The reaction between phenyl and acetylene has fpestnlated to be the first major step in
the formation of the second ring, naphthalene. Thiction could lead to the formation of an
energized 2-phenylvinyl adduct (depicted with agggsymbol in Figure 3) which can subsequently
stabilize to either the 2-phenylvinyl radical tgGCHCH, compound “b”) or decompose to
phenylacetylene ((E1sC,H, species “a”) depending on the pressure and teatye conditions. Both
species can lead to the formation of naphthaldmeugh addition of an additional acetylene to the
radical site of the 2-phenylvinyl radical (formiffigst phenylbutadienyl radical, compound “c”) or
through the HACA (hydrogen abstraction,Hz addition) mechanish®® starting from
phenylacetylene. Moreover 2-phenylvinyl radical Idoundergo an internal hydrogen abstraction
from the ring forming 1-vinyl-2-phenyl radical (spes “d”). Subsequent addition of acetylene to the

radical site would lead to the second ring aromatic

-H -H,,+H . +CH, :
| = — — HACA
3 (a)
() +Cty = ES <
(5 o

+M

\ (b) (5 +CoH,,-

Figure 3. Formation of naphthalene from phenyl + atylene reaction.

Prior experimental measurements on the total ratestant for the phenyl + acetylene

reaction have been made by Fahr and Steiho deduced an Arrhenius expression in a temperat



range between 1000 and 1330 K in experiments cdeduic a Knudsen cell flow reactor operating at
very low pressures (1-10 Torr). In a subsequentysiu et al*® used cavity ring down spectrometry
(CRDS) to obtain an estimate of the total additiate constant at temperatures between 297 and 523
K. Yu et al'® performed an RRKM analysis of the reactions andevable to explain their data as
well as prior high temperature experiments by Fafd Steift. At almost the same time Wang and
Frenklach® studied the reaction as part of an attempt toacherize PAH growth up to the formation

of pyrene (four fused rings species,dio, Figure 21) using semiempirical quantum-mechanical
calculations and transition state theory and asdeggessure dependence by means of RRKM
approach. Subsequent to these studies, Heckmaii’gterformed high temperature studies in their
shock tube at pressure ~3 bars and reported teeoastant for s + GH, -~ CHsC,H + H. In
more recent works, Richter etZaland Tokmakov and LA have performed additional theoretical
studies in the attempt to improve the accuracyhefdalculated rate constants based on the available
experimental data’®?° Among the experimental measurements, only thekidann et af® data
were obtained at pressures above atmospheric3 ibars. These data are clearly not sufficient to
validate the theoretical models, especially intrefato pressure dependence effects and calcutation
of high-pressure limit rate constants. In addition, the best of our knowledge there are no
experimental investigations which provide a compredive speciation analysis of the products of the
reaction between phenyl radical and acetyleneuydiicty measurement of the large PAH compounds
which serve as soot precursors.

Among the competing pathways to the HACA mechanishich is generally considered the
principal pathway for the formation of large PAHngoounds, the so-called PAC mechanism
(phenyl-addition/cyclization) has been proposedShykla and Kosft** as an efficient pathway for
PAHs growth in benzene pyrolysis. In this mechanigm phenyl radical adds directly to an aromatic
molecule leading to subsequent cyclization formitegger compounds. The study of the
decomposition of the phenyl radical precursor, saglphenyl iodide, would be important not only to

determine from an experimental point of view theducts of the PAC mechanism but also as a



preliminary study for the subsequent experimentk wilded acetylene. In particular, the analysis of
the products of the self-reaction between phengliceas would constitute a reference for the
subsequent study on the phenyl + acetylene reaction

The radical-radical recombination between phenglicals has previously been studied as
main source of bipherdi*> one of the most important intermediates for PAj#®wth. In a recent
paper, Tranter et &f.revisited the self-reaction of phenyl radicalsdzhen low-pressure shock tube
experiments and high-level theoretical calculatidrize authors developed a chemical kinetic model
which accurately simulates their laser schliergmegmental results. Nevertheless, the model did not
include a complete mechanistic description of tA&l® formation which is expected to be relevant at
the high pressure conditions present in typical enodombustion devices.

A comprehensive study of the phenyl + acetyleneti@a and of phenyl radical pyrolysis

would clearly lead to a better understanding ofttl@ mechanisms, HACA and PAC, in relation to

the formation of the primary PAH compounds whichveeas building blocks for soot.

1.3. Goal and Technical Approach

The present research is focused on the experimamtaiheoretical examination of the phenyl
+ acetylene reaction. The decomposition of the pheadical precursor was also studied as relevant
for the subsequent experiments with acetylene. éXpeerimental investigation has been conducted
using the high pressure shock tube present at tireeks$ity of lllinois at Chicago; experiments has
been performed at pressures relevant to typicabostion chambers (25 - 50 atm) for a wide range
of temperatures (900 - 1800 K) and for reactiorerbetween 1.2 and 2 ms. Stable species profiles
have been obtained by means of GC and GC-MS tewbsid heoretical studies have been performed
to estimate thermodynamic properties of the mokuhvolved in the reaction as well as estimate
rate constants parameters for key reactions fromlysis of potential energy surfaces. Finally

chemical reaction mechanisms have been developgthtdate the experimental data.



The aim of the present work is to provide valuabtperimental data on key reactions for the
formation of PAH species relevant to soot formatahremistry. The experimental data have been
used to validate a comprehensive chemical kinetidehwhich helped clarifying some of the aspects
related to soot formation. The model provides tiaenEwork of a detailed comprehensive model for
the prediction of the morphology, size, and conegion of soot emission during combustion
processes in modern high-pressure combustion clrambiecurate predictions will lead to a better
characterization of the optimal solutions to img@osombustion performances and reduce soot

emission.



2. THEORY OF THE SHOCK TUBE

Shock tubes are devices where the removal or treibbg of an element separating two gases
at different pressures generates a shock wave gatipg through the low pressure gas. A shock
wave is a disturbance which travels at a velodigphér than the characteristic speed of sound throug
the medium (in our case, gas). Unlike the soundewavhich do not generate a substantial change in
the properties of the gas, the shock waves caussbaipt increase in temperature, pressure, and
density of the gas inside the wave. The generaifoshock waves inside a controlled volume, the
shock tube, coupled with a variety of measuremeadtanalytical instrumentation is a valuable tool
for the study of physical and chemical processesravithe experimental gases are instantaneously
brought to a defined temperature and pressure.

Unless specified, the following paragraphs are thasethe book “The Shock Tube in High-
Temperature Chemical Physics” by A. G. Gaydon andR.| Hurlé’. In order to facilitate the
discussion, a schematic of the regions associatthdavshock wave is reported in Figure 4.

The simplest shock tube configuration is charaperiby a uniform cross section tube where
a diaphragm divides the high pressure gas (drigey fjom the low pressure gas (driven gas) which is
subjected to the shock wave conditions. The twalstabe sections delimited by the diaphragm are
called accordingly driver and driven section. Whhe diaphragm bursts, a series of subsequent
compression waves are generated and propagateslthtioe driven section. Each wave is stronger
and possesses a higher velocity compared to thopsewaves since it travels through a gas which
has already been heated and compressed. As a nensegthe waves will finally coalesce to form a
single shock front (Figure 4) across which abrugispure, temperature, and density gradients exist.
The shock front moves with velocits,

The bursting of the diaphragm will also generase@uence of rarefaction waves propagating
through the driver gas. Since the rarefaction wasssl in a gas of decreasing pressure, density, a
temperature, the distance between subsequent vgavesads with time. The region affected by the

9
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rarefaction waves is called expansion fan andvigdid by the rarefaction head and the rarefactdn t

(Figure 4). Rarefaction waves are usually utilibeghock tube experiments to quench the reaction.
In fact, these waves are reflected by the end-wfalhe shock tube, propagate towards the reaction
zone (zone 5 in Figure 4) and finally enter thectiea zone decreasing rapidly the temperature and
pressure. We will discuss later in section 2.2rtile played in the quenching process by the contact

surface which is defined as the location wheredfieer and the driven gases are in contact and

which travels behind the shock front at a decreaséatity (Figure 4).

Reflected rarefaction head
1 Reflected wave
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Figure 4. (x,t) diagram showing the various regi@ssociated with a shock wave at a time t after boesting

of the diaphragm at the origin O (based on Ref. [R7

In the following section a simple but useful thewydeveloped that is able to describe the

properties of the shock waves. In order to simglify analysis, ideal non-reactive gases and irdsisci

flows are considered. In addition, since the reactimes are usually short (1-3 milliseconds) and

since the gases have usually very low emittivigathosses by conduction through the walls of the

shock tube and by radiation can be excluded.
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2.1. Theory of shock waves

Once the compression waves generated after thareupf the diaphragm coalescence, the
shock front propagates as a single entity through driven section increasing the pressure,
temperature, and density of the gas initially atditons 1 (Figure 4). The final conditions afthet
passage of the wave front (2 in Figure 4) can berdened by solving the equations for the

conservation of mass, momentum and energy. Theamsebelow can be derivéd

) y+1

W,
wherey is the specific heat ratictM =2 The speed of soura for a perfect gas of densipy

specific heay, and pressurB can be obtained with the following equation:

Equations 1, and 2 provide the pressure and thpeteature of the gas behind incident shock

knowing the initial conditions and the Mach numbmrregion 1 in Figure 4. The Mach number can
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usually be measured experimentally. On the othad hia would be useful from a practical point of
view to obtain a relation between the strengthhef $hock (and consequently the final conditions
behind the shock wave) and only the initial comdisi 1 and 4. Applying the assumptions mentioned
above, we can obtain equation 3 which relatesrhiali pressures in the driver and driven sections
with M;%". Thus, we can obtain the theoretical Mach numbéhe shock front using equation 3, and
subsequently the final conditiods andP, using equations 1 and 2. Based on these consaesat
we could theoretically obtain any desired final a@itions T, and P, by just adjusting the ratio

between the initial driver and driver section puges.

2y, ]

P _ 200 M7 - (1 -D) E{l_y4—1ga_1 Mlz_i]}[w -

IN

i+l nt+l a, Ml2

0|

Once the incident shock wave arrives at the endl-ivad reflected back and propagates in
opposite direction through the gas at conditidasP,, andp,. The reflected shock wave further
increases the temperature and pressure of thelrgasder to determine the conditions behind the

reflected shock wave (annotated as 5 in Figurevd)zan utilize the following equaticfis

R_[2Mi-(-)] [Er-dMi-20y-n]
R y+1 (y-D0M; +2

T _Ry-)Mi+@-piEy - M -2ay-np
T (y+1° M/

Once again, we can utilize equation 3 to pretdgtand subsequently the theoretical final
conditions Ps and Ts by just knowing the initial loading pressures irttee shock tube. Before

concluding this section on the theory of the shaekes, it is worth mention the fact that behind the
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reflected shock wave the gas is stationary andackenized by uniform conditions. This property is

very important for the definition of the exact cdrmahs during shock tube experiments.
2.2. Experimental observation time

The observation time for a shock tube experimentbeadefined as the time during which the
conditions of the experimental gas are relativalgstant behind the incident or the reflected shock
wave, depending on the type of study. The highsumesshock tube present at UIC is a device for the
study of chemical processes behind reflected shaole as described in detail in the next chapter.
For the purpose of the present work which utilites particular shock tube, we will discuss how to
estimate the observation time in a reflected sheake.

Two events could be responsible for the pertuobatf the uniform conditions behind the
reflected shock wave which leads to an interruptibthe observation time. The first is the arrioél
the reflected rarefaction head at the location wlilee observation occurs. This event which abruptly
decreases the pressure and the temperature ofgaareental gas can be controlled by increasing the
driver section length or adding a portion of hegages into the usually light driver gases (helium o
hydrogen}®. If the driver length is sufficiently long, the sdrvation time is then limited by the
interaction between the reflected shock wave aadtmtact surface. In the usual situation when
4, the interaction between the reflected shock wane the contact surface leads to varying results
depending on the relative velocities of the gasaggion 2 and 3 (Figure 4).d6 > a3 or a, < a3 the
reflected shock wave is reflected back by the atrdarface in form of a shock wave or rarefaction
wave respectively. In both cases, the conditions &re altered, and the observation time can be

obtained using the expression derived in Ref. [27]:

Ar=—2 [Ey—_lj ©6)
M, B | 207
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wherey;, is the length of the driven section.

Only in the case whea, = a; no wave is reflected by the contact surface. Ia tlase the
uniform conditions would in theory persist untietarrival of the reflected rarefaction head.

Based on the discussion presented in this sedtiisnglear how the modification of the driver
section length is a crucial element for obtainihg tesired observation time as well as uniform
conditions in the experimental zone. In additidre uenching rate should be as fast as possible in
order to avoid secondary processes occurring dtin@guenching process. The maximum quenching
efficiency is obtained when the arrival of the faotion wave at the contact surface coincides with
the reflection of the reflected shock wave from doatact surface foa, < a;. Typical quenching

rates during the shock tube experiments are betfeetd and 1.5 x 10K/s.

2.3. Experimental techniques for shock wave enhancement

Several techniques can be implemented to improwestitength of the generated shock for a
given initial pressure ratio between the driver #mel driven gases. A widely used technique is the
double diaphragm technique. In this case two degpns are located in series along the shock tube.
The first diaphragm bursts by increasing the pressuthe driver section or by dropping the pressur
of the gas located between the two diaphragms buihgting of the first diaphragm generates a shock
wave which increases the pressure of the interrfeedjas. At this point, the intermediate gas
becomes the new driver gas for the second diaphrage double diaphragm technique leads to an
improvement of the performances of the shock tupetasaround 30%. In addition, the double
diaphragm technique allows control with accuracy tiogé initial experimental conditions and
consequently allows easy attainment of the dedinadl experimental conditions as described in the

previous section.
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A different technique which is often utilized invek the design of an area reduction between
driver and driven section. The area reduction leehntshown to lead to an enhancement of the shock
wave strengtfi. Detailed studies have been conducted by Alphar\hite? for several area ratios
combined with different driver and driven gases.

The UIC high pressure shock tube discussed in@reatail in the subsequent chapter is also
a convergent area shock tube and thereby offenethéred increased shock strength. In additiom, th
shock tube is equipped with a diaphragm sectionchvlallows the use of the double diaphragm

technique for further improvement of the performemif necessary.



3. EXPERIMENTAL APPARATUS: TRADITIONAL SET-UP

The aim of the present section is to provide af lmierview on the traditional design of the
high-pressure shock tube in Prof. Brezinsky’s labany at the University of lllinois at Chicago. The
material discussed in the section is based on B&fer30 which contains a detailed description ef th

experimental apparatus. The analytical instrumanmatsed in the laboratory is also described.

3.1. Shock tube

The single-pulse high-pressure shock tube in Bw&zinsky’s laboratory at the University of
lllinois at Chicagd®*! has unique capabilities to operate at post-shaekspres from 20 to 1000
atmospheres and temperatures up to 2500 K. Reatr@s in the range of 0.5 milliseconds to 4
milliseconds can be obtained in the reflected sheake by changing the lengths of the driver and
driven sections. The entire shock tube is heatedd@’C to avoid condensation of the species on the
walls; the temperature is controlled with an ewbt1 °C throughout the entire length. Gas samples
can be withdrawn through an automated samplingrappafor subsequent species analysis with gas
chromatography and mass spectrometry.

The high pressure shock tube has been used iropeestudies of hydrocarbon pyrolysis and
oxidation as well as heterogeneous reactions. Glarkinetic models have been developed and
validated against the experimental data obtainest avwide range of temperatures and pressures.
Selected publications are reported in the refersactior®*

The shock tube is composed of a number of sectibats are designed to facilitate easy
assembly and disassembly; these parts are mounteti@eled frames that can be moved easily. The
various parts composing the shock tube are made I'6-4 PH stainless steel. This material was

chosen because of its high yield strength and smnmaresistance.
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The driven section is constituted by the transdseetion, three different extension pieces,
and the dump tank. The transducer section posseggesorts for PCB model 113A21 and 113A23
piezoelectric transducers positioned perpendicutarthe flow. The transducers have a response time
of around 1 microsecond and can be used to mgmigmsures from 10 psi to 20000 psi. The pressure
traces are utilized to estimate the velocity of sheck wave extrapolated to the end-wall with an
uncertainty<1% by measuring the time taken for the wave to fede/een two transducers and
knowing the relative distances between the varpmrss. The extrapolated velocity is experimentally
related to the temperatures in the post-shock imadily means of chemical thermometers as
described later in section 3.2. An additional tcuter is located in the end-wall plug paralleltie t
flow. This transducer provides directly the pressas well as the reaction time which is considered
as the time between the arrival of the incidentevat/the end-wall and the time when the pressure
reaches the 80% of its maximum vafu&ncertainty in the time measurement is no moaa tt0%.

The total length of the driven section can be whlietween 37 and 177 inches in steps of 20
inches by combining the different extension piemeaslable. As a consequence, the reaction time can
be varied between 1 and 4 milliseconds dependinthemecessity. The dump tank is located just
ahead of the diaphragm section and attached talrillen section by an angled channel pointing
towards the end wall of the driven section. Sife=wvolume of the dump tank is much larger than the
volume of the shock tube, the dump tank functiaa aeservoir which avoids multiple shock waves
from occuring. Thus, the high pressure shock tuh#@ is a single-pulse shock tube.

As mentioned in Chapter 2, it is important that thacting mixture is rapidly quenched; in
fact, if the reflected shock wave reenters theti@azone, it will increase the temperature, madigy
the well defined reaction conditions. The shocletighdesigned such that the quenching is obtained
when the reflected shock front meets the rarefacttave reflected from the end wall of the driver
section as described in the previous chapter.derdio obtain constant reaction conditions as a=l|

fast cooling of the reaction by the rarefaction eathe length of the driver section is varied by
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inserting metallic plugs into the driver sectiondewall. The typical driver section length varies
between 40 inches and 60 inches.

The driver and driven sections are separated bydthphragm section. The diaphragm
section has two main functions, one is to sepdretalriver and driven gases by means of a metallic
diaphragm, the second function is to provide asiteom between the cross section of the 1 inch
diameter driven section and the cross section ef Zhinches diameter driver section. The ratio
between the two cross-sectional areas increasesfégtor of 2 the shock strength as calculated by
Alpher and Whit& for ideal conditions. The transition is created @yonical sealing insert. The
insert possesses a hard shaped edge which alsdgsdle sealing on the metallic diaphragm surface
when the diaphragm cover is tightened. Similarisgas provided on the driven section side.

While the ratio between the driven gas loading sues and the driver gas pressure
determines the final experimental temperature i@@&.1), the final pressureg Behind the reflected
shock wave is almost entirely a function of thedting pressure 2 The bursting pressure can be
varied by modifying the material and the thicknesshe diaphragm, as well as the depth of the
scores on the diaphragm surface. These scores #tlevdiaphragms to open into four triangular
pieces which do not interfere with the gas flowr Egwample, aluminum diaphragms of 0.025 inches
thickness and with a score depth of 0.010 and Ouwélkes can be used to achieve a final nominal
pressure of 25 and 50 atm respectively. Soft bd&gshragms of 0.032 inches thickness and with a
score depth of 0.010 generate a pressyref Bbout 300 atm, while if the thickness is 0.0&¢hes
and the score depth is 0.016 inches, the final nalmeaction pressure will be 600 atm.

For each experiment, especially for the ones carduat very high pressure, the rupture of
the diaphragm requires a large amount of driver(gasally helium) which is provided in standard
cylinders pressurized to 2600-3000 psi. A gas levastailable in the laboratory is routinely used to
increase the pressure of the helium driver gasdalésired pressure. The pressurized helium isdtor

in 5 large high-pressure tanks each of about &Eslin volume.
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In the traditional set-up, the single pulse highssure shock tube has the capability to have
reactant and product gases sampled and subseqasatllyzed offline using gas chromatographic
(GC) and mass spectrometric (MS) techniques. Affter reaction in the shock tube has been
guenched, a sample of the gas is withdrawn by atedrport drilled into the end wall plug. The
sample is stored in stainless steel electropolislestels which has been previously flushed and
evacuated. All the valves in the sample rig areaaitated high pressure valves (HIPCO model 20-
11LF4) and are opened and closed automaticallynbhouse written control software. In particular,
the optimum sampling time was experimentally detreah to be 0.3 seconds.

Another section which is connected to the dump tank manual ball valve (Butech model
K108) is the mixing rig. The mixing rig is utilizetw prepare the experimental mixtures in two 40
liters high-pressure cylinders. The mixing rig isided into two sections, a low-pressure manifold
(utilized for the reactant species) and a highgures manifold (for high pressure argon bath gas). |
addition to the reactant species and the bathngas) is added to the mixture as an internal standar
in order to account for possible dilution by thevdr gas helium. The entire mixing system is heated
to 100°C and well insulated and it is controlled imanual valves. A rotary vane pump (BOC-
Edwards RV8) is connected to the system, andaiblis to pump the mixing ring down to1Torr.

Several additional auxiliary pumps are presenth@ faboratory. In particular, the driver
section is evacuated using a BOC-Edwards RV 8yatane pump to a few Torr. The driven section
is connected to two pumps in series, the first ¢parotary vane pump (Leybold-TRIVAC D2-5E)
which pumps the section down to values of presstigout 10-20 mTorr; only when the pressure
has reached these values, a turbomolecular pumC{Bdvards EXT 70) is activated to reach
pressures down to around 1 mTorr. A turbomolecplanp/rotary pump combination (respectively
BOC-Edwards EXT 70 and BOC-Edwards E2M1.5) is alsonected to the sample rig in order to

evacuate the sample vessels.
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3.2. Temperature measurement

In the majority of the shock tubes the reactiongerature § is estimated using equations
which assume ideal conditions, i.e. equation 5. &l@mv these equations are based on several
assumptions that are valid only up to modest pressun the high-pressure shock tube the gases
cannot be described as ideal and the use of ileaksvave equations lead to inaccurate results.

A solution suitable for the measurement @fiif real gases is the use of internal chemical
thermometers. Two compounds, the one used as chleimezmometer and the second the species of
interest, are shocked simultaneously and thus cidgjeto the same temperature and pressure
conditions. In particular, the temperature can &t@r@ted by monitoring the decay of the chemical
thermometer compound, as demonstrated by W. Tsanlgjsi early studi€$®*2° An important
precondition is that no cross-reaction betweerr¢agent and the chemical thermometer must occur;
however this is difficult to achieve when high mase conditions are implemented. Consequently a
modification to this technique was found to be isseey for implementation in the HPST.

An external chemical thermometer is a suitable tsmluto the problem. In this case the
species used as a chemical thermometer is shoolegandently of the reagent mixture of interest.
The experimental results of the decomposition ef themical thermometer are used to generate a
calibration curve relating temperature to the shaoefocity extrapolated to the end-wall. In
subsequent experiments with the reagent of inteftestextrapolated velocity is once again measured
and the temperature backed out using the caliloratiove.

A large number of experiments have been conductdtie high-pressure shock tube using
1,1,1-trifluoroethane, TFE, and cyclohexene as raate chemical thermometéts 1,1,1-

Trifluoroethane decomposes via the reaction

C,H,F, - C,H,F, +HF
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This reaction has a well known unimolecular decositpmn rate. The standard Arrhenius
expression is used to back out the temperature thenextent of decomposition of TFE using the two

equations belo®

- |n{|r(1E1I§/>33 At} ")
_[TFE], -[TFE], .

[TFE],

In the expressionsis the reaction times is the extent of the reaction ([TRENd [TFE] are
obtained from the analysis of the pre-shock and-glogck vessels respectively, and A are
respectively the activation energy and the pre-sgptial factor for the decomposition of TEEThe
temperature derived from the rate of formation 4fdifluoroethane (DFE) in the post-shock samples
is usually similar to that obtained from TFE decasipon thereby giving additional support for the
use of this molecule as a chemical thermometea temperature range between 1200 K and 1350 K.

Another species suitable to be used as externahichkthermometer is cyclohexefiethe

decomposition reaction is

C—C4Hy — C,H, +C,H,

The procedure to obtain the calibration curve silar to the one described for the
decomposition of TFE. Experiments showed a goodeeaagent between the values of the
temperatures obtained from these two different et@mthermometers, with the cyclohexene

decomposition used for calibrating at lower temperaranges (900 - 1100 K).



22

In addition to cyclohexene, cyclopropanecarbomitdiécomposition can be used to derive the
calibration curve for the low temperature experiteerf900 - 1100 K¥* In this case,
cyclopropanecarbonitrile (cs8sCN) isomerizes to form cis-crotonitrile, trans-awitrile (cis- and
trans-CHCHCHCN), and vinyl-acetonitrile (G} €HCH,CN). Once again, good agreement between
the calibration curves from the different chemit@rmometers was obtained.

While several chemical thermometers are availablethe low temperature range, at
temperatures above 1350 K the secondary reactrengsaially relevant and no species will undergo
simple unimolecular decomposition for reaction gnbetween 1.2 and 2.5 milliseconds which are the
typical times for experiments conducted with thghhpressure shock tube. In order to obtain a
calibration curve for high temperatures, carbonlfide (CS) decomposition was investigated. As
mentioned, the GSdecomposition can not be modeled using a singletimn rate constant value.
Saito et al** studied C$ decomposition and proposed a chemical kinetic Mt was used
unaltered to determine the calibration curve. Talédration curve obtained using carbon disulfide as
chemical thermometer extends between 1700 and RBOG\n interpolated calibration curve can be
used between 1350 K and 1700 K where no experihéata are presefit

The estimated error in the post-shock temperatuegaund 1% for temperatures up to 1350

K, and 2% for temperatures higher than 1350 K.

3.3. Analytical instrumentation

The pre-shock and the post-shock samples colldoted the driven section are analyzed
using gas chromatography and mass spectrometrye Tdre two Hewlett-Packard 6890 series gas
chromatographs (GCs) and a Hewlett-Packard 597i@ssenass spectrometer (MS); the latter is
connected to one of the two gas chromatographsnWheessary, the samples can be analyzed using
both techniques. The gas chromatographs are aldetext mole fractions down to sub-parts per

million levels of stable products of the reacti@epending on the detector used for the specific
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analysis. A variety of detectors can be mountedhmn GCs, the Thermal Conductivity Detector
(TCD), the Flame lonization Detector (FID), the &ten Capture Detector (ECD), the Nitrogen
Phosphorus Detector (NPD), or the Pulsed Dischargector (PDD). Each detector can be calibrated
for quantification of specific compounds presenthie samples. On the other hand, the MS is used for
identification of unknown species. The result ofaaalysis provides the composition of the pre-shock
or post-shock mixtures in terms of mole fractiohthe products.

Before a species can be quantified, a relationsétpreen peak area and mole fraction must
be determined. This process of detector calibrdiiorits response to individual gas components is
done using mixtures of known composition (standaitbrated mixtures and make-up mixtures) and
relating, for each species, the specific peak aigathe corresponding mole fraction. The specific
peak area is obtained dividing the peak area ftoenGC by the injection pressure measured by a
standard Setra pressure gauge. The typical errimeimeasurement of light hydrocarbons is around

5-10% depending on the accuracy of the calibrai®well as the type of detector.



4. MODELING

The high-pressure shock tube present at UIC is t etaracterized apparatus used to
perform experiments on key reactions over a widggeaof high pressures (10 - 100 atm) and
temperatures (800 - 2000 K) that encompass tymoalitions existent in modern combustion
devices. The experimental data includes speciddgwdor both reactants and stable products. These
species profiles are compared to the results fromoretical chemical kinetic models developed to
simulate the chemical behavior of the specific tieas. Accurate chemical kinetic models provide an
essential component in the design of engines, nashiand combustors. This chapter provides an

overview of modeling techniques.

4.1. Chemical kinetic models

A chemical kinetic model is composed of two maintgathe gas-phase kinetics and the
thermodynamic data.

The gas phase kinetics file contains a list ofrllevant reactions and their parameters. The
main literature databases containing reaction petens include the NIST online datab&sand the
compilations by Tsang and Hamp8band by Baulch et 4 When the parameters of a specific
reaction are not available in literature, they banestimated by comparison with the parameters of
similar reactions, if any. On the other hand, eletagy reactions can be studied theoretically thhoug
ab-initio calculations and transition state theay|t will be described in paragraph 5.3.

Thermodynamic data provide the thermochemical pt@se(enthalpy, entropy, and specific
heat capacity) for the species of interest. Thentbehemical properties are used to derive the value
of the rate constant parameters of the reversdioaastarting from the parameters of the forward

reaction. In fact, from thermodynamic consideragiothe rate constant of the general reaction

24



25

A+BOfTE . C+D is related to the rate constant of its revessé B — <] C+ D by the

following equation

k

k _ "“forward
reverse —
K

€q

where theKgq is the equilibrium constant of the reaction defiiaes

Keq — (RT)—AU eASO/ReAH o/RT

A4S and 4H° are the standard entropy and enthalpy changesngieraturel and Ao the

change in number of moles in the reactiah® and 4H° are the parameters derived from the

thermodynamic data through approximated expressibos example, the widely used NASA

polynomialé® approximate the thermodynamic properties as falow

SIT=aInT+a,T+aT?/2+a,T°/3+aT"/4+a,
H/RT=a +a,T/2+a,T?/3+a,T°/4+aT"/5+a,/T

cp/R:a1+a2T+a3T2+a4T3+a5T“

wherea;-a; are numerical coefficients. Two sets of coeffitseare usually provided, covering two
different temperature ranges (usually 200 — 10Gh& 1000 — 6000 K).

Extensive databases of thermochemical data aréablain literature, including the online
NIST databasé and Prof. Burcat's databdSeWhen the thermodynamic data are not available in

literature, the NASA polynomial can be obtainedngsFITDAT, a Fortran program part of the
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CHEMKIN 3.7.1 packag®*>® Inputs to FITDAT include the molecular heat ofrfation and entropy
at 298 K (AH{ ,45c and S,gq ) and the vibrational frequencies of the molecSiech properties can

be calculated by means of ab-initio calculationskasvn in paragraph 5.2.
Optional input files for specific reactor modelglinde surface kinetics file and gas transport

data file. The present work does not make useesfdloptional data.

4.2. CHEMKIN

The experimental data obtained using the HPST arilated using CHEMKIR®®
CHEMKIN is a software package that incorporatesesgivmodules to facilitate the representation of
chemical systems and their solution in terms ofrdbal kinetic processes.

The shock tube studies performed in the presenk iwwolve chemical processes occurring
behind reflected shock waves. The gases are satjax@a rapid increase in temperature and pressure
which persist for a defined time (usually smalB milliseconds) before the arrival of the rarefaati
wave quenching the reaction. The very brief timalesof the experiments makes the heat losses by
conduction and radiation negligible (adiabatic eggt and the variations in the pressure minor
(isobaric system). An additional feature of gaselild reflected shock waves is the absence of net
flow along the direction of propagation. No flowand/or out the system exists.

Considering the characteristics of the gases befefidcted shock wave, the simulations
were performed assuming an adiabatic constantynessoces$ occurring inside an homogeneous
closed batch reactor as implemented in CHEMKIN®33.While CHEMKIN 3.7 was utilized to
simulate the chemical processes, CHEMKIN®8s&rved as a tool for analyzing the chemical kineti
model. In particular, the SENKIN subroutine hasrbased in this work to simulate the experimental

results obtained using the HPST. SENKIN computestitine evolution of a homogeneous reacting
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gas mixture in a closed system. In addition, tHenswe solves the set of linear differential eqoas
that describe the first-order sensitivity coeffidie with respect to the individual reaction rates.

The simulations were performed for the exact camutit observed in the experiments. The
raw data are available in the attached AppendibAarticular the actual pressure for each seerdiff
from the nominal quoted pressures but is closd.tdhe reaction temperature is the temperature
estimated using the chemical thermometer calibmatiorves. The mixture composition is the actual

composition determined by GC analysis.

4.3. Sensitivity analysis and rate of production analys

Sensitivity analysis is a procedure to determinangjtatively how the solution to a model
depends on certain parameters in the model. Forc#ise considered in the present work, the
parameters are the elementary reaction rate cdasfBimus, the sensitivity analysis shows how the
model will respond to changes in the rate parameterterms of predicted concentrations of the
product species. It also provides insight about mmyyortant certain reaction pathways are to the
model predictions; thus, it is an important toal fiee development of chemical kinetics mechanisms.

While the sensitivity analyses show how the modél mespond to changes in the rate
parameters, the reaction pathway analysis (orafapeoduction analysis) provides information about
how each reaction contributes to the productiorsuoiption of one particular species. The rate of
production analysis is particularly useful to coust schemes which clarify how the various
compounds are chemically related and what is tHevaace of a reaction pathway to the
formation/consumption of a specific species. Ineor obtain reliable results, the rate of produrcti
analysis needs to be performed on chemical kimetidels already validated against the experimental

data.



5. QUANTUM CHEMISTRY CALCULATIONS

The goal of the present chapter is to provide ef lmverview of the computational techniques
utilized for estimating both the molecular thermoamic values and the reaction rate constants when
needed for modeling purposes. Detailed discussibtise electronic structure theories and methods

that are the bases for these techniques are peeseriReferences 56 and 57.
5.1. Computational chemistry calculations and methods

Computational chemistry provides models which cam$ed in specific cases for calculating
the structures and properties of molecules. Thangéy of a nonlinear molecule with nuclei
depends on1S-6 independent nuclear coordinates and its endrigg/a function of these coordinates
as well. Quantum chemistry calculations implemeheotetical models to determine the
configurations of the molecule that minimide These configurations are the equilibrium georastri
of the molecule. Once the geometry has been opthizibrational frequency analyses are often
performed to determine how the nuclei in the mdieastibrate about the equilibrium position. Each
vibrational mode contributes to the energy of tha@arule, so it is important to include in the energ
expression what is called the molecular vibratiaeab-point energi,-e (or ZPVE). For the ground

vibrational state, the zero-point energy is defiasd

3N-6

Ezpe = }é kZ:;,hUk

The accuracy of the results of a quantum chemgsfgulation depends on the basis set and
the computational methods implemented in the sigec#iculation. The basis set can be defined as a

set of functions which can be combined to creageattproximate molecular orbitals of the molecule.

28
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Widely used basis sets include those introduceBdple et al. (3-218*° 6-21G%* 6-31G"% and
6-311G? and the basis sets by Dunning et*&f.(cc-pVDZ, cc-pVTZ, etc.). As a general rule, the
accuracy of the results improves if larger basis aee utilized. On the other hand, the computation
costs can increase significantly too, thus it irmnecessary to find a compromise between accuracy
and computational costs.

The second factor which influences the results oélaulation is the computational method.
The choice of a quantum mechanical method detesrilme mathematical approximations applied to
the solution of the Schroédinger equation. Amongwagous methods, the density functional theory
(DFT)*>*®® methods are often utilized for the optimizationlafge molecular systems due to their
efficiency. The efficiency derives from the factaththe DFT methods do not solve for the
wavefunction of the system but for the electronsitgnfunction. The various properties of the
molecule, such as the energy, can be derived fheneliectron density function. The popular Becke’s
three-parameter formulation (B3LY®$® hybrid functional is an example of DFT methods.

Differently from the DFT methods, the ab-initio rnetls calculate an approximated
wavefunction of the system by solving the Schrédmgquation. Although this implies high
computational costs, the ab-initio calculationseptitllly produce very accurate results. The coupled

cluster methods, such as the widely used CCSD(Thad, are examples of ab-initio methods.

5.2. Thermodynamic properties

The results obtained implementing the above meationethods can be utilized to derive the
thermodynamic properties of the molecule. Among tttermodynamic properties the enthalpies of
formation are widely used in many applications. Wheliable experimental data are not available in
literature, the enthalpies of formation have tebgmated.

The simplest way to estimate the enthalpy of foromais through the calculation of the

atomization enerdy. Nevertheless, the heats of formation calculatedneans of the atomization



30

scheme are in general not very accurate (compaitbctire experimental ones) unless very accurate
methods and large basis sets are used in the a@bnd. This is not feasible when large molecular
systems are considered.

A more accurate method is the so-called bond sgparisodesmic scherffie’? In such a
method the atomization reaction is substituted witteaction with equal number of bonds on both
sides. Instead of the atoms, simple species ligd,,CC,H,;, and GHe, are used to balance the
reaction. Results obtained using the bond separ@éadesmic scheme are in general quite accurate
as the errors related to the calculated bond ezggincel out as similar on both sides of the i@act

Derived from the bond separation isodesmic schéhgering conserved isodesmic reaction
scheme proposed by Sivaramakrishnan &t ralquires the conservation of both the number ofdso
and the aromaticity. Thus a similar number of arbendngs appear on both sides of the reaction.
This additional requirement allows the cancellatofrihe errors associated to the specific nature of
the aromatic species.

Other estimation methods have been proposed, imguamong the others the Benson’'s
group additivity method, the bond-additivity methdd the ring-additivity methdd, and the more
recent bond-centered group additivity mettod

Another thermodynamic property which is often regdiis the entropy. Entropy can be
calculated by summing the translational, rotatipr#rational, and electronic contributions. These
contributions do not depend only on the vibratidnedjuencies, but also on the symmetry number of
the molecule as well as on the degeneracy of theuselectronic states. More information about

each single contribution are contained in the ezfeed work® "2
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5.3. Transition state theory

Transition state theory is a statistical theorydu$er predicting unknown reaction rate
constant®® from the quantum chemical calculations. The exgioesfor the high-pressure limit

reaction rate constant can be writteff as

k. (T) = &(T) df 390 gerr

|‘JQR (r)

whereks is the Boltzmann’s constartthe Planck’s constan@* and Q% the partition functions of

the activated complex and of the reactants respdgtin the number of reactants, amiy the
difference between the energies of the transittatesand of the reactants, including the zero-point

vibrational energies (ZPVE).

The transmission coefficiemt(T) accounting for tunneling effects can be estimatéd

t 2
K(T) _q- L ghot) 4 RT
24 { kT E,

whereR is the universal gas constant amtl the imaginary frequency associated to the motionga
the reaction coordinate.

In order to derive the expression for the reactaie constant, we need to know the partition
functions for the reactants and for the activatedhglex, as well as their energies. Quantum

chemistry computations can provide this information
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The first step is the optimization of the chemistlictures for the species involved in the
reaction, including the activated complex. Theriaational analysis is performed on the optimized
structures. The activated complex will have one amly one negative vibrational frequency
associated with the motion along the reaction doatd. In order to test if the complex connects the
reactants with the desired products, a reactioh palculation (IRCY can be conducted. The IRC
calculation examines a reaction path starting ftbentransition state and moving in both directions
along the reaction coordinate. At each step, amig®d structure is determined, so that the final
result is able to clarify which molecular structitéat specific activated complex connects. Finally
high-level, large basis set calculations are peréat on the optimized structures. These calculations
provide accurate estimates for the molecular easrgihe accuracy of the energy levels is very
important as it significantly influences the acayaf the reaction rate constant value (exponential
dependence).

Returning to equation %, can be estimated as the difference between theemé the
activated complex and the energy of the reactdifisse energies include the corrected zero-point
energies. On the other hand, the molecular partifimctions can be written as products of the
translational, rotational, vibrational, and elenioo partition functions. The expressions for the
separate partition functions can be found in Refeger2. Thus, the quantum chemistry calculations
provide all the information required for solving uadion 9 E, and Q’s). The only unknown
parameter in the expression is the temperaturet@rnperature can be varied over the range required
for the specific study and the resulting data carplotted in the Arrhenius form (logarithm versus
1000/T). If the data can be accurately fitted lgéir interpolation, the parameters of the intetpmia
line can be used to derive the pre-exponentialofaahd the activation energy in the Arrhenius
expression of the rate constant. Otherwise, a {bpaga@meters modified Arrhenius expression can be

utilized to fit the calculated rate constant values
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5.4. Ab-initio quantum chemistry programs: Gaussian

Gaussiancan be considered the most widely used computdtiremistry software. It exists
in various editions, starting from the so-call€dussian 70released in 1970 by Pople and co-
workers. Subsequent updated versions were releapdd,the most rece@aussian 0%ersion. The
name Gaussianoriginates from the use of Gaussian orbitals adtef the Slater-type orbitals, a
choice made to improve performances on the lingt@dputing capacities.

The University of lllinois at Chicago makes aval&@aussian 02n a 32-bit cluster for high
performance computing. Ti@aussian 0packag®' includes all common ab-initio and DFT methods
as well as many semiempirical methods. Taussian 03can be used to optimize geometries,
calculate vibrational frequencies, and searchréordition state structures.

Although suitable for supporting optimization anibrational frequency analyses of PAH
species, the high performance computing systeni@tisJnot efficient for performing the high-level
single-point energy calculations (CCSD(T) methad)order to be able to carry on such calculations
in a reasonable time frame, part of the work wagpetted by the National Center for

Supercomputing Applications (NCSA) at the Universit lllinois at Urbana Champaign.



6. PHENYL PYROLYSIS AND PHENYL + ACETYLENE REACTION

The present chapter contains a detailed analysighef experimental and modeling
investigations of both the phenyl radical pyroly§iseliminary to the subsequent experiments with
acetylene) and the phenyl + acetylene reaction.

First, experiments were conducted utilizing thelitranal offline set-up described in Chapter
3. Despite the measurement of the light hydrocagroducts, heavy hydrocarbon compounds could
not be detected and quantified with accuracy by dfféne traditional procedure. Thus, a new
experimental technique was developed and implerdemte address the problems related to
condensation and adsorption of heavy PAHs. Thdtsestithe purely experimental investigation are
under review for publication in the journal ReviefScientific Instruments.

Once implemented, the new set-up was utilized tiopa new experiments on the reactions
of interest. The experimental profiles, which irBumeasurement of both light species and heavy,
large molecular weight, multi-ring components, wewsequently used as targets to develop and
validate a comprehensive chemical kinetic modetterphenyl pyrolysis and the phenyl + acetylene
reaction. The model helped clarifying several aspeslated to the growth mechanisms involved in
the formation of large PAH compounds which servéwailing blocks for soot formation. The work
perfomed utilizing the new experimental set-up lhagn submitted to the Journal of Physical
Chemistry A and is under consideration for publaat

As described later in the text (section 6.3.1.8g txperiments obtained with the new
technique also inspired an additional purely-thcakinvestigation of the mechanisms of formation
of fused-ring compounds, namely naphthalene, frioenradicabt-bond addition between single-ring
aromatic hydrocarbons. Such theoretical investigatiill be discussed in a separate chapter (Chapter

7).
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6.1. Traditional technique: preliminary experimental results
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The initial experiments have examined nitrosobeazgHsNO) and phenyl iodide ¢Elsl)

as phenyl radical sources for subsequent reactithsadded acetylene.

Nitrosobenzene started decomposing around 950 Ke wbove approximately 1050 K it is

completely gone, Figure 5A, presumably forming pheadical and NO. In order to determine if

nitrosobenzene is a clean source of phenyl raditaésGC apparatus was equipped with a pulsed

discharge detector (PDD) for NO measurement. Thasored mole fraction of nitric oxide was

found to be more than ten times the amount expdobad a simple NO balance, suggesting that the

guantification scheme for NO was not accurate. Meee the nitric oxide profile showed a drop at

high temperatures, indicating possible reactiondN@f with the hydrocarbon products from the

phenyl decomposition. Nitrosobenzene was abandasgthenyl radical source.
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Figure 5. Phenyl pyrolysis, traditional techniqué) Nitrosobenzene decomposition, 100 atm. B) Phenyl

iodide decompositionm [CeHsl] o= 50 ppm, 50 bar; A [CeHsl] o= 300 ppm, 50 bar; ¥ [CeHsl] o = 850 ppm,

50 bar; A [CeHsl] o = 200 ppm, 25 barp [CgHsl] o = 60 ppm, 25 bar.

Phenyl iodide showed, Figure 5B, a similar behataothat for nitrosobenzene in that above

a certain temperature, in this case approximat@y0K, all the phenyl iodide had disappeared
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presumably to phenyl radical and iodine. Figureldp andicates that the decomposition of phenyl
iodide is pressure insensitive indicating thatdkeay is in the first order high pressure limit.

The main products of the phenyl iodide decompasiti@re acetylene, diacetylene, benzene,
and phenylacetylene, measured using the FID deteotgpled to the PLOT-Q column suitable for
separation of light species. The additional FID gted to the HP1-MS column was used for the
guantification of phenyl iodide and the heavy spsci.e. naphthalene. Trace amounts of biphenyl
were also observed, but could not be quantifiedbs8guent studies showed that the quantitative
measurement of heavy species using the traditegtalip was not accurate, due to inaccuracy of the
calibration curves as well as condensation andrptisn of the heavy compounds onto the metallic

vessel walls.
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Figure 6. Phenyl pyrolysis, traditional techniquejain products. [GHsl]o = 61 ppm, 25 bar. Black triangles:

benzene; red circles: phenylacetylene; green starsetylene; blue squares: diacetylene.

Figure 6 shows typical profiles for the main proguof the phenyl iodide decomposition.
Although acetylene and diacetylene start formingagtund 1100K and 1300K respectively, the
profiles show a steep increase only above 1400dsymably in correspondence with the rupture of
the aromatic ring. Benzene represents the majatustcoof the reaction at intermediate temperatures.

Small amounts of phenylacetylene were also measured
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Phenyl iodide was subsequently used as a phenigataburce for examination of reactions
with acetylene. Different amounts of acetylene &6@d 240 ppm) were added to the initial mixture
composed of around 100 ppm of phenyl iodide in mardéxperiments were conducted at nominal
pressures of 25 and 50 atm over a range of temypesabetween 1000 K and 1650 K. The phenyl
iodide decomposition is shown in Figure 7. It isrtkomention that neither the pressure nor the

phenyl iodide/acetylene mixing ratio seem to hameticeable effect on phenyl iodide consumption.
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Figure 7. Phenyl + acetylene, traditional techniguphenyl iodide decomposition. Solid symbols: noalin
pressure = 25 atm; open symbols: nominal pressurg0=atm. Circles: [GHsl] o = 104 ppm, [GH1]o = 50

ppm; triangles: [GHsl] o = 118 ppm, [GH3]o = 240 ppm.

Besides the reactant molecule, several produciespeould be identified and measured. The
corresponding mole fraction profiles for the expents conducted with 50 ppm of acetylene are
presented in Figure 8A. As for the phenyl radicgtofysis, benzene is the major product at
intermediate temperatures. Phenylacetylene is@isduced in substantial amounts by the reactions
between phenyl radicals and acetylene. Both benaadephenylacetylene profiles peak at around
1300 K. At temperatures above 1400 K obviously dguosition reactions are dominating as
indicated by the steep rise in acetylene and dibret concentrations. It is important to noticet tha

both acetylene and diacetylene concentrations aserenonotonically up to the temperature limit of



38

the present experimental work (around 1600 K). &@hera slight temperature shift in the profiles of
these two species at the two different pressureschwiis not observed for benzene and
phenylacetylene. Such a shift was not confirmeth@nexperimental work conducted with an excess
of acetylene in the initial mixture. Thus no defiveé conclusions can be drawn on possible pressure-

dependent mechanistic pathways which influencédimeation of acetylene and diacetylene.
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Figure 8. Phenyl + acetylene, traditional technigumajor products. A) [GHsl] o = 104 ppm, [GH,]o = 50
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Figure 8B shows the results obtained with excestykme (240 ppm). The only substantial
difference with the previous case is the incredeechation of phenylacetylene. This result is in
agreement with chemical intuition since at highenaentrations of acetylene more phenyl radicals
are stabilized as phenylacetylene. Correspondintjlg, phenylacetylene/benzene branching ratio
increases from approximately to 1 which corresponds as roughly to the variatiothe phenyl
iodide/acetylene ratio. Furthermore an interestliffprence between the two sets of experiments is
that, in case of the higher initial acetylene caniaion, at high temperatures no further incraase

the acetylene concentration could be detectedrbabmtrast acetylene seems to be consumed. This



39

might be due to the higher tendency for polymeiiratwhich leads to formation of larger

polyacetylenes.

Although the experimental data presented in thitige provide important information on

the chemistry involved in the phenyl pyrolysis amd the phenyl + acetylene reactions, the

preliminary results are incomplete. In fact the expental data show a drop in the carbon balance

especially at high temperatures in corresponderiitetiae formation of heavy semi- and non-volatile

polycyclic hydrocarbons (i.e. naphthalene, biphepenanthrene, and so on) which are not analyzed

(Figure 9). The profiles for the latter speciesessential for the understanding of the reactidribe

phenyl radical with acetylene as well as for thearekterization of the pathways leading to

naphthalene and other PAHs. The work reported enfdiowing sections will describe the efforts

done for defining an experimental procedure ablprtwide an accurate and reliable measurement of

heavy semi- and non-volatile polycyclic hydrocarbon
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6.2. Online and offline experimental techniques for PAHgecovery and measurement

The condensation and/or adsorption of heavy sefaitiled and non-volatile compounds are
common problems in many analytical systems, indgdamong others, exhaust gas analysis
apparatusés®® and ambient air sampling analysis syst€ffisAlternatively, specific resins, such as
Amberlite XAD-2 polymeric adsorbent have proverb® successful in many practical applications.
The resins trap the gas-phase polycyclic arométaphthalene and heavier compounds) present in
the gas sample, for subsequent extraction withpgmopriate solvent. However, the resin trapping
technique is not suitable for systems where thepiag process involves high-speed or very fast
(sometimes supersonic) flows, as in the case di-pigssure experimental apparatuses, since the
resin can not guarantee the recovery of 100% oPtE products. The resin trapping method thus
can only provide a qualitative but not quantitatmeasure of the distribution of heavy compounds in
the analyzed sample. Sometimes too, when the ctratien of the PAHSs in the sample is small, a
rotary evaporator technique must be used to coraterthe solution obtained from the resin method
to permit detection of the absorbed species. Howelie experimental investigation by Ch&hlgas
shown that the rotary evaporator technique leadsest®es in the target species measurement which
are molecular weight dependent as well as depematerihe required volumetric reduction in the
sample size. Thus the sample concentration stefheofresin trapping method not only greatly
increases the time required to complete the experiah measurement but also provides an additional
source of uncertainty to the possible losses duhiegsampling as well as during the procedure aimed
at extracting the heavy compounds from the resin.

This section presents the experimental investigaiim alternative online and offline
techniques for the recovery and measurement ofyghieal PAH compounds which constitute the
building blocks for PM formation. In particular,etpresent techniques apply to all the experimental
apparatuses where the conventional techniques wisielesins and rotary evaporators fail to provide

a complete recovery of the gas-phase semi-volatild non-volatile components. Among such
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experimental apparatuses are shock tubes, sucheasigh-pressure shock tube present at the
University of lllinois at Chicag8, flow reactors, and furnace reactors, designedtterstudy of

chemical reacting flows.

Online vs. offline The traditional online techniques, which inclugell established method
of time-of-flight (TOF) mass spectrometry, take adtage of the direct connection between the
analytical apparatus and the instrumentation usedenerate the gas sample which needs to be
measured. This allows quick analysis of the sampthéch results into the ability to detect shorteliy
species, such as radicals, and measure compoundsh vaixidize when stored or tend to
condense/adsorb, such as large molecular weightespédNevertheless, online techniques can not be
implemented in those applications where the saimaéea large volume or a very high pressure which
can not be sustained by the specific analyticalaegips. For example, the gas chromatographic
valves for gas injection are rated to a maximunsguee of 300 psi, which is a relatively low pressur
compared to the typical conditions implementedhm high pressure shock tube at UIC. In addition,
the presence of solid particles (soot) in the sansplld interfere with the analysis or even damage
the analytical system. Another factor which playslavant role in the ability to implement the omli
techniques is the necessity to have the analyipabhratus available in-situ where the sample is
generated. These limitations can be overcome byutiee of offline techniques which allow the
analysis of samples, such as the air sarffiffesvhich are collected over relatively long timeslan
different geographical locations. Nevertheless, tlse of offline techniques is limited to the
measurement of stable compounds which can be esteitgd. In particular, the measurement of
heavy multi-ring species is possible only afterithplementation of supplemental procedures such as

the resin trap/rotary evaporator technique desdritmve.



42

6.2.1. Offline technique

The GC/GC-MS offline measurement of light hydrocarltompounds has been extensively
used in our laboratory to measure stable producn thigh-pressure shock tube oxidative and
pyrolytic experiments of PAH formation. Due to thigh pressure reached during the experiments
(up to 1000 atm, Ref. 30), instead of glass ves4&B cc stainless steel electropolished vessels ar
used to collect the gas sample withdrawn from lebltie reflected shock wave during a 0.3 second
time window. A portion of the stored sampled gas sigbsequently injected into the gas
chromatographic system for measurement of theessgicies. Despite the success of this sampling
procedure in our previous work’ the experimental procedure had not been extemdethe
sampling of heavy multi-ring compounds. In ordeettablish a new experimental procedure aimed
at extending the analytical capability to large ewoiles, a series of experiments were initiatedgusin
the traditional stainless steel electropolishegelssand naphthalene as representative test comhpoun
The basic idea behind the new technique, whichnassuthat heavy multi-ring compounds will
condense, is to analyze both the non-condensefdiga® species and the condensed components by

a combination of gas phase and liquid injectiond@lyses.

6.2.1.1.0ffline technique: preliminary experiments

Before performing the experiments relevant to tleednination of the optimal offline
technique, several preliminary experiments werecebesl to test the uncertainties related to the
various auxiliary experimental components.

The first important element to be evaluated wheantjtative studies are performed is the
uncertainty in the instrument calibrations as vl the linearity of the response. Several liquid

solutions with different concentrations of naphém& in methylene chloride were prepared and
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analyzed with both the mass spectrometer and tbedEtector. The results, reported in Figure 10,
clearly indicate that although the MS responsenisal on a macroscopic scale, the detector loses
sensitivity when the concentration drops belowgIml (Figure 10b). The difference between the
calibration curves obtained fitting the data o entire range (Figure 10a) or using only the data
with concentrations below dg/ml is around 12%. On the other hand, if we replgasame test using
the FID detector (Figure 10c and Figure 10d), thieesponding difference between the calibrations
is only 3% which is within the experimental uncerta of the measurements. Due to the improved
linearity, the FID detector was utilized for anadysf liquid samples. Calibrations for other PAH
components were obtained with a similar procedsesldor Figure 10c and Figure 10d.

A second linear FID detector was used to meas@rgdls phase components. In this case the
calibration was performed using a 250 cc glasselesgiipped with a septum. The vessel was heated
to 150°C. Different solutions of naphthalene in Inyégne chloride were prepared and small amounts
injected into the glass vessel, previously evachatsing a syringe. The solution vaporizes
immediately due to the high temperature and higbuwen. Using a mixing rig, the vessel is
subsequently filled with argon to a determined gues. Pressure and temperature are recorded and
used subsequently to calculate the actual mol¢idraof naphthalene in the gas phase mixture. The
gas mixture is allowed to stand for around 10-16ut@s before injection into the GC (to guarantee
homogeneity).

Figure 11a contains the experimental results obthimsing a 1Qu syringe and different
injection volumes. Although for each injection via the response is linear, the calibration curve fo
naphthalene varies if obtained by injecting 1,23 gl of solution into the glass vessel. In particular,
the response becomes lower with increasing inject@ume which suggests the presence of trapped
sample in the syringe needle. In fact, from a labpmint of view, the trapped sample is more rahkva
when low volumes are injected since the percentégextra solution is greater. As shown in Figure
11b the use of a hl syringe with plunger in the needle solves theddegalume problem. The

experimental points lie on the same curve indepathdef the injection volume and the calibration
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curve is now self consistent. All the following expments were performed using thaulssyringe
with plunger in the needle. The gas phase caltdmmatfor other species were obtained similarly & th

case reported in Figure 11b.
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Figure 11. FID gas calibrations. A) 1@l syringe; B) 5ul syringe with plunger in the needle.

An additional possible source of uncertainty isatetl to the syringe calibration. Tests were
performed to determine the magnitude of such uaitgyt Solutions of naphthalene in methylene
chloride were prepared and th@lSyringe used to inject @ of the solution into a measured volume
of methylene chloride (dilution step). The dilutetixture is then analyzed and compared with the
calculated value (from the measured masses of hnaleime and methylene chloride). The comparison
provides a good estimate of the error associatéid the use of the syringe. The results, reported in
Table 1, indicate that the maximum uncertainty rieuad 2%, which can be considered almost
negligible compared to the uncertainty relatedn® preparation of the naphthalene and methylene

chloride solution and to the GC calibrations.

measured [GoHe] ~ calculated [CioHg] (%)

(pg/mol) (pg/mol)
S1 1.43 1.42 +0.7%
S2 2.58 2.69 -4.1%
S3 1.26 1.29 -2.3%
S4 1.39 1.42 -2.1%
S5 1.43 1.45 -1.4%

Table 1. Tests to evaluate the uncertainty in thygisge calibration.



46

6.2.1.2.0ffline technique: primary experiments

The purpose of the present section is to proviteief overview of the experimental work
performed to determine an optimized procedurelferrecovery of PAH compounds using gas phase
and liquid injection GC techniques. The experimeset-up consists of a 150 cc stainless steel
electropolished vessel connected one side to airsephd on the other to a stainless steel high-
pressure valve (Figure 12). The connection sediionthe septum can be heated to 200-220 °C
independently from the vessel body. The test metsiprepared injecting into the heated connection
section a specific volume of solution of naphthalémnmethylene chloride. The flash vaporization of
the injected solution is guaranteed by the highptenature of the connection section and by previous
evacuation of the vessel. The injection volumey ¥@m 1 pl to 5 ul while the concentrations of the
solutions from around 45Qg/ml to 2000ug/ml. These values give a final naphthalene gaseha
mole fraction between 1 and 10 ppm after dilutiathvargon (17 to 19 psi). The gas phase mixture
simulates a gas sample withdrawn from an experiahepparatus or from the atmosphere containing
a low concentration of target contaminant (1-10 ppirhis is definitely the most challenging
situation especially if quantitative measurements required but experiments similar to the ones
presented here can be easily repeated using higheentrations of naphthalene if necessary for the

specific application.

connection o

Figure 12. Assembly for PAH recovery experiments.

septum —»

The first set of experiments has been conductedtaiaing the vessel at room temperature

during the entire analytical process. This techaigepresents the simplest solution since it doés no
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require any additional instrumentation. After stagdfor at least 15 minutes to homogenize, the gas
mixture is analyzed through the HP-1ms column. Mioée fraction of naphthalene obtained from the
analysis can be converted into actya of naphthalene using the ideal gas law (gas phase
component). In the meantime, the vessel is fluskitll methylene chloride. The volume of solvent
used during the flushing procedure varied betwdgargl 100 ml with no difference in the results.
The resulting solution of naphthalene dissolvednigthylene chloride is subsequently injected into
the DB-17ms column. Multiplied by the measured woduof methylene chloride used in the flushing
procedure, the concentration obtained from the yaiglprovides the condensed component of
naphthalene in the sample. The sum of the gas mraseondensed components can be compared
with the injected mass of naphthalene to obtairpdreentage recovery for the specific experiment.

The results, presented in Table 2, are dividedtimtogroups. The flushing procedure for the
experiments from N1 to N4 was conducted introdutimgmethylene chloride into the vessel, closing
the vessels, and shaking for 10 minutes. WithinO&b lof discrepancy, the measured mass of
naphthalene is higher than the actual mass intemtlirdo the vessel. The reason for this unexpected
result, confirmed also by tests conducted withtégltompounds as described later in the manuscript,
is associated with the relatively high mole fraoiof naphthalene in gas phase. Part of this gaseph
component is clearly dissolved into the methylenleride during the flushing procedure and thus it
is counted twice both in gas and in liquid phase.

Improvement in the accuracy of the procedure wasinéd by modifying the flushing
technique (N5 to N8 in Table 2). The new flushiaghnique consists in introducing the solvent into
the vessel and continuously rotating the open Vdeseapproximately 2 minutes. In this case the
major part of the gas phase naphthalene is alldweskit the vessel together with the methylene
chloride vapor. After two minutes of rotation, thessel is closed and subjected to the usual shaking
for around 8 minutes. With the implementation af trew procedure the percentage of naphthalene

recovered is closer to the desired 100% and onbtyuale of percentage points higher. Tests were also
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conducted to remove the gas component of the neixtising a gentle flow of argon through the

vessel just before the flushing but the attemptalted in lower recovery rates.

gas condensed total injected recovery

((e)) (n9) (rg) (rg) (%)
N1 2.70 2.69 5.39 5.06 106.5%
N2 2.63 2.73 5.36 5.01 107.0%
N3 5.56 4.95 10.51 10.00 105.1%
N4 2.68 2.89 5.57 5.00 111.4%
N5 271 243 5.16 5.00 103.2%
N6 1.60 1.52 3.12 2.99 104.3%
N7 0.82 1.15 1.97 1.92 102.6%
N8 2.58 2.46 5.04 4.90 102.9%

Table 2. Experiments with vessel at room temperatur

In order to further improve the recovery resultsnalating the excess naphthalene, we
started a series of experiments performing theesatialytical procedure with the vessel cooled to a
temperature between -10 and -15 °C. Table 3 conthie related results. The recovery is accurate
with an uncertainty of around 7% which is totallytvin the uncertainties associated with the
preparation of the mixture and with the GC measerdm Since the gas phase component is small,
no substantial differences were observed betweeneults obtained with the two flushing methods

described above, i.e. the shaking (N9-N14) anddhieg techniques (N15-N17).

gas condensed total injected recovery

(r9) (r9) (r9) (r9) (%)
N9 0.46 4.47 4.93 5.06 97.4%
N10 2.23 8.19 10.42 10.13 102.9%
N11 0.27 4.40 4.67 5.01 93.4%
N12 0.62 4.33 4.95 5.01 98.8%
N13 0.74 4.00 4,74 4.90 96.7%
N14 0.60 4.68 5.28 4.90 107.8%
N15 0.35 4.41 4.76 4.90 97.1%
N16 0.03 1.90 1.93 1.96 98.5%
N17 1.63 3.50 5.13 4.90 104.7%

Table 3. Experiments with cooled vessel.

Additional experiments were performed using a 50Gtainless steel electropolished vessel

to test possible dependence of the recovery resualtee shape of the vessel, in particular on ahie r
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between surface area and volume. All the experisnegre conducted cooling the vessel since this
procedure showed slightly better recovery resutagared to the procedure at room temperature. In
this case solutions with naphthalene concentratlmtsveen 1800 and 90Q@y/ml and injection
volumes between 1.5 and |@ were used to obtain a final argon-naphthalenetuma with a
naphthalene mole fraction between 1 and 17 ppmil@lynto the experiments reported in Table 3,
the maximum error is around 7% (Table 4), becongmgn smaller when relatively large masses of
naphthalene are injected into the vessel (N26-NR8) difference between the shaking (N18-N24)
and the rolling (N25-N28) flushing techniques iscemagain observable. The results confirm the
excellent recovery rates obtained with the proposealytical methodology and indicate that the

specific shape of the vessel does not affect theracy of the procedure.

gas condensed total injected recovery

(r9) (r9) (r9) (r9) (%)
N18 4.19 5.56 9.75 9.67 100.8%
N19 1.89 2.53 4.42 4.57 96.7%
N20 1.53 2.68 4.21 4.57 92.1%
N21 1.25 1.60 2.85 2.74 104.0%
N22 2.09 2.59 4.68 4.57 102.4%
N23 1.71 2.80 451 4.57 98.7%
N24 1.59 10.08 11.67 10.91 107.0%
N25 1.06 9.87 10.93 10.91 100.2%
N26 1.48 26.78 28.26 27.42 103.1%
N27 0.99 35.66 36.65 36.55 100.3%
N28 2.01 52.94 54.95 54.83 100.2%

Table 4. Experiments with cooled 500 cc vessel.

Before proceeding with the analysis of the recox@rgompounds with different molecular
weights and specific properties compared to najpdrtiea the effect of the variation in the mixture
pressure was also evaluated. As mentioned befweesults presented are referred to gas mixtures
prepared at a total pressure between 17 and 18ligitly above atmospheric pressure. Experiments
were repeated using the 150 cc vessel and aroungsB9dmixtures with the vessel at room
temperature. Thus we would expect a recovery peagerbetween 102 and 110% as in the case of

the experiments in Table 2. Surprisingly the resdid not confirm the expectations. As shown in
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Table 5, although the experiments were conducte@n temperature, the recovery rate is low
indicating a loss of naphthalene for both flushprgcedures (N29-N31 shaking, N32-N33 rolling).
This unexpected behavior could be a consequendbeofjuick release of the gas mixture, which
largely exceeds atmospheric pressure for theseriengrgts, when the vessel is opened to allow the
introduction of the methylene chloride used for theshing procedure. Part of the naphthalene
condensed on the walls of the vessel could vapatizee new low pressure conditions and not get
dissolved in the methylene chloride. This is a vienportant point to consider when designing an
experiment. In fact if the pressure of the gas dvitlwvn for analysis is too high, a low recovery rade
the one reported in Table 5 could be obtained. Wtiem to the problem could be an increased
volume of the vessel so that the pressure is deedeto the atmospheric value in the vessel. The
shape of the vessel does not influence accuradlyeofecovery technique as discussed previously in

the text.

gas condensed total injected recovery

(r9) (rg) (n9) (r9) (%)
N29 2.58 2.00 4.58 4.98 92.0%
N30 2.37 1.85 4.22 4.90 86.1%
N31 2.38 1.61 3.99 4.90 81.4%
N32 2.27 1.89 4.16 4.98 83.5%
N33 0.51 0.60 1.11 1.20 92.5%

Table 5. Experiments at higher pressures and veséebom temperature.

gas condensed total injected recovery

(r9) (ng) (n9) (n9) (%)
B1 0.00 38.34 38.34 37.93 101.1%
B2 0.15 21.66 21.81 21.07 103.5%
B3 0.03 4.81 4.84 4.98 97.2%
B4 0.01 114.64 114.65 115.81 99.0%
B5 0.02 88.48 88.50 90.08 98.2%
B6 0.02 65.01 65.03 64.34 101.1%

Table 6. Experiments for biphenyl recovery with ded 500 cc vessel.

All the experiments reported in the previous paapbs use naphthalene, the simplest among

the multi-ring hydrocarbons, as reference compowpkcies with larger molecular weights are
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expected to have lower vapor pressure than nagmathus the recovery would be similar with the
only difference being less of gas phase componemipared to the solid condensed component. In
order to test the recovery rates of the proposdthique for heavier species, the experiments \igh t
500 cc cooled vessel were repeated for biphengltast compound using the rolling technique as the
flushing procedure. The prepared gas mixturesigidase simulate a gas sample containing a mole
fraction from 1 to 30 ppm of biphenyl. The reswte reported in Table 6 and indicate an excellent
recovery rate over the entire mass range. The lextedccuracy of the proposed method is again
demonstrated for species like biphenyl which aeefically non-volatile and have a very small vapor
component.

Very different considerations apply for compoun@wihg a smaller molecular weight than
naphthalene but still sufficiently high to partialtondense on the surface of the vessel. These
compounds include for example small halogenateddrgatbons and other semi-volatile compounds.
Experiments have been conducted using iodobenzenesa species in order to determine if the
procedure for the recovery of large PAH hydrocasbsnsuitable also for lighter species. Of course
the completely volatile compound can be easily mesb with a simple gas analysis before the
flushing procedure.

The preliminary experiments conducted using thecgulares described above showed a
percentage of recovery for iodobenzene much highan 100% (around 130 to 140%). This is
mainly due to the gas phase component which isopnethnt with respect to the condensed phase
even when the 500 cc vessel is cooled to -15 °C.tAsa minor extent, for the naphthalene
experiments at room temperature, part of the iodnéee in gas phase is dissolved into the flushing
solution, and thus measured twice in the total beszene mass balance. This hypothesis was
confirmed by blowing nitrogen through the vessel3eé seconds right before the methylene chloride
flushing. The results were accurate (error in gmege between -9% to +2%) which indicate that the

gas phase is responsible for the extra iodobenZendhe other hand, as previously emphasized in
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the manuscript, this method of storing samplesvessel is not suitable for the measurement of PAH
compounds such as naphthalene.

Although the experiments for iodobenzene are gleaot satisfactory, a careful analysis of
the results suggests a different approach to tbklgm. At a defined temperature the ratio between
the amount of iodobenzene in gas phase and in neadephase is almost constant. Experiments at
room temperature were conducted to verify this liypsis over a wide range of mole fractions (5 to
200 ppm) using both the 500 cc vessel and a nenlesta steel electropolished 300 cc vessel. The
results shown in Figure 13 indicate that the pasgmof iodobenzene in gas phase is around 80% for
the 500cc vessel and around 89% for the 300cc vdssduding a few experiments, marked with a
cross, which are clearly wrong possibly due to amorein the experimental procedure, all the
condensed phase percentages lie close to the tim fivalues within a 5-7% uncertainty. This
uncertainty is similar to the one obtained for teeovery of naphthalene. Very interesting from an
experimental point of view is the difference in sage condensed phase percentages between the two
vessels. The surface area to volume ratio cleatydsignificant effect on the proportions between
gas phase and condensed phase components. Thestsutitat new tests need to be repeated in case
of the use of a different vessel. Once the avecageensed phase percentage is obtained similarly to
the case in Figure 13, this value can be usedadle sice gas phase mole fraction. For exampleri&fo
specific gas sample the gas phase mole fractiandafbenzene is 100 ppm, the total iodobenzene
mole fraction would be 125 ppm (100 divided by Ga8¥ 112 ppm (100 divided by 0.89) in the case
we used the 500 cc or the 300 cc vessel, resphictive

Finally, in order to evaluate the effect of the parature on the percentage of iodobenzene in
gas phase, a few experiments were also conducttdtie 500cc vessel cooled to -12°C. The
percentage dropped from an average value of 809altees between 63% and 70% (mole fractions

between 80 and 180 ppm, data not shown).
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Figure 13. Percentage of iodobenzenes(l) in condensed phase. Vessel at room temperature.

6.2.1.3.0ptimal offline recovery technique

Now that we have presented all the experimentalltseselated to the recovery of semi- and
non-volatile compounds, including PAH intermediageshort paragraph which summarizes the main
findings and suggests the optimal offline technidgigrovided. For the experimental results, the
sample vessel can be maintained at room temperaiuigg the collection of the gas sample from a
specific experimental apparatus, from automotivieaeist systems, or from the atmosphere. Once the
sample is collected, gas injection into a GC colwpeacifically suitable for the separation of light
hydrocarbons, such as the HP-PLOT Q column, isireddor the measurement of the gas phase
volatile components of the mixture. The mole fratiof the semi-volatile species, such as
iodobenzene, can be corrected by a factor thas tate account the component in condensed phase.
After the injection for light species measuremehg vessel is cooled to-15 °C and a new gas
injection performed to measure the residual gaseHheaction of multi-ring compounds. The GC

column in this case needs to be suitable for séparaf heavy hydrocarbons (DB-17ms or HP-1ms).
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The sample vessel is subsequently flushed with ytezib chloride and the solution injected into the
GC for further analysis. The gas phase and ligh@sp analyses done with the vessel cooled provide
accurate guantitative measurements of heavy selaiifeoand non-volatile species (i.e. naphthalene,
biphenyl, and so on). The expected error in thal firecovery of the heavy components is around
+7%.

Before concluding it is worth mention that if a ing apparatus is not available or if it is
necessary to reduce the time of the experimentattayses of the PAH semi- and non-volatile
components can be performed at room temperaturthisncase the flushing technique should be
modified to the rolling + shaking technique as diksa in the text. The performance of the technique
is similar in terms of recovery of heavy non-vdaittomponents, although for semi-volatile species

such as naphthalene a small overestimation obtiakrmole fraction is expected.

6.2.2. Offline technique: experimental results

Experiments on the phenyl iodide pyrolysis as wasllon the reactions between the phenyl
radical and acetylene have been performed usingeiae offline experimental procedure. Similar
conditions to the preliminary data reported in ie#c6.1 were used, with nominal pressure of 50 atm,
temperature range between 900 K and 1850 K, amfisaaimes of 1.5-2 ms. The phenyl iodide in
the initial mixture was around 45 ppm, with or vaitht addition of 180 ppm of acetylene. The species
profiles were consistent with the preliminary réswbtained with the traditional technique for the
lighter compounds (phenyl iodide, acetylene, dideek, benzene, phenylacetylene). The profiles are

reported in Figure 14A and Figure 15A.
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Figure 14. Phenyl pyrolysis, flushing technique, {8sl] o = 46 ppm, 50 bar. A) Light hydrocarbons. Circles:

phenyl iodide; triangles: benzene; stars: acetylesquares: diacetylene. B) Biphenyl.
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hydrocarbons. Circles: phenyl iodide; triangles: heene; rhombuses: phenylacetylene; stars: acetylene
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naphthalene.

In addition to the compounds that could be measwiittdthe traditional technique, profiles
were obtained for naphthalene, biphenyl, phenan&irand diphenylethyne (chemical structures
reported in Figure 21). In particular, Figure 14®ws the results for biphenyl which is the only PAH
compound produced in substantial amounts from Hemyl radical self-reactions. On the other hand,

several multi-ring compounds, including the majoe® biphenyl and diphenylethyne, were identified
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in the study of the phenyl + acetylene reactiogyFfé 15B). Small amounts of naphthalene and
phenanthrene were also measured.

Although improvements were observed in the abibtgollect and measure heavy polycyclic
hydrocarbons, the carbon balance analyses stilvastica drop at high temperatures (Figure 16).
Although analyses were conducted to understanddhnses of the drops, no plausible explanation
could be found. Nevertheless, subsequent experahegsts on a different set-up showed that one of
the seals of the automated valve had been destrogledsing pieces of graphite and powder in the
vessels. The solid particles are chemically adive can easily adsorb PAH compounds from the gas
phase. The recovery through the offline flushinghteque was certainly influenced by the presence

of particles in the system.
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Figure 16. Percentage of carbon recovery, flushitechnique. A) [GHsl] o = 46 ppm, 50 bar. B) [gHsl] o =

43 ppm, [GH]o = 178 ppm, 50 atm.

6.2.3. Online technique

The purpose of the present section is to providewarview on the implementation of an
online experimental set-up and methodology for measent of heavy PAH gas phase compounds

by conventional GC technique. The proposed teclenammbines the advantages of the conventional



57

gas chromatography (sensitivity and ability to sefema complex mixtures) with the simplicity in
design and experimental procedure typical of tHaertechniques.

The GC apparatus described in section 3.3 was ctethdirectly to the high-pressure shock
tube present at the University of lllinois at Chjo¥ (Figure 17). A three-foot long, 1/4” OD tube
connects the automated valve positioned at theoérile shock tube to the first GC. The gas is
transferred to the GC injection valve through abl/tlbe, fills the sample loop and flows to the
second GC through a 1/8” tube. In this second ®G€,gas fills in series two sample loops, before
entering a sampling rig. The sampling rig is conegédto an Edwards E2M1.5 rotary pump, a heated
MKS capacitance manometer (type 631B, 1000 Totrdcdle), a 150 cc reservoir, and a line for
helium gas. Two additional lines are present, mrected to an exhaust line for safety purposes, th
other available for connection of gas mixture lasttbr vessels for calibration procedures. All the
lines and connections present in the sampling @eatiere built with treated stainless steel tubing,
including the GC sample loops which were in-houseusing 1/16” tube. In addition, the lines are
evenly wrapped with heavy insulated heating tagedifferent width and watt density based on the
thickness of the specific tube to be wrapped. Sedfierent heating zones are present, each
associated with one type-J thermocouple. The temtyer is set at 150 °C to avoid condensation of
large molecules and is controlled by means of aimahe temperature controller by Omega (model
CN1507-TC).

Particular attention was addressed to the choi¢keobptimal type of tubes used to build the
entire sampling section. In order to avoid adsorptof species, first glass-lined tubes were
considered. These tubes can be bent only at 800K€y are fragile and must be deactivated (if
necessary). Thus they don't represent an easyi@olia be implemented especially considering that
in a complex sampling system the lines must usudmdlgurvilinear. Excluding the glass-lined tubes if
possible, other solutions include deactivated fuskch-lined tubing provided by Sigma-Aldrich. The
internal wall of these tubes is covered by a tliyet of fused silica which is well known for its

extremely low absorption characteristics and iressnto chemicals. Moreover this kind of tube can
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be easily bent although, due to the specific martufang technique, only 1/16” and 1/8” OD tubes

are commercially available. The size of these twbasld clearly constrain the gas flow downstream
to the shock tube sampling valve (Figure 17) andild/@ause a withdrawal of too small of a gas
sample for subsequent GC analyses, especially Wdvempressure experiments are conducted (low

pressure in this case means 25 atm or less nopriessure).

Automated Sampling Valve FID-FID FID-TCD-MS
an ann

E SHOCK TUBE —>—§ GC1 GC2
1/4" tube 1/8" tube

reservoir }

1/8" tube

calibration pump
port

Figure 17. Schematic of the online set-up.

On the other hand, Restek provides treated stairde®l tubing specifically designated as
inert with performances claimed to be as good esties from deactivated fused silica-lined tubing.
Their 1/4” and 1/8" OD tubes are also electrop@isHor extreme inertness. In addition, Restek
provides treated 1/16” tubes as well as tube cdrorecand unions. The Restek solution was adopted
to build the entire experimental sampling set-up.

The experimental procedure implemented for theectithn and measurement of gas samples
from the shock tube is relatively simple. After evation of the lines, the pump line is closed just
before firing a shock. By controlling the exhalstlas well as the reservoir valve, it is posstble
decrease/increase the pressure in the lines oa@athple is collected from the tube (automaticevalv

opened for around 2 ms). In particular, it is intpat that the pressure does not reach very high
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values since the standard GC gas valves can ostgisupressures up to 300 psi, a relatively low
value in relation to the shock tube experimentaldtiions. Once the pressure in the line is staduliz
(usually in few seconds), gas injections into tlve GCs are performed almost simultaneously. The
lines are then flushed several times with heliumetnove all the sample gas.

The separation of the gas sample is performed g¢iwr@combination of columns/detectors
specifically studied to identify and quantify aliet components present even in the most complex
mixtures. The first GC, utilized to measure heaggnpounds, uses an FID coupled with a DB-17ms
column while the second GC is used for measurewielight hydrocarbons (FID and HP-PLOT Q
column) and inert species (TCD and HP-PLOT Mole&jeWhe mass spectrometer present in the
second GC can be connected for identification d&nomwn species if necessary. The GC calibration
for the relatively light hydrocarbons can be parfed using certified gas mixtures as well as in-Bous
prepared calibration mixtures. Typical errors ie theasurement of such species are around 5-10%.
On the other hand, the calibration of large PAH pounds can not be performed in gas phase due to
the difficulties associated with the preparatiorappropriate gas phase calibration mixtures. Tls¢ be
solution to derive estimated calibration curvesHeavy species is to use a combination of gas and
liquid phase analyses as described next. In péatictine calibration curves can be deduced from the
gas phase calibration curve for naphthalene basethe relative ratio between the corresponding
liquid phase calibration curves. The gas phaséredion of naphthalene was obtained with accuracy
using the experimental procedure described in@e@i2.1.1, related to the offline technique, while
the liquid phase calibration curves can be obtaunsdg certified solutions of PAHs in appropriate
solvents (Sigma-Aldrich). The uncertainty in thdilmation curves can be roughly estimated as
proportional to the percentage difference betwéenniolecular weights of the specific compound
and the one of the reference species, naphthal€hes, the maximum uncertainty in the
measurement of C12 hydrocarbons is estimated 29%5-of C14 compounds as 20-25%, and so on.

The online recovery technique has been tested orelatively simple system, the

decomposition of phenyl iodide {8sl). The results, in terms of carbon recovery, weoenpared
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with similar experiments conducted using the tiaddl technique which consisted of collecting the
gas sample in electropolished stainless steel theassels for subsequent offline injection into the
GC system (Figure 18). The experiments conducted thie traditional set-up show a substantial
drop (down to 40%) in the carbon balance in cowadpnce with the formation of large PAH

compounds which could not be measured. On the dthed, the results obtained with the online

technique indicate an excellent performance ofriéa@ method, with an accuracy of £10% in terms

of carbon recovery.
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Figure 18. Carbon recovery from phenyl iodide expeents; o online technique;A traditional technique.

Adapted from Ref. 91.

The difference observed in Figure 18 between thelt® of the two techniques is mainly due
to the ability to measure PAH compounds by thenantechnique. In fact, the species profiles for the
light components are very similar in the two cagegypical online gas chromatogram obtained with
the FID detector coupled to the DB-17ms columnhisven in Figure 19 where elution times for the
major PAH groups (C12, C14, and so on) are inditafpecies profiles can be obtained for

components with mole fractions down to sub-ppm levathough products present in even smaller
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trace amounts can also be easily detected. SieMellent recovery results were obtained for the
pyrolytic and oxidative reactions of m-xyl€hand n-propylbenzefé

The online technique described in detail in theviogs paragraphs represents an excellent
solution for identification and measurement of @imponents, including large PAH compounds,
present in complex hydrocarbon gas mixtures. Whassiple from a logistical and experimental
point of view, the implementation of this technigumuld lead to a substantial improvement in the
experimental results extending the analytical cdipalio compounds which are usually barely
detectable due to condensation and adsorption. vwén cases where soot is present in large
amount in the sample, the direct transfer lineddcbecome dirty (lose inertness) or get obstructed.
This poses limitations in the possibility of usitlge online technique for some applications. A
practical solution to the problem could be the o$egarticulate traps just at the entrance of the
sampling system. New tests should be repeated riireothat no losses of PAH compounds are
present across the particulate trap, as well aetermine an optimal technique to recover all the

heavy species contained on the particles surface.
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Figure 19. Typical gas chromatogram (FID detectddB-17ms column), online technique. Adapted from

Ref. 91.
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6.3. Online technique: primary results

In order to fully analyze the reaction systemsadnsideration, several experimental sets were
obtained by varying both the initial concentratiafithe reactants and the nominal pressure. Fiest t
phenyl iodide decomposition has been investigased source of phenyl radicals for the subsequent
experiments on the phenyl + acetylene reactionedlexperimental sets were conducted at a nominal
pressure of 50 atm and initial phenyl iodide moéefion of approximately 25, 50, and 100 ppm. One
additional data set at 25 atm with approximatelyppth of reactant in the initial mixture was carried
out to test possible pressure effects. The carlatambe for most of the experimental sets presents a
maximum error of ~10% as shown in

Figure 20a which indicates efficient recovery dfthak reaction products as well as reliability
of the GC calibration curves. The only exceptiorcamstituted by the data set obtained using an
initial phenyl iodide mole fraction of 100 ppm fathich the carbon balance drops to 75% in the high
temperature range. In this case the relativelyela@gHs| concentration leads to the formation of
significant quantities of PAH intermediates. Thes¢ermediates could subsequently undergo
processes such as aggregation or dimerization weashto the formation of heavier PAHs and soot
that can not be measured through gas phase Gddaehn

Subsequent experimental work has been conducteddar to study the phenyl + acetylene
reaction. In this case three experimental sets wiet@ned varying the initial acetylene mole franti
approximately from 250 ppm to 500 ppm with an aliphenyl iodide concentration of approximately
50 ppm. The carbon balance, as for the case ofyphmwmolysis, indicates good recovery of the

product species for all the data sets (Figure 20b).
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Figure 20. Experimental carbon balance. a) Phengldide decomposition; b) phenyl + acetylene reaction

A chemical kinetic model was developed to simutate high-pressure experimental data on
both the phenyl pyrolysis and the phenyl + acewleeaction (Appendices B and C). Both the
CHEMKIN 3.6.2* and the CHEMKIN 4.1 suite of programs were used to implement the model
For the modeling calculations, the exact reactioret temperature and pressure were specified for
each shock along with the initial mole fractionstioé reactants. The simulations were performed
assuming an adiabatic constant pressure procestiséisssed in our previous publication addressing
this issu&, the adiabatic constant pressure process assumifetimls to reasonable accuracy in
predicting the stable species profiles.

The main reactions relevant to the formation andsaomption of PAH compounds with
associated reaction rate parameters are report€dhle 7. The thermochemical parameters for the
species in the model were mainly taken from Buerat Ruscit and from chemical kinetic models
available in literaturé®. The data not available in literature were estadaising the FITDAT data-
fitting utility from the CHEMKIN 3.7.1 collectiolf. The enthalpies of the compounds, if not
available on the NIST database, were calculatedgushe ring-conserved isodesmic reaction
schemé&. The relative geometry optimizations and vibratioanalyses were performed using the

uB3LYP hybrid functional"®® with the Pople’s valence triplebasis set 6-311+G(dJ) For species
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containing iodine atoms, i.e. the iodobiphenylss tBfGDZVP basis s&t was used. All of the

calculations were carried out with the Gaussiap@gram packadé

Denomination Reaction A n Ea Reference
Halogenated compounds
R1 GHsl — CgHs+I 1.374E+15 0.00 64406 [99]
R2 GHs+l — CgHsl 1.00E+13 0.00 0 est., see text
R3 GHsl < 0-GH4+HI 8.24E+13 0.00 64406 see text
R4 GHsl+H « CgHs+HI 8.73E+05 2.35 -37.3 [128]
R5 GHs+HI <> CgHg+l 3.00E+12 0.00 0 est., see text
R6 GHsl+CeHs < CpoHpoH 2.00E+12 0.00 11000 [103]
R7 GHsl+CgHs <> 0-CoHgl+H 3.183E+11 0.00 4305 see text
R8 GHsl+CgHs «» m-CioHgl+H 3.183E+11 0.00 4305 see text
R9 GsHsl+CgHs <> p-CroHgl+H 1.592E+11 0.00 4305 see text
R10 0-GoHgt+l — 0-CoHgl 1.00E+13 0.00 0 est.
R11 m-GsHgt+l — m-Ci5Hol 1.00E+13 0.00 0 est.
R12 p-GoHgtl — p-CpoHol 1.00E+13 0.00 0 est.
R13 0-G,Hgl — 0-CjoHg+l 1.374E+15 0.00 64406 see text
R14 m-G,Hgl — m-C,Hg+ 1.374E+15 0.00 64406 see text
R15 p-GoHgl — p-CpoHg+l 1.374E+15 0.00 64406 see text
R19 H+HI«— Hy+l 3.98E+13 0.00 0 [103]
Biphenyl and Benzene
R20 GHs+ CGeHs <> CioHyg 3.09E+12 0.036 -1702 [26] see text
R21 GHs+ CGHs < 0-GH4+ CsHg 8.52E-04 4,57 -5735 [26] see text
R22 GHs+ GHs < m-GsHa+ CgHg 8.52E-04 4,57 -5735 [26] see text
R23 GHs+ CgHs > p-GHa+ CgHg 4.26E-04 4,57 -5735 [26] see text
R24 0-GH, — m-CgH, 2.12E+14 0.00 73489.5 [102]
R25 m-GH, < p-GsH4 2.83E+14 0.00 63045.7 [102]
R26 p-GH4 <> z-CsH,4 1.00E+13 0.00 17800 see text
R27 0-GH4+CgHs <> 0-Ci5Hg 1.00E+13 0.00 3720 see text
R28 m-GH4+CgHs — m-C5Hg 1.00E+13 0.00 3720 see text
R29 p-GH4+CgsHs — p-CioHg 1.00E+13 0.00 3720 see text
R30 m-G,Hg — m-CGgH4+CgHs 2.223E+15 0.00 87232 see text
R31 p-G,Hg — p-GsH4+CsHs 2.223E+15 0.00 87232 see text
R35 0-GoHgt+H < CioHqg 4.27E+13 0.338 -158 [26]
R36 m-GsHg+tH <~ CioHqg 1.25E+13 0.284 -155 [26]
R37 p-Q2H9+H «— CioHqg 2.78E+13 0.185 15.3 [26]
R38 GHs+ CHg < CioHqgtH 9.55E+11 0.00 4305 [106]
R44 GHs+H(+M) < CoHg(+M) 1.00E+14 0.00 0 [108]
Terphenyls and Triphenylene

R46 GoH1g+CsHs <> 0-TERPH+H 6.367E+11 0.00 4305 see text
R47 GoH1¢+CgHs < m-TERPH+H 6.367E+11 0.00 4305 see text
R48 GoHotCsHs — p-TERPH+H 3.183E+11 0.00 4305 see text
R49 0-G,Hg+C¢Hs — 0-TERPH 1.00E+13 0.00 0 est.
R50 m-G,Hg+CsHs — m-TERPH 1.00E+13 0.00 0 est.
R51 p-GoHg+CeHs — p-TERPH 1.00E+13 0.00 0 est.
R52 0-TERPH- 0-C;Hg+CgHsg 2.92E+15 0.00 109812 see text
R53 m-TERPH— m-C;;Hq+CeHs 2.92E+15 0.00 109812 see text



R54 p-TERPH— p-CysHo*+CeHs
R55 0-TERPH— TRIPH+H,
R56 0-G,Hg+0-CH, <> TRIPH+H
R57 GoHg+0-CsHy <> TRIPH

Biphenylene and Acenaphthylene

R58 0'QH4+O'C:6H4 > C12H8
R59 0-G,Ho — BIPHENH
R60 BIPHENH— 0-C;,Ho
R61 BIPHENH — C; HgtH
R62 GoHgtH — BIPHENH
R63 BIPHENH— BENZOH
R64 BENZOH — BIPHENH
R65 BENZOH — BENZO+H
R66 BENZO+H — BENZOH
R67 BENZOH — A2R5+H
R68 G2H10— CeHsCHCH,
R69 QH5CHG§H4 — C12H10
R70 GH-CHGCH, — BENZO+H,
R71 GH<CHGCH, — A2R5+H,
R72 QZHS — C6H40Ct
R73 GHsoct— Ci5Hg
R74 GH4oct— BENZOHYy!
R75 BENZOHyl— C¢H,oct
R76 BENZOHyl— BENZO
R77 BENZO— BENZOHYI
R80 BENZO— A2R5
R81 GoHy-1+CH, <> A2R5+H
Phenylacetylene
R90 QH5+C2H2 > C8H6+H
R92 GHe+H <> CsH CoH+H,
R95 0-GH+CH, - CgHg

Diphenylethyne and Phenanthrene

R96 GHe+CgHs — DPE+H
R97 DPE+H— CgHe+CiHs
R98 0-G,Hg+C,H, <+ PHEN+H
R99 GHg+CeHs <> PHEN+H
R110 G,Hi+CoHy — PHENH
R111 PHENH-> PHEN+H,
Naphthalene
R146 0-GH4+CgHg — BICYCLO
R147 BICYCLO— 0-GH4+CeHe
R148 BICYCLO«+~ C10H3+CzH2
R149 QH4C2H+02H2 Ad C12H7'1
R151 Q2H7'1+H(+M) > C12H8(+M)
Phenyl Decomposition
R157 GHs(+AR) < 0-CsH,+H(+AR)
R159 0'QH4 > C4H2+C2H2
R162 GHo+H <> CeHs
R164 GHo+ CH <> CgHy+H
R167 2-GH+H <> CgHa+H,
R191 GH+H; < CHy+H

2.92E+15
1.50E+15
1.00E+14
4.96E+09

4 .96E+09
5.00E+12
3.00E+13
5.00E+13
4 00E+13
1.00E+13
1.00E+13
5.00E+13
1.00E+14
1.00E+13
1.00E+14
1.00E+13
5.00E+13
5.00E+13
6.152E+14
7.482E+12
1.205E+13
5.321E+13
1.941E+13
4,188E+13
4.699E+14
1.87E+07

1.00E+13
3.23E+07
2.00E+13

1.00E+13
4.00E+14
1.87E+07
9.55E+11
16.92
4.73E+09

1.1618E+04

4.910E+16

7.458E+14
1.87E+07
1.00E+14

4.30E+12
1.20E+18
1.10E+30
3.00E+13
1.33E+06
4.90E+05

0.00
0.00
0.00

0.827

0.827
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.787

0.00
2.095
0.00

0.00
0.00
1.787

0.00
2.60

0.797

2.526
0.00
0.0956
1.787
0.00

0.62
-0.34
-4.92

0.00
2.53

2.50
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109812 see text
84700 see text
38000 see text
-1370 see text
-1370 [26]

31056 [112

19350 [112f

38223 [112]

5972 [112F

31056 [112]

46345 [112]

41567 [112]

1911 [112F

44673 [112

109412 [112

76445 [112

56617 [112

60917 [112
77387.6 p.w.
4059.6 p.w.
13712.9 p.w.
31139.8 p.w.
10615.0 p.w.

75265.9 p.w.
77831.2 p.w.
3262 [22]
7648 [20]
15842 [111] *1.5
20000 [126]
7648 see text
9691 see text
3262 [95]
4305 [95]
42193 [131]
17176 [131]
5915.9 [118] see text
66811 [118] see text
54780.1 [118]
3262 dht.

0 edt.
77300 [126]
87776 [126]
10800 [105]

0 [126]

9240 [94]

560 [94]
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R193 GH+C,H, <> CyH+H 9.60E+13 0.00 0 [105]

Table 7. Chemical kinetic model, relevant reactiomsd associated reaction rate parametetrsaodified
within the uncertainty provided in ref. [128F reaction with fall-off parameters® Ea from [112], A value

estimated? high-pressure limit for GgH;+C,H, [21].

naphthalene biphenylene acenaphthylene  cyclopenta[alindene monohydrocyclo-  hydrobiphenylene
(CioHs) (Ci2Hs) (A2R5) (BENZO) pentalalindene radical
(BENZOH) (BIPHENH)
oo o0 OO 04Q
o-biphenyl radical m-biphenyl radical  p-biphenyl radical biphenyl o-iodobiphenyl m-iodobiphenyl
(0-Ci2Hg) (m-Cy2Hg) (p-CiaHo) (CyaH10) (0-CpaHol) (m-Cy2Hgl)
OO &0
p-iodobiphenyl diphenylethyne phenanthrene o-terphenyl m-terphenyl p-terphenyl
(p-Cr2Hol) (DPE) (PHEN) (o-TERPH) (m-TERPH) (p-TERPH)
triphenylene chrysene benzo[a]anthracene  benzo[g,h,i]fluoran- benzo[c]phenan- pyrene
(TRIPH) thene threne

Figure 21. Molecular structures of the major polyclic aromatic hydrocarbons discussed in the text.

In the following paragraphs the relevant resultarirthe experimental work and from the
modeling simulations will be discussed for both gteenyl pyrolysis and the phenyl + acetylene
reaction. In order to facilitate the discussione tmolecular structures of the major polycyclic
aromatic hydrocarbon products analyzed in this wane reported in Figure 21. Before proceeding
with the discussion it is worth mentioning the fwat the model was optimized mainly based on the
experimental sets having accurate carbon recoweitia( concentration of phenyl iodide around 50
ppm or lower). All the experimental results areait@d in the supplemental material (Appendix A)
including for each experiment the actual conditi@pressure, temperature, and reaction time) as well

as the mole fractions of the major products.
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6.3.1. Phenyl Pyrolysis

A typical chromatogram obtained from the pyrolysigphenyl iodide at a nominal pressure
of 50 atm and initial mole fraction of 50.6 ppmréported in Figure 22. The chromatogram clearly
shows the complexity of the reaction system in m@ration. Although only the major products are
annotated, several additional peaks were deteStarh peaks correspond to compounds produced in
trace amounts during the reaction, including amihregothers indene, di-iodobenzenes, fluorene, 1-
iodonaphthalene, anthracene, phenanthrene, iodayth 2-phenylindene, 1-phenylnaphthalene, 2-
phenylnaphthalene, pyrene, and other unidentifié® Gpecies. Although the formation of such
compounds suggests the presence of several mindramistic pathways, from a practical point of
view only the major products and the associatecti@a were considered for the development of the

chemical kinetic model. The main results are regzbkielow.

1.7x10°4

1.6x10°1 ‘

GC response

1.5x10°4

15 20 25
Time (min)

Figure 22. Typical chromatographic signal for phehyadical pyrolysis. FID detector, DB-17ms column.
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6.3.1.1.Phenyl lodide Decomposition

A comprehensive analysis of the C-l fission in pHhelodide decomposition has been
performed by Tranter et #l.in their recent investigation of the self-reacttmtween phenyl radicals.
The authors compared the experimental data présditeraturé®*** with their experimental results
as well as the reaction rate constants obtaineld aviGorin model RRKM calculation. It is not the
purpose of the present work to repeat a detailedysis of the thermal decomposition of phenyl
iodide. Thus, only a brief discussion of the maisults obtained using the HPST is presented below.

The normalized profiles for the decomposition oepyl iodide are reported in Figure 23a.
The experiments do not indicate any significanteshg@nce on the initial mole fraction of the reattan
or on the reaction pressure. At the conditionshef present study the experimental decay of phenyl
iodide is not only due to the C-I bond fission liegdto the formation of phenyl radicals and iodine
atoms, but it is also influenced by the secondaagtions of the phenyl iodide with different protduc
species including phenyl radicals and hydrogen aterhen present in the system. Moreover the
recombination reaction between phenyl radicalsiadohe atoms to form gsl will play a relevant
role lowering the apparent decomposition rate. Tthashigh-pressure conditions implemented in the
present investigation do not allow the determimatbthe absolute rate constant for the phenyldedi
decomposition, although an apparent overall reagtibe constant can be derived from the Arrhenius

plot presented in Figure 23b. The Arrhenius expoessf the apparent reaction rate constant is

k 032400 exp21797/T) (sY).
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Figure 23. a) Normalized phenyl iodide decomposgiti®d) Arrhenius plot of the measured apparent resmt
rate constant for phenyl iodide decomposition betwel 086 and 1328 K, k in's o [CgHsl] o = 50.6 ppm, p ~
50 atm;A [CeHsl] o = 95.6 ppm, p ~ 50 atnm [CgHsl] o = 26.6 ppm, p ~ 50 atnii] [CeHsl] o = 54.2 ppm, p ~

25 atm; — linear interpolation

The high-pressure limit reaction rate constanttier C-I fission derived by Kumaran et’al.
based on their low-pressure experiments best fitsemperimental data although the phenyl iodide
concentrations are slightly overpredicted by thedehovhen the reverse reaction rate constant is
calculated using the equilibrium constant. Bettgeament between experiments and simulations was
obtained assuming a temperature independent raaetie constark;, for the recombination between
phenyl radicals and iodine atoms (Table 7). In @oidj as suggested by Tranter et®athe branching
ratio between the two main unimolecular decompasithannels forming respectivelyt + | and
0-GH, + HI was assumed to be approximately 6%. The patemeters for the two unimolecular
decomposition reactions are reported in Table 7 @21 and R3).

Figure 24 shows the excellent agreement betweephi&eyl iodide experimental profiles and
the modeling results for the experiments conduatetbminal pressures of 25 and 50 atm and initial
phenyl iodide mole fractions of around 25 and 5tpgimilar agreement was obtained for the data

set at 50 atm and higher initial phenyl iodide nfodetion (95.6 ppm).
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Figure 24. Phenyl iodide decomposition.experiments— simulations. a) [GHsl] = 26.6 ppm, p ~ 50

atm; b) [GHsl] o = 50.6 ppm, p ~ 50 atm; c¢) [Esl] o = 54.2 ppm, p ~ 25 atm.

6.3.1.2.Formation of Benzene, Biphenyl, and Substituted Bgnyls

Biphenyl is one of the most important building Kecfor the formation of large PAH
compounds and it constitutes the primary producthef radical-radical recombination between
phenyl radicaf®® If the only reaction channel available for thdf-seaction between phenyl
radicals was the radical-radical recombinationhbipyl would be the major product of the phenyl
iodide decomposition. Only small amounts of othtabe compounds would be measured, including
for example benzene from the recombination of theengl radicals with hydrogen atoms.
Surprisingly the experiments indicated that a laageount of benzene is produced even at low

temperatures where the hydrogen atoms are praseheisystem only in small concentrations. As
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shown in Figure 25a at temperatures between 1280cK1400 K around 25% of the phenyl radicals
produced from the phenyl iodide decomposition isvested into benzene. The results presented in
Figure 25a also indicate that the chemical mechanishich lead to the formation/consumption of
benzene are not dependent on either the initiahylhiedide mole fraction or reaction pressure.
Moreover the peculiar shape of the profiles, chierared by a rapid increase up to 1250 K in
correspondence with the end of the phenyl iodidegdollowed by a slight decrease up to 1450 K
and a more rapid decrease at higher temperatweggests that at least two reaction mechanisms are
responsible for the formation of benzene. The magthanism was proposed and studied in detail by
Tranter et af® who highlighted for the first time the complexity the self-reaction between phenyl
radicals. The authors examined the different reaathannels by high-level computational methods
and concluded that the reaction between phenytatddoes not proceed only through recombination
to form biphenyl, but also through hydrogen absitoacto form benzene and ortho-, meta-, and para-
benzynes. The key role of the benzynes, in padicoll 0-benzyne, will be discussed later in the tex
in relation to the formation of terphenyls, biphkme, acenaphthylene, naphthalene, and the four-

ring compounds.
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Figure 25. a) Normalized benzene decompositionnbymalized biphenyl decomposition. [C6H51]0 = 50.6
ppm, p ~ 50 atmA [C6H5I]0 = 95.6 ppm, p ~ 50 atmy [C6H5110 = 26.6 ppm, p ~ 50 atnt] [C6H5I]0 =

54.2 ppm, p ~ 25 atm.
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The reaction rate constants associated with thectwapeting channels for the self-reaction
between phenyl radicals, i.e. the recombinatiomobhand the hydrogen-abstraction channel, were
calculated by Tranter et &.using high-level theoretical calculations and $ition state theory. As
suggested by the authors, the branching ratichithiree hydrogen abstraction channels leading to o
benzyne + benzene, m-benzyne + benzene, and pAmnzyenzene was estimated as 0.40-0.40-0.20
and the corresponding reaction rate constants takehe high-pressure limit expressions calculated
in [26] reduced, within the stated error limits, &yfactor of two (reactions R21-R23, Table 7). A
similar reduction, within the error limits, in tle®rresponding low-pressure expressions was applied
by Tranter et al. in order to improve the agreenmitveen the simulations and the low-pressure
experiments suggesting that the rate constant mayfftby a factor of two across the entire pressure
range. The isomerization between the three benisomers has been studied theoretically by
Moskaleva et al” who derived reaction rate constant expressiotiigadiin the present work (R24
and R25). The p-benzyne can also easily undergergnan decyclization to form 1,5-hexadiyn-3-
ene. The corresponding reaction rate constant wiaed based on a reaction barrier of 17.8
kcal/mol as calculated in Ref. [102] (R26). Finalhe reaction rate constant for the recombination
reaction was reduced by a factor of two comparetthécexpression derived by Tranter ef’dbr a
pressure of 100 atm (R20). This modification, witlthe estimated uncertainty provided by the
authors, lead to the improvement of the modelirgulte not only for biphenyl but also for other
intermediates such as the terphenyls.

We mentioned earlier the fact that the benzeneélpsah Figure 25a suggest the relevance of
a second reaction mechanism which lead to the fawmaf benzene. Such a mechanism involves the
reaction between phenyl radical and hydrogen iottidform benzene and iodine atoms. Hydrogen
iodide derives mainly from the direct decompositdrCsHsl into 0-GH,+ HI as described in section
6.3.1.1 and at later times in the reaction by thstraction reaction between phenyl iodide and

hydrogen atoms (R4 in Table 7). Thus although thengl iodide is usually considered as a clean
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source of phenyl radicals its chemical propertislito the formation of halogenated species, m thi
case HI, which can subsequently influence the ftonaof the intermediates of interest, in this case
benzene, derived from the reaction of the pherdiceds.

An estimated temperature-independent rate conftarihe reaction betweengd, and Hl
has been used in the present model (reaction Rie T7a. In view of the decreased reactivity of the
phenyl radical compared to the hydrogen atogriskan order of magnitude lower than the reaction
rate constant for reaction R19, H + Ht H, + | (Ref. [103]), although nearly twice the value
extrapolated from the expression derived by Rodgeral’® who experimentally investigated the
title reaction at relatively low temperatures (6433 K).

The model simulates with good accuracy the profibésbiphenyl for the experiments
conducted at 50 atm with initial8sl mole fraction of 26.6 ppm and at 25 atm with 5p@n of
reactant (Figure 26a and c). Above 1450 K the bigheoncentrations are overpredicted by the
model, but as discussed later in the text thisrdgncy is mainly due to the fact that the modebis
able to correctly predict the chemistry relevanhigh-temperature conditions. The remainingHzo
profiles (Figure 26b and d) are overestimated leyntiodel even at low temperatures, in particular in
the case presented in Figure 26d (initial moletioacof 95.6 ppm). The drop in the relative carbon
balance described above in relation to Figure 2@gests the presence of pathways for the formation
of larger compounds which are not measured in tresgmt study. Such pathways could be
responsible for the consumption of biphenyl attre#dy high phenyl radical concentrations. Such
hypothesis is supported by the comparison betweendrmalized experimental profiles for biphenyl
in the case of initial phenyl iodide mole fractioh26.6 and 95.6 ppm at a nominal pressure of B0 at
(Figure 25b). In contrast with the case of benaehere no dependence on the pressure and the initial
CeHsl mole fraction was observed (Figure 25a), the radizad profiles show a significant drop in the

biphenyl concentrations at higher phenyl iodideerfohctions.
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Figure 26.0 Benzene experiments:— benzene simulationsA biphenyl experiments; —biphenyl

simulations;

ppm, p ~ 25 atm; d) [C6H5I]0 = 95.6 ppm, p ~ 50 atm

a) [C6H5I]0 = 26.6 ppm, p ~ 50 atrh) [C6H5I1]0 = 50.6 ppm, p ~ 50 atm; ¢) [C6H5I]0 432

Different considerations apply for the simulatidrttee benzene profiles. As shown in Figure

26 the initial slope of formation is well reproddcby the model for most of the experimental sets

with the exception of the set conducted with ihitilaenyl iodide mole fraction of 95.6 ppm for which

the initial slope is underpredicted. The rate aduction analysis performed at 1217 K and 29.1 atm

with initial mole fraction of 54.2 ppm shows thattle beginning the formation of benzene is mainly

influenced by the abstraction channel between ghexudjcals with smaller contributions from the

reaction between phenyl and hydrogen iodide anchftbe recombination between phenyl and

hydrogen® (Figure 27a). In Figure 27a the lines for the ortAnd meta-benzyne channels are

superimposed. As the reaction progresses, theigrdGiHs + HI becomes the predominant pathway
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for the formation of benzene. Its contribution ssential for the accurate description of the beazen
profiles in the low-temperature range of the préstudy as shown in Figure 28 where the modeling
results from the complete model are compared todbelts obtained when the reactiogHE+ Hl
CeHs + 1 is removed (experimental set with initial centration of 54.2 ppm and nominal pressure of
25 atm). Similar reactions betweenrHg and HX could also be relevant when a generElsX
precursor is utilized, i.e. 8sCl or GHsBr. In these cases the reaction rate constantsxgected to
be lower tharks since in general the H-X bond would be stronganttihe H-1 bond.

While the benzene profiles are well reproducedtéonperatures below 1350 K, at higher
temperatures the model fails to simulate accurdteydecay observed in the experimental data. In
particular, above 1450 K where the experimentakeatrations drop rapidly the model predicts an
increase in the benzene mole fraction up to ard@@d K. As indicated in Figure 27b which shows
the rate of production analysis performed at 15GRéformation of benzene is still mainly due te th
hydrogen-abstraction channel. In comparison tddiwetemperature case, the contributions provided
by the reaction R5 and R44 are only minor. In otdennderstand if other reaction rate parameters
could be responsible for the overestimation obskmiehigh temperatures, the sensitivity analysis
was also performed at the same conditions whicliroosd the importance of the above mentioned
reactions (Figure 29). The sensitivity analysisoaisdicates a strong dependence on the rate
parameters of reaction R20, the recombination batwehenyl radicals to form biphenyl. The
modification of the related reaction rate parangeteithin the corresponding uncertainties does not
lead to a substantial improvement of the benzepélgrat high temperatures without affecting the
accuracy of the predictions for other compounds,diphenyl and benzene at low temperatures. This
is clearly an indication that the model is not ctetg and requires the addition of reaction pathways
which reduce the predicted formation of benzenkigit temperatures. We will analyze this issue in
more details later in the manuscript in correspandewith the discussion about the formation of the

light hydrocarbons (section 6.3.1.7).
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Figure 29. Sensitivity analysis for benzene ¢fGl] o = 54.2 ppm, T = 1502 K, p = 25.3 atm, t = 1.68

ms.

In addition to benzene and biphenyl, iodobiphenigtsre been measured in the low
temperature range of our experiments. Once agaimdgasurement of halogenated species indicates
that the phenyl iodide is not an ideal source oémgh radicals. Although the study of the
iodobiphenyls chemistry is not the focus of thespré work, it is essential to include the
corresponding reactions in the chemical kinetic ehdal order to obtain a better agreement between
simulations and experimental results for the lomgerature profiles of several species, including
benzene, biphenyl, and the terphenyls. The expeataheneasurement of the three iodobiphenyl
isomers is also important to define the primarydpiis of the addition between the phenyl radical
produced by decomposition of the phenyl iodide prear and the precursor itself. Such addition
process becomes relevant at the high pressuresrimepted in the present study or at low pressures
when large concentrations of the precursor arezedil A brief analysis of the main experimental and
modeling results regarding the iodobiphenyls isvigled below which can serve as reference for
future investigations on the decomposition of pheagtical precursors and the related chemistry.

As soon as the phenyl iodide starts decomposimphbiphenyls are produced indicating a

strong correlation between the two processes. dntfe three isomeric forms are mainly generated
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from the reaction betweensldsl and GHs in a similar fashion as the reaction between phexdical
and benzene leads to the formation of biphenyl lrttogen®. The pre-exponential factors of the
corresponding reaction rate constants have bearstadj based on the multiplicity of the specific
reaction pathway (R7-R9, Table 7). Once produckd, ibdobiphenyls can dissociate to form
biphenyl radicals and iodine atoms (R10-R15). Thesatiation and recombination reaction rate
constants have been assumed similar to the oras/eeto the phenyl iodide decomposition, i.e. R1
and R2.

The experimental profiles are well reproduced bg thodel as shown in Figure 30. In
particular, for the sets in Figure 30a and Figue Both the shapes of the profiles and the maximum
mole fractions are accurately predicted. The m-gpleenyl is the isomer present in larger amounts
in these experiments, while the p-iodobiphenyl shadke lowest concentrations. It is important to
notice how the model correctly replicates suchardry. When we analyze the experimental results
obtained with higher concentrations of phenyl iedidgrigure 30b and d), we notice that the o-
iodobiphenyl is the most abundant among the tleemérs. This indicates the presence of alternative
pathways for the formation or consumption of thdoisiphenyls compared to the cases shown in
Figure 30a and b. Although the shapes of the g®ofére well reproduced by the model, the
calculated mole fractions are overestimated conaptiréhe experiments, especially when 95.6 ppm
of phenyl iodide are pyrolyzed (Figure 30d), thus @an hypothesize that additional consumption
reactions should be added to the model. Such oeacitnclude for example the reactions between the

iodobiphenyls and s or H.
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p ~ 50 atm; ¢) [GHsl] o = 54.2 ppm, p ~ 25 atm; d) [Esl] o = 95.6 ppm, p ~ 50 atm.

6.3.1.3.Terphenyls

The obvious step in the growth towards larger PArhgounds which follows the formation
of biphenyl is the subsequent addition of a pheaglical to form the terphenyls. The mechanism of
phenylation of biphenyl to form o-, m-, and p-tezpkls was proposed by Brooks et'‘®who
measured trace amounts of these polyphenyls in stigidly on benzene pyrolysis at relatively low
temperatures (873-1036 K). The o-, m-, and p-terpiseare well separated by the GC method
implemented in the present study as shown in Fig@rand mole fraction profiles could be obtained

for all three isomers (Figure 31). The experimeptalfiles reach a maximum around 1275-1300 K
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with the m-terphenyl being the most abundant ambadsomers. The mole fraction of o-terphenyl is
lower not only compared to the mole fraction oferphenyl but also compared to the mole fraction
of p-terphenyl. This experimental finding is sugimy since from a simple analysis of the multipici

of the specific reaction pathways for the addittmetween biphenyl and phenyl we would expect
similar yields of the o- and m-terphenyls, in prdmm twice the yield of p-terphenyl. The

experimental results clearly suggest that o-terphisrconsumed by reactions which does not involve
the other isomers or that additional reaction patfsvare involved in the formation of the three
terphenyls. Both hypotheses are in principle cor@though only one has a substantial impactén th

modeling results as discussed below.
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o-Terphenyl can undergo a cyclodehydrogenizatiaotgss to form triphenylene (R55 in
Table 7). The corresponding reaction rate congtast been estimated based on the rate constant
proposed by Zhang et BF for the cyclodehydrogenization of cis-1,2-diphestlgene to form
phenanthrene. Due to the high activation energyluad in the process (84.7 kcal/mol) its
contribution is not sufficient to justify the sidicant difference between the experimental o- and m
terphenyls mole fractions especially in consideratf the temperature range of the present study.

We can now consider alternative pathways for thiem&tion of the terphenyls which could
explain the discrepancy between the expected ctiat@ns and the experimentally observed ones.
As discussed in the previous section, the decormipogf the iodobiphenyls leads to the formation of
biphenyl radicals and iodine atoms. Even more gt for the formation of the o- and m-biphenyl
radicals are the reactions of phenyl radical witbeozyne and m-benzyne, respectively (R27 and
R28). The corresponding reaction for the formatdrthe p-G.Hs radical (R29) does not play an
important role in the modeling results since thkeepzyne radical quickly isomerizes to form 1,5-
hexadiyn-3-ene (R26) and is not available for eaatvith phenyl. Once produced the three biphenyl
radicals can recombine with an additional phenglaa to form directly the terphenyls (R49-R51).

We discussed in generic terms about additionalwmth to the terphenyls, but we did not
explain how these pathways could address our ligjtiastion about the unexpected relatively low o-
terphenyl concentrations. The explanation is founthe fact that the pathway for the formation ef o
terphenyl from o-GH, (Figure 21) + @Hs is not as effective as the corresponding onemtaand p-
terphenyls even though oid; is the most abundant among the benzyne isomershvifmiplies an
relatively high concentration of o-biphenyl rade@ompared to the m- and p- ones. In fact the o-
biphenyl radical can isomerize and form the hydubbnylene radical (R59, see Figure 21 for
chemical structure) reducing the concentration -@f; 1y available for recombination with phenyl.
We will discuss this reaction in the section refatio acenaphthylene formation (section 6.3.1.4). O

the other hand, the mify and the p-GHg are mainly consumed by reaction witbHg to form m-
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and p-terphenyls. In addition we need to considat v-benzyne not only reacts with phenyl to form
the o-biphneyl radical but is also consumed by thactions involved in the formation of different
PAH compounds, i.e. biphenylene, naphthalene, hedfdaur-ring species. Such reactions will be
discussed later in the corresponding sections.

To the best of our knowledge, no previous invesibgahas studied or proposed reaction rate
constants for the steps involved in the formatibthe terphenyls. Consequently, the corresponding
parameters have been estimated as reported in Taliteparticular, the activation energy for the
recombination reactions between the benzynes anghanyl radical (R27—-R29) has been estimated
as similar to the barrier calculated by Tokmakod &m® for the reaction between phenyl radical
and acetylene forming the 2-phenylvinyl radical e Tdpproximated reaction rate parameters for the
dissociation reactions R30 and R31 respectivelynie€,Hy and p-G.Hy are analogous to the
parameters for the reverse of reaction R27 for kwhitwe thermochemical parameters are well
established. Likewise the reactions for the decaiipm of the terphenyls into biphenyl radicals +
phenyl radicals (R52—R54) are analogous to thersevef GHs + GHs — Ci.Hi, Finally the
reaction rate constants foly + CoH;o forming terphenyls and H atoms (R46—R48) have been
estimated based on the reaction rate constant fblg € GHs forming biphenyl + e The
corresponding pre-exponential factors were adjusiaded on the multiplicity of the specific
pathway.

As shown in Figure 31 the simulation results repoadthe shape of the terphenyl profiles
with very good accuracy in particular in relati@nthe estimated temperature range where the @ofile
reach the maximum value. It is also noticeable hioev relative concentrations between the three
isomers are in good agreement with the experimavith, m-terphenyl produced in larger amounts
compared to p-terphenyl and o-terphenyl.

The results presented in the current section itglithat in order to have an accurate
representation of the phenyl radical chemistrysitnecessary to consider the detailed pathways

involved in the formation of the terphenyls. A peutarly important role is played by the presente o
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the o- and m-benzynes as primary reactants invdlvélde formation of the biphenyl radicals which
serve as building blocks for the terphenyls. Wd discuss in the next sections how the benzyne

chemistry influences the formation of other PAH gaunds relevant for the formation of soot.

6.3.1.4.Biphenylene and Acenaphthylene

In view of the formation of substantial amountsoebenzyne radicals by the decomposition
of the phenyl iodide (R3), by the H-abstractionwssn phenyl radicals (R21), and by the
isomerization of m-benzyne (R24), we would expeighenylene to be among the major stable
products of the decomposition of phenyl iodide. ©again the experimental results do not reflect the
expectations. As shown in Figure 32 less than 1 ppmiphenylene is produced even with initial

phenyl iodide mole fraction equal to 95.6 ppm.
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Figure 32. Biphenylene experimental concentratioasp ~ 50 atmo [CgHsl] o = 26.6 ppmA [CeHsl] o = 50.6

ppm; o [CeHsl] o = 95.6 ppm.

The production of small amounts of biphenylene e@firmation of the fact that o-benzynes

are consumed by other reactions, i.e. the reautithphenyl radical to form o-GHg described in the
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previous section. Figure 32 also indicates thatpttweluction of biphenylene is proportional to the
initial concentration of the fuel, in agreement twithe fact that biphenylene derives from the
recombination between o-benzyne radicals whose dtom is directly linked to the fuel or its
primary products as described above. The high-preséimit reaction rate constant for the
recombination between the benzyne radicals has besently calculated by Tranter et?&land
utilized in the present model without any adjustt{&58).

While the formation of biphenylene is at least franglescriptive point of view simple, the
mechanisms involved in the formation of acenaplathgl are more complex and still not well
clarified. Our discussion starts with the simplepesmental observation of the fact that
acenaphthylene is produced in considerable amalunisg the pyrolysis of the phenyl radical. The
experimental profiles are reported in Figure 33 emlicate as expected that acenaphthylene is not a
primary product of the recombination between pheaglicals. In fact its formation does not occur in
the low temperature range of our experiments. Asvshin Figure 33 acenaphthylene profiles are
characterized by a rapid increase starting at ardl#b0 K which is typical of an isomerization
process with relatively high pre-exponential andivation energy or of a process involving
secondary products. The profiles reach the maximtimround 1500 K before dropping rapidly at
higher temperatures.

The conventional formation pathway for acenaphthglévolves the well studied reaction
between naphthyl radical and acetyfél® Naphthyl radicals are generally formed through the
HACA mechanisrt**starting from phenyl and acetylene through thengteeetylene intermediate.
Thus the whole process requires the addition @fettacetylene molecules to a phenyl radical with an
intermediate H-abstraction from the phenylacetyld8iee present experiments are performed without
acetylene in the initial mixture, and although glmate is produced at high temperatures we can
exclude the naphthyl + acetylene reaction as ralei@the formation of acenaphthylene. A good
proof for this hypothesis is provided by the meamant of the intermediate phenylacetylene. As

shown in Figure 34 phenylacetylene is producedaoe amounts even when large concentrations of
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phenyl iodide are pyrolyzed. In addition as disedsim the second part of the paper the presence of
much larger concentrations of acetylene would mosuifficient to justify the high mole fractions of

acenaphthylene reported in Figure 33.
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Richter et al' reported the presence of large amounts of acemgphe in their benzene
flame experiments. The authors hypothesized thattagahthylene is produced through the formation
of the hydrobiphenylene radical (Figure 21 for cheah structure) from the addition between
biphenylene and hydrogen, followed by isomerizatioracenaphthylene. The proposed pathway is
part of a more complex potential energy surfacectviias been recently studied in details by Shukla

|112

et al-™* using ab-initio calculations. The authors exploted possible pathways involved in the
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isomerization of biphenyl and o-biphenyl radical riglation to the formation of several stable

compounds including among the others acenaphthylene
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Figure 34. Phenylacetylene experimental concentoais at p ~ 50 atmo [CeHsl] o = 26.6 ppmA [CeHsl] o =

50.6 ppm;o [CeHsl] o = 95.6 ppm.

The theoretical results presented in Ref. [112]ehleen included in the model (R59-R71).
Due to the complexity of the problem in considenmatiew assumptions were made. First of all only
the more stable compounds were considered as fofisi#l products of the isomerization processes.
These compounds include biphenylene, acenaphthytere cyclopentafalindene (benzopentalene,
BENZO in Figure 21 and Table 7). The activationrgies of the elementary reactions are assumed
as equal to the relative theoretical barriers. ttieesponding pre-exponential factors are estimated
based on the values for similar reactions. Whetobad step is considered, a similar approach was
used considering the barrier between the reactantshe maximum energy of the specific path as the
activation energy. The pre-exponential was estich@esed on the reaction constituting the limiting
step in the global process.

The reaction pathway which involves the isomeraanf biphenyl (R68—R71) does not play
a significant role at the temperature conditionplemented in the present study although biphenyl is

formed in large amounts. In fact the entrance baof almost 110 kcal/mol is too high to allow a
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significant flux to enter the potential energy sid. Even a ten-fold increase in the estimated pre-
exponential factor does not lead to a significdrainge in the modeling results. On the other hdred, t
energy required for the isomerization of the o-bipyl radical is much lower as the corresponding
barrier is equal to around 31 kcal/mol (R59). Cdesing the fact that o-biphenyl radicals are formed
in considerable amounts by the recombination batwgleenyl and o-benzyne radicals (R27) as
discussed in the previous section, we expect thegmonding isomerization (R59) to occur even in
the temperature range of our experiments. Thus awe ho discuss in more details the reaction
scheme utilized in the present model which is basethe potential energy surface investigated by
Shukla et af'?

The entrance reaction step involves the isomedratof o-biphenyl radical into
hydrobiphenylene radical (R59 and R60). Hydrobipteme radical can isomerize to form
monohydrocyclopenta[a]indene (BENZOH in Figure 2t & Table 7) or undergo a hydrogen-loss
process to biphenylene + H. Although the lattehpaly (R61 and R62) is favorable from an entropic
point of view, the corresponding barrier is aroundkcal/mol higher than the barrier for the
isomerization to monohydrocyclopenta[a]indene (R68 R64). As also suggested by Shukla &Fal.
the isomerization pathway is favorable at relatiielv temperatures as also confirmed by the low
concentrations of biphenylene observed in the éxmens (Figure 32). Once formed, the
monohydrocyclopenta[a]indene intermediate can wguwen hydrogen-loss process to form
cyclopenta[alindene + H (R65 and R66) or proceaduijh a series of isomerization reactions
followed by a hydrogen-loss to form acenaphthylenél (R67). Clearly the former pathway is
favorable due to the entropy contribution and doethe fact that it is constituted by a single

elementary step.
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Figure 35a shows the modeling results for acengpgrith and cyclopenta[a]indene from the
scheme described in the previous paragraph. Thevpgitleading to cyclopentala)indene is clearly
predominant and the experimental profile for acéttagene is substantially underestimated. At this
point it is important to underline the fact thathalugh cyclopentaalindene was not measured in the
experiments we cannot exclude its formation justhen basis of the experimental observations as
cyclopenta[alindene dimerizes quickly even at raemperature. Previous studies indicate that in
order to obtain n.m.r. spectra for this speciesatialyses had to be run at -76'%¢ Thus we have
to base our considerations about cyclopenta[aliadermation exclusively on the theoretical study
by Shukla et at*?

The results presented in Figure 35a suggest theiljpldy of an isomerization pathway
between cyclopentalalindene and the more stableapbghylene. Such pathway has experimental
evidence in the work performed by Brown et'af'* and by Wiersum and Jenneskénsn the
formation of ring-contracted aromatic hydrocarboms¢luding acenaphthylene, starting from
diradical compounds. Blake et ‘af.used ab-initio calculations to investigate theeptial energy

surface for the isomerization of the biphenyl dicatlinto acenaphthylene through the formation of

the stable cyclopenta[alindene.
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The results in Ref. [116] were used to calculate thaction rate constants for relevant
isomerization reactions. Conventional transitioatesttheory (TST) with rigid rotor harmonic
oscillator assumptions and estimated tunnelingceffewas used to evaluate the high-pressure limit
reaction rate constants from the quantum chemalautations. Only the contributions from the low
frequency torsional modes, if any, were calculatemg free rotor approximation. In particular, the
isomerization between cyclopenta[alindene and gqutehglene was treated as a single step reaction
(R80) with rate constant equal to the one for tmitihg step in the global process which in realgy

composed by several isomerization steps. The Amwkeexpression of the reaction rate constant
calculated based on the molecular properties frob6][is Ky, [12.70410" exp(-438665/T) (s

Y. The modeling results obtained using such exjmessre reported in Figure 35b. The
acenaphthylene profile is still underestimatedhmsy thodel. Clearly the activation energy is too high
to allow the isomerization process to occur in thenperatures range where the experimental
acenaphthylene concentration starts increasingdd1&D0 K).

In order to improve the agreement between expetaheand modeling profiles for
acenaphthylene we derived an expression for thexdésaation between cyclopentalalindene and
acenaphthylene based on the experimental probleadenaphthylene. Such estimate is based on the
assumption that acenaphthylene is mainly produbtedugh the above mentioned isomerization
process. This assumption should be sufficientlyueste since the conventional formation pathway
for acenaphthylene can not play a significant edaliscussed earlier in the text. The expressied us

to evaluate the reaction rate constant is theviatig:

[BENZQ,
t

3 ~ In([BENZdO —A[BENZdJ
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where BENZ{, is the initial concentration of cyclopenta[a]indesis estimated by the model

ignoring reaction RSOA[BENZd = [BENZd0 —[BENZdt D[AZRS]t , andt is the reaction time.

[A2R5]t is the experimental concentration of acenaphtleyldrthe reaction time
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Figure 36. Arrhenius plot of the measured reactioate constant for isomerization of cyclopentala)iade

into acenaphthylene between 1287 and 1486 K, kins[CsHsl] o = 50.6 ppm, p ~ 50 atmy [CeHsl] o = 95.6
ppm, p ~ 50 atma [CeHsl] o = 26.6 ppm, p ~ 50 atni] [CeHsl] o = 54.2 ppm, p ~ 25 atm+— linear

interpolation.

The Arrhenius plot of the reaction rate constantR80 is reported in Figure 36. The linear
interpolation of the experimental results provitles expression for the reaction rate constantter t

isomerization of cyclopentaJalindene into acenapletie, which is equal to
Ky, 14.699010" exp(-391923/T). The pre-exponential factor is slightly higher rthéhe one

obtained above from the calculations based onetlts from Ref [116] but within a two-fold factor.
On the other hand, the activation energy is ardukdal/mol lower than the theoretical one. Further
theoretical calculations performed with multirefece methods will clarify if the discrepancy
between the theoretical and the experimental dafiv@nergies is due to inaccuracy in the theaaktic

methods implemented in [116] or to the presencadditional lower energy isomerization pathways.
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It is important to mention that the experimentagrived rate expression is function of the pararsete
of a complex model which includes among the othieesestimated reaction rate parameters for the
formation of cyclopentala]indene (R59—R67) as waelthe reaction rate parameters for the formation
of o-biphenyl radical, R27. Thus its accuracy delsemlso on the accuracy of such relevant
parameters in the model.

The results obtained including the experimektglexpression into the model are shown in
Figure 33. The formation of acenaphthylene is wegroduced by the model in terms of shape of the
curve as well as mole fraction levels. In the Higimperature range of our study, above 1500 K where
the experimental profiles drop, the concentratiares overestimated by the model. We can attribute
this discrepancy to the absence of reaction patbv@yning lighter compounds as we will discuss
later in the appropriate section. Similar resulerevobtained for the experimental set conducted at
nominal pressure equal to 50 atm with 95.6 ppnmain;Hsl mole fraction.

In Figure 33 the profiles of biphenylene are alsparted. The simulations predict the
experimental profiles accurately in the low tempana range up to 1300 K where the formation of
biphenylene is mainly driven by the recombinatieaation between o-benzyne radicals (R58). At
higher temperatures where the experimental profilesay the modeling results do not follow the
experimental trends so accurately. Above 1300 Kcbmtribution from the isomerization reaction
from hydrobiphenylene radical to biphenylene + HIRand R62) becomes relevant and causes the
mentioned discrepancy. Thus the experimental gofihdicate that such reaction pathway could be
even less relevant than estimated. On the othet, lzalditional channels which consume biphenylene
could be important especially in the high tempaetange of our study.

In order to test this hypothesis, a series of thmal calculations were initiated. The model
includes the results of such theoretical studyqreréd to analyze possible biphenylene isomerization
pathways (R72—R77). In particular, the study waspired by the experimental investigations by
Wiersum and Jenneskéftsand by Brown et df*''*as well as by the study by Scébttwhich

indicate that biphenylene is a precursor of cyahb@ia]indene and consequently of acenaphthylene.
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This possibility was investigated. The geometryirojations and vibrational analyses were
performed using the uB3LYP hybrid functiof&f with the Pople’s valence triple-basis set 6-
311+G(d,p}®. The energetics of the optimized structures weskned by single point energy
calculations performed with coupled-cluster metlisthg both single and double substitutions and
including triple excitations (CCSD(T) with Dunning’s correlation consistent polarizedue<,
basis set (cc-pVDZY. Frozen-core (FC) assumption was also used. Althef calculations were
carried out with the Gaussian 03 program pacKagdée results of the calculations are reported in
Appendix A (Cartesian Coordinates, electronic eiasrg zero-point vibrational energies, and
imaginary vibrational frequencies).

The results of the theoretical investigation arevahin Figure 37. The pathway identified in
the present study involves the formation of a bepaooctatetraene-like structure gfoct) (see
Figure 37 for chemical structure) and subsequerrgamization to form a cyclopenta[a]indene-like
radical (BENZOHyl) (Figure 37). Since the calcubais were performed on spin-singlet structures,
hydrogen-transfer processes are favorable compardydrogen-loss processes. As expected the
BENZOHyl radical isomerizes to form cyclopentaalgme. Among the species in Figure 37 the only

one which showed diradical character is BENZOHYle Telative energy was estimated as

E = E(CCSI(T)) + E(UB3LYP) - E(rB3LYP)

where E(uB3LYP) and E(rB3LYP) are the energies of the diradical and closed-shell
compounds estimated respectively by uB3LYP/6-31tH63(and rB3LYP/6-311+G(d,p) methods.

Reaction rate constants for the elementary stepsvied in the isomerization process were
calculated using conventional TST and rigid rot@rrhonic oscillator assumptions. The rate
parameters are reported in Table 7 (R72—R77). Niestdents to the reaction rate constants were

made. Clearly biphenylene is a very stable compoamd its dearomatization can occur only at
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relatively high temperatures. Only above 1500 K dbetribution of the proposed pathway becomes
relevant for both the consumption of biphenylend #re formation of acenaphthylene through the
cyclopenta[alindene intermediate. Further constitara on the necessity of further studies on the
biphenylene isomerization are dependent on theracguwf the rate parameters of the reactions
involved in the formation of biphenylene as wellasthe understanding of the mechanisms which

leads to the formation of the light hydrocarborscdssed later in the manuscript.
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Figure 37. Potential energy surface for the isomzation of biphenylene into cyclopentala]indene.

kcal/mol

5O

uB3LYP/6-311+G(d,p) optimized structures. CCSD(TE}eVDZ energies in kcal/mol, including ZPVE.

6.3.1.5.Naphthalene

The presence of fused-ring structures formed dutiiegpyrolysis of the phenyl radical is
definitely the most surprising and challenging ekpental finding in the present investigation. We
already discussed about the formation of acenafgrtbyand its modeling. Naphthalene, the simplest
among the condensed compounds, was also measthieddgdl in lower concentrations compared to
acenaphthylene. The experimental profiles are showfigure 38. In particular, it is interesting to
notice how naphthalene is produced as soon ashteypiodide starts decaying suggesting a link

between the formation of the second-ring speciabs the primary products of the phenyl iodide

decomposition.
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Clearly the HACA mechanisi''®can not be responsible for the experimental foionanf
naphthalene since acetylene is not present inetletant mixture or produced in large amounts at low
temperatures. Based on the experimental resultstaveed a series of theoretical calculations en th
radicalf--bond addition between single-ring aromatics anccarecluded that the reaction between o-
benzyne and benzene leads mainly to the formafioraphthalene and acetylene through a two-step
process involving the 1,4-cycloaddition betweeneozyne and benzene and the subsequent
fragmentation of the intermediat® The details of the study are reported in Chapt&imilar results
were reported by Shukla et’af.Both benzene and o-benzyne are formed as printadupts of the
decomposition of the phenyl iodide and reactionveen phenyl radicals, thus the proposed pathway

was included in the model (R146—R148). The reaatide constarit;4; was calculated based on the
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structures and energetics provided in Appendix Dgusonventional TST. In addition the reaction
rate constant for the entrance reaction, the 1¢fbagdition, was multiplied by a factor of two with
the uncertainty provided in section 7.2. For cdesisyki4; was also multiplied by a two-fold factor.
The results of the simulations are reported in @8 and show an excellent agreement with
the experiments not only in terms of profile shap# also in terms of concentrations. The
experimental results confirm the relevance of thdicalk-bond addition between o-benzyne and

benzene as source of the second-ring speciessikitid of pyrolytic systems.

6.3.1.6.Four-Ring Compounds

Even more surprising than the formation of acertapbhe and naphthalene was the
identification and measurement of a variety of fdog fused compounds including chrysene,
triphenylene, benzo[alanthracene, benzo[g,h,i]intinene, and benzo[c]phenanthrene. An example
of the profiles for these species is shown in FgR® for the experimental set conducted at a ndmina
pressure of 50 atm with an initial phenyl iodidelenfraction equal to 95.6 ppm for which the mole
fractions of the four-ring compounds are maximunhe Texperimental profiles provide critical
information on how these large compounds couldbeéd.

First of all it is important to notice that chryseand triphenylene coelute in the present
analytical set-up. In fact it is not possible tpa@te these two compounds using a (50%-Phenyl)-
methylpolysiloxane phase column as the DB-1*!inghe LC-50 column, dimethyl-(50% Liquid
Crystal), is not suitable for measuring the lighf&H species, but it provides a good separation of
heavy isomers, as for example triphenylene andselmg. A series of relevant experiments were
conducted with a LC-50 column attached to the sgdéld detector in parallel with the DB-17ms
column, so that heavy species could be separatedigh the two different columns for better

resolution. The results indicated that the peak areasured with the DB-17ms is constituted by 90%
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of chrysene and 10% of triphenylene. With this imanwe can clearly state that the major four-ring

compound produced in the pyrolysis of phenyl rddgahrysene. Only small amounts of the other

isomers are produced.
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Figure 39. Experimental mole fraction, [fHsl] o = 95.6 ppm, p ~ 50 atm chrysene (~90%) + triphenylene

(~10%); o benzo[a]anthracenep benzo[g,h,ilfluoranthene;d benzo[c]phenanthrene.

Even more important from a mechanistic point ofwie the fact that the chrysene is formed

as soon as phenyl iodide starts decomposing. Ctiowah pathways for the formation of this

compound include the HACA mechanism starting fronemanthrene. Since phenanthrene is only

measured in trace amounts in the experiments agtgilewe is not produced at low temperatures, the

HACA mechanism can not be responsible for the féionaof chrysene. Thus, such species must be

produced by some sort of recombination betweerethirggle-ring aromatic compounds. On the other

hand, benzo[a]anthracene, benzo[g,h,i]fluoranthand, benzo[c]phenanthrene are formed at higher

temperatures, indicating that these isomers coetflvel from the isomerization of chrysene.

In order to understand the mechanisms of formatbrchrysene we deconstructed its

molecular structure into simpler components. Thiy ogasonable pathway we were able to identify

is the one reported in Figure 40. The primary rast on the right of the figure are naphthyl vinyl

radical and phenyl radical which can recombineotonfan intermediate compound which undergoes
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ring closure and dehydrogenization to chrysenes focess is a sort of PAC mechanism of the
naphthyl vinyl radical. The main problem with theoposed pathway is the fact that the naphthyl
vinyl radical once formed would isomerize quickly form acenaphthylen® and would not be

available for the recombination reaction with theepyl radical. A different mechanism must be

responsible for the formation of chrysene.

= ol = obO= b0

Figure 40. Deconstruction of the molecular structerof chrysene.

Shukla and Kosft* identified the presence of triphenylene in theiperimental work on
benzene pyrolysis. Thus, we can hypothesize tigteinylene is produced as the primary four-ring
compound in our experiments too and that it submetiyiundergoes isomerization to form chrysene.
Since such an isomerization process is unknowm fasomodeling point of view we will consider
only the formation of triphenylene and compare thedeling results with the sum of the
experimental mole fractions of all the four-ringesjes (Figure 41). The correspondence between the
calculated triphenylene concentrations and the umedsconcentrations provides an estimate of the
accuracy of the reaction pathways in the model ikgepn mind the fact that triphenylene
subsequently undergoes isomerization into chrysemed at higher temperatures into

benzo[a]anthracene, benzo[g,h,i]fluoranthene, amtd[c]phenanthrene too.
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54.2 ppm, p ~ 25 atm.

The formation of triphenylene is the prototype lué PAC mechanisth® Shukla and Koshi
hypothesized that phenyl adds to biphenyl to forrterphenyl which subsequently undergoes
cyclodehydrogenization process to triphenylene. Tdteer step has always been controversial.
Experimental studies on benzene pyrof{8isind on biphenylene pyroly&i$ indicate that the
cyclodehydrogenization process does not occuroadth studies supporting the contrary are present
in literaturé®*?2 We will try to use our experimental results tarifly the point.

We have already discussed the formation of o-tetylhen a previous section (section
6.3.1.3) and mentioned that from a modeling pointi@w its cyclodehydrogenization is energetically
unfavorable due to its high activation energy (8kc@l/mol, R55). This consideration is based on
estimated parameters which may not be very accusatewe need to find a more convincing

justification to rule out the cyclodehydrogenizatiprocess. Such justification derives from a simple



99

empirical observation. The amount of o-terphengldpiced in the system (Figure 31) is not sufficient
to justify the high mole fractions of four-ring cpounds observed in the experiments even if o-
terphenyl were entirely converted into triphenylefirus a different mechanism must be involved in
the formation of the four-ring compounds.

Fields and Meyersdff'**reported the measurement of triphenylene in {hgiolytic studies
on the reaction between o-benzyne and benzenealiitimrs hypothesized that the formation of
triphenylene is mainly due to trimerization of oaagne radicals. Lindow and Friedm&n'®®
investigated the liquid and vapor-phase pyroly$ibiphenylene and based on the distribution of the
product species concluded that a relatively highceatration of the diradical species in Figuresi2 i
present especially in the high temperature rangthaf experiments (730 °C). Such diradical can
react with o-benzyne and form triphenylene as shawifrigure 42. An important consideration
reported by Lindow and Friedman is that naphthalsmet produced even when the experiments are
conducted in benzene for which the estimated biagiess than 7 kcal/mdf. This indicates that the
reaction between the diradical intermediate andothenzyne radical must be very fast in order to
justify the fact that all the o-benzyne radicale aonsumed by the pathway in Figure 42 even when
large concentrations of benzene are present. lerada account for such favorable trimerization
process, we assumed that o-benzyne reacts dinittlybiphenylene with a reaction rate constant

similar to the one used for the dimerization ofesthyne radicals (R58).

©I+I©g<——> @@@

—

O O

Figure 42. o-Benzyne trimerization pathway.
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The results of the simulations are reported in Figdl. The modeling profiles are in
excellent agreement with the experiments not owly the general shape but also in terms of
maximum mole fractions of the product species. Thilicates that the proposed pathway is most
likely correct although we need also to take irtocant the large uncertainty in the quantificatidn
the four-ring species before drawing a conclusiorthee accuracy of the estimated reaction constant
ks7. For comparison the modeling results using ondyRIA\C mechanism are also shown in Figure 41
(dashed lines). The results confirm the hypothésisthe PAC mechanism is not adequate to explain
the formation of the four-ring compounds in thetegsin consideration.

Before concluding this section, we would like torien that the diradical intermediate in
Figure 42 can dimerize as shown in the previoudistuon the biphenylene pyrolySis'®> This
process could be responsible for the discrepantydam experimental and modeling profiles for
biphenylene reported in the corresponding sectiod @ Figure 33. Such hypothesis requires

additional theoretical validations.

6.3.1.7.Light Hydrocarbons

Although the main focus of the present investigai®to study the formation of polycyclic
aromatic hydrocarbons and the relevance of the idaénmechanisms involved, several light
hydrocarbons were measured including the major yntsdbenzene, acetylene, diacetylene, and
triacetylene. Benzene formation has been alreasiyudsed earlier in the text in the corresponding
section and no additional analyses are necessarthdéopurpose of the present investigation. The
main consideration we need to keep in mind abautitbcussion on benzene is the fact that although
the low temperature profiles are well reproducedhigymodel the benzene concentrations in the high
temperature range of our study are overestimatethéymodel (Figure 26). Overestimation of the

experimental profiles at high temperatures has l#so observed for other product species, i.e.
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biphenyl (Figure 26), biphenylene and acenaphtleyl@figure 33). Of course this means that the
formation of other experimental compounds is unstare@ted. However before considering the
modeling results we start as usual with the anslg§ithe experimental profiles of the remaining
major compounds, i.e. acetylene, diacetylene, aacktylene.

As expected, the formation of acetylene and polydees occurs in the high temperature
range of our study mainly above 1400 K. Wang ét°dhvestigated the decomposition of the phenyl
radical using ab-initio calculations and concludkdt it proceeds through C-H fission to form o-
benzyne (R157) which subsequently undergoes fragatien into acetylene and diacetylene (R159).
The derived reaction rate constants were includethé model used by the authors to accurately
simulate the decomposition of benzene in shock-eiggeriments where the polyacetylenes were
measuretf’. Based on the mechanism proposed by Wang 8t ahe formation of acetylene and
diacetylene are strictly coupled and the correspancdoncentrations should be very similar at least
low temperatures. As shown in Figure 43 the expemial profiles from the present study do not
follow the expected behavior.

The first obvious discrepancy between the experiateand the expected trends consists in
the fact that acetylene is produced in much lacgecentrations compared to diacetylene even at the
relatively low temperatures when the profiles stdaa increase rapidly (1400 K). The second less
evident difference between the acetylene and theetlilene profiles is that acetylene is produced
also below 1400 K although in small amounts (fewnpplrhese evidences suggest that there could be
an additional low-energy reaction pathway whichofavthe formation of acetylene. The comparison
between the experimental profiles for acetylene diagetylene and the modeling results confirm
such hypothesis (Figure 43). In fact, althoughrtizeleling profiles start increasing around 1400 K as
the experiments indicate, the o-benzyne fragmemtatathway is not sufficient to justify the steep
increase in the experimental mole fractions esfigaid acetylene. In addition the experimental
profiles reach a sort of equilibrium at relativébyv temperatures, around 1700 K for acetylene and

1600 K for diacetylene, while the modeling profilde not reproduce such behavior. Finally no
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formation of acetylene is predicted at temperatinelsw 1400 K indicating that the model is not

complete.
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Figure 43.0 Acetylene exps— acetylene sim.A diacetylene exp= —diacetylene sim.g triacetylene exp.,
—- —tracetylene sim. a) [(Hsl] o = 26.6 ppm, p ~ 50 atm; b) [E:l] o = 50.6 ppm, p ~ 50 atm; c) [Hsl] o =

54.2 ppm, p ~ 25 atm.

Different considerations apply for triacetylene eT¢orresponding experimental profiles have
a similar trend to the profiles of acetylene andcdtylene with a relatively steep increase starting
around 1450 K before reaching the equilibrium vaueund 1700 K. Of course the mole fractions of
triacetylene are lower than the ones of acetylamd diacetylene. This is in agreement with the

hypothesis that triacetylene could be mainly forrttedugh polymerization.
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The polymerization steps are included into the rhbdeconstitute only a minor pathway for
the formation of triacetylene. Reaction pathway lgsia indicates that triacetylene is mainly
produced through decomposition of thgHg radical (reverse of R162, Ref. [105]) which isnfed
principally by reaction R167, zgH,+H < C¢Hs+H, (Ref. [94]). As already discussed, gz is the
product of the Bergman decyclization of p-benzyR2§). As shown in Figure 43 the model
significantly underestimates the concentrationstrizcetylene. In particular, the polymerization
mechanism should play a more relevant role forféheation of such polyacetylene as we will also
discuss in the second part of the manuscript aticel to the phenyl + acetylene reaction.

The results reported in the present section inditiaat although the formation of the PAH
products is well simulated by the model, additionark is required in order to reach a similar
accuracy with respect to the profiles of the liggtdrocarbon compounds. On the other hand, the
experimental results provide a very important bemetk for further development of the chemical
kinetic model and for testing novel reaction pathsvin particular in relation to the formation of
acetylene. Possible pathways could involve thectifimgmentation of the large PAH compounds
into small aliphatic hydrocarbons. A key role colle played by the presence of hydrogen atoms
which could quite easily add to the various siteailable in PAH compounds and allow the access
into alternative potential surfaces at the highspoee conditions implemented in the present study.

These hypotheses clearly require further theoletalaations.

6.3.1.8.PAC, Benzyne Chemistry, and Polymerization

Now that we presented a complete analysis of tiperaxental and modeling results on the
pyrolytic reactions of the phenyl radical, we sumizea the main findings in view of the initial
purpose of the investigation, i.e. clarifying theler of the relevant reaction mechanisms. The

considerations reported in this section apply Sjpadiy to the primary growth reaction steps up to
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the formation of the four-ring compounds. Howevatch of the present discussion can be extended
to systems which involve reactions between evagetacompounds.

First of all the experimental and modeling resulidicate that for the system under
consideration the PAC mechanism is not enough.driqular, the cyclization of o-terphenyl is
energetically unfavorable in the temperature rasfgais study, and the PAC mechanism alone is not
sufficient to account for the formation of the larigur-ring PAH compounds.

On the other hand, it is clear from the entire pmscussion that the presence of the
benzynes enhances the formation of almost all tAél Rompounds measured in the present
investigation. While the p-benzyne undergoes rémdherization into 1,5-hexadiyn-3-ene (Bergman
decyclization R26) and does not contribute to tteevth process, the m-benzyne is the primary factor
in the formation of the m-terphenyl. In fact it omebines with phenyl radicals to form m-Hg
radicals (R28) which constitute the primary builgliblock for the formation of the m-terphenyl
through reaction R50. Nevertheless we focus o@ntittin on the chemistry associated with the o-
benzyne radical, the most abundant among the ben®gmers and definitely the most influential
intermediate in relation to PAHs formation.

0-Benzyne is mainly produced by three reactionwatls as shown in Figure 44a, i.e. the
decomposition of phenyl iodide into o-benzyne and(R3), the H-abstraction between phenyl
radicals (R21), and the isomerization of m-benz¢R24). Once formed o-benzyne reacts with the
most abundant radical intermediates present irsysem, i.e. o-benzyne to form biphenylene (R58)
and phenyl to form o-GHg (R27). In particular, o-biphenyl radical is a vemyportant intermediate
for the formation of PAH compounds as indicateigure 44b. In fact in addition to constituting the
primary building block for the formation of o-temphyl (R49) it can easily isomerize into the
hydrobiphenylene radical (R59) which is the precurfor the formation of cyclopentala)indene,
acenaphthylene, and biphenylene - to a minor exténé reaction rate analysis in Figure 44b
confirms that 0-GHg is mainly formed by reaction between o-benzyne @mehyl radical. Moreover

o-benzyne is also responsible for the formatiomabhthalene through cycloaddition with benzene
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and subsequent fragmentation of the intermediaflel@RR148) and possibly for the formation of

triphenylene through trimerization (R57).
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Figure 44. Rate of production analysis, {gsl] o = 54.2 ppm, T = 1287 K, p = 28.3 atm. a) o-benzradical;

b) o-biphenyl radical.

The results summarized above not only highlightithgortance of the o-benzyne chemistry
for the formation of a variety of PAH componenttevant to the formation of soot, but also draw
attention to a wider category of compounds, thadials. In particular, at high-temperatures where
the dehydrogenization or H-abstraction processag alsignificant role the presence of relatively
high concentrations of diradical species could arihe growth to larger PAH compounds by
cycloaddition or even more rapidly by diradicaladlical recombination. Clearly these processes
would be in competition with the conventional grbvmechanisms, i.e. the HACA mechanism or the
PAC mechanism.

A final note regarding the formation of acetylertergatively high temperatures and the
consequent polymerization process: the experimgmtdlles indicate that below 1300-1400 K the
formation of PAH compounds is the predominant pattéll the polycyclic aromatic hydrocarbons

but acenaphthylene have the highest concentraitiotigs temperature range after which the profiles
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drop. Above 1400 K the formation of acetylene beesnpredominant together with the
polymerization process to form the polyacetylerfagither investigations are required in order to

clarify the high-temperature mechanisms responsibla a theoretical point of view.

6.3.2. Phenyl + Acetylene Reaction

Now that the mechanisms which lead to the formatiobRAH compounds from the pyrolysis
of the phenyl radical have been studied in detaith experimentally and theoretically we can move
to the second part of our investigation which redgathe reaction between the phenyl radical and
acetylene. Just as for the phenyl pyrolysis studg, will present the major experimental and
modeling results with particular attention to tipeafic mechanisms involved in the formation of the
PAH products. The experimental and modeling resalt25 atm are very similar to the results
obtained at 50 atm with higher acetylene conceontratand thus are not shown. It is worth
mentioning that although not discussed in detadset amounts of several other PAH compounds
were detected including most of the compounds shawirigure 22. However, the pathways

characteristic of the phenyl pyrolysis now playyoalminor role.

6.3.2.1.Phenyl lodide Decomposition and Acetylene Profiles

The mechanisms of decomposition of the phenyl edglicecursor phenyl iodide are of course
similar to the ones described for the phenyl pysslstudy. The only major difference is the presenc
of hydrogen atoms in the system from the reactietwben phenyl radical and acetylene to form
phenylacetylene and H. The free hydrogen atomsreact with the phenyl iodide and abstract the
iodine atom (reaction R4 in Table 7). This reactiaas studied both experimentally and theoretically

by Gao et al?® and the reaction rate constant derived by thecasitvas used in the present model
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within the given uncertainty limits. The experimgnand modeling profiles for phenyl iodide are

reported in Figure 45. Good agreement between empets and simulations was obtained.
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Figure 45. Phenyl iodide decomposition.exp.;— sim. a) [GHsl] o = 58.1 ppm, [GH3]o = 236.3 ppm, p ~

50 atm; b) [GHsl] o = 55.1 ppm, [GH]o = 511.3 ppm, p ~ 50 atm.

In these experimental sets, acetylene is also adsl@dreactant to the initial mixture. As we
can observe in Figure 46 the acetylene profilesnvskonilar trends for all sets. The trends are
characterized by a drop in correspondence witld#oay of the phenyl iodide, a recovery above 1300
K before a more consistent drop at higher tempezat{(above around 1600 K). The model accurately
predicts the experimental behavior of the acetylpradiles with regards to both the shape of the
profiles and the concentrations. Clearly this iatks that the chemistry involved in the formatiod a
consumption of acetylene is well represented byntbdel. Only at high temperatures does the model
overestimate the experimental mole fractions. Wi digcuss the reason for such a discrepancy in

the section related to the polyacetylenes (se&i8r2.6).
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6.3.2.2.Phenylacetylene and Benzene

Phenylacetylene is obviously the major product ftbenreaction between the phenyl radical

and acetylene (R90). At low temperatures the péssmainly limited by the concentration of

phenyl radicals in the system as indicated in FKgdi7# where the experimental profiles for

phenylacetylene are reported for the two sets adeduat a nominal pressure of 50 atm and with

different initial amounts of acetylene (236.3 ppnmd&11.3 ppm). In fact the initial slope for the

formation of phenylacetylene is similar in botheasdependently of the,l &, mole fraction. Above

1175 K the experimental profiles start divergingdam the temperature range where the

phenylacetylene profiles reach the maximum valusmufad 1275 K) the ratio between the

phenylacetylene mole fractions is around 0.69, drigtompared to the ratio between the acetylene

concentrations (around 0.46). Thus, although thgalinacetylene mole fraction does have an

influence on the formation of phenylacetylene, ithigal mole fraction of phenyl iodide is a limitin

factor even at intermediate temperatures.
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On the other hand, the experimental profiles farZe@e indicate that the formation of this
product is almost entirely dependent on the inpia¢nyl iodide concentration. In fact, as shown in
Figure 47, the initial acetylene mole fraction doed have an influence on the concentration of
benzene produced along the entire temperature m@hger study. This is a clear indication that the
pathways for the formation of benzene are verycigffit and involve reactions with very reactive
compounds. This is indeed the case. As shown inr€igl8 the reactions responsible for the
formation of benzene are the recombination betwsdemyl and H (R44) and the reaction between
phenyl and HI (R5). The main difference with thepesments conducted without acetylene is the
relevance of reaction R44 even at low temperatduesto the presence of large concentrations of H
atoms from reaction R90. Reaction R5 still has gpmafluence on the ability to model the benzene
formation. On the other hand, the hydrogen-abstracthannel between phenyl radicals (R21-R23)
has a minor role due to the fact that the phengiceds are removed by the efficient reaction with
acetylene and not available for self-reaction.

The results of the simulations are reported in FgtB. The model reproduces correctly the

formation of both species for temperatures up t001R. At higher temperatures, especially above



110

1400 K, the concentrations of benzene and phenylaoe are overestimated. This behavior is
similar to what we observed in the modeling resaftthe major species of the study on the phenyl
pyrolysis. We can attribute this discrepancy to $hme reason hypothesized in the first part of the
manuscript - that the model does not include releyathways which consume the intermediates

forming smaller compounds, i.e. the polyacetylenes.
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6.3.2.3.Diphenylethyne and Phenanthrene

If we compare the distribution of PAH products e tphenyl + acetylene system with the
one observed for the phenyl pyrolysis study we wdé surprised that not many additional product
peaks were measured. The major difference in adaliegylene as an initial reactant consists in the
presence of the C14 compounds, i.e. diphenylethyiephenanthrene. The experimental profiles of
these compounds are reported in Figure 50. The riexpets indicate that the formation of
diphenylethyne is slightly faster than the one bémanthrene in the low temperature range of our
study. In addition diphenylethyne concentrationsache slightly higher values compared to

phenanthrene before decaying above 1250-1300 K.
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Figure 50.0 Phenanthrene exps— phenanthrene sim.A diphenylethyne exp= —diphenylethyne sim. a)
[CsHsl]o = 58.1 ppm, [GH1]o = 236.3 ppm, p ~ 50 atm; b) {Bsl] o = 55.1 ppm, [GH,]o = 511.3 ppm, p ~ 50

atm.

The mechanisms of formation for phenanthrene aite quell known. The first relevant
mechanism involves the reaction between o-bipheadital and acetylene forming phenanthrene + H

(R98). At low temperature such reaction providesy an minor contribution to the formation of
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phenanthrene for the case in consideration. Intfeetmajor contribution derives from the reaction
between phenyl radical and phenylacetylene. Suattiom has been investigated by Iparraguirre and
Klopper® using ab-initio calculations but due to the comjtjeof the study we preferred to use for
modeling purposes an estimated global reactionaatstant (R99) based on the model presented in
Ref. [95].

On the other hand, to the best of our knowledgepmvious studies have considered the
formation of diphenylethyne although the poten@akrgy surface proposed in Ref. [129] contains
intermediate structures which could be precursorsdiphenylethyne. In view of the structure of
diphenylethyne and the system in consideratiordifign the pathway for its formation becomes
trivial. Clearly diphenylethyne is formed throughddition between phenyl radical and
phenylacetylene with subsequent hydrogen losssimdar fashion as the reaction betweegi£and
C.H, forming phenylacetylene + H. This is the reasory wie considered the same reaction rate
constant for both processdgg(= ko). The reaction rate constant for the reverse i@a¢R97) was
estimated based on the results by Hertzler anckEfaon the reaction between phenylacetylene and
H. In particular, the pre-exponential factor wadtiplied by a factor of two due to the multiplicitf
the reaction pathway.

The results of the simulations show excellent agexe with the experiments especially for
the profiles of diphenylethyne (Figure 50). Thenfiation of phenanthrene at low temperatures is also
well simulated by the model indicating that theresponding reaction rate parameters in the model
are appropriate. In particular, it is worth highiilpg that the relative formation slopes are well
reproduced. The major discrepancy between expetimraamd simulations consists in the fact that the
phenanthrene experimental profiles obtained witghéi GH, mole fractions reach higher
concentrations than the modeling profiles. Thia @nsequence of the fact that the modeling peofile
reach the maximum at around 1250 K in corresporglenth the maximum gHsC,H values while
the maximum experimental value is obtained at higlenperatures (around 1350 K). Different

alternative pathways for the formation of phenagtler were considered including the Diels-Alder
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mechanism between biphenyl and acetylene studigdidbgv et al. (R110 and R111, Ref. [131]). No

improvement in the modeling results could be olet@in

6.3.2.4.Biphenyl and Acenaphthylene

The mechanisms of formation of biphenyl and acetigfdne have been described in detail
in the sections 6.3.1.2 and 6.3.1.4 since bothpasduced in large concentrations by the pyrolytic
reactions of the phenyl radical. The two C12 conmalsuare present also when acetylene is added in
the initial mixture although in lower amounts aswh in Figure 51. In particular, biphenyl formation
is significantly reduced due to the fact that pheaglicals are removed by the reaction with acetyle
and thus are not available for self-recombination.

A similar consideration applies for acenaphthylafteough in this case the reduction is not
as substantial as expected due to the fact thatHR€A mechanism provides a significant
contribution to the production of the species (R9R149 + R81). The relevance of the HACA
mechanism of course depends on the initial conagoitr of acetylene. Figure 52 shows the results of
the rate of production analyses for acenaphthymraucted at similar temperature and pressure
conditions but for different initial acetylene mdlactions. While the results in Figure 52a indécat
that in the system with an initial acetylene cotiion of 236.3 ppm the HACA mechanism
competes with the alternative formation pathwaysctvtwere found to be significant in the study
conducted without acetylene, an increase in thi/lece concentration enhances the relevance of the
hydrogen-abstraction acetylene-addition pathwaygufe 52b). In the latter case the HACA

mechanism clearly dominates the acenaphthyleneatiwmprocesses.
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1491 K, p =50.3 atm; b) [§Elsl] o = 55.1 ppm, [GH;]o = 511.3 ppm, T = 1479, p = 51.1 atm.

The modeling profiles are reported in Figure 51e Bxperimental profiles of biphenyl are
well simulated by the model although overestimatédtemperatures higher than 1400 K. The
formation of acenaphthylene is also accurately ipted up to around 1500 K which confirms the
accuracy of the reaction pathways considered inpiesent work. At higher temperatures the

experimental profiles drop rapidly while the simeth mole fractions increase up to 1725 K before
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decaying. This is another confirmation of the fiett the model is not complete but should include

additional pathways which lead for example to trenation of light compounds.

6.3.2.5.Naphthalene

The analysis performed on acenaphthylene indichtdsthe HACA mechanism has a major
role in the formation of such a compound. As islvkalown, one of the elementary steps of the
HACA mechanism involves the formation of the naphttadical through reaction R149. Naphthyl
radical could react with hydrogen atoms and leatthéoformation of the second-ring species (R151).
Thus it is interesting to understand if for theteys under consideration naphthalene is produced in
substantial amounts and how the formation of nagbtie compares with the results of the phenyl
pyrolysis study (Figure 38).

The experimental results clearly show that the ypass previously identified as leading to
naphthalene do not play a significant role at theditions implemented in the present investigation
(Figure 53). The amounts of naphthalene producednaieed comparable with the ones observed in
Figure 38. On the other hand, the profiles in Fegb® have a very peculiar trend typical of a binhoda
formation process. While the second rise startirgyaund 1300 K is at least from a qualitative poin
of view captured by the model, the first increadeiclv seems instantaneous with respect to the
phenyl iodide decomposition can not be explainedti®y model which includes the previously
identified formation steps. The most reasonablelaggtion for such instantaneous formation of
naphthalene is related to the possible stabilinatib the phenylvinyl radical from the reaction
between phenyl and acetylene and the subsequeitibadif a second acetylene molecule to form the
second-ring species (Figure 3). Although this patywe not expected to be very favorable it could
account for the small naphthalene production oleskrat low temperatures. However, it is not

currently included in the model since the reactimiween phenyl radical and acetylene to form
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phenylacetylene and atomic hydrogen treated asglesstep process has a reaction rate constant

experimentally determined in Ref. [20] and whichsvaufficient for modeling our phenylacetylene

results.
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Figure 53. 0 Naphthalene exp.+— naphthalene sim. a) [gHsl] o = 58.1 ppm, [GH1]o = 236.3 ppm, p ~ 50

atm; b) [GHsl] o = 55.1 ppm, [GH,]o = 511.3 ppm, p ~ 50 atm.

Before concluding the analysis on naphthalenes itvorth mentioning that the predicted

formation of the second-ring compound around 1406 Kiainly due to the mechanism proposed in

Ref. [118] involving the reaction between o-benzgnd benzene. The HACA mechanism constitutes

only a minor pathway since the naphthyl radicalsdpced are consumed quickly by reaction with

acetylene to form acenaphthylene and thus arevadiahle for recombination with H atoms to form

naphthalene.

6.3.2.6.Polyacetylenes

Similarly to what we observed in the study on themyl pyrolysis, in the high temperature

range of the present investigation the polyacegdebhecome the main products while the PAH
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compounds are consumed. Figure 54 shows the cosopafietween the diacetylene and the
triacetylene profiles for experiments conductednaminal pressure of 25 atm with and without
acetylene in the initial mixture. Clearly the pnese of acetylene enhances the formation of the
polyacetylenes supporting the hypothesis that thigngerization process plays a key role at high
temperatures. In addition we can also notice thatprofiles in Figure 54 start increasing all ie th

same temperature range (around 1400-1450 K) whiggests that the mechanistic pathways are

common for the two cases presented.
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Figure 54. Experiments, p ~ 25 atne. triacetylene, [GHsl] o = 54.2 ppmA diacetylene, [GHsl] o = 54.2 ppm;
e triacetylene, [GHsl] o = 52.9 ppm, [GH,]o = 526.3 ppm;A diacetylene, [GHsl] o = 52.9 ppm, [GH2]o =

526.3 ppm.

The experimental results as well as the modelingdfilps for both diacetylene and
triacetylene are shown in Figure 55. The most etiddiscrepancy consists in the substantial
underestimation of the profiles for triacetylene. #&so pointed out in relation to the results pmtes
in Figure 43, the polymerization process respoesibt the formation of triacetylene is clearly not
described accurately by the model. On the othedhese can notice that the triacetylene profiles
show an early small increase between 1200 and K4@Mere the concentration of diacetylene is

nearly zero. This could suggest that other pathwayise formation of triacetylene exist which dd no
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involve the intermediate formation of diacetylereurther studies are required to improve the
accuracy of the mechanisms involved in the fornmatad diacetylene and triacetylene at high

temperatures.
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Figure 55.0 Diacetylene exps— diacetylene sim.A triacetylene exp —triacetylene sim. a) [€Hsl] o =

58.1 ppm, [GH1]o = 236.3 ppm, p ~ 50 atm; b) {=sl] o = 55.1 ppm, [GH,]o = 511.3 ppm, p ~ 50 atm.

6.3.2.7 Effects of Acetone Impurity

Although the purity of the acetylene as statedhaydupplier companies is 99.6% the relative
level of acetone, used as a stabilizer for acetylean vary typically in the range between 1% ad 2
when acetylene is withdrawn from the tank. Sevstadlies have indicated that the acetone impurity
does not affect significantly the experimental fsswn acetylene pyrolysis and oxidatith
especially when small concentrations of acetylemeuwilized. When acetylene is part of a multi-
component reactant mixture for studies on acetyssitBtion reactions such as in the present
investigation the consequences of the acetone itgare expected to be even less relevant since the
chemistry is driven by the reactions with the mafsindance among the components, i.e. acetylene.
For this reason, in this kind of studies acetylenasually not purified. However with the use of a

Balston filter, small mole fractions of acetone seletected in the reactant mixtures and analyzed
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together with the relative products to estimateabtial magnitude of the uncertainty caused by the
presence of such impurity.

First, a sub-mechanism for acetone chemistry wdsddtb the chemical kinetic model. The
sub-mechanism is based on the chemical kinetic amstn used by Colket et &f to accurately
simulate experiments on acetylene pyrolysis inpitesence of trace amounts of acetone. The reaction
rate constants for the decomposition of acetone wpdated based on the mechanism proposed by
Dooley et al'* for the simulation of n-decane/iso-octane/toluangrogate mixtures. The only
modification in the rate constants is related ® lthabstraction reaction between acetone and H for
which the estimated pre-exponential factor was iplidtd by a factor of two in order to obtain a
better agreement between experiments and simusatfaiditional reactions relevant for the acetone
chemistry include the reaction between acetonepdeahyl radical studied by Choi et'al.and the
reaction between CHand HI to form CH and |. The rate constant for the latter reacticas w
estimated based on the low-temperature work byueet af**

The experimental and modeling results for acetom& #e major related products, i.e.
methane and toluene, are presented in Figure 5éhéisets conducted at 50 atm. The decay of
acetone and the formation of the intermediatesgaite well reproduced by the model although at
high temperatures methane mole fractions are aweesd. For the purpose of the present study no
additional improvements are necessary since theehwath already provide a good estimate of how
the major stable products of the phenyl + acetyleaetion are affected by the acetone impurity. The
comparison between the simulations conducted witleoul with acetone in the initial reactant
mixture is shown in Figure 57 for the compoundsclitire mostly affected by the impurity. Figure
57a, b, and c contain the profiles respectively dmgle-ring, C12, and C14 compounds for the
experimental set conducted with an initial acetglemole fraction equal to 236.3 ppm. The results
clearly indicate that in this case the acetone mnityuaround 1.5 ppm, does not significantly

influence the formation of the intermediate compmtainThe maximum error is around 2—4%. The
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error in the profiles of the species not shown Whiaclude phenyl iodide, acetylene, and the

polyacetylenes is even smaller.
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Figure 56.0 Acetone exp+— acetone sim.;A methane exps+ —methane sim.p toluene exp.;-- —toluene

sim. a) [GHsl] o = 58.1 ppm, [GH]o = 236.3 ppm, p ~ 50 atm; b) [Hsl] o = 55.1 ppm, [GHJ]o = 511.3 ppm,

p ~ 50 atm.

The analyses performed on the experimental setducted with around 500 ppm initial
acetylene mole fraction indicate the presencergelarelative amounts of acetone, around 1% of the
acetylene in the mixture. As shown in Figure 57cared f the effects of the acetone impurity in the
profiles are larger than in the previous case ilit leelow the uncertainty in the experimental
measurements. The profiles for phenyl iodide, derg; and the polyacetylenes are almost unaltered
by the presence of acetone. Thus we can concluatetlie acetone impurity does not influence
significantly the experimental profiles for theemnediate measured in the present work especrally i
relation to the experiments conducted with smadlerounts of initial acetylene in the reactant

mixture.
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Figure 57. Numerical simulations. a), b), and cplgd lines: [CHsl] o = 58.1 ppm, [GH]o = 236.3 ppm, p ~
50 atm; dashed lines: [(Hsl] o = 58.1 ppm, [GH]o = 236.3 ppm, [CHCOCH;], = 1.5 ppm, p ~ 50 atm. d), e),
and f) solid lines: [GHsl] o = 55.1 ppm, [GH,]o = 511.3 ppm, p ~ 50 atm; dashed linesgHzl] o = 55.1 ppm,

[CoH)o=511.3 ppm, [CHCOCH;]p = 5.0 ppm, p ~ 50 atm.
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6.3.2.8.HACA, Addition between Single-Ring Aromatics, Bemey Chemistry, and

Polymerization

Summarizing the main results on the experimental modeling study of the phenyl +
acetylene reaction we can state that the formationulti-ring compounds is influenced by two main
mechanisms, the HACA mechanism and the reactiomdsat single-ring aromatics. In particular, the
C14 compounds, i.e. phenanthrene and diphenylethderéve mainly from the reaction between
phenyl radical and phenylacetylene, although eafigat higher temperatures the contribution of the
0-C,Hg + GH, for the formation of phenanthrene becomes impart@mce again we need to
remember that the o-benzyne radical plays a keyirothe formation of 0-GHg as discussed in the
first part of the paper.

With regard to the formation of acenaphthylenediseussion is slightly more complex since
the mechanisms involved differ based on the redationcentrations of the phenyl radicals and the
acetylene in the system. For low acetylene moletifsas the HACA mechanism is one of the
relevant pathways to acenaphthylene although motdtiminant. In this case the isomerization of the
o-biphenyl radical is still the most important patty as in the study on the phenyl pyrolysis.
Consequently o-benzyne becomes a key intermediatéhé acenaphthylene formation. When
acetylene concentration is increased the HACA mmasha is definitely the main source for
acenaphthylene.

As in the phenyl pyrolysis study, above a cert@mperature the polymerization process
becomes dominant and the PAHs concentrations drop.temperature range of maximum PAHs
production is around 1300-1400 K after which thepesimental profiles for diacetylene and
triacetylene rapidly rise. The model does not aaigly simulate the chemistry for the polymerization

mechanism relevant to high temperature conditiodgcating that additional studies are required to
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clarify this aspect of the problem. In this case ¢ixperimental results suggest that new pathways fo

the formation of triacetylene could be possible.



7. FORMATION OF NAPHTHALENE FROM THE RADICAL/ zn-BOND ADDITION

BETWEEN SINGLE-RING AROMATIC HYDROCARBONS

The material presented in this chapter is reprimtéth permission from Comandini, A.;
Brezinsky, K.Journal of Physical Chemistry A15, 5547-5559, 2011. Copyright 2011 American
Chemical Society. It was felt by the author of thiesis (A.C.) that the way this material was
presented in the journal article could not be imprbby simple revision of the manuscript. Thus, the
following sections mostly reproduce the materied¢atly discussed in the article.

The experimental results on the phenyl pyrolysgoreed in section 6.3.1.5 confirm that the
conventional mechanisms for the formation of lapgéycyclic aromatic hydrocarboh8* are not
sufficient to explain the experimentally observedriation of the multi-ring fused compounds such
as naphthalene. We can clearly state that althofagination of benzene is fairly well
characterizetf*! the pathways leading to the second-ring specestal not well understood.

The literature studies on naphthalene formationnipebcus on the addition of single-ring
aromatics with small aliphatics. Examples of sudtigon pathways include the HACA mechanism
(hydrogen abstraction acetylene additidh)’ the addition of vinylacetylene and 1,3-butadi¢ne
phenyl radicdf®**"**® the reaction of 1,3-butadien-1-yl with benz&h&® and the addition of
propargyl radical to phenyl and methylphenyl raiicaAlternative mechanisms include the reaction
between cyclopentadienyl radicdfs'*?and the addition between o-benzyne and benzene.

Benzyne radicals are members of a group of vergtismacompounds known as arynes. In
particular o-benzyne can undergo a variety of feastinvolving the addition of linear or cyclic
compounds to the triple bond of its structure. Téagew on the addition reactions of o-benzyne with
heterocyclic compounds provided by Bryce and Vetfiarontains an entire section focused on the
reactions between o-benzyne and the six-membereyl azines, a class of organic compounds
characterized by a ring structure like that of emezbut with one or more carbon atoms replaced by
nitrogen atoms. Of even greater relevance for $mwhation are the experimental studies of the

124
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benzene (deuterated and not) + o-benzyne readilia.reaction was investigated for the first time
by Miller and Stile&™ which studied the pyrolysis of C6H4RZOO in benzene at 45 °C using gas
chromatographic techniques as part of their piangexxperimental work on arynes compounds. In
subsequent experimental investigations Fields amge¥sor?®'?*'**pyrolyzed phthalic anhydride
(CsH4(CO)0) in benzene at 690 °C and identified three mamaycts of the reaction, i.e. biphenyl,
naphthalene, and acetylene, along with small ansocafbiphenylene and triphenylene. Friedman and
Lindow* reexamined at similar conditions the reaction leewo-benzyne (from phthalic anhydride
precursor) and benzene (deuterated and not) angrimygntally identified the additional products
acenaphthylene and acenaphthene. The PAH compdandsed during the reaction consisted of
naphthalene (80%), biphenyl (9%), acenaphthyler®) (&nd acenaphthene (5%) using infrared,
ultraviolet, and mass spectra. Based on the relatbundance of the deuterated isomers, Friedman
and Lindow hypothesized mechanistic pathways fer fdrmation of each species (Figure 58). In
particular naphthalene, by far the most abundaringnihe products, is expected to derive mainly
from the insertion reaction of o-benzyne with bered1,4 cycloaddition) followed by thermal
fragmentation of the intermediate compound benzahif2,2,2]octatriene. If we define the
radicaliz-bond addition as the addition of a radical site @éactant species to any of the ©8onds

of the other reactant, the experimental study fleriedman and Lindow clearly addressed the
importance of such radicatbond addition (insertion reaction) in the formatiof PAH compounds
relevant to soot formation.

A different but related reaction system which pemtthrough radical/bond addition is the
benzene + phenyl reaction. This reaction was silidi¢he past both theoretically and experimentally
as an important pathway for the formation of biphean intermediate species for PAH growth. The
rate constants for both the forward and the revpreeesses were measured using a combination of
experimental techniques including the flash phatislytechniquE®, the low-pressure Knudsen cell
flow reactor-mass spectrometric technifuthe single-pulse shock tube technif(jeand the cavity

ringdown kinetic spectrometry (CRDS) technitfidn addition to the CRDS experiments, Park et
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al*® carried out a theoretical study on the radichibnd GHs + CsHs addition reaction using DFT

methods and RRKM calculations aimed to model theilavle experimental data on biphenyl
formation. No alternative reaction pathways werestigated.

Besides the reactions between benzene and simgleghienyl and o-benzyne radicals, the
recent theoretical results by Tranter efahdicate that the self-reaction between phenyicedsl can
proceed through radicatbond addition. Phenyl radicals play a relevang inlcombustion processes
because of their ability to recombine with smaipladtic species to form naphthalene. Furthermore
the radical-radical recombination between phendicals leads to the formation of biphenyl as
experimentally studied by Park and finising the laser photolysis/mass spectrometry igqakrand
by Heckmann et af. in shock-tube experiments. Both studies focusedhendirect radical-radical
recombination of the reactant species to form highe

As also mentioned in section 1.2, Tranter &f atvisited the self-reaction of phenyl radicals
based on low-pressure shock-tube experiments agiutlével theoretical calculations. The study
addressed for the first time the relevance of thstraction channel leading to the formation of
benzene and benzyne radicals. Above 1400 K theaahisih channel becomes dominant, while at
low temperatures the radical-radicaérecombination pathway to biphenyl prevailed. Besidhe
recombination and abstraction channels, the rdditaind addition reaction between phenyl radicals
was partially investigated from a theoretical pahview as a minor path compared to two dominant
channels described above. Due to the low stalilitthe complexes involved as well as the low-
pressure conditions of the study, the authors gsited that most of the flux entering the radieal/
bond addition energy surface redissociates bacthdoreactants, while the remaining part yields
biphenyl or biphenyl radical + H. Nevertheless délu¢hors did not conduct a detailed theoreticalystud
on the potential energy surface to confirm sucholtypsis or define different pathways, relevant to
higher pressures, for the radiaabond addition reaction.

The idea of a pivotal role of the-bonds in combustion processes acquires even more

relevance in consideration of the recent developsén the pioneering research on particle
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nucleation and growth. In his review paper preskrdaé the 3% International Symposium on
Combustion”® Wang proposed an innovative explanation for thexpected experimentally
observed features of nascent soot particles inigeghilames. These features include the presence of
an aromatic core composed of stacked PAH composuadsunded by an aliphatic sHé&ll Wang
proposed that such a core-shell structure derik@® fi-electron interactions between aromatic
radicals and closed-shell aromatic compounds. Ajhahern-n bonding concept proposed by Wang
certainly requires further validations, it confirtige scientific interest in the characterizationttoe
effective role of thern-bonds in relation to unexplored chemical mechasigwlevant to soot
formation.

Inspired by the numerous theoretical and experiatembrks described above, the present
investigation focuses on thbeoretical examination of radicatfbond addition reactions between
aromatic compounds relevant to the formation of-tiag fused species. In particular, the addition
between o-benzyne and benzene has been fully igatsd for the first time from a theoretical point
of view in order to test the pathways that Friednaa Lindow inferred from their experimental
work. The theoretical study has been extendedddsystems involving the radicalbond addition
between benzene and phenyl radical and betweenylphadicals. Although these reactions are
expected to lead mainly to the formation of bipHeagd biphenyl radical as described in the
theoretical works by Park et B and by Tranter et &f, the unexplored possibility of additional
pathways leading to the formation of fused PAH compls, never before addressed, have been

tested in the present investigation.

7.1. Computational methodology

All geometry optimizations and vibrational analysesre performed using the B3LYP

method”®® with unrestricted open shell wave functions ancl®e valence triplé- basis set

including diffuse and polarization functions (6-3T(d,p)y°. Structure optimizations of the local
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minima and saddle points were obtained using reisedc the Berny geometry optimization
algorithm™® and the combined synchronous transit-guided cNesiton (STQN) methdd' as
implemented by Gaussian 03 program pacKage

The energetics of the optimized structures wermedfby single point energy calculations
performed with coupled-cluster method (UCCSD{T)pith Dunning’s correlation consistent
polarized doublé- basis set (cc-pVDZ3. Frozen-core (FC) assumption was also used. Athef
calculations were carried out with the Gaussiapi@gram packadé

The results of the calculations are reported ineiglix D (Cartesian Coordinates, electronic
energies, zero-point vibrational energies, and imay vibrational frequencies).

Conventional transition state theory (TST) was usedevaluate the high-pressure limit

reaction rate constants from the quantum chemalalutations. The transmission coefficiexi{T)

accounting for tunneling effects was estimatéd as

t 2
K(T) _q- L ghot) 4 RT
24 { kT E,

where R is the universal gas constant andhe imaginary frequency associated to the motionga

the reaction coordinate.

7.2. Benzene + o-benzyne

The experimental work performed by Friedman anddbid?

on the relatively low-
temperature pyrolysis of o-benzyne in benzene amzdne-d6 indicates that the products of the
addition reaction consist mainly of naphthalene{88%). Considering the distribution of the

remaining product species as well as the producteeopyrolysis of benzobicyclo[2,2,2]octatriene
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and benzocyclooctatetraéffeg(shown in Figure 58), we hypothesize that at 188s75% of the gHg
+ 0-GH, reaction proceeds through the benzobicyclo[2,2faldene intermediate (radicalbond
insertion) to finally form naphthalene through fre@ntation of the intermediate. On the other hand
we can also hypothesize that the reaction will fgairtcur on the singlet potential energy surface
since the singlet spin-state o-benzyne moleculense stable than the corresponding triplet
configuration. Thus the radicatbond addition reaction between benzene and sirgletnzyne
could be the dominant pathway with naphthalene @®mproduct. In order to test these hypotheses
for the formation of the experimentally observeg@imthalene, a series of theoretical calculationgwer

initiated.

/ biphenyl
@ @ D —=—
+ |

{ benzobicyclo[2,2, 2]octatnen/V
o

dihydrobiphenylene benzocyclooctatetraene

+CyH,

+H,

Figure 58. Benzene + 0-benzyne reaction, based oedinan and Lindow*".

Figure 59 shows the results of the calculationfopmed on the potential energy surface for
the singlet radicattbond addition reaction. The system proceeds adongnique channel leading to
the formation of benzobicyclo[2,2,2]octatriene JShrough an energy barrier of 6.8 kcal/mol (1,4
cycloaddition). Benzobicyclo[2,2,2]octatriene camsiéy dissociate into naphthalene and acetylene
through TS2. The barrier for such dissociation psscis 13.6 kcal/mol lower than the barrier for

redissociation of Sack to the reactants.



130

As already mentioned above, the experimental warkhe reaction between benzene and o-
benzyne indicates that the reaction leads not tantige formation of naphthalene but possibly atso t
the formation of other different PAH compounds imtthg biphenyl, acenaphthylene and
acenaphthene (Figure 58). Beno efastudied the initial step of the o-benzyne + beeaemction in
relation to the interaction between an o-benzyndeoute located inside a large host molecular
structure and the host molecule. The authors paddrcalculations at the B3LYP/6-31G(d) level of
theory and reported the presence of two transitates, the one corresponding to TS1 (Figure 59)
and an additional transition state TS** as repoitedrigure 60. TS** leads to the formation of a
stable biphenyl-like compound (S** in Figure 60)hish could isomerize to form biphenyl and/or

benzocyclooctatetraene.
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Figure 59. Potential energy surface for benzeneimglet o-benzyne radica#-bond 1,4 cycloaddition.
uB3LYP/6-311+G(d,p) optimized structures. uCCSDEEHVDZ relative energies in kcal/mol, including

ZPVE.

We were able to reproduce the results by Beno.®f eking the same basis set they used.

The results are reported in Figure 60. As discussethe authors, the calculated energy difference
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between the two transition states is small, ardukdal/mol. Nevertheless the biphenyl-like complex
S** is bound by only 10.9 kcal/mol with respectit8** and a consistent part of the flux entering the
channel will redissociate back to the reactantspi&ingly we could not confirm the presence of
TS** using our 6-311+G(d,p) basis set. Any attemapidentify such saddle point did not converge or
converged but to a transition state structure ami TS6 in Figure 63 not relevant to the specific
case. At this point we can not draw a definitiveaasion on the presence and the relevance of the
stepwise o-benzyne + benzene channel shown ind=gfurlf the stepwise channel exists as indicated
by Beno et al®’, we expect this channel to account for maximum3@% of the total reaction

between o-benzyne and benzene.
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Figure 60. Benzene + singlet o-benzyne radieallond addition. uB3LYP/6-31G(d) optimized structgrand

energies, including ZPVE.

Another important element that we need to take itdosideration is the fact that the
experimental work by Friedman and LinddWis subject to uncertainties due to the naturehef t
pyrolytic study performed. As hypothesized by tlwhars, the observed C12 compounds could not
be the result of chemical processes but they cpaissibly derive from catalytic mechanisms
occurring on the surface of the fused quartz chipsd in the experiments. This hypothesis is

supported by a study conducted by Friedifaron the pyrolysis of o-benzyne (from
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benzenediazonium-2-carboxylate;HeN,"COQ) in benzene at 45 °C in the presence of silves.ion
The PAH products formed in the experiments condlctéthout silver ions in solution were
composed almost entirely of naphthalene (88%) dploelnylene (11%). Increasing amounts of silver
ions concentration were related to increased yieldsphenyl and benzocyclooctatetraene. A similar
catalytic mechanism could be responsible for then&dion of these products even at the higher
temperatures of the study by Friedman and LindbWhis means that the relative importance of the
stepwise o-benzyne + benzene channel shown ind=gumhich through isomerization of S** leads
to biphenyl and benzocyclooctatetraene could ba éswwer than hypothesized at the beginning of
the paragraph.

Calculations were also performed to try to identifypossible concerted 1,2 cycloaddition
pathway in alternative to the 1,4 cycloadditionwshan Figure 59. No corresponding transition state
could be identified. Depending on the initial guémsthe transition state structure, the calculaio
either could not converge or converged to the ¥gloaddition TS1 transition state presented in
Figure 59.

At this point it is clear that both the experimémesults by Friedman and Lind&#and the
theoretical calculations indicate the presence mfaation channel which leads to the formation of
naphthalene and acetylene as shown in Figure 58.t®the possibly important role of such route,

the corresponding reaction rate constants have éstgnated.

Species T1 Diagnostic
CeHg 0.010
CeH,S 0.012
TS1 0.011
S1s 0.011
TS2 0.011
naphthalene 0.010
acetylene 0.012

Table 8. T, diagnostic for the calculations in Figure 59.
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First the T diagnosti¢® was implemented to test the level of accuracyhef ¢alculations
presented in Figure 59. The results, reported ioler&, are all below the 0.02 threshold for closed
shell species which indicates that the energy &ations do not suffer from a strong multi-reference
character and provide reliable energy barriergterelementary reactions. Thus high-pressure limit
rate constants for &g + 0-GH,* — ST (R1) and S1— CyHg + CH, (R2) have been estimated
based on the calculated properties of the speniedvied. The fitted modified Arrhenius expressions

for R1 and R2 over a temperature range between KG@ 2000 K are

kg (T) =5.809%10°T ****exp(-29790/T) [cm’ mol* 5]

ke, (T) = 7.458x10"T ***exp(-275848/T) [s]

The reaction rate constants calculated from TSTRfbrand R2 are reported in Table 9. The
error associated with these calculations is maidhig to the uncertainty in the reaction barriers. In
particular the barrier for the entrance reactioniRRéxpected to be over-estimated by the theoletica
methods implemented in the present work, as algorted for the corresponding reactions for the
benzene + phenyl and phenyl + phenyl systems. Asribed in the corresponding sections, the
estimated entrance barrier fogHg + CHs is 2.4 kcal/mol higher than the optimal experinaént
value, while for the gHs + GiHs reaction the barrier is around 4 kcal/mol highteant the value
obtained from higher-level energy calculations. Rcal/mol decrement in the R1 barrier would cause
an increase of the rate constant value of arouhdies at 2000 K, 2.7 times at 1500 K, and 4.5
times at 1000 K.

We discussed in sections 6.3.1.5 and 6.3.2.5 hawrélaction between benzene and o-
benzyne plays an important role in the formationaphthalene at the high-pressure conditions of the
pyrolytic studies performed on the phenyl pyrolyamg the phenyl + acetylene reactions. In practical

applications, characterized by high-pressure oiidagnvironments, the relevance of the singlet
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channel described in Figure 59 depends mainly enctincentration of o-benzyne in the reacting
system, since benzene is usually present in largaiats. 0-Benzyne radicals derive mainly from the
dehydrogenization of phenyl radicals. The processolves an energy barrier of around 78
kcal/mof*® | considerably lower than the overall energy ngassfor the fragmentation of;8s into
n-C,Hs + GH,?*™% Thus o-benzyne is the main product of the theieabmposition of the phenyl
radical. At relatively high temperatures we exgagh concentrations of phenyl radicals produced by
dehydrogenization of benzene, thus the concentrafi@-benzyne radicals should be substantial and
the singlet channel of the radiealdiond addition reaction with benzene could playgaificant role

in the formation of naphthalene. On the other hamel proposed pathway may not play a major role
in combustion systems because it will be in conipatiwith different other channels involving the
consumption of o-benzyne. In particular the HACAcianism could represent the main source of o-
benzyne consumption through double addition ofydeee leading to the formation of naphthalene.
Moreover o-benzyne can dissociate into acetylenel aacetylene as investigated both

experimentally and theoreticalfyy 1207

Temperature (K)

reaction 1000 1100 1200 1300 1400 1500
R1 1.12 x 10%° 1.86 x 1010 2.90 x 10%° 4.30 x 10%° 6.10 x 10%° 8.37 x 10'°
R2 1.54E x 1003 1.89 x 1004 1.53 x 1005 9.03 x 1005 4.14 x 1006 1.55 x 10%7

Temperature (K)

reaction 1600 1700 1800 1900 2000
R1 1.12 x 101! 1.45 x 101! 1.85 x 101! 2.31x 1011 2.84 x 1011
R2 4.91 x 10%7 1.36 x 1008 3.37 x 10%8 7.60 x 10% 1.58 x 1099

Table 9. Calculated TST rate constants for R1 intmol* s and for R2 in &.

The present study could be extended to systemdvingadifferent benzyne-like species. For

example, in a recent paper Garcia-Cruz et®aperformed high-level theoretical calculations
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(CASSCF and CASPT?2) on the pyrene-like structums showed that the dehydrogenization of
pyrene to form the corresponding diradical specesurs with a lower barrier compared to the
dehydrogenization of benzene to o-benzyne. Simjikarthe o-benzyne radical, 1,2-didehydropyrene
and 4,5-didehydropyrene (Figure 61) could reachvihienzene to form a 5-ring species through
benzene insertion and subsequent fragmentatiors fheuradicak-bond addition could contribute to

the growth in the number of aromatic rings.

l/

1,2-didehydropyrene 4,5-didehydropyrene

Figure 61. Schematic representation of the moleausructures of 1,2- and 4,5-didehydropyrene.

The results reported in the previous paragraphisatelthat the benzene + singlet o-benzyne
proceeds mainly through 1,4 cycloaddition. Although singlet o-benzyne radical is 31.9 kcal/mol
more stable than the corresponding triplet conigan based on the CCSD(T) calculations, the
triplet surface could be accessible, especiallyigh temperatures. Thus the possibility for addio
channels through the benzene + triplet o-benzyaetien was investigated.

The reaction between benzene and triplet o-benpmeeeds through several channels
(Figure 62 and Figure 63). The first channel inegl¢he hydrogen abstraction from the benzene ring
to form two phenyl radicals. The calculated bartiough TS3 is 8.2 kcal/mol.

The second channel proceeds through the formafi@enbiphenyl-like species (S2) with an
entrance barrier of 2.9 kcal/mol. The radical sissn abstract the H atom from the second ring
forming biphenyl. Nevertheless the barrier for sabistraction reaction is 11.6 kcal/mol higher than
the barrier for redissociation back to the reastathtus this channel is energetically unfavorable.

the other hand S2 can easily isomerize and fornth&Righ torsional motion around the C-C bond
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between the two rings. S3 is a biphenyl-like speocibaracterized by several low frequency
vibrational modes including the ones correspondinthe relative torsional motion between the two
rings and to the bending motion of one ring towdhdsother. Along the torsional motion, the system
can undergo isomerization to form dihydrobiphengl€§4), reported as the intermediate species
between reactants and benzocyclooctatetraene imeF8. Once formed, benzocyclooctatetraene can
isomerize and lead to the formation of acenaphtigyland acenaphthene as hypothesized by
Friedman and LindoW" based on their experimental work (Figure 58). dfrian and Lindow also
reported the presence of biphenyl-d5 as a produtieoreaction between o-benzyne and benzene-d6.
The formation of biphenyl-d5 could be explainedsidaring the pathway from S2 and S3 teHs +

H. In this case the energy barrier for the dissmmaof S2 is 26.9 kcal/mol, while the correspordin

barrier for S3 is 26.2 kcal/mol, 5.2 kcal/mol highthan the barrier for the formation of

dihydrobiphenylene.
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Figure 62. Potential energy surface for benzeneriplet o-benzyne radicak-bond addition. uCCSD(T)/cc-

pVDZ relative energies in kcal/mol, including ZPVE.
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Figure 63. Species on the potential energy surfdeebenzene + triplet o-benzyne radicalbond addition.

uB3LYP/6-311+G(d,p) optimized structures.

The present study on the triplet potential enexgyase provides plausible pathways for the
experimentally observed formation of biphenyl, agarthylene, and acenaphthene as products of the
0-benzyne + benzene reaction. On the other handl@nBann distribution of triplet states with
excitation energy of 31.9 kcal/mol as calculatedhin present work would lead to a very small
population of triplet o-benzynes especially attdmperatures implemented in the experimental work
by Friedman and Lindot®* (690 °C). Unless a transient nonequilibrium popaieof triplet state o-
benzynes is present, the channels presented imeFucannot account for the formation of the C12

compounds observed experimentally.

7.3. Benzene + phenyl

The radicalt-bond addition reaction between benzene and phewjtal (Figure 64 and
Figure 65) involves the doublet electronic statbe entrance barrier has been calculated as 5.1
kcal/mol and the biphenyl-like species S5 is bobyd31.0 kcal/mol. The optimized structures for
TS9 and S5 are similar to those obtained by Paed. 8t since similar optimization methods were
used. On the other hand the relative energy lexfet®th the transition state and theld; complex

are different due to the CCSD(T) calculations immated in the present work. In particular, the
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relative energy of TS9 lies between the value dated by Park et df° (7.93 kcal/mol) and the
optimal value derived from the experimental work7(®kcal/mol). Thus the CCSD(T) calculations
improve the accuracy of the entrance barrier, atjhothe calculated barrier is still 2.4 kcal/mol
higher than the optimal value. The higher-levelcakdtions also provide a better estimate of the
relative energy of the gH;; complex.

We will now focus our attention on the possiblectgm pathways to fused ring structures.
Two possible channels lead to the formation of dimyike species and both are associated with the
low-frequency bending vibrational motion of the hémyl-like complex S5. The first channel
involves both a C-H fission and a hydrogen trangf@cess to form benzobicyclo[2,2,2]octatriene
(SD). Since the relative energy of the correspondiagsdition state TS10 is 62.7 kcal/mol, such a
path is energetically unfavorable. The second payhproceeds through ring closure to form a
bicyclo-like species (S6) which can subsequentlgengo a C-H dissociation process to fornt.S1
Once again the energies of the saddle points TBAT&12 are higher than the redissociation barrier
by 12.0 kcal/mol and 25.1 kcal/mol respectivelyu$hhe only channel energetically available to the
system is the path leading to the formation of éiph through C-H dissociation (TS13).

The relative energy level of the transition staf&l3 lies once again between the calculated
value from Park et al. and the optimal value. Oa ¢ther hand the CCSD(T) calculations over-
estimate by 8.7 kcal/mol the energy barrier fordldition reaction between biphenyl and H forming
the S5 complex in comparison with the experimentalue reported by Park et ‘&f. This
discrepancy is not relevant for the purpose of ghesent study, and no additional analyses were
performed.

To conclude, the results reported in the presedticgse are in agreement with both the
theoretical work from Park et &#° and the absence of any experimental evidenceeopitésence of
fused ring species as products of the benzene fiyplneaction. As expected, the radiaabond

addition reaction between phenyl radical and bemeads to the formation of biphenyl only.
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Figure 65. Species on the potential energy surfdoebenzene + phenyl radicaifbond addition. uB3LYP/6-

311+G(d,p) optimized structures.

7.4. Phenyl + phenyl

The radicabt-bond addition reaction between phenyl radicalsc@eds along different
pathways depending on the carbon atoms involvatianformation of the initial bond between the

two aromatic rings (Figure 66). If the two radiciles are involved in the reaction (case 1), the



140

system undergoes rapid reorganization to form biphdn the other cases, the addition reaction
produces a GH;; biphenyl-like complex which can subsequently ugdeseveral isomerization
reactions. First consider case 2, where the iritald involves the radical site of one phenyl dral t

carbon atom opposite to the radical site of themsé@henyl radical.
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Figure 66. Radicalt-bond addition reaction between phenyl radicals.

In order to have a clear picture of the potentrargy surface, the three different possible
channels have been analyzed separately. All thenghts include an initial common elementary
addition step which leads to the formation of tighbnyl-like species. As shown in Figure 67 and
Figure 68 (potential energy surface and speciestannel 1 of case 2), such an addition step could
proceed through either a singlet or a triplet statddle point (TST4and TS14respectively). TS14s
2.2 kcal/mol more stable than TS1Both entrance barriers are higher by around 4/rkch with
respect to the corresponding values calculatedrapt@r et af°. This discrepancy is mainly due to
the different computational methods implementedtha energy calculations. The multi-reference
second order perturbation theory (CASPT2) used fayf€r et af® is expected to be more accurate
than the single-reference methods such as CCSMJi)the other hand the computational costs
associated with the use of a multi-reference methadd not be justified by the scope of the present

study.
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Figure 67. Potential energy surface for phenyl + @hyl radical&z-bond addition, case 2, channel 1.

uCCSD(T)/cc-pVDZ relative energies in kcal/mol, incling ZPVE.
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Figure 68. Species on the potential energy surfdeephenyl + phenyl radicakt-bond addition, case 2,

channel 1. uB3LYP/6-311+G(d,p) optimized structures

Due to the lower entrance barrier, the additiorctiea will mainly proceed on the triplet
surface to form the biphenyl-like species.$%&sociated with the low-frequency bending mote, t
system can undergo an isomerization process imglan hydrogen transfer to form spin-triplet

benzobicyclo[2,2,2]octatriene ($1The barrier for such isomerization on the tigarface is 47.5



142

kcal/mol, higher than the barrier for the redisation process back to the reactants (32.6 kcal/mol)
Thus this pathway is energetically unfavorable.t@nother hand the same isomerization process on
the singlet surface would involve a transition st@tS15) characterized by a much lower energy. In
such a case the calculated isomerization barrienig 22.8 kcal/mol, 7.3 kcal/mol lower than the
barrier for redissociation. Therefore the radictldnd addition pathway on the singlet surface leads
to the formation of spin-singlet benzobicyclo[2]B@atriene (S which can easily dissociate into
naphthalene and acetylene (reaction R2 as markieidime 59).

Although as mentioned, the singlet pathway is inggal energetically unfavorable compared
to the triplet one, the accessibility to the sihgbathway is provided by the triplet-to-singlet
intersystem crossing, as shown in Figure 67, duttiegisomerization process from the biphenyl-like
species to benzobicyclo[2,2,2]octatriene. Suchrsgttem crossing forces the system towards the
lower energy singlet path to form naphthalene aretydene. Thus as in the benzene + o-benzyne
system, the presence of a bond which involvesttbebitals allows the system to proceed towards the
formation of benzobicyclo[2,2,2]octatriene and tixged-ring naphthalene as a final product.

Other channels for the formation of two-ring fusgzbcies have been analyzed for case 2
(Figure 69 and Figure 70, channel 2). In this c@%eand S7undergo ring closure along the low-
frequency bending motion without involving the hgden transfer process. As for channel 1, the
singlet saddle point (TS9)6is more stable than the triplet one (T$18nd a triplet-to-singlet
intersystem crossing, as shown, is possible. Thmesization process leads to the formation of
bicyclo-like compounds (S&nd S8for spin-singlet and spin-triplet states respedyiy The energy
for S8 has been estimated based on the CCSD(T) energySb6 and the difference between the

B3LYP energies for S&and TS18
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Figure 70. Species on the potential energy surfdoephenyl + phenyl radicakl#-bond addition, case 2,
channel 2. uB3LYP/6-311+G(d,p) optimized structur&ructures for TS1% TS14, S7, S7, ST, TS2, and

naphthalene reported in Figure 68.

Depending on the spin-state, the bicyclo-like commts undergo different processes. A
hydrogen transfer leads to the formation of beraai¥[2,2,2]octatriene (SLfrom S8 (Figure 69).
On the other hand S8ndergoes a C-H dissociation to form one of thesjie isomers of the

benzobicyclo[2,2,2]octatrienyl radical (S9). Susbrer is not only a possible source for naphthyl



144

radical through fragmentation, but it can also iedme to form naphthyl vinyl radical. Naphthyl
vinyl radical is an important intermediate for tfmmation of acenaphthylene, as confirmed in
previous theoretical and experimental investigafitii’®® The energy barriers as well as the
structures involved in the benzobicyclo[2,2,2]adeatyl isomerization and fragmentation are shown
in Figure 69 and Figure 70.

Although leading to the formation of two-ring fusedmpounds, the channels described in
Figure 69 are energetically unfavorable. The loveesrgy barrier for isomerization from biphenyl-
like species to S&nd S8is 1.0 kcal/mol higher than the redissociatiorriear Moreover S8and S8
lie around 5 kcal/mol below the reactants energy.aAconsequence, TS1ahd TS18energies are
more than 20 kcal/mol higher than the referencegsnef the reactants. The system is forced back
towards the reactants.

In competition with the channels leading to thenfation of bicyclo-like species and
subsequently to the two-ring fused aromatic hyditomas, channel 3 of case 2 involves hydrogen
transfer and/or C-H fission to form biphenyl angh#nyl radical (Figure 71 and Figure 72). Due to
the carbene character of the species involved,sthglet channel proceeds through a series of
hydrogen transfers to form biphenyl as hypothesige@iranter et af° The first transfer occurs with a
barrier of only 20.9 kcal/mol, around 9 kcal/molvier than the redissociation barrier. The following
steps involve saddle points characterized by ewvestler relative energies (TS24nd TS25. Thus
the singlet path is forced towards the productibbiphenyl. Although no transition state for theHC-
dissociation was found on the singlet surface ctireesponding barrier is expected to be higher than

the H-atom transfer barrier as for the case of Ge@Z.
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Figure 71. Potential energy surface for phenyl + @hyl radical&z-bond addition, case 2, channel 3.

uCCSD(T)/cc-pVDZ relative energies in kcal/mol, incing ZPVE.
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Figure 72. Species on the potential energy surfdeephenyl + phenyl radicakt-bond addition, case 2,
channel 3. uB3LYP/6-311+G(d,p) optimized structur&ructures for TS13 TS14, S7, and ST reported in

Figure 68. Structure for biphenyl reported in Figer65.

For the triplet radicai-bond addition the lowest energy path involves @dsion through
TS22 to directly form p-G,H, radical and hydrogen. The barrier for such proies.4 kcal/mol,
slightly lower than the redissociation barrier @Rcal/mol). In addition to the dissociation reanti

S7 can undergo a hydrogen transfer to form'Sbdnplex. However the barrier for such process is
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much higher than the dissociation barrier. Thesilte are once again in agreement with the

hypothesis by Tranter et Al.

Considering the fact that the phenyl + phenyl raldiebond addition proceeds mainly

through the triplet surface, we would expect tharmel 3 leads mainly to the formation of pH.

On the other hand the triplet-to-singlet intersyst@ossing could increase the importance of the low

energy singlet path towards biphenyl.
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Figure 73. Potential energy surface for phenyl + @hyl radical&z-bond addition, case 2, most favorable

reaction channels. uB3LYP/6-311+G(d,p) optimizedustures. uCCSD(T)/cc-pVDZ relative energies in

kcal/mol, including ZPVE. Structures reported in Bure 68 and Figure 72.

To summarize the results reported in Figure 67ufgigg9, and Figure 71, the phenyl +

phenyl radicalt-bond addition in case 2 (Figure 66) proceeds tdsvdwo main processes, one

leading to the formation of naphthalene + acetylgéhe other to the formation of biphenyl and

biphenyl radical (Figure 73). The relative impoanof such competing channels could be

determined by calculating the global reaction red&stants and the consequent branching ratio.

However this examination would have only a minop&tt on the ability to model actual combustion

systems because either path shown in Figure 73 beilless favorable than the radical-radical
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recombination and the hydrogen abstraction charsielen by Tranter et &f.In addition, the results
reported in Figure 73 require further validatiorséng a more accurate multi-reference method such
as the one implemented by Tranter e ah their recent investigation on the self-reactarphenyl
radicals. Nevertheless, the ab-initio theoretieslits presented in this section address an dlegna
possible pathway leading to the formation of fu#H compounds starting from a radiaablond
addition.

In order to complete the detailed analysis of tbeeptial energy surface of the phenyl +
phenyl radicaki-bond addition, the present study has been extetwledses 3 and 4 presented in
Figure 66. Since the results are very similar, dhé/ calculations for case 3 are reported (Figd)e 7
Differently than in case 2, no singlet channelslédoe found. Thus we can assume that the reaction

proceeds only on the triplet surface (similar resswlere obtained by Tranter et®3L.
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Figure 74. Potential energy surface for phenyl + @hyl radical&z-bond addition, case 3. uB3LYP/6-

311+G(d,p) optimized structures. uCCSD(T)/cc-pVDeative energies in kcal/mol, including ZPVE.

The reaction proceeds similarly to the benzeneenphsystem. The entrance barrier for the

formation of the biphenyl-like species is 2.6 ko@dl, similar to the corresponding barrier observed
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in case 2. On the other hand the two pathwaysngadi the formation of bicyclo-like species are not
energetically accessible. In fact the corresponthiaugsition states (TS27 and TS28) lie 61.8 kcal/mo
and 15.0 kcal/mol higher than the reactants endeggl. Thus part of the entrance flux will

redissociate back to the reactants, while partuvitlergo C-H fission or hydrogen transfer process t

form biphenyl radical + hydrogen and biphenyl, extjvely (pathways not shown).



8. RADICAL/ n-BOND ADDITION BETWEEN 0-BENZYNE AND CYCLIC C5

HYDROCARBONS

In Chapter 7 we presented the theoretical invetitigaon the radicaktbond addition
between single-ring aromatic hydrocarbons as plyssdlevant to the formation of fused-ring
compound$?®, In particular, the potential energy surface foe reaction between o-benzyne and
benzene contains a low-energy pathway leading tphthalene and acetylene through the
fragmentation of the bicyclo intermediate, whicls teeen proven experimentally to be an effective
pathway to the second-ring species (sections 6.3uid 6.3.2.5). The peculiar chemical structure of
the o-benzyne reactant constitutes the key elemethe process as it determines its high reactivity
through cycloaddition reactions (Diels-Alder adutis). The possibility of o-benzyne addition
through concerted reactions, such as the DielsfAldactions, is of course not limited to the case
studied in Chapter 7. For example, the review lerity Bryce and Verndff includes a variety of
literature studies on the addition reactions of thbenzyne radical with single and multi-ring
heterocyclic compounds. Not all of these reactiares significant for actual combustion systems as
the species flow entering the specific potentiadrgy surface depends on the concentrations of the
intermediates involved in the reaction. Howeverpagithe major intermediate compounds common
to most of the combustion applications are theicy@b hydrocarbons.

Cyclopentadienyl radicals (CPDyl, c#ds) are mainly produced by the rapid decarbonylation
of the phenoxy radical Es0) into c-GHs and CO® The phenoxy radical is an abundant
intermediate in oxidation environments derivingnfrthe reaction between the phenyl radical and O
to form GHsO and atomic oxygef. The pyrolytic reactions involving both the cyctmpadienyl
radicals and the corresponding closed-shell cycitzmbene molecules (CPD, i) have been
extensively studied both experimentally and nunadlsidn relation to the formation of various PAH
compounds including naphthalene and indene (R6R][1163], [164], and references therein). The
reactions between the cyclic C5 hydrocarbons ahdrdntermediate compounds have never been

149
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investigated in such detail although some studiege tbeen conducted. In particular, the reaction
between cyclopentadiene and o-benzyne was studjgetimentally by Wittig and Knau§s in the

late 1950s but few other investigations are preseliteraturé®. The experimental results of Wittig
and Knauss, as summarized by Meinwald and Gttibéndicate that the addition between gHG

and CPD occurs only through 1,4-cycloaddition tornfo the bicyclo intermediate
benzonorbornadieh® (see Figure 75 for chemical structure). No addildnformation is available.

To the best of our knowledge no studies have eeen Iperformed on the reaction between o-benzyne
and the cyclopentadienyl radical.

The purpose of the present investigation is to @epthe potential energy surface for the
radicalfi-bond addition between o-benzyne and the cyclih@focarbons, i.e. cyclopentadiene and
cyclopentadienyl radical, and test the possibilitfy low-energy pathways to the typical PAH
compounds relevant to the formation of soot. Theeystwill help clarify some aspects related to the
chemistry of these important intermediates. Theltepresented in this chapter have been submitted

to the Journal of Physical Chemistry A for consadiem as material for publication.

8.1. Computational methodology

The methodology implemented to perform the thecaktudy is similar to the one described
in section 7.1 in relation to the investigation tbe radicalt-bond addition between single-ring
aromatic hydrocarbons. However, no single-pointgnealculations were performed to improve the
accuracy of the energetics of the reactions betwedrenzyne and cyclic C5 hydrocarbons.
Multireference single-point energy calculationshwéppropriate active spaces would provide more
accurate results especially in the case of opelhsihglet or doublet wave functions but this kiofl
calculations is not easily feasible for the molesutonsidered here. On the other hand the relative

energies obtained with the present method arecsuffiy accurate to draw conclusions on the
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accessibility of the various reaction pathways adl s to provide indications of the relative
importance of the different channels.
The results of the calculations are reported ineklix E (Cartesian Coordinates, electronic

energies, zero-point vibrational energies, and ingy vibrational frequencies).

8.2. 0-Benzyne + Cyclopentadiene

The first potential energy surface investigatedhia present work is related to the reaction
between spin-singlet o-benzyne radical and cyclizkene. The results of the calculations are
reported in Figure 75 while the corresponding fitaors state molecular structures are shown in
Figure 76. In agreement with the experimental tesdescribed in befol¥, the lowest-energy
entrance channel proceeds through 1,4-cycloadditidmm form the bicyclo compound S1
(benzonorbornadiene). The entrance barrier is ar@ukcal/mol through the transition state TS1 (see
Figure 76 for chemical structure). TS1 does nosess a structural symmetry which is characteristic
of the corresponding transition state on the beazybenzene reaction studied in Chapter 7 and the
structures of the two reactant molecules are almpattered when approaching the transition state
configuration. This is due to the transition staéen reached quite early in the cycloaddition psce
with a distance of around 2.53 A between the twbaa atoms which create the first bond between

0-CsH,4 and c-GHe.
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Based on the present calculations, the reactian gahstants for the entrance step can be
calculated using transition state theory. The dated values are well fitted by the following

modified Arrhenius expression (in émol’s™).

k(o-C4H, +c—C4H, - S1)=3789T ***expg(-499/T)

The uncertainty in the above expression can bmatdd as a factor of 3-4 mainly due to the
uncertainty in the reaction barrier. The Arrhenplet of the calculated reaction rate constant is
reported in Figure 77 which also contains thealues for the similar 1,4-cycloaddition process
between o-benzyne and benzene as calculated iiorséc® (Ref. [118]). The reaction between o-
benzyne and cyclopentadiene is clearly faster\att@nperatures due to the lower entrance barrier,
the difference being around 5 kcal/mol. For tempees above 1600 K the o, + GHg reaction
becomes faster due mainly to the higher multiplioit the corresponding pathway. More generally, it
is worth mentioning that the reaction rate constdot the two 1,4-cycloaddition processes reported
in Figure 77 differ by less than a two-fold factwer the entire range between 1000 and 2000 K. This
observation not only indicates that the two proessae similar but also suggests thatkhalues
reported in Figure 77 could define the typical mfgr the reaction rate constants of most o-benzyne
cycloaddition processes.

Similarly to the reaction between o-benzyne andzéee for which the initial 1,4 adduct
undergoes fragmentation to form naphthalene andylace, benzonorbornadiene can undergo a
similar process to form the stable S2 adduct aetylme. S2 is an isomeric form of the more stable
indene. As shown in Figure 78 the isomerizatiorcess between S2 and indene is very favorable as
it proceeds through a reaction barrier of only 1écél/mol for the hydrogen-transfer process (see

Figure 76 for the structure of the transition stat®l12). Thus we can conclude that the 1,4-
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cycloaddition between o-benzyne and cyclopentadieads finally to the formation of indene and

acetylene.
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Figure 77. Arrhenius plot of the calculated 1,4-dgaddition reaction rate constant between o-benzyamal:
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Benzonorbornadiene can also undergo fragmentatiorthe initial reactants, o-benzyne and
cyclopentadiene, but the barrier for this processriound 13 kcal/mol higher compared to the
fragmentation into S2 and acetylene described abdWwés difference in the reaction barriers
determines the latter process to be the dominamtowar the entire temperature range of the present
study as indicated in Figure 79 (reaction rate tzonis calculated using transition state theoryjhin
high temperature range the difference betweendaetion rate constants become smaller due to the
higher entropy contribution in the case of formataf o-benzyne and benzene. The Arrhenius fit of

the reaction rate constants in Figure 79 are peaviztlow (in 8).

k(S1 - 0-C,H, +c—C.H,)= 7.943010" [&xp(— 385953/T)

k(Sl ~ S2+C,H,)=5.272010" [exp- 322684/T)

The radicalt-bond addition between spin-singlet o-benzyne ayelopentadiene not only
proceeds through concerted 1,4-cycloaddition bo&it undergo a stepwise reaction to form a stable
intermediate characterized by the two rings coratet¢hrough a single C-C bond and the planes
containing the rings positioned almost perpendityléS3 and S8 in Figure 75). Similar stepwise
reactions are also present in the potential ensugface for the radical/bond addition between
singlet o-benzyne + benzétfe®? triplet o-benzyne + benzelle phenyl radical + benzetfé'® and
between phenyl radicafs*® In the specific case of the reaction studiechis present investigation
between o-¢H; and c-GHe four different carbon atoms are available on tlyelapentadiene
molecular structure for the formation of the prigna-C bond with the o-benzyne radical site.
Nevertheless the symmetry of the g4¢ molecule reduces the problem to only two differesmtes

which will be discussed in the following paragraphs
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The lower-energy stepwise channel proceeds throighaddition between one of the two
radical sites in the o-benzyne molecule and thdédararatoms close to the GHmoiety in the
cyclopentadiene molecule. The corresponding triansgtate (TS3 in Figure 76) is characterized by a
distance of around 2.00 A between the two reactandcules which is relatively small compared to
the case of the 1,4-cycloaddition presented abDue to the smaller distance, the two molecular
structures of o-gH; and c-GHs are in this case slightly distorted at the sadudnt. Since the
reaction barrier is around 6.4 kcal/mol higher careg to the concerted cycloaddition, the stepwise
channel leading to the formation of the intermeali&8 is clearly less favorable compared to the
concerted process to benzonorbornadiene (S1),reeagent with the experimental results available
in literaturg®>®”

Once formed, S3 can isomerize to form the S4 comptdch has similar molecular structure
but different torsional angle between the two ririfse torsional barrier is around 2 kcal/mol thrioug
the transition state TS4 (Figure 76). Due to thesence of the CHnoiety the molecular structure of
S4 is characterized by a relatively small distabedéween the two radical sites present in the
molecule. A simple bending motion between the timgg leads to the formation of a second C-C
bond between the two radical sites. The bendingdrahrough TS5 is less than 0.05 kcal/mol thus
the process can be considered barrierless bas#dteamcertainty of the implemented method. The
resulting intermediate compound (S5) is bound uad 47 kcal/mol with respect to S4 and can
isomerize through a ring expansion process to féénfFigure 75). The isomerization barrier through
the transition state TS6 to form the ring-expanitéermediate S6 is only 1.7 kcal/mol lower than the
barrier for the isomerization of S5 back to S4.t@&other hand, once formed, S6 quickly isomerizes
to form a new stable intermediate S7 through aidraaf only 0.3 kcal/mol. S7 (1,2-dihydro-1,2-
methanonaphthalene) is the most stable compounthepotential energy surface with a relative
energy equal to 80.6 kcal/mol thus it is possilblg final product of the stepwise addition process.
1,2-dihydro-1,2-methanonaphthalene is a stable oamgh which can be easily measured with

traditional analytical techniques such as gas chtography. Experimental studies on the reaction
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between o-benzyne and cyclopentadiene performedidfatent pressure and temperature conditions,
which complement the results obtained by Wittig &mauss®™, would clarify the actual role of the
stepwise channel by comparing the yield of 1,2-dibyl,2-methanonaphthalene (S7) with those of
benzonorbornadiene (S1) and indene from the 1, lagdition process. The latter products can also
be measured with traditional analytical techniques.

Before proceedings with the discussion on alteveatihannels, it is worth mention that no
transition state which connects the S4 adduct betizonorbornadiene could be identified. A similar
transition state is part of the potential energsfame for the reaction of the o-benzyne radicahwit
benzene as studied by Shukla et'alOn the other hand, due to the Ckhoiety on the
cyclopentadiene molecule, the lower-energysbkCr c-GHg stepwise channel is forced towards the
formation of the stable S5 intermediate as disaiabeve.

The second stepwise channel on the potential ersendggce for the radical/bond addition
between o0-benzyne and cyclopentadiene is the fl@astable. In this case the entrance step leads to
the formation of a C-C bond between the o-benzpdecal site and one of the two carbon atoms not
bonded to the CHmoiety in the cyclopentadiene molecule. The reéa@nergy of the corresponding
transition state (TS8 in Figure 76) is 12.6 kcal/mbile the resulting adduct (S8 in Figure 75) is
only bounded by 16.3 kcal/mol. S8 can isomerizeugh torsional motion to form the intermediate
S9. Depending on the direction of the torsionaktion (clockwise or counterclockwise), two
different transition states were identified, TS@ ar510 (Figure 76). The isomerization will occur
almost indifferently through TS9 or TS10 since the corresponding barriers (respectively 1.4
kcal/mol and 2.0 kcal/mol) are indeed very simil@he resulting S9 adduct can subsequently
isomerize into S5 through the formation of a sec@@ bond across the C6 and C5 rings. On the
other hand, the energy barrier through TS11 (Figi8g is around 4 kcal/mol higher than the
dissociation barrier back to the reactants, thasgecific stepwise channel is not favorable.

Further analyses were performed to identify addi@lochannels in particular for the

isomerization of the benzonorbornadiene intermedidt addition to the fragmentation of this
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intermediate to form the S2 indene-like compound acetylene, the rupture of the CH-LCibbnd in

the benzonorbornadiene molecule could proceed ghrtie transition state TS13 (see Figure 76 for
molecular structure) to the formation of a possialiernative stable intermediate (at the moment
unknown). On the other hand, we could not ideraifyy corresponding stable product and the IRC
calculation on TS13 does not support the hypothibsis TS13 is a direct transition state between
benzonorbornadiene and the S7 adduct as depictEdjime 80. At this point it is not clear if the
transition state TS13 is relevant for the titlectemn and consequently if the dashed pathway shown

in Figure 80 is actually present on the potentiergy surface.
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Figure 80. Possible alternative pathway for the merization of benzonorbornadiene. uB3LYP/6-311+Gx,
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Ikcal/mol

relative energies in kcal/mol, including ZPVE.

The theoretical results described in present sedtidicate that the potential energy surface
for the radicalt-bond addition between o-benzyne and cyclopentadientains a favorable pathway
which leads to the formation of indene and acesyl¢hrough the fragmentation of the 1,4-
cycloadduct benzonorbornadiene. Similarly to thectien between benzene and o-benzyne (section
7.2), the practical relevance of the proposed payhdepends definitely on the concentrations of o-
benzyne and cyclopentadiene in the specific contiusystem. Cyclopentadiene is generally an
abundant intermediate in oxidative environmentgesiits corresponding radical complex (g+6)
derives from the fast decarbonylation of the phgnoadical. On the other hand, o-benzyne is

produced mainly by dehydrogenization of the pheaglical through an energy barrier of around 78
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kcal/mof®®. Abstraction of a hydrogen atom from the phengtreould provide additional pathways
for the formation of o-benzyne at relatively lowrgeratures. For example, the self-reaction between
phenyl radicals investigated by Tranter efaloes not proceeds only through recombination lsat a
through hydrogen abstraction to form benzene andymes. The typical abundance of the single-ring
aromatics could result in relatively high concetras of the o-benzyne radical and as a consequence
in the relevance of the proposed pathway. This thgsis awaits further modeling and experimental

validations.

8.3. 0-Benzyne + Cyclopentadienyl Radical

The radicalt-bond addition between the o-benzyne radical ardciitlopentadienyl radical
involves the doublet electronic state. Just agHerreaction between benzene and the phenyl radical
which occurs on a doublet potential energy surfac®®!'® the 0-GH, + c-GHs addition proceeds
through a stepwise reaction which leads to the &bion of a G;H, intermediate (S10 in Figure 81).
No transition state for the the radieablond addition could be identified, thus the precean be
considered barrierless No concerted transitiorestauld be identified too as expected based on
similarity with other previously studied reactiguirs-doublet and triplet systeis®3

The S10 adduct can undergo a hydrogen transfeegsdo form the stable intermediate S12
through a barrier of around 30 kcal/mol (see Figd2efor the molecular structure of the transition
state TS16). Although this barrier is relativelyaimit is definitely larger than the barrier fdnet
torsional rotation of the ¢, ring forming the complex S11 (Figure 81). More omantly the

relative energy of TS16 is higher compared to thaiérs for the isomerization of S11, thus the

channel leading to the formation of S12 is enecgdlti unfavorable.
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The lowest energy and thus most favorable pathwageeds indeed through the transition
state TS17 starting from S11 with a barrier of ab@0 kcal/mol (Figure 81 and Figure 82). In this
case the coupled rotation and bending motions ®fGi, ring towards the C5 ring leads to the
formation of a second C-C bond between the radi¢alin S11 and the carbon close to the primary
C-C bond between the two rings. The resulting add®d3 in Figure 81) is similar to the
intermediate S5 described for the potential enstgface of the stepwise addition between o-benzyne
and cyclopentadiene (Figure 75) although in thisec813 is a radical intermediate. On the other
hand, the corresponding energy barriers throughar®sTS17, respectively for S5 and S13, are quite
different. Two are the possible reasons for suffergince. The first obvious reason is that in the o
CeH4 + c-GHg reaction the second C-C bond leading to the faomadf S5 occurs between two
radical sites (Figure 75) while only one radicéd $6 present in S11 (Figure 81). The second plassib
reason is due to the actual molecular structuréleopecies involved. We mentioned in the section
8.2 that the molecular structure of the adductrS&igure 75 is strongly influenced by the presesfce
the CH moiety in the C5 ring and how this peculiar feattavors the formation of S5. This is clearly
demonstrated by the fact that the correspondingdton process through TS5 is barrierless. In the
case of S11 the structure is symmetric with respetihe GH,4 ring and the step which leads to S13
requires a consistent distortion of the lowest-gneonfiguration represented by S11.

The symmetry in the molecular structure which igrelateristic of the S11 adduct is also
responsible for the presence of an additional itiansstate which leads to the formation of the
bicyclo benzonorbornadienyl radical (S14 in Fig8fg. The corresponding reaction barrier through
the TS18 transition state (Figure 82) is 22.4 kaal/which is 12.6 kcal/mol higher than the barrier
for the isomerization of S11 into S13 describedhia previous paragraph. Due to the spin-doublet
character, benzonorbornadienyl radical does noéngaddirect fragmentation but isomerizes to form
the indenylvinyl radicals (S15, S16, and S17, Fegtt) through the rupture of a C-C bond on the C5
ring. The three isomers differ only by the torsioaagle of the ¢H, moiety and are connected by

low-barrier rotational transition states (TS20, IS&nd TS22 in Figure 82).
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Depending on the specific isomer, the indenylviradical undergoes different isomerization
processes. As shown in Figure 81, the radicalmitéhe GH, moiety can form an additional C-C
bond starting from S15 and S16 to form a varietgtable adducts (S18, S19, S20, and S21). Among
these isomerization steps, the lowest-barrier chlaleads to the formation of S18 which is also the
most stable among the above mentioned adductserBiifly than the other isomers, the S17
indenylvinyl radical can only fragment to form tivenyl radical + acetylene. The corresponding
barrier through the transition state TS27 is reédyi low (17.6 kcal/mol) but higher than the barrie
for the isomerization of S15 into S18. Thus we canclude that although the potential energy
surface for the radical/bond addition between os8, and CPDyl contains a pathway for the

formation of indene, such channel is unfavoralbenfan energetic point of view.
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Figure 83. Lower energy H-loss reactions on the eotial energy surface for the radicaifbond addition

between o-benzyne and cyclopentadienyl radical. LBB/6-311+G(d,p) relative energies in kcal/mol,

including ZPVE.

We previously mentioned that the lowest-energy wathfor the radicat-bond addition
between o-benzyne and cyclopentadienyl radicalsléadhe formation of the S13 adduct. On the

other hand, S13 is definitely not the final prodofthe title reaction since it can undergo a ieddy
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low-barrier (around 22 kcal/mol) ring expansionngrization to form S23. The isomerization of the
S23 adduct requires higher energies since the sponeling barriers are around 50 kcal/mol or
higher.

The last aspect that we need to take into accaumt @oublet potential energy surface is the
competition between the isomerization steps and hiydrogen-elimination processes which are
energetically accessible and lead to the formatfaspin-singlet adducts and hydrogen atoms. All the
possible spin-singlet intermediates were considatéaugh only the lower-energy elementary steps
are summarized in Figure 83. The compound whichnoast favorably undergo the H-loss process is
S21, to form the stable and potentially detectaiplecies, S26, while the reaction of S23, the most
stable adduct on the potential energy surfaceptm fS27 + H involves a barrier of around 85.6
kcal/mol. As shown in Figure 83, the reaction betw&27 and H can be considered barrierless based
on the corresponding uB3LYP/6-311+G(d,p) energies.

The complexity of the potential energy surface tfue radicalt-bond addition between o-
benzyne and cyclopentadienyl radical does not alovimmediate identification of the final product
of the reaction. From a simple analysis of the ways in Figure 81, we can hypothesize that at
relatively low temperature the ring expanded S28rinediate could be the major product due to its
high stability and low-energy formation pathway.338 a radical, similarly to all the products and
transition states on the potential energy surfddéigure 81. Thus, once formed, it will presumably
react with other radicals present in the combustistem, including hydrogen atoms to form a stable
ring-expanded intermediate. At higher temperaturdsere S23 can isomerize, the system could
proceeds through fragmentation to the formatiomadényl radical. Hydrogen-loss reactions (Figure
83) which could compete at high temperatures irevdansition states with higher energies compared
to the fragmentation pathway, thus are energefiaaifavorable. Similarly to S23, indenyl radical
will recombine with other radical in the systengluding hydrogen atoms to form indene.

Further theoretical and experimental validatiors @quired to verify these hypotheses. In

particular, the use of experimental techniques abletect and measure radicals, such as the fime o
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flight mass spectrometry, would clarify which amahg radicals in Figure 81 are produced by the
radicalfi-bond addition between o-benzyne and cyclopentgtiieadical or possibly identify the

presence of additional pathways which have not lseesidered in the present work.



9. CONCLUSIONS

The present work is composed of various parts,exatisively experimental that is devoted
to the development of a new experimental technfquéhe measurement of PAH compounds (A), a
part focused on the experimental and modeling stidize phenyl pyrolysis and phenyl + acetylene
reaction (B), and finally a theoretical part on twmputational chemistry investigation of several

relevant potential energy surfaces (C).

A. Two different techniques for the recovery andaswement of semi-volatile and non-
volatile PAH compounds present in gas samples haen investigated experimentally using GC
analytical techniques. The online technique cossistthe direct connection between the analytical
apparatus and the high-pressure shock tube atrhendity of Illinois at Chicago. Treated stainless
steel lines and connections were used to buildanepling rig. The new experimental technique was
tested on different reaction systems and showedllext recovery results, within 10% error in the
total carbon recovery. The technique allows measent of large multi-ring compounds, including
two-, three-, and four-ring species, which could be detected by the traditional procedure of
sampling and storage in a vessel. The experimeniale technique represents, in our opinion, the
simplest and optimal, although not always practisalution to the problems of condensation and
adsorption of heavy PAH compounds.

The alternative offline technique, which can beilgamplemented with any experimental
apparatus, has been experimentally investigatenyustiainless steel electropolished vessels and a
variety of target compounds, i.e. naphthalene aipthemyl as representative PAH species and
iodobenzene as representative semi-volatile lightpound. The experiments simulate the collection
and analyses of gas samples containing ppm levelsese representative compounds. A detailed
optimal offline technique for the measurement aiyecompounds has been obtained which includes
cooling the vessel at -15 °C, injecting a gas sanmo the GC, flushing the vessel with methylene
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chloride, and finally injecting a liquid sample anthe GC. For semi-volatile species such as
iodobenzene, a different solution has been propagech involves the determination of the constant
percentage in condensed phase and the applicafioa ocorrection factor to the gas phase
measurement. The experiments have indicated erteieovery for all the target compounds with a
maximum uncertainty of £7%. Although the offlinecimique constitutes an excellent alternative
solution when the online technique can not be imglated, it is not the preferred solution due to its

increased procedural complexity compared to thmenéchnique.

B. The pyrolysis of the phenyl radical and the pytro reactions of the phenyl radical with
acetylene have been investigated at nominal pres®fr25 and 50 atm and for a temperature range
between 900 and 1800 K. The experimental work wagopmed using GC/GC-MS diagnostic
coupled to a high-pressure shock tube apparatughEdirst time it has been possible to detect and
accurately measure both small hydrocarbon prodactsding single-ring aromatics and a variety of
multi-ring PAH compounds for which mole fractionofites have been obtained as a function of
temperature. A chemical kinetic model has beenldpeé to simulate the experimental results with
particular attention to the formation of the PAHbgucts from both reaction systems. The study
helped clarify some of the aspects related to ttemistry involved in the formation of large multi-
ring compounds.

In particular, the experimental and modeling ressolt the phenyl radical pyrolysis indicate
that the formation of the PAH compounds is strongijuenced by the benzyne chemistry and
especially by the reactions involving the o-benzyadical. Such reactions have been proposed as
relevant for the production of several multi-rirgrgpounds including the terphenyls, acenaphthylene,
and the four-ring species. With regards to the apbtihylene formation a new reaction rate constant
expression for the isomerization between cyclogehtalene and acenaphthylene was derived from
the experimental profiles, while a new reactionhpeaty for the isomerization of biphenylene was

investigated from a theoretical point of view usiagrinitio calculations. In addition, based on the
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experimental results we revealed the importancesesferal other reactions such as the reaction
between phenyl radical and hydrogen iodide andréaetion between phenyl iodide and phenyl
radical to form the iodobiphenyls. Similar reaci@hould be included in future studies on the pheny
radical derived from phenyl iodide.

The investigation on the phenyl + acetylene systewealed that the formation of PAH
compounds is driven by the reaction between phesgical and phenylacetylene with regard to
phenanthrene and diphenylethyne, while the HACAhmaism plays a key role in the formation of
acenaphthylene when high concentrations of acedyde® present in the reactant mixture.

Finally both experimental studies suggest that al@eertain temperature the polymerization
process becomes dominant. Additional theoreticalies are required in order to clarify the relative
high-temperature chemistry. The experimental peefibbtained in this work represent a valuable

benchmark for the validation of such future studies

C. A comprehensive study of the potential energyases for the radical/bond addition
reactions between different single-ring aromatidrbgarbons has been performed for the first time
using theoretical calculation techniques. Severathways leading to the formation of PAH
compounds have been proposed as relevant for tyqogbustion environments.

The ab-initio calculations on the addition betwdmmzene and singlet o-benzyne radical
confirm from a theoretical point of view the podgibignificant role of o-benzyne in the formatioh o
naphthalene as observed in the experimental workriegman and Lindol". The system proceeds
through the formation of a benzobicyclo[2,2,2]lodtate intermediate (reaction R1) which
subsequently undergoes fragmentation to form napdnle and acetylene (reaction R2). The high-
pressure limit rate constants for the elementaagtiens R1 and R2 were estimated based on the
calculated properties of the species involved. ki dther hand the calculations on the benzene +
triplet o-benzyne system confirm the presence opathway leading to the formation of a

biphenylene-like compound as hypothesized by Fradnand LindoW” in their pyrolytic
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experimental investigation on the system in consitlen (Figure 58). Alternative channels for the
addition between benzene and triplet o-benzyne keadhe formation of phenyl radicals (H-
abstraction) and biphenyl radical + hydrogen (addit C-H fission).

Further studies on the potential energy surfacetlier radicalt-bond addition between
benzene and phenyl radical reveal that the onlgymts of the reaction are biphenyl and hydrogen, in
agreement with previous experimental and theoletitalies. On the other hand the radicélond
addition between phenyl radicals proceeds alonarety of pathways on both a singlet and a triplet
energy surface. In competition with the expectednciels leading to the formation of biphenyl
(addition + H-transfer) or biphenyl radical + hydem (addition + C-H fission), a new pathway
proceeding through the benzobicyclo[2,2,2]octaEieémermediate and leading to the formation of
naphthalene and acetylene has been proposed attigbterelevant for the second-ring species
formation. Such a pathway can be considered astatppe for an aromatic radical adding to the
non-radicalt-bond site of another aromatic radical leadingaliyeto fused ring structures.

The present investigation supports the idea that ntbonding could possibly play a
significant role in the mechanisms of growth of PApecies and soot. In particular the radical/
bond addition between aromatic hydrocarbons reptesedirect channel for the formation of fused
multi-ring compounds as naphthalene. The investidygtathways complement the conventional
growth mechanisms involving the reaction of a ®ngtomatic hydrocarbon with small aliphatic
compounds as acetylene for the HACA mechanism.

A comprehensive investigation on the potential gnesurfaces for the radicatbond
addition reactions between o-benzyne and the cgfichydrocarbons has also been performed for
the first time using computational chemistry tecjug@s. In particular, new pathways leading to the
formation of the typical PAH compounds relevanstot formation were proposed.

The ab-initio calculations of the reaction betweehenzyne and cyclopentadiene confirm
from a theoretical point of view that the reactipmoceeds mainly through concerted 1,4-

cycloaddition to form the benzonorbornadiene addstobserved experimentafy*®’ A novel
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pathway which involves the fragmentation of benzbonmadiene has been proposed for the first
time as relevant to the formation of indene. Thepwise channels have also been studied and are
found to be not favorable from an energetic poinview compared to the concerted pathway to
indene.

The additional studies on the potential energyaserfof the radicat/bond addition between
0-benzyne and the cyclopentadienyl radical reptasetine best of our knowledge the first attempt to
investigate this reaction. In competition with teemerization pathways, a channel which leadséo th
formation of indenyl radical and acetylene is presen the potential energy surface. At high
temperatures this channel could possibly be releeatme formation of indene-like soot precursors.

The present investigation confirms that the radiehbnd addition reactions could possibly
play a significant role in the mechanisms of growthiPAH species and soot. In this particular case,
the reactions between o-benzyne and the cyclic y@olsarbons constitute a direct pathway to the
formation of indene which complements the tradilaeaction pathways involving the first aromatic

ring and small C3 aliphatic hydrocarbons.



10. FUTURE WORK

The study of the phenyl + acetylene reactions piexivaluable experimental and theoretical
results which clarified some of the mechanisms lwve@ in the formation of the typical PAH
compounds observed in sooting combustion envirotendimese results clearly confirm the necessity
of additional studies which could further clarifyetpathways which leads to PAHs. In particular, the
recombination reactions between the benzyl raqiCglisCH,) with acetylene could be studied both
experimentally and theoretically in relation to floemation of indene. Indene, just like naphthalene
constitutes an important intermediate for soot fron processes.

Bittner and Howartf® postulated benzyl radical reactions as possibfeitant paths to PAH
formation. Benzyl radicals are formed from the deposition of alkylated aromatics such as toluene,
ethyl benzene, and the xylenes. The subsequerttoread benzyl with acetylene was postulated to
lead to inden®®. A recent set of theoretical calculations focusimgthe potential energy surface for
the reaction of benzyl with acetyléfie'’® have not only confirmed the pathway to indene disb
pointed out the significance of pressure dependesfcéhis reaction in combustion systems.
Vereecken and Peetéfshave predicted the reaction to proceed througtidimeation of a multitude
of CgHy isomers (species “a” in Figure 84) that eventuallgsociate to indene (species “b”),
phenylallene (gHsCHCCH,, species “c”), and 3-phenyl-1-propyneK{gCH,CCH, species “e”) with
indene being the favored product at high pressamestemperatures. In addition phenylallene could
possibly isomerize into 1-phenylpropynel{gCCCH;, species “d”).

Recent work in the high pressure shock tube labprabn high pressure pyrolysis of
toluené® revealed the presence of indene as one of ther pejducts. The benzyl plus acetylene
reaction appeared to be the dominant contributahéomajority of the indene produced. The other
CyHg isomers were not observed in these experimentseMer, since this was an indirect study
because toluene was the source for the benzylalaaitl because the experiments were performed at
T > 1200 K, large parts of the Vereecken and Pgélanalyses could not be tested.
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Figure 84. Benzyl + acetylene reaction.

Using the experimental technique developed in tlesent work, the reactions between the
benzyl radical and acetylene could be investigaedhe high pressure and high temperature
conditions typical of modern combustion devicese Tésults could clarify the mechanisms proposed
by the theoretical study by Vereecken and Pe€larsd possibly highlight the presence of additional

reaction channels not considered in previous inyasbns.



wnN

© N

10.
11.
12.

13.

14.
15.
16.
17.
18.
19.
20.
21.

22.
23.
24.
25.
26.
27.

28.

29.

30.
31.

32.
33.

REFERENCES

Davis, D. L.; Bell, M. L.; Fletcher, TEnvironmental Health Perspectivd40(12), A734-
A735, 2002

Bell, M. L.; Davis, D. L.; Fletcher, TEnvironmental Health Perspectivé$2(1), 6-8, 2004
Von Klot, S.; Woelke, G.; Tuch, T.; Heinrich, J.p€kery, D. W.; Schwartz, J.; Kreyling, W.
G.; Wichmann, H. E.; Peters, European Respiratory Journ2002, 20(3), 691-702

Pope, Il C. A.; Burnett, T. R.; Thurston, D. Ghudn, J. M.; Calle, E.; Krewski, D.; Ito, K.
Journal of the American Medical Associatip®02, 287, 1132-1141

Pope, C. A.; Burnett, R. T.; Thurston, G. D.; Thivh,J.; Calle, E. E.; Krewski, D.; Godleski,
J. J.Circulation 109, (2004), 71-77

Brook, R. D.; Brook, J.R.; Rajagopalan,Grr. Hypertens. Re%, (2003), 32—-39
Johnson,R. LCirculation2004; 109; 5-7

Bockhorn, H. Soot Formation in Combustion-Mechamisamd Models, Ed. H. Bockhorn,
Springer Series in Chemical Physics, Volume 594139

Frenklach, M. Phy<Chem. Chem. Phy2002, 4, 2028-2037

Richter H.; Howard, J. BRProg. Ener. Comb. Sc2000, 26, 565-608

Lindstedt, R. P.; Maurice, L. Q.; Meyer, Maraday Discuss2001, 119, 409-432

Lighty, J. S.; Veranth, J. M.; Sarofim, A. F. Air & Waste Manage. Ass060:1565-1618,
2000

Koylu, U . O.; Mcenally, C. S.; Rosner, D. E.; fidde, L. D. Combustion and Flame.10,
494-507, (1997)

Di Stasio, SCarbon 39, 109-118, (2001)

Frenklach, M.; Clary, D. W.; Gardiner, W. C.; Ste$h E Proc. Combust. Ins.984, 20, 887
Bockhorn, H.; Fetting, F.; Wenz, H. \Ber. Bunsen-Ges. Phys. Chelf83, 97, 1067

Fahr, A.; Stein S. BRProc. Combust. Insfl988, 22, 1023-1029

Yu, T.; Lin, M. C.; Melius, C. FInt. J. Chem. Kin1994, 26, 1095-1104

Wang, H. Frenklach, Ml. Phys. Cherl994, 98, 11465-11489.

Heckmann, E.; Hippler, H. Troe, Broc. Combust. InsL996, 26, 543-550

Richter, H. ; Mazyar, O. A. ; Sumathi, R. ; Gre®w, H. ; Howard, J. B. ; Bozzelli, J. W.
Phys. Chem. 2001, 105, 1561-1573

Tokmakov, I. V.; Lin, M. CJ. Am. Chem. So2003, 125, 11397-11408

Shukla, B.; Koshi, MPhys. Chem. Chem. Phy€1Q 12, 2427-2437.

Shukla, B.; Koshi, MCombust. Flam&011, 158, 369-375.

Park, J.; Lin, M. CJ. Phys. Chem. A997, 101, 14-18.

Tranter, R. S.; Klippenstein, S. J.; Harding, L. 8iri, B. R.; Yang, X.; Kiefer, J. HJ. Phys.
Chem. A201Q 114, 8240-8261

A.G. Gaydon, I.R. Hurle, “The Shock Tube in Highrigerature Chemical Physics”,
Reinhold Publishing Corporation, New York, 1963

A.A. Amadio, J. de Vries, J.M. Hall, E.L. Petersand M.W. Crofton, “Driver-Gas Tailoring
for Low-Temperature Chemical Kinetics”, Proceedimjsthe 4" Joint Meeting of the US
Sections of The Combustion Institute, 2005

R.A. Alpher, D.R. White, “Flow in shock tubes wistiea change at the diaphragm section”,
Journal of Fluid Mechanics, 3, 457, 1958

Tranter, R. S.; Fulle, D.; Brezinsky, Rev. Sci. Ins2001, 72, 3046-3054

Tranter, R. S.; Sivaramakrishnan, R.; Srinivasan Bxezinsky, K.Int. J. Chem. Kin2001,
33, 722-731

Tang, W.; Brezinsky, Kint J Chem Kine88: 75-97, 2006

Sivaramakrishnan, R.; Tranter, R. S.; Brezinsky) KPhys. Chem. 2006,110,9388-9399

172



34.
35.
36.
37.
38.
39.
40.

41.
42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.
57.

58.

173

Sivaramakrishnan, R.; Brezinsky, K.; Vasudevan,THanter, R. SCombust. Sci. and Tegh.
178: 285-305, 2006

Tang, W.; Tranter, R. S.; Brezinsky, K.Phys. Chem. 2005,109, 6056-6065
Sivaramakrishnan, R.; Tranter, R. S.; Brezinsky]) KPhys. Chem. 2006, 110, 9400-9404
W. Tsang fronShock Waves in Chemistissa Lifshitz, Ed. Marcel Decker, 59-129, 1981
W. TsangJ. Chem. Phys40, 1171-1172, 1963

W. Tsangl]. Chem. Phys41 (8), 2487-2494, 1964

Tsang, W.; Lifshitz, Alnt. J. Chem. Kinetl998 30, 621-628

Kiefer, J. H.; Shah, J. N. J Phys Chem 1987, 92430

Lifshitz, A.; Shweky, |.; Kiefer, J. H.; Sidhu, S. Shock WavesProceedings of the 18th
International Symposium on Shock Wav&endia, Japanl99]); K. Takayama, Ed.;
Springer—Verlag: Berlin1992 825

Faina Dubnikova and Assa Lifshitz; J. Phys. Cheri988, 102, 5876-5885.

Saito, K.; Toriyama, Y.; Yokubo, T.; Higashihara; Murakami, I.Bull. Chem. Soc198Q
53, 1437-1438

Culbertson, B. “Homogeneous and Heterogeneous Rea&ates for the Reactions of
Carbon with Carbon Dioxide and Water”, PhD disgaig University of Illinois at Chicago,
2009.

NIST Standard Reference Database 17, Version 7eéb(Vérsion), Release 1.5

Tsang W.; Hampson, R. B. Phys. Chem. Ref. Databad®&, 1986

Baulch, D. L.; Cobos, C. J.; Cox, R. A.; Frank, Flayman, G.; Just, Th.; Kerr, J. A,
Murrels, T.; Pilling, M. J.; Troe, J.; Walker, R..WWarnatz, JJ. Phys. Chem. Ref. Data3,
847-1033, 1994

Kee, R. J.; Rupley, F. M.; Miller, J. A. “The Chemklrhermodynamic Database”, Sandia
National Laboratories Report SAND87-8215B, 1990

NIST JANAF Thermochemical Tables, Fourth EditidnPhys. Chem. Ref. Datslonograph
No. 9, M. W. Chase Jr., (Ed.), 1998

Burcat, A.; Ruscic, B. Ideal Gas Thermochemicaldbatse with updates from Active
Thermochemical Tables. ftp:/ftp.technion.ac.il/faupported/aetdd/thermodynamics

Kee, R. J.; Rupley, F. M.; Miller, J. A.; ColtriM. E.; Grcar, J. F.; Meeks, E.; Moffat, H. K.;
Lutz, A. E.; Dixon-Lewis, G.; Smooke, M. D.; Wargat).; Evans, G. H.; Larson, R. S;
Mitchell, R. E.; Petzold, L. R.; Reynolds, W. C.ar@cotsios, M.; Stewart, W. E.; Glarborg,
P.; Wang, C.; Adigun, O.; Houf, W. G.; Chou, C. Miller, S. F. Chemkin Collection,
Release 3.7.1, Reaction Design, Inc., San Dieg,2083.

Kee, R. J.; Rupley, F. M.; Miller, J. A. Sandia agl Laboratories Report SAND87-8215B
Kee, R. J.; Rupley, F. M.; Miller, J. A.; ColtriM. E.; Grcar, J. F.; Meeks, E.; Moffat, H. K.;
Lutz, A. E.; Dixon-Lewis, G.; Smooke, M. D.; Wargatl.; Evans, G. H.; Larson, R. S;
Mitchell, R. E.; Petzold, L. R.; Reynolds, W. Car@cotsios, M.; Stewart, W. E.; Glarborg,
P.; Wang, C.; Adigun, O. CHEMKIN Collection, 3.6.e&eaction Design Inc., San Diego,
CA, 2000.

Kee, R. J.; Rupley, F. M.; Miller, J. A.; ColtriM. E.; Grcar, J. F.; Meeks, E.; Moffat, H. K.;
Lutz, A. E.; Dixon-Lewis, G.; Smooke, M. D.; Wargat).; Evans, G. H.; Larson, R. S;
Mitchell, R. E.; Petzold, L. R.; Reynolds, W. C.ar@cotsios, M.; Stewart, W. E.; Glarborg,
P.; Wang, C.; McLellan, C. L.; Adigun, O.; Houf, \&.; Chou, C. P.; Miller, S. F.; Ho, P;
Young, P. D.; Young, D. J.; Hodgson, D. W.; Petro¥& V.; Puduppakkam, K. V.
CHEMKIN Release 4.1, Reaction Design, San Diego, ZI6.

Levine, . “Quantum Mechanics” "edition, 2000

Cramer, C. J. “Essentials of Computational ChemistTheories and Models”"®edition,
2005

Binkley, J. S.; Pople, J. A.; Hehre, WJJAm. Chem. Sqcl02, 939-47, 1980




59.

60.
61.
62.
63.
64.
65.
66.
67.
68.
69.

70.
71.

72.

73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.

85.

86.

174

Gordon, M. S.; Binkley, J. S.; Pople, J. A.; Pietvd. J.; Hehre, W. JJ. Am. Chem. Sqc.
104, 2797-803, 1982

Ditchfield, R.; Hehre, W. J.; Pople, J. A.Chem. Phys54, 724, 1971

Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Physb56, 2257, 1972

Raghavachari, K.; Binkley, J. S.; Seeger, R.; Baplé&.J. Chem. Phys72, 650-54, 1980
Dunning, T. HJ. Chem. Phys90, 1007, 1989

Woon, D.; Dunning, T. HJ. Chem. Phys98, 1358, 1993

Hohenberg, P.; Kohn, WPhys. Rey.136, B864, 1964

Kohn, W.; Sham, L. Phys. Rey.140, A1133, 1965

Becke, A. DJ. Chem. Phy<d.993 98, 5648-5652.

Lee, C.; Yang, W.; Parr, R. ®hys. Rev. BR988 37, 785-7809.

Raghavachari, K.; Trucks, G. W.; Pople, J. A.; H&mdon, M.Chem. Phys. Lettl57, 479,
1989

J. W. Ochterski Thermochemistry in Gaussian”, Gaussian Inc., 2000

J. B. Foresman, A. FrischExploring Chemistry with Electronic Structure Metls",
Gaussian Inc.,™ edition, 1996

K. K. Irikura, D. J. Frurip “Computational thermaaistry: prediction and estimation of
molecular thermodynamics”, American Chemical Sogi#998

Sivaramakrishnan, R.; Tranter, R. S.; Brezinsky] KPhys. Chem. 2005, 109, 1621-1628
Benson, S. W. “Thermochemical Kinetics™ 2dition, 1976

Herndon, W. C.; Nowak, P. C.; Connor, D. A,; Lin,J2J. Am. Chem. Sqcl14, 41-47, 1992
Stein, S. E.; Barton, B. Dthermochim. Actal68, 179-186, 1990

Yu, J.; Sumathi, R.; Green Jr., W. H.Am. Chem. Sqcl26, 12685-12700, 2004

Eyring, H.J. Chem. Phys3, 107, 1935

Evans, M. G.; Polanyi, Mlrans. Faraday Soc31, 875, 1935

Wigner, E.Trans. Faraday Sod 93§ 34, 29-41

Fueno, T. “The Transition State: A Theoretical Agach”, 1999

Shawvitt, 1.J. Phys. Cheml959 31, 1359-1367.

Gonzalez, C.; Schlegel, H. B. Chem. Phy<4989 90, 2154.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Smis, G. E.; Robb, M. A.; Cheeseman, J. R;;
Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.ugnt, J. C.; Millam, J. M.; lyengar, S. S.;
Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.algtani, G.; Rega, N.; Petersson, G. A;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; kda, R.; Hasegawa, J.; Ishida, M.;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; KienM.; Li, X.; Knox, J. E.; Hratchian, H.
P.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillg, Gomperts, R.; Stratmann, R. E.;
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, GJchterski, J. W.; Ayala, P. Y.
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenbeltgd.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; M&liD. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul @&, Clifford, S.; Cioslowski, J.; Stefanov, B.
B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromj,Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Chalabe, M.; Gill, P. M. W.; Johnson, B.;
Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, JGaussian 03revision D.01; Gaussian,
Inc.: Wallingford, CT, 2004.

Method 429 - Determination of Polycyclic Aromatigddocarbon (PAH) Emissions from
Stationary Source¢California Environmental Protection Agency — Staif California Air
Resources Board, Sacramento, 1997).

A. R. Collier, C. A. Jemma, B. Wedekind, D. E. Halhd P. Heinze, “Sampling and Analysis
of Vapor-Phase and Particulate-Bound PAH From Metixhaust”, SAE paper No. 982727,
1998.



87.

88.

89.
90.
91.
92.
93.

94.

95.

175

W. T. Winberry, Jr., and G. JungclauBpmpendium Method TO-13A - Determination of
Polycyclic Aromatic Hydrocarbons (PAHS) in Ambiémt Using Gas Chromatography/Mass
Spectrometry (GC/MSJU.S. Environmental Protection Agency, Cincinna999).

H. N. Berko,Technical Report No. 2: Polycyclic aromatic hydrdmans (PAHS) in Australia
(Environment Australia - Department of the Enviramn and Heritage, Perth, Western
Australia, 1999).

C. C. Cheng, Polycyclic Arom. Comp3, 315 (2003).

S. Garner, R. Sivaramakrishnan, K. Brezinsky, P@mmnbust. Inst32, 461 (2009)

A. Comandini, T. Malewicki, and K. Brezinsk¢hemistry of PAHs Formation from Phenyl
Radical Pyrolysis and Phenyl + Acetylene Reagtsubmitted to J. Phys. Chem. A (2011).

S. Gudiyella, T. Malewicki, A. Comandini, and K. éxinsky, Combust. Flam#58 687
(2011).

S. Gudiyella, and K. BrezinskyHigh Pressure Study of n-Propylbenzene Oxidation
submitted to Combust. Flame (2011).

Wang, H.; Dames, E.; Sirjean, B.; Sheen, D. A.; gkan R.; Violi, A.; Lai, J. Y. W;
Egolfopoulos, F. N.; Davidson, D. F.; Hanson, R, Bowman, C. T.; Law, C. K.; Tsang,
W.; Cernansky, N. P.; Miller, D. L.; Lindstedt, R. A high-temperature chemical kinetic
model of n-alkane (up to n-dodecane), cyclohexame, methyl-, ethyl-, n-propyl and n-
butyl-cyclohexane oxidation at high temperaturesSdrF version 2.0, September 19, 2010
(http://melchior.usc.edu/JetSurF/JetSurfF2.0

Richter, H.; Granata, S.; Green, W. H.; Howard.JProc. Comb. Ins2005 30, 1397-1405
(http://web.mit.edu/anish/www/MITcomb.htjnl

96. Krishnan, R.; Binkley, J. S.; Seeger, R.; Poplé&.d. Chem. Phy<s98Q 72, 650-654.

97. Godbout, N.; Salahub, D. R.; Andzelm, J.; WimmerCEn. J. Cheml922 70, 560-571.

98. Robaugh, D.; Tsang, W. Phys. Chenl986 90, 5363-5367.

99. Kumaran, S. S. ; Su, M. C. ; Michael, J.Ghem. Phys. Letl997 269, 99-106.

100. Kominar, R. J.; Krech, M. J.; Price, S. J. @aAn. J. Chenml976 54, 2981-2984.

101. Butler, E. T.; Polanyi, MTrans. Faraday Sod.943 39, 19-35.

102. Moskaleva, L. V.; Madden, L. K.; Lin, M. (Phys. Chem. Chem. Phyg99 1,
3967-3972.

103. Giri, B. R.; Bentz, T.; Hippler, H.; Olzmann, M. Phys. Chen2009 223, 539-549.

104. Rodgers, A. S.; Golden, D. M.; Benson, S. WAmM. Chem. S0d.967, 89, 4578—
4583.

105. Wang, H.; Frenklach, MCombust. Flamé&997 110, 173-221.

106. Park, J.; Burova, S.; Rodgers, A. S.; Lin, M.JCPhys. Chem. A999 103, 9036—
9041.

107. Brooks, C. T.; Peacock, S. J.; Reuben, BJ&hem. Soc. Faraday Trans1979
75, 652-662.

108. Zhang, L.; Cai, J.; Zhang, T.; Qi, Eombust. Flam&01Q 157, 1686—-1697.

109. Lifshitz, A.; Tamburu, C.; Dubnikova, B. Phys. Chem. 2009 113, 10446-10451.

110. Frenklach, M.; Wang, HProc. Combust. Insfl99Q 23, 1559-1566.

111. Richter, H.; Benish, T. G.; Mazyar, O. A.; Green, W.; Howard, J. B.Proc.
Combust. Inst200Q 28, 2609-2618.

112. Shukla, B.; Tsuchiya, K.; Koshi, M. Phys. Chem. 2011, 115, 5284-5293.

113. Brown, R. F. C.; Choi, N.; Coulston, K. J.; Eastdod-. W.; Wiersum, U. E.;
Jenneskens, L. W.etrahedron Letter$4994 35:25, 4405-4408.

114. Brown, R. F. C.; Eastwood, F. Wure & Appl. Chem1996 68:2, 261-166.

115. Wiersum, U. E.; Jenneskens, L. Wetrahedron Letter4993 34:41, 6615-6618.

116. Blake, M. E.; Bartlett, K. L.; Jones Jr., N.. Am. Chem. So2003 125, 6485-6490.

117. Scott, L. T.Pure & Appl. Chem1996 68:2, 291-300.

118. Comandini, A.; Brezinsky, KJ. Phys. Chem. 2011, 115, 5547-5559.



176

119. Poster, D. L.; Schantz, M. M.; Sander, L. C.; WiSeA.Anal. Bioanal. Chen2006
386, 859-881.

120. Jacobelli, C.; Perez, G.; Polcaro, C.; PossagnoB&ssanelli, R.; Lilla, EJ. Anal.
Appl. Pyrol.1983 5, 237-243.

121. Friedman, L.; Lindow, D. RJ. Am. Chem. So&968 90:9, 2324-2328.

122. Copeland, P. G.; Dean, R. E.; McNeil, D.Chem. Sod96Q 1687-1689.

123. Fields, E. K.; Meyerson, £hem. Commurl.965 20, 474-476.

124. Fields, E. K.; Meyerson, S. Org. Chem1966 31, 3307-3309.

125. Lindow, D. F.; Friedman, LJ. Am. Chem. Sot967, 89:5, 1271-1272.

126. Wang, H.; Laskin, A.; Moriarty, N. W.; Frenklach,.Mroc. Combust. Ins200Q 28,
1545-1555.

127. Laskin, A.; Lifshitz, A.Proc. Combust. InsfL996 26, 669-675.

128. Gao, Y.; Fessel, K.; McLeod, C.; Marshall,Ghem. Phys. Let200§ 451, 8-13.

129. Aguilera-Iparraguirre, J.; Klopper, W. Chem. Theory Comp@007, 3, 139-145.

130. Hertzler, J.; Frank, Ber. Bunsenges. Phys. Chetfi92 96, 1333-1338.

131. Kislov, V. V.; Islamova, N. I.; Kolker, A. M.; LinS. H.; Mebel, A. MJ. Chem.
Theory Compu2005 1, 908-924.

132. a) Kruse, T.; Roth, Rl. Phys. Chem. A997 101, 2138-2146; b) Kern, R. D.; Xie,

K.; Chen, H.; Kiefer, J. H23th International Symposium on Combustidhe Combustion
Institute (990 69-75; c) Frank, P.; Just, Combust. Flam&98Q 38, 231-248.
133. Colket lll, M. B.; Seery, D. J.; Palmer, H. Bombust. Flamé&989 75, 343—-366.
134. Dooley, S.; Won, S. H.; Chaos, M.; Heyne, J.; Jy,Dfyer, F. L.; Kumar, K.; Sung,
C. J.; Wang, H.; Oehlschlaeger, M. A.; SantoroJ RLitzinger, T. A.Combust. Flam@01Q
157, 2333-2339.

135. Choi, Y. M.; Park, J.; Lin, M. CJ. Phys. Chem. 2003 107, 7755-7761.

136. Seetula, J. A.; Russell, J. J.; GutmanJDAm. Chem. So&99Q 112, 1347-1353.

137. Appel, J.; Bockhorn, H.; Frenklach, Mombust. Flam@00Q 121, 122.

138. Fascella, S.; Cavallotti, C.; Rota, R.; Carrd). Rhys. Chem. 2004 108, 3829.

139. Goldaniga, A.; Faravelli, T.; Ranzi, Eombust. Flam&00Q 122, 350.

140. Dean, A. MJ. Phys. Chenl99Q 94, 1432.

141. Marinov, N. M.; Pitz, W. J.; Westbrook, C. K.; Calsli, M. J.; Senkan, S. M.
Combust. Sci. Techndl996 116, 211.

142. Marinov, N. M.; Pitz, W. J.; Westbrook, C. K.; Vibare, A. M.; Castaldi, M. J.;
Senkan, S. M.; Melius, C. Eombust. Flamé&998 114, 192.

143. Bryce, M. R.; Vernon, J. MAdvances in Heterogeneous Chemi4®g1 28, 183.

144. Miller, R. G.; Stiles, MJ. Amer. Chem. Sot963 85, 1798.

145. Fields, E. K.; Meyerson, S. Amer. Chem. Sot964 88, 21.

146. Scaiano, J. C.; Stewart, L. &.Amer. Chem. Sot983 105, 3609.

147. Manion, J. A.; Tsang, WProceedings of Chemical and Physical Processes in
Combustion1996Fall Technical Meeting, 527.

148. Wang, H.Proc. Combust. InsR01Q 33, 41.

149. Cain, J. P.; Gassman, P. L.; Wang, H.; LaskirRiBys. Chem. Chem. Phg€Q1Q 12,
5206.

150. Schlegel, H. BJ. Comp. Cheml982 3, 214.

151. Peng, C.; Schlegel, H. Bsr. J. Chem1993 33, 449.

152. Beno, B. R.; Sheu, C.; Houk, K. N.; Warmuth, R.a®@r D. JChem. Commuri998
301.

153. Friedman LJ. Amer. Chem. Sot967, 89, 3071.

154. Lee, T. J.; Taylor, P. Rnt. J. Quantum Cheni989 S23, 199.

155. Davico, G. E.; Bierbaum, V. M.; DePuy, C. H.; Hiig G. B.; Squires, R. R. Am.

Chem. Socl1995 117, 2590.



156.

157.

158.

177

Madden, L. K.; Moskaleva, L. V.; Kristyan, S.; LiM. C. J. Phys. Chem. A997,
101, 6790.

Xu, C.; Braun-Unkhoff, M.; Naumann, C.; Frank, oc. Combust. Ins007, 31,
231.

Garcia-Cruz, |.; Martinez-Magadan, J. M.; Bofill;M.; lllas, F.J. Phys. Chem. A

2004 108, 5111.

159
160

161
162
163
164

165
166

167
168
169

170.

. Miller, J. A.; Klippenstein, S. Jl. Phys. Chem. 2003 107, 7783.

. Harrison, A. G.; Honnen, L. R.; Dauben, H. J.; liogsF. P.J. Am. Chem. Soc.
196Q 82, 5593-5598.

) Lovell, A. B.; Brezinsky, K.; Glassman,Proc. Combust. Ins.988 22, 1063—-1074.
. Kislov, V. V.; Mebel, A. M.J. Phys. Chem. 2008 112, 700-716.

. Butler, R. G.; Glassman, Proc. Combust. InsR009 32, 395-402.

. Kim, D. H.; Mulholland, J. A.; Wang, D.; Violi, AJ. Phys. Chem. 201Q 114,
12411-12416.

. Wittig, G.; Knauss, EChem. Ber1958 91, 895-907.

. Mich, T. F.; Nienhouse, E. J.; Farina, T. E.; Tidho, J. J.J. Chem. Educl968 45,
272.

. Meinwald, J.; Gruber, G. W.. Am. Chem. So&971, 93, 3802—-3803.

. Bittner, J. D.; Howard, J. BP’roc. Combust. Instl981, 18, 1105

. Vereecken, L.; Peeters, J.; Bettinger, H. F.; KaiRel.; Schleyer, P. V. R.; Schaefer,
H. F.J. Am. Chem. So2002, 124, 2781-2789

Vereecken, L.; Peeters,Phys. Chem. Chem. Phy€03, 5, 2807-2817



APPENDICES

APPENDIX A

Included for each experimental set presented iticse6.3:

« experimental conditions (temperatures - K, pressuagm, and reaction times - ms);
» mole fractions of the major products (ppm).

Included for each optimized stationary structusgsorted in section 6.3.1.4:

» Cartesian Coordinateéi(lgstr('jms);

e uB3LYP/6-311+G(d,p) electronic energies (hartrees);

e CCSD(T)/cc-pVDZ electronic energies (hartrees);

e  zero-point vibrational energies ZPVE (hartrees);

« imaginary vibrational frequencies (€n(only for saddle points).

178



Experimental data set I: [CHsl] o = 26.6 ppm, p ~ 50 atm.
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temperature pressure time acetylene  diacetylene benzene phenylacetylene phenyl iodide triacetylene naphthalene biphenyl biphenylene
1052.5 68.5 1.79 0.00 0.00 0.40 0.00 24.28 0.00 0.00 0.35 0.00
1086.2 53.7 1.82 0.17 0.00 0.52 0.00 22.69 0.00 0.00 0.51 0.00
1180.6 53.7 2.08 0.45 0.00 3.08 0.00 12.89 0.00 0.00 2.19 0.09
1298.9 55.9 1.89 1.22 0.00 6.35 0.09 0.51 0.00 0.00 4.50 0.27
1199.5 48.7 181 0.40 0.00 4.70 0.00 8.46 0.00 0.00 3.13 0.09
1328.5 51.1 1.85 1.96 0.00 5.85 0.12 0.36 0.00 0.12 4.61 0.19
1451.6 54.1 1.69 5.91 2.48 4.96 0.00 0.40 0.16 0.15 3.43 0.02
1350.8 50.1 1.84 2.25 0.32 5.66 0.09 0.24 0.00 0.11 4.45 0.19
1426.6 55.1 1.71 4.20 1.56 5.51 0.00 0.13 0.11 0.13 4.47 0.06
1520.5 53.2 1.49 14.53 9.14 4.14 0.00 0.09 157 0.06 111 0.00
1538.2 58.7 1.47 15.46 10.03 3.61 0.00 0.08 1.95 0.12 0.82 0.00
1618.0 53.7 1.42 29.88 13.82 0.57 0.00 0.21 5.51 0.00 0.03 0.00
952.0 57.9 1.77 0.00 0.00 0.00 0.00 26.64 0.00 0.00 0.00 0.00
1321.2 63.8 1.88 131 0.09 5.98 0.08 0.68 0.00 0.05 4.32 0.25
1227.6 53.9 2.05 0.58 0.00 4.72 0.14 5.43 0.00 0.00 331 0.13
1619.2 56.3 1.42 28.10 13.23 0.59 0.00 0.21 4.57 0.00 0.08 0.00
1624.8 57.7 1.39 32.94 12.86 0.50 0.00 0.24 5.46 0.00 0.02 0.00
1486.0 52.3 1.55 9.04 5.61 4.77 0.00 0.23 0.70 0.12 2.34 0.00
1529.5 51.5 151 12.29 9.50 4.16 0.00 0.16 1.68 0.14 1.22 0.00
1630.1 55.1 1.50 25.04 12.47 1.40 0.00 0.00 4.72 0.00 0.00 0.00
1667.8 45.4 1.33 32.28 13.45 0.14 0.00 0.00 5.66 0.00 0.00 0.00
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m- o- - benzo[g,h,i] benzo[c] benzol[a]
acenaphthylene  o-iodobiphenyl iodobiphenyl p-iodobiphenyl therphenyl m-therphenyl therphenyl fluoranthene  phenanthrene anthracene chrysene
0.00 0.15 0.37 0.03 0.08 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.13 0.32 0.04 0.11 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.24 0.50 0.11 0.27 0.20 0.13 0.00 0.00 0.00 0.19
0.26 0.00 0.06 0.02 0.36 0.89 0.44 0.07 0.00 0.00 0.77
0.06 0.01 0.35 0.09 0.21 0.45 0.32 0.01 0.00 0.00 0.52
0.40 0.00 0.06 0.02 0.28 0.81 0.43 0.06 0.00 0.00 0.65
0.92 0.00 0.00 0.00 0.13 0.32 0.18 0.20 0.04 0.00 0.60
0.41 0.00 0.00 0.00 0.20 0.70 0.40 0.15 0.15 0.04 0.97
0.66 0.00 0.00 0.00 0.13 0.57 0.29 0.25 0.07 0.04 0.82
1.06 0.00 0.00 0.00 0.05 0.25 0.03 0.10 0.00 0.00 0.25
1.01 0.00 0.00 0.00 0.03 0.18 0.06 0.07 0.00 0.00 0.19
0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.10
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.40 0.00 0.00 0.00 0.30 0.94 0.48 0.15 0.00 0.00 0.75
0.20 0.08 0.28 0.22 0.26 0.53 0.29 0.07 0.00 0.00 0.98
0.09 0.00 0.00 0.00 0.05 0.03 0.00 0.00 0.00 0.00 0.09
0.05 0.00 0.00 0.00 0.16 0.00 0.00 0.00 0.00 0.00 0.14
1.17 0.00 0.00 0.00 0.09 0.10 0.04 0.13 0.00 0.00 0.33
1.03 0.00 0.00 0.00 0.08 0.05 0.03 0.12 0.01 0.00 0.23
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00




Experimental data set II: [C¢Hsl] o = 50.6 ppm, p ~ 50 atm.
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temperature  pressure time acetylene  diacetylene benzene phenylacetylene phenyl iodide triacetylene  naphthalene biphenyl biphenylene
1276.1 55.5 1.66 2.40 0.28 12.44 0.00 4.09 0.00 0.50 6.05 0.35
935.3 56.2 1.68 0.00 0.00 0.00 0.00 50.62 0.00 0.00 0.00 0.00
996.6 52.7 171 0.00 0.00 0.00 0.00 50.58 0.00 0.00 0.00 0.00
1178.2 56.9 1.80 0.89 0.00 4.69 0.00 31.85 0.00 0.05 1.69 0.00
1121.4 58.9 1.75 0.38 0.00 1.84 0.00 42.53 0.00 0.00 0.56 0.00
1201.4 51.4 1.86 0.94 0.00 6.40 0.00 26.75 0.00 0.10 247 0.09
1341.0 53.2 1.84 3.85 0.41 11.82 0.43 1.32 0.00 0.25 7.96 0.50
1177.7 43.5 1.99 1.08 0.00 4.59 0.00 32.07 0.00 0.09 171 0.07
1303.0 47.2 1.92 2.76 0.22 12.89 0.32 291 0.00 0.28 6.98 0.45
1018.9 52.3 1.69 0.00 0.00 0.23 0.00 50.81 0.00 0.00 0.05 0.00
1061.9 53.9 1.75 0.16 0.00 0.55 0.00 48.13 0.00 0.00 0.14 0.00
1300.3 53.1 1.88 3.16 0.21 13.31 0.39 3.25 0.00 0.37 6.62 0.48
1263.3 54.4 1.86 3.67 0.10 12.49 0.20 5.68 0.00 0.22 5.03 0.38
1169.9 46.6 1.86 2.69 0.00 4.03 0.08 30.30 0.00 0.04 1.02 0.05
1371.7 51.4 1.82 3.98 0.53 11.60 0.25 1.21 0.00 0.29 8.84 0.46
1498.7 55.4 1.63 15.90 8.03 8.05 0.31 0.48 2.15 0.30 3.48 0.04
1414.6 50.1 1.70 5.15 1.26 11.01 0.31 0.74 0.00 0.28 9.26 0.32
1448.9 53.6 1.68 9.96 3.83 10.68 0.37 1.35 0.69 0.34 6.98 0.10
1577.8 48.7 1.54 41.21 21.12 3.43 0.08 0.54 6.79 0.08 0.44 0.00
1695.4 54.9 1.43 62.87 20.57 0.39 0.00 0.29 12.08 0.00 0.00 0.00
1569.7 53.3 1.54 39.44 19.60 3.64 0.19 0.36 6.85 0.10 0.62 0.00
1607.3 44.9 1.46 47.15 24.85 2.20 0.12 0.38 9.29 0.06 0.24 0.00
1834.9 37.9 1.24 62.92 20.50 0.16 0.00 0.19 13.89 0.00 0.00 0.00
1720.6 47.4 1.26 63.03 21.71 0.49 0.00 0.56 14.13 0.00 0.00 0.00
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benzol[g,h,i] benzo[c] benzol[a]
acenaphthylene  o-iodobiphenyl m-iodobiphenyl  p-iodobiphenyl  o-therphenyl m-therphenyl p-therphenyl fluoranthene phenanthrene anthracene chrysene
0.00 0.05 0.12 0.15 0.30 0.64 0.26 0.00 0.00 0.00 0.48
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.49 0.44 0.17 0.15 0.15 0.11 0.00 0.00 0.00 0.18
0.00 0.43 0.34 0.10 0.03 0.00 0.00 0.00 0.00 0.00 0.00
0.02 0.40 0.47 0.17 0.23 0.26 0.08 0.00 0.00 0.00 0.29
0.45 0.00 0.02 0.13 0.39 0.91 0.49 0.22 0.15 0.08 1.39
0.00 0.44 0.43 0.26 0.19 0.22 0.11 0.05 0.00 0.00 0.29
0.29 0.05 0.03 0.02 0.42 0.81 0.35 0.09 0.09 0.00 1.18
0.00 0.16 0.15 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.17 0.16 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.29 0.04 0.07 0.17 0.43 0.86 0.41 0.11 0.10 0.05 112
0.17 0.06 0.13 0.17 0.33 0.69 0.29 0.08 0.09 0.05 1.03
0.00 0.35 0.31 0.22 0.07 0.19 0.05 0.00 0.00 0.00 0.21
0.79 0.00 0.00 0.11 0.40 1.07 0.58 0.23 0.17 0.10 1.10
3.39 0.00 0.00 0.11 0.03 0.15 0.19 0.30 0.36 0.10 0.58
1.31 0.04 0.00 0.12 0.37 1.03 0.46 0.41 0.33 0.19 0.94
2.27 0.07 0.00 0.14 0.12 0.48 0.32 0.61 0.49 0.31 0.75
1.01 0.04 0.00 0.05 0.00 0.11 0.19 0.21 0.13 0.06 0.26
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.17 0.00 0.00 0.15
1.25 0.03 0.00 0.07 0.00 0.04 0.34 0.34 0.07 0.00 0.36
0.47 0.00 0.00 0.00 0.00 0.00 0.16 0.00 0.22 0.00 0.16
0.00 0.02 0.00 0.00 0.00 0.00 0.03 0.00 0.14 0.00 0.16

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.14




Experimental data set lll: [C¢Hsl] o = 54.2 ppm, p ~ 25 atm.
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temperature pressure time acetylene  diacetylene benzene phenylacetylene phenyl iodide triacetylene  naphthalene biphenyl biphenylene
992.4 304 181 0.00 0.00 0.00 0.00 54.21 0.00 0.00 0.00 0.00
1022.7 29.3 1.76 0.00 0.00 0.19 0.00 53.39 0.00 0.00 0.00 0.00
947.9 27.8 1.85 0.00 0.00 0.00 0.00 53.25 0.00 0.00 0.00 0.00
1106.5 29.1 1.76 0.77 0.00 143 0.00 47.18 0.00 0.00 0.87 0.22
1216.7 29.1 2.15 231 0.00 8.77 0.09 14.40 0.00 0.26 5.37 0.31
1161.8 28.8 2.04 1.53 0.00 4.16 0.00 32.55 0.00 0.00 2.24 0.06
1182.1 26.4 1.71 1.28 0.00 5.56 0.00 27.88 0.00 0.11 3.56 0.13
1347.3 28.8 1.74 4.20 0.83 10.93 - 0.65 0.00 0.15 10.51 0.49
1287.4 28.3 1.86 2.08 0.20 12.12 0.11 3.36 0.00 0.15 8.31 0.55
1521.8 31.3 1.60 28.17 17.87 7.03 0.15 0.66 3.61 0.35 2.23 0.00
1425.2 28.6 1.78 10.42 3.75 11.30 0.16 0.29 0.18 0.31 8.82 0.16
13815 26.8 1.83 6.20 2.28 10.89 0.22 0.24 0.29 0.31 9.87 0.30
1502.5 253 1.68 21.20 14.00 9.16 0.00 0.14 1.95 0.38 3.91 0.00
1640.8 26.3 143 63.10 26.62 0.85 0.00 0.00 12.97 0.00 0.16 0.00
1664.6 30.2 1.34 67.54 23.80 0.29 0.00 0.00 13.98 0.00 0.00 0.00
1559.8 25.7 1.56 44.39 20.65 3.34 0.08 0.00 9.53 0.00 1.04 0.00
1732.3 23.7 1.35 66.88 22.25 0.00 0.00 0.00 14.62 0.00 0.00 0.00
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benzo[g,h,i] benzolc] benzo[a]
acenaphthylene  o-iodobiphenyl m-iodobiphenyl  p-iodobiphenyl  o-therphenyl m-therphenyl p-therphenyl  fluoranthene  phenanthrene anthracene chrysene
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.55 0.74 0.25 0.07 0.00 0.00 0.00 0.00 0.00 0.00
0.21 0.36 0.80 0.47 0.47 121 0.82 0.00 0.00 0.00 0.54
0.00 0.81 0.92 0.49 0.13 0.22 0.05 0.00 0.00 0.00 0.13
0.04 0.38 0.67 0.45 0.34 0.42 0.21 0.00 0.00 0.00 0.38
0.73 0.05 0.37 0.00 0.37 0.93 0.50 0.13 0.07 0.00 0.75
0.32 0.04 0.22 0.00 0.52 1.10 0.62 0.09 0.03 0.00 1.08
1.85 0.04 0.08 0.00 0.20 0.39 0.48 0.15 0.09 0.00 0.84
1.62 0.09 0.09 0.00 0.35 0.52 0.26 0.24 0.08 0.06 0.88
1.18 0.06 0.09 0.00 0.34 0.91 0.71 0.27 0.11 0.16 1.04
2.07 0.05 0.07 0.00 0.16 0.29 0.32 0.21 0.07 0.04 0.44
0.24 0.06 0.03 0.00 0.10 0.14 0.13 0.05 0.00 0.00 0.14
0.00 0.00 0.00 0.00 0.08 0.04 0.04 0.00 0.00 0.00 0.10
0.62 0.05 0.00 0.00 0.12 0.21 0.07 0.04 0.00 0.00 0.16

0.00 0.00 0.00 0.00 0.16 0.00 0.09 0.00 0.00 0.00 0.07




Experimental data set IV: [CgHsl] o = 95.6 ppm, p ~ 50 atm.
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temperature  pressure time acetylene  diacetylene benzene phenylacetylene phenyl iodide triacetylene  naphthalene biphenyl biphenylene
961.8 55.5 1.66 0.00 0.00 0.00 0.00 95.60 0.00 0.00 0.00 0.00
968.0 56.2 1.68 0.00 0.00 0.00 0.00 95.28 0.00 0.00 0.00 0.00
12155 52.7 1.71 0.00 0.00 18.61 0.00 36.63 0.00 0.06 6.33 0.44
1049.9 56.9 1.80 0.00 0.00 0.71 0.00 96.07 0.00 0.00 0.21 0.00
1096.3 58.9 1.75 0.00 0.00 241 0.00 87.35 0.00 0.00 0.53 0.00
1168.5 51.4 1.86 0.00 0.00 7.98 0.16 67.36 0.00 0.00 221 0.09
1197.6 53.2 1.84 0.00 0.00 13.73 0.00 54.09 0.00 0.00 4.73 0.26
1464.3 435 1.99 9.08 4.01 17.45 0.20 0.85 1.89 0.51 10.55 0.14
1279.5 47.2 1.92 1.33 0.14 25.57 0.18 8.36 0.00 0.34 9.08 0.77
1367.2 52.3 1.69 3.11 0.78 23.47 0.16 1.53 0.25 0.37 12.86 0.79
1343.7 53.9 1.75 2.61 0.41 24.84 - 2.59 0.11 0.17 12.55 1.01
1348.1 53.1 1.88 2.62 0.53 24.85 0.53 2.10 0.18 0.30 12.69 0.88
1408.1 54.4 1.86 6.62 2.28 22.75 0.52 1.18 0.69 0.41 12.71 0.46
1581.2 46.6 1.86 63.71 23.74 6.14 0.00 0.54 12.16 0.08 0.53 0.00
1476.6 51.4 1.82 16.09 9.48 15.85 0.13 0.98 3.88 0.72 7.97 0.11
1604.0 55.4 1.63 76.20 26.20 2.36 0.00 0.53 13.93 0.06 0.36 0.00
1705.6 50.1 1.70 98.95 34.35 0.28 0.00 0.20 27.43 0.00 0.00 0.00
1602.8 53.6 1.68 77.95 30.22 243 0.00 0.33 16.64 0.00 0.33 0.00
1618.5 48.7 1.54 89.92 31.25 1.06 0.00 0.36 18.76 0.00 0.19 0.00
1769.8 54.9 1.43 105.22 37.62 0.22 0.00 0.00 29.52 0.00 0.00 0.00
1542.3 53.3 1.54 45.97 20.34 8.84 0.00 0.47 8.87 0.29 1.80 0.00
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benzo[g,h,i] benzolc] benzo[a]
acenaphthylene  o-iodobiphenyl m-iodobiphenyl  p-iodobiphenyl  o-therphenyl m-therphenyl p-therphenyl fluoranthene phenanthrene anthracene chrysene
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.11 0.46 0.46 0.25 0.34 0.29 0.09 0.17 0.00 0.00 1.12
0.00 0.14 0.11 0.04 0.00 0.00 0.00 0.16 0.00 0.00 0.00
0.26 0.42 0.26 0.09 0.00 0.00 0.00 0.12 0.00 0.00 0.00
0.00 0.72 0.42 0.23 0.11 0.01 0.02 0.11 0.00 0.00 0.15
0.05 0.84 0.69 0.35 0.26 0.18 0.07 0.26 0.00 0.00 0.66
3.71 0.01 0.03 0.10 0.11 0.17 0.13 0.70 0.56 0.41 1.28
0.31 0.07 0.12 0.13 0.44 0.48 0.32 0.24 0.06 0.14 1.59
1.25 0.02 0.04 0.09 0.41 0.93 0.60 0.57 0.22 0.31 2.13
0.81 0.03 0.05 0.06 0.45 0.88 0.60 0.45 0.15 0.33 2.22
0.96 0.02 0.03 0.08 0.41 1.00 0.54 0.45 0.15 0.37 2.22
1.90 0.00 0.02 0.06 0.24 0.65 0.41 0.52 0.26 0.33 1.59
1.15 0.10 0.01 0.07 0.04 0.13 0.02 0.54 0.51 0.20 1.46
4.38 0.14 0.00 0.09 0.12 0.21 0.19 0.69 0.73 0.56 1.60
0.63 0.04 0.00 0.05 0.03 0.25 0.07 0.99 0.32 0.00 0.78
0.00 0.00 0.06 0.05 0.07 0.08 0.06 0.30 0.27 0.11 0.85
0.70 0.03 0.00 0.03 0.05 0.11 0.05 0.85 0.24 0.10 0.79
0.33 0.00 0.02 0.02 0.03 0.12 0.02 0.88 0.07 0.08 0.79
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.06 0.24

2.50 0.09 0.03 0.07 0.11 0.09 0.17 0.84 0.54 0.39 1.34




Experimental data set V: [GHsl] o = 58.1 ppm, [GH,]o = 236.3 ppm, p ~ 50 atm.

temperature pressure time methane  acetylene  diacetylene acetone benzene toluene  phenylacetylene
1095.9 54.7 1.72 0.51 231.73 0.00 1.45 3.64 0.12 7.68
890.0 50.1 1.96 0.00 235.15 0.00 1.52 0.00 0.00 0.00
946.3 49.5 1.65 0.02 236.28 0.00 1.53 0.08 0.00 0.00
1134.8 48.5 191 0.41 217.93 0.00 1.18 6.05 0.13 14.80
13745 56.1 1.80 1.86 217.98 0.56 0.10 11.88 0.59 21.48
1232.8 47.0 1.90 0.70 209.82 0.07 0.95 9.38 0.24 21.78
1323.2 57.0 1.86 1.98 210.14 0.28 0.15 12.27 0.51 23.76
1491.3 50.3 1.56 1.94 222.87 9.48 0.08 9.96 0.04 10.88
1371.0 48.6 1.79 1.40 214.46 1.05 0.11 11.30 0.53 20.63
1615.8 50.9 145 0.72 233.14 37.21 0.08 1.78 0.00 0.00
1708.7 49.2 1.33 0.00 191.47 52.57 0.05 0.13 0.00 0.00
1776.8 43.9 1.33 0.00 164.30 52.08 0.04 0.07 0.00 0.00
887.0 54.5 1.73 0.00 237.07 0.00 - 0.00 0.00 0.00
8715 48.1 1.77 0.03 236.18 0.00 - 0.05 0.00 0.00
1035.0 54.7 1.72 0.05 234.76 0.00 1.50 0.91 0.00 3.40
1152.0 53.2 1.93 0.28 213.59 0.00 1.36 5.64 0.00 14.48
1354.4 64.8 1.79 2.55 219.64 0.65 0.07 12.53 0.65 23.21
1233.0 52.7 2.04 0.97 210.59 0.08 0.75 10.72 0.20 22.84
1468.4 54.7 171 1.93 232.11 4.32 0.10 11.56 - 15.41
1538.7 46.8 1.62 1.63 239.54 21.46 0.06 6.78 0.00 4.85
1810.0 57.4 1.26 0.00 157.11 51.93 0.06 0.08 0.00 0.00
1624.1 56.7 131 0.18 219.70 39.17 0.02 0.37 0.00 0.00
1542.0 53.2 151 1.73 239.19 21.74 0.03 7.91 0.00 6.28
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triacetylene phenyl iodide naphthalene biphenyl diphenylethyne acenaphthylene phenanthrene

0.34 38.27 0.28 0.42 0.57 0.11 0.29
0.00 57.76 0.00 0.00 0.00 0.00 0.00
0.00 57.57 0.00 0.00 0.00 0.00 0.00
0.31 27.05 0.25 0.62 1.05 0.06 0.73
171 0.41 0.25 3.61 1.48 0.36 1.42
0.66 13.84 0.13 1.22 1.90 0.13 1.25
1.63 0.70 0.12 2.87 1.75 0.24 1.36
1.29 0.37 0.45 2.88 0.26 1.52 0.86
2.07 0.27 0.18 4.02 1.03 0.42 1.14
17.04 0.18 0.00 0.11 0.00 0.30 0.15
40.95 0.19 0.00 0.00 0.00 0.00 0.00
47.85 0.00 0.00 0.00 0.00 0.00 0.00
0.00 58.07 0.00 0.00 0.00 0.00 0.00
0.00 58.06 0.00 0.00 0.00 0.00 0.00
0.00 55.49 0.00 0.27 0.13 0.00 0.00
0.00 22.55 0.00 0.79 1.72 0.00 0.44
2.61 0.49 0.36 3.60 1.72 0.36 1.50
1.26 6.55 0.16 1.58 1.90 0.00 1.13
0.57 0.10 0.39 3.53 0.53 1.17 0.90
8.41 0.11 0.34 0.97 0.07 1.45 0.26
48.32 0.00 0.00 0.00 0.00 0.00 0.00
28.87 0.00 0.00 0.00 0.00 0.00 0.00

7.20 0.11 0.51 0.37 0.06 1.20 0.36



Experimental data set VI: [CsHsl] o = 55.1 ppm, [GH,]o = 511.3 ppm, p ~ 50 atm.

temperature pressure time methane acetylene  diacetylene acetone benzene toluene phenylacetylene
905.8 56.5 1.73 0.00 518.33 0.00 5.02 0.00 0.00 0.00
960.2 53.3 1.78 0.07 511.27 0.00 491 0.00 0.00 0.00
1064.0 54.3 1.67 0.10 503.37 0.00 5.00 0.72 0.00 4.00
1060.3 48.8 1.75 0.24 505.14 0.00 4.76 151 0.00 7.79
1212.7 50.5 2.02 221 478.76 0.12 4.19 8.74 0.39 32.79
1128.9 48.0 1.79 0.50 488.90 0.00 - 3.29 0.00 14.01
1437.4 57.2 1.75 4.26 466.16 0.95 0.22 10.27 0.50 26.24
1218.5 48.0 2.03 3.21 475.96 0.24 1.72 9.30 0.51 36.66
1330.3 52.6 1.86 4.17 462.52 0.54 0.33 9.86 0.87 34.41
1308.8 53.1 1.86 4.79 460.04 0.42 0.75 9.98 0.78 33.15
1140.7 47.7 1.75 0.67 473.89 0.05 5.40 4.46 0.00 18.46
1567.4 56.6 145 2.04 456.52 38.79 0.12 7.90 0.00 3.74
1478.9 51.1 1.55 3.49 474.24 8.46 0.14 9.90 0.13 13.65
941.1 53.2 1.64 0.00 506.18 0.00 4.76 0.21 0.00 0.57
1014.0 56.0 1.68 0.08 504.30 0.00 5.20 0.32 0.00 1.18
1642.2 53.9 1.39 0.50 430.52 65.05 - 0.87 0.00 0.35
1565.8 52.3 141 2.35 468.97 30.50 0.07 6.10 0.00 6.63
1402.3 45.9 1.42 4.06 467.03 3.28 0.10 10.60 0.74 20.97
1768.4 50.9 131 0.00 295.70 99.18 0.13 0.51 0.00 0.00
1639.8 47.3 1.36 0.28 426.78 71.16 0.07 0.97 0.00 0.00
1674.0 51.3 131 0.00 389.39 82.27 0.13 0.56 0.00 0.86
1720.2 52.6 1.29 0.00 341.09 92.24 0.12 0.24 0.00 0.61
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190

triacetylene phenyl iodide naphthalene biphenyl diphenylethyne acenaphthylene phenanthrene

0.00 53.78 0.00 0.00 0.00 0.00 0.00
0.00 52.75 0.00 0.00 0.00 0.00 0.00
0.00 47.52 0.45 0.00 0.00 0.00 0.00
0.00 42.93 0.49 0.02 0.08 0.00 0.00
0.76 9.41 0.44 0.52 1.28 0.05 0.51
0.00 34.57 0.50 0.16 0.44 0.00 0.21
1.13 0.15 0.49 2.26 0.61 0.58 0.69
1.29 221 0.27 0.94 1.42 0.09 0.76
2.80 0.36 0.19 181 1.20 0.25 1.20
2.63 0.61 0.29 1.56 1.55 0.16 1.52
0.28 29.66 0.46 0.21 0.62 0.03 0.48
14.21 0.46 0.26 0.25 0.04 0.68 0.33
1.87 0.17 0.52 2.15 0.31 1.10 1.13
0.00 55.57 0.00 0.00 0.00 0.00 0.00
0.00 55.02 0.00 0.00 0.00 0.00 0.00
29.68 0.14 0.00 0.05 0.00 0.10 0.12
10.19 0.26 0.45 0.71 0.06 1.15 0.44
2.15 0.15 0.33 2.70 0.55 0.72 0.82
71.11 0.00 0.00 0.00 0.00 0.00 0.00
34.57 0.38 0.00 0.04 0.00 0.15 0.07
50.28 0.00 0.00 0.00 0.00 0.00 0.00

62.20 0.00 0.00 0.00 0.00 0.00 0.00




Experimental data set VII: [CgHsl] o = 52.9 ppm, [GH,], = 526.3 ppm, p ~ 25 atm.

temperature pressure time methane acetylene  diacetylene acetone benzene toluene phenylacetylene
883.6 27.3 1.78 0.00 526.18 0.00 - 0.00 0.00 0.00
943.9 27.4 181 0.07 526.28 0.00 5.32 0.00 0.00 0.00
1043.9 27.8 171 0.45 521.64 0.00 - 1.33 0.00 241
1095.3 28.1 1.74 0.98 511.51 0.00 4.95 2.59 0.00 9.08
1099.5 26.3 1.82 0.68 516.05 0.00 4.60 2.78 0.00 8.82
1158.6 27.9 1.85 0.74 500.72 0.06 4.09 4.98 0.06 19.35
1220.0 28.1 1.89 1.78 501.42 0.11 211 7.80 0.34 27.61
1291.2 28.2 1.93 3.59 494.69 0.27 0.67 9.44 0.70 33.70
1382.2 30.5 1.79 3.61 474.49 0.97 0.15 10.38 0.86 26.40
1337.1 25.9 1.75 3.82 476.61 0.64 0.20 10.24 0.93 29.82
1417.9 28.3 1.83 4.03 493.02 1.75 0.16 11.80 117 29.93
1421.9 26.9 1.76 3.92 488.98 2.19 0.13 10.67 0.89 25.03
1519.2 26.9 1.58 2.87 492.32 21.55 0.16 8.76 0.00 9.38
1038.7 29.4 1.77 0.00 516.07 0.00 491 0.00 0.00 0.00
1568.0 24.9 1.53 1.28 474.62 53.82 0.15 2.58 0.00 2.09
1804.1 26.6 1.33 0.00 292.00 91.61 0.05 0.07 0.00 0.00
1752.2 26.3 1.30 0.00 348.71 90.48 0.04 0.14 0.00 0.00
1664.7 26.9 1.46 0.63 458.67 72.52 0.10 0.91 0.00 0.32
1422.0 23.8 1.68 3.75 494.46 1.90 0.08 11.99 1.18 26.01
1524.7 29.1 1.50 341 492.20 19.86 0.20 8.35 0.00 8.80
1487.6 25.4 1.77 4.08 495.40 5.47 0.15 10.53 0.45 17.45
1610.4 27.9 1.38 0.90 474.62 62.78 0.15 181 0.00 0.42
1675.3 26.4 1.34 0.00 436.63 81.80 0.16 0.33 0.00 0.00
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192

triacetylene phenyl iodide naphthalene biphenyl diphenylethyne acenaphthylene phenanthrene

0.00 52.86 0.00 0.00 0.00 0.00 0.00
0.00 53.37 0.00 0.00 0.00 0.00 0.00
0.00 50.24 0.36 0.03 0.00 0.00 0.11
0.00 41.26 0.36 0.28 0.28 0.00 0.10
0.00 37.70 0.38 0.37 0.29 0.00 0.21
0.47 26.25 0.41 0.41 1.10 0.00 0.25
1.35 9.12 0.21 0.83 1.63 0.06 1.00
2.90 0.95 0.19 1.74 1.38 0.14 1.08
3.65 0.23 0.23 3.10 1.14 0.37 1.48
4.23 0.38 0.15 3.07 1.43 0.30 1.54
5.24 1.00 0.31 3.30 0.80 0.40 1.02
4.57 0.14 0.09 3.32 0.68 0.57 1.16
5.81 0.53 0.40 1.20 0.11 1.29 0.58
0.00 50.04 0.00 0.00 0.00 0.00 0.00
21.05 0.08 0.08 0.28 0.00 0.63 0.34
76.54 0.00 0.00 0.00 0.00 0.00 0.00
68.33 0.00 0.00 0.00 0.00 0.00 0.00
33.45 0.00 0.00 0.23 0.00 0.17 0.02
5.51 2.19 0.16 4.42 1.28 0.71 1.63
4.80 0.12 0.50 1.10 0.10 1.35 0.69
1.84 0.11 0.27 3.17 0.62 1.06 1.62
27.55 0.04 0.04 0.13 0.00 0.36 0.11

41.66 0.00 0.00 0.00 0.00 0.00 0.00




C1,Hg (biphenylene)

uB3LYP/6311+G(d,p) = -462.14241518
ZPVE = 0.157647

O©CoOoO~NOOOD~WNPE

10

TS1

PRPRRPRPRPOOOODOODOODOOOOREFPEPEPOOOOOO®

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

uB3LYP/6311+G(d,p) = -462.02138346
ZPVE = 0.152486

O©CoO~NOOUIA~WNPE

10

PRPPRPPRPOOODOOODOOORPRFRPEPREPRPOOOOOOOO®

-3.016268
-1.850640
-0.640880
-0.640841
-1.850613
-3.016247
-3.968288
-1.860156
-1.860138
-3.968263
0.635791
1.822246
3.034366
3.034309
1.822082
0.635854
1.935395
3.985815
3.985712
1.934968

CCSD(T)/cc-pVBZ460.7210519

0.694048
1.443263
0.710937
.7AD937
1.443263
0.694048
1.221005
2.526795
-2.526795
-1.221005
0.710937
1.443263
0.694048
-0.694048
-1.443263
-0.710937
2.526795
1.221005
-1.221005
-2.526795

CCSD(T)/cc-pVvB2460.5962994
Imaginary Vibration = 482.02

0.635618
1.319472
0.719214
-0.719194
-1.319464
-0.635662
1.091370
2.309312
-2.309281
1.091467
1.117772
1.406223
0.631860
-0.631978
-1.406290
-1.117527
2.203237
1.113195
-1.113345
-2.203291

3.118938
1.913795
0.754478
0.754478
1.913795
3.118938
4.066572
1.934277
1.934277
4.066572
-0.754478
-1.913795
-3.118938
-3.118938
-1.913795
-0.754478
-1.934277
-4.066572
-4.066572
-1.934277

-0.323358
-0.591777
-0.160416
0.160522
0.591792
0.323230
-0.570540
-1.032147
1.032214
0.570335
0.081088
0.571751
0.233575
-0.233814
-0.571658
-0.080856
1.307823
0.433165
-0.433546
-1.307776
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CgH s0ct

uB3LYP/6311+G(d,p) = -462.02711048

ZPVE = 0.15346

©CoOoO~NOOODWNPE

TS2

PRPPRPPRPOOODOOODOORRFPEPREPOOOOOOO®

-2.959467
-1.809415
-0.573417
-0.573195
-1.808981
-2.959234
-3.913372
-1.820220
-1.819483
-3.912974
0.578952
1.781571
2.963810
2.963986
1.782047
0.579183
1.907722
3.926929
3.927273
1.909082

uB3LYP/6311+G(d,p) = -462.00187391
ZPVE = 0.151961

O©CoO~NOOUIPA~WNPE

PRPPRPPRPOOODOOODOOOORRPEPPRPOOOOOOOO®

2.006645
0.689337
0.522713
1.670777
2.915861
3.084946
2.133059
1.554666
3.796433
4.089715
-0.802300
-1.542605
-0.526784
-1.968258
-3.155075
-2.946200
-2.041177
-4.146091
-3.762848
-1.318090

CCSD(T)/cc-pVBZ460.6030743

0.598698
1.251894
0.735358
0.735304
1.252032
0.599036
1.005273
2.186221
2.186342
1.005798
1.295979
1.390391
0.623803
-0.623513
-1.390467
-1.295758

2.019684

1.072151
-1.071737
-2.019520

CCSD(T)/cc-pVBZ2460.5805575
Imaginary Vibration = 397.32

-1.315188
-0.806032
0.631770
1.421207
0.857581
-0.506127
-2.352556
2.467417
1.468107
-0.901842
0.978755
-1.080174
-1.465305
1.326393
0.502830
-0.738424
2.103716
0.877411
-1.408058
-1.097916

-0.404173
-0.729365
-0.201041
0.200755
0.729387
0.404482
-0.720779
-1.278219
1.278275
0.721350
0.137001
0.673153
0.263916
-0.263507
-0.673196
-0.137648
1.555463
0.490887
-0.490028
-1.555543

-0.393384
-0.200451
0.078194
0.362632
0.238329
-0.147735
-0.679307
0.619314
0.403932
-0.243092
0.018313
0.594582
-0.226265
-0.492725
-0.203379
0.271512
-1.252895
-0.434494
0.519583
1.669219
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BENZOHyl

uB3LYP/6311+G(d,p) =462.04748396
ZPVE = 0.154793

O©CoOoO~NOOODWNPE

10

TS3

PRPPRPPRPODOODOOODOOOREFPEPREPOOOOOOO®

2.130585
0.790716
0.474554
1.487778
2.804318
3.130567
2.357645
1.265008
3.603055
4.169082
-0.964412
-1.474033
-0.377218
-1.973983
-3.178039
-2.898882
-1.894009
-4.141234
-3.597297
-1.473956

uB3LYP/6311+G(d,p) = -462.02685084
ZPVE = 0.151556

O©CoO~NOOUIA~WNPE

10

PRPPRPPOOODOOODOOOOORRFRPREPREPOOOOOOOO®

2.144092
0.818188
0.493413
1.496661
2.832861
3.155864
2.384545
1.263985
3.626204
4.195947
-0.962366
-1.437338
-0.389278
-2.040894
-3.259398
-2.923883
-2.064711
-4.263489
-3.581251
-1.128766

CCSD(T)/cc-pVDZ = -460.6301156

-1.284735
-0.886595
0.500589
1.460371
1.032768
-0.324877
-2.332871
2.512865
1.767026
-0.610774
0.581525
-0.835060
-1.733123
1.368093
0.542475
-0.751716
2.390627
0.925721
-1.5710
-1.0838

CCSD(T)/cc-pVBZ2460.6118569
Imaginary Vibration = 1071.89

-1.277891
-0.875321
0.514871
1.472880
1.047642
-0.305514
-2.333738
2.530663
1.787018
-0.607870
0.593569
-0.819264
-1.768147
1.394737
0.532041
-0.772784
2.472627
0.922707
-1.629078
-1.563254

-0.201461
-0.037618
0.160830
0.167889
0.012280
-0.161609
-0.360092
0.302244
0.021292
-0.281091
0.269480
0.434511
-0.109852
-0.179988
-0.319696
-0.035465
-0.527641
-0.632843
-0.029049
1.511362

-0.063324
-0.016904
0.040046
0.057528
0.004825
-0.055687
-0.113437
0.112973
0.011947
-0.098973
0.080566
0.080782
-0.073306
-0.040700
-0.091439
-0.021750
-0.139435
-0.192242
-0.038983
1.054337
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BENZO (cyclopenta[a]indene, benzopentalene)

uB3LYP/6311+G(d,p) = -462.15099539
ZPVE = 0.157159

©CoOoO~NOOOD~WNPE

10

PRPPRPPRPO0OOODOOODOOORPFPEPREPOOOOOOO®

3.118938
1.913795
0.754478
0.754478
1.913795
3.118938
4.066572
1.934277
1.934277
4.066572
-0.754478
-1.913795
-3.118938
-3.118938
-1.913795
-0.754478
-1.934277
-4.066572
-4.066572
-1.934277

CCSD(T)/cc-pVBZ460.7348812

0.694048
1.443263
0.710937
-0.710937
-1.443263
-0.694048
1.221005
2.526795
-2.526795
-1.221005
0.710937
1.443263
0.694048
-0.694048
-1.443263
-0.710937
2.526795
1.221005
-1.221005
-2.526795

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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APPENDIX B

CHEMICAL KINETIC MODEL FOR PHENYL PYROLYSIS AND PHEYL + ACETYLENE
REACTIONS

Model includes the reaction mechanism in CHEMKIhfiat
Reaction rate expressed as kZa&dp(-Ea/RT)
Elementary reactions followed by corresponding tieagarameters A, n and Ea in cgs units (s, nplcal).

!
IUIC_phenyl-phenyl+acetylene_model
I

IA. Comandini, T. Malewicki, and K. Brezinsky, "Cméstry of PAHs Formation from Phenyl Radical

IPyrolysis nd Phenyl + Acetylene Reaction"
|
| * *% * Kk * *% * *% * *% * Kk * *%

IReference sources can be found at the end dii¢he
|
!************************************************** *kkkkkkkkkkkkkhkhhhhhhhhkhik

ELEMENTS

HCIAR

END

SPECIES

AR

H H2 I HI 12

C CH CH2 CH2* CH3 CH4

C2H C2H2 H2CC C2H6 C2H5 C2H4 C2H3
Cc4 C4H2 C4H nC4H3 iC4H3 iC4H5 nC4H5 C4H4 C4H6
C6H2 C6H C6H3 c-C6H3 z-C6H4 0-C6H4 m-C6H4 p-C6HAHBE C6H5 C6H6

C8H2 C8H6 C6H5CHCH C6H4C2H

C10H7-1 C10H7-2 C10H8 BICYCLO

0-C12H9I m-C12H9I p-C12H9I

C12H8 C12H10 0-C12H9 m-C12H9 p-C12H9 C6H5C6H3
BENZO BIPHENH C6H4oct BENZOHYyI C6H4oct BENZOH
C6H5CHC5H4

A2R5 A2R5J1 A2R5J3 A2R534 A2R5J35 A2R5YNE1

A2R5YNE3 A2R5YNE4 A2R5YNES



A2R5YN1J2 A2R5YN4J5 A2R5YN5J4

A3LR5JS A3R5J10 A3LR5
PHEN DPE  PHENH A3J1  A3J2
A3C2H-2 A3C2H-2]JS  A3C2H-1
0-TERPH m-TERPH p-TERPH
PYRENE TRIPH BBFLUOR

CHRYSENJ1 CHRYSENJ4 CHRYSEN

!
IInChl identifiers

A2R5YN3J4 A2R5YN4J3

A3J4 A3J9 A3RS5

A3C2H-1JP

BGHIF FLTHNJ7

198

3R6J7

FLTHN

lInChl (IUPAC International Chemical Identifier) ia standard nomenclature for chemical species which
Ifacilitates the identification of the species atid development of comprehensive databases of chémi
Ispecies and reactions (Stephen E. Stein, Stephételier, and Dmitrii TchekhovskoAn Open Standard for
IChemical Structure Representation: The IUPAC Chehigentifier, in Proceedings of the 2003 International
IChemical Information Conference (Nimes), Infoncsti pp. 131-143.). More information is available the

IIUPAC website.

|

IAR: InChI=1S/H

IC: InChl=1S/C

IH: InChl=1S/H

II: InChl=1S/I

IH2: InChI=1S/H2/h1H

IHI: InChl=1S/HI/h1H

112: InChI=1S/12/c1-2

ICH: InChl=1S/CH/h1H

ICH2: InChI=1S/CH2/h1H2

ICH2*: InChl=1S/CH2/h1H2

ICHS3: InChI=1S/CH3/h1H3

ICH4: InChI=1S/CH4/h1H4

IC2H: InChI=1S/C2H/c1-2/h1H

IH2CC: InChI=1S/C2H2/c1-2/h1H2
IC2H2: InChl=1S/C2H2/c1-2/h1-2H
IC2H3: InChI=1S/C2H3/c1-2/h1H,2H2
IC2H4: InChl=1S/C2H4/c1-2/h1-2H2
IC2H5: InChI=1S/C2H5/c1-2/h1H2,2H3
IC2H6: InChl=1S/C2H6/c1-2/h1-2H3
IC4: InChl=1S/C4/c1-3-4-2

IC4H: InChl=1S/C4H/c1-3-4-2/h1H
IC4H2: InChl=1S/C4H2/c1-3-4-2/h1-2H
In-C4H3: InChl=1S/C4H3/c1-3-4-2/h1-3H
li-C4H3: InChl=1S/C4H3/c1-3-4-2/h1H,2H2
IC4H4: InChi=1S/C4H4/c1-3-4-2/h1,4H,2H2

In-C4H5: InChl=1S/C4H5/c1-3-4-2/h1,3-4H,2H2

li-C4H5: InChl=1S/C4H5/c1-3-4-2/h3H,1-2H2
IC4H6: InChl=1S/C4H6/c1-3-4-2/h3-4H,1-2H2
IC6H: InChl=1S/C6H/c1-3-5-6-4-2/h1H

IC6H2: InChl=1S/C6H2/c1-3-5-6-4-2/h1-2H
IC6H3: InChl=1S/C6H3/c1-3-5-6-4-2/h1-3H
Ic-C6H3: InChl=1S/C6H3/c1-2-4-6-5-3-1/h1-3H
IC8H2: InChl=1S/C8H2/c1-3-5-7-8-6-4-2/h1-2H

1z-C6H4: InChl=1S/C6H4/c1-3-5-6-4-2/h1-2,5-6H/b6-5-



10-C6H4: InChI=1S/C6H4/c1-2-4-6-5-3-1/h1-4H

Im-C6H4: INChl=1S/C6H4/c1-2-4-6-5-3-1/h1-3,6H

Ip-C6H4: InChl=1S/C6H4/c1-2-4-6-5-3-1/h1-2,5-6H

IC6H5: INChl=1S/C6H5/c1-2-4-6-5-3-1/h1-5H

IC6H6: INChl=1S/C6H6/c1-2-4-6-5-3-1/h1-6H

IC6H5!: InChl=1S/C6H5I/c7-6-4-2-1-3-5-6/h1-5H

IC6H4C2H: InChl=1S/C8H5/c1-2-8-6-4-3-5-7-8/h1,3-6H

IC6H5CHCH: INChl=1S/C8H7/c1-2-8-6-4-3-5-7-8/h1-7H

IC6H4CHCH2: InChl=1S/C8H7/c1-2-8-6-4-3-5-7-8/h2-8H2

IC8H6: INChl=1S/C8H6/c1-2-8-6-4-3-5-7-8/h1,3-7H

IC10H7-1: INChl=1S/C10H7/c1-2-6-10-8-4-3-7-9(10)H¥ll- 7H

IC10H7-2: INChl=1S/C10H7/c1-2-6-10-8-4-3-7-9(10)+1-3,5-8H

IC10H8: INChl=1S/C10H8/c1-2-6-10-8-4-3-7-9(10)5-1/8H

IC12H8: INChl=1S/C12H8/c1-2-6-10-9(5-1)11-7-3-4-8¢10)11/h1-8H

IC12H10: InChl=1S/C12H10/c1-3-7-11(8-4-1)12-9-5-2:6-12/h1-10H

10-C12H9: InChl=1S/C12H9/c1-3-7-11(8-4-1)12-9-5-2:6-12/h1-9H

Im-C12H9: InChl=1S/C12H9/c1-3-7-11(8-4-1)12-9-5-2-6-12/h1-5,7-10H

Ip-C12H9: INChl=1S/C12H9/c1-3-7-11(8-4-1)12-9-5-2:6-12/h1,3-10H

IC6H5C6H3: INChl=1S/C12H8/c1-3-7-11(8-4-1)12-9-520-12/h1-5,7-9H

10-C12H9I: InChl=1S/C12H91/c13-12-9-5-4-8-11(12)®€R-1-3-7-10/h1-9H

Im-C12H9I: InChl=1S/C12H91/c13-12-8-4-7-11(9-12)52-1-3-6-10/h1-9H

Ip-C12H9I: InChI=1S/C12H9I/c13-12-8-6-11(7-9-12)4€R-1-3-5-10/h1-9H

IBENZO: InChI=1S/C12H8/c1-2-6-11-9(4-1)8-10-5-3-2¢10)11/h1-8H

IBENZOH: InChl=1S/C12H9/c1-2-6-11-9(4-1)8-10-5-3t2¢10)11/h1-8,10H

IBENZOHy!: InChl=1S/C12H8/c1-2-6-11-9(4-1)8-10-57312(10)11/h1-7,10H
IBIPHENH: InChl=1S/C12H9/c1-2-6-10-9(5-1)11-7-3-4t8(10)11/h1-9H
IC6H5CHC5H4: InChl=1S/C12H10/c1-2-6-11(7-3-1)10-8:2-5-9-12/h1-10H

IC6H4oct; INChl=1S/C12H8/c1-2-4-8-12-10-6-5-9-11)21:3-1/h1-6,9-10H/b2-1-

IA2R5: INChl=1S/C12H8/c1-3-9-4-2-6-11-8-7-10(5-1j]QPL1/h1-8H

IA2R5J1: InChl=1S/C12H7/c1-3-9-4-2-6-11-8-7-10(3-209)11/h1-7H

IA2R5J3: InChl=1S/C12H7/c1-3-9-4-2-6-11-8-7-10(3-209)11/h1-5,7-8H

IA2R5J4: InChl=1S/C12H7/c1-3-9-4-2-6-11-8-7-10(3-2§9)11/h1,3-8H

IA2R5J5: InChl=1S/C12H7/c1-3-9-4-2-6-11-8-7-10(3-209)11/h1-3,5-8H

IBICYCLO: InChl=1S/C12H10/c1-2-4-12-10-7-5-9(6-8Y10.(12)3-1/h1-10H

IPHEN: InChl=1S/C14H10/c1-3-7-13-11(5-1)9-10-12-8-B-14(12)13/h1-10H

IDPE: InChl=1S/C14H10/c1-3-7-13(8-4-1)11-12-14-@%-10-14/h1-10H

IA3J1: INChl=1S/C14H9/c1-3-7-13-11(5-1)9-10-12-8+B-14(12)13/h1-5,7-10H

IA3J2: INChl=1S/C14H9/c1-3-7-13-11(5-1)9-10-12-8+B-14(12)13/h1,3-10H

IA3J4: INChl=1S/C14H9/c1-3-7-13-11(5-1)9-10-12-8+B-14(12)13/h1-7,9-10H

IA3J9: INChl=1S/C14H9/c1-3-7-13-11(5-1)9-10-12-8+B-14(12)13/h1-9H

IPHENH: InChl=1S/C14H12/c1-3-7-13-11(5-1)9-10-12-6-8-14(12)13/h1-12H
IA2R5YN4J5: InChl=1S/C14H7/c1-2-10-8-12-5-3-4-1176:3(9-10)14(11)12/h1,3-7,9H
IA2R5YN5J4: InChl=1S/C14H7/c1-2-10-6-7-12-9-8-1B46-13(10)14(11)12/h1,3-5,7-9H
IA2R5YN3J4: InChl=1S/C14H7/c1-2-10-6-7-11-4-3-5-88-13(10)14(11)12/h1,3-5,7-9H
IA2R5YN4J3: InChl=1S/C14H7/c1-2-10-8-12-5-3-4-1T76£3(9-10)14(11)12/h1,3-8H
IA2R5YN1J2: InChl=1S/C14H7/c1-2-10-9-12-7-3-5-11468-13(10)14(11)12/h1,3-8H
IA2RSYNE1: InChl=1S/C14H8/c1-2-10-9-12-7-3-5-11-88413(10)14(11)12/h1,3-9H
IA2R5YNE3: InChl=1S/C14H8/c1-2-10-6-7-11-4-3-5-129813(10)14(11)12/h1,3-9H
IA2RS5YNE4: InChl=1S/C14H8/c1-2-10-8-12-5-3-4-11-6k3(9-10)14(11)12/h1,3-9H
IA2RSYNES: InChl=1S/C14H8/c1-2-10-6-7-12-9-8-11-4313(10)14(11)12/h1,3-9H
IA3C2H-1: InChl=1S/C16H10/c1-2-12-7-5-9-16-14-8-633(14)10-11-15(12)16/h1,3-11H
IA3C2H-2: InChl=1S/C16H10/c1-2-12-7-10-16-14(11-9:8-13-5-3-4-6-15(13)16/h1,3-11H
IPYRENE: InChl=1S/C16H10/c1-3-11-7-9-13-5-2-6-14-8:0.2(4-1)15(11)16(13)14/h1-10H
IA3RS5: INChl=1S/C16H10/c1-2-6-14-12(4-1)10-13-9-8-8-3-7-15(14)16(11)13/h1-10H
IA3LR5: InChl=1S/C16H10/c1-2-7-14-12(4-1)10-13-653t1-8-9-15(14)16(11)13/h1-10H
IA3R5J7: InChl=1S/C16H9/c1-2-6-14-12(4-1)10-13-3:B5-3-7-15(14)16(11)13/h1-3,5-10H
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IA3LR5JS: INChl=1S/C16H9/c1-2-7-14-12(4-1)10-13-6-31-8-9-15(14)16(11)13/h1-6,8-10H

IA3R5J10: INChl=1S/C16H9/c1-2-6-14-12(4-1)10-13-9-B5-3-7-15(14)16(11)13/h1-5,7-10H
IA3C2H-2JS: InChl=1S/C16H9/c1-2-12-7-10-16-14(1)%8-13-5-3-4-6-15(13)16/h1,3-10H
IA3C2H-1JP: InChl=1S/C16H9/c1-2-12-7-5-9-16-14-86-13(14)10-11-15(12)16/h1,3-6,8-11H

IFLTHN: InChl=1S/C16H10/c1-2-8-13-12(7-1)14-9-3-3-6-4-10-15(13)16(11)14/h1-10H

IFLTHNJ7: InChl=1S/C16H9/c1-2-8-13-12(7-1)14-9-3t5-6-4-10-15(13)16(11)14/h1-7,9-10H
ICHRYSENJ1: InChl=1S/C18H11/c1-3-7-15-13(5-1)9-18-116-8-4-2-6-14(16)10-12-17(15)18/h1-5,7-12H
ICHRYSENJ4: InChl=1S/C18H11/c1-3-7-15-13(5-1)9-18-116-8-4-2-6-14(16)10-12-17(15)18/h1-7,9-12H
10-TERPH: InChl=1S/C18H14/c1-3-9-15(10-4-1)17-18-14-18(17)16-11-5-2-6-12-16/h1-14H
Im-TERPH: InChl=1S/C18H14/c1-3-8-15(9-4-1)17-12-3-18(14-17)16-10-5-2-6-11-16/h1-14H
Ip-TERPH: InChl=1S/C18H14/c1-3-7-15(8-4-1)17-11-18(14-12-17)16-9-5-2-6-10-16/h1-14H

ITRIPH: INChl=1S/C18H12/c1-2-8-14-13(7-1)15-9-3-8-17(15)18-12-6-5-10-16(14)18/h1-12H

IBGHIF: InChl=1/C18H10/c1-3-11-7-9-13-10-8-12-4-2t6-14(5-1)16(11)18(13)17(12)15/h1-10H
ICHRYSEN: InChl=1S/C18H12/c1-3-7-15-13(5-1)9-11-16-8-4-2-6-14(16)10-12-17(15)18/h1-12H
IBBFLUOR:INChI=1S/C20H12/c1-2-7-14-13(6-1)12-19-964-3-8-15(16)18-11-5-10-17(14)20(18)19/h1-12H
|

I SPECIES FOR ACETONE DECOMPOSITION SUBMECHANISM
CH3COCH3 CH3CO CH3COCH2 CH2CO Cco C6H5CH3

CH3CHCH C3H5 C5H7 c¢-C5H6 C3H4 ALLENE C3H6 C5H8 C3H3

lInChl identifiers

|

ICO: InChI=1S/CO/c1-2

ICH3COCHS3: InChl=1S/C3H60/c1-3(2)4/h1-2H3
ICH3CO: InChl=1S/C2H30/c1-2-3/h1H3
ICH3COCH2: InChI=1S/C3H50/c1-3(2)4/h1H2,2H3
ICH2CO: InChl=1S/C2H20/c1-2-3/h1H2
IC6H5CH3: InChl=1S/C7H8/c1-7-5-3-2-4-6-7/h2-6H,1H3
ICH3CHCH: InChl=1S/C3H5/c1-3-2/h1,3H,2H3
IC3H5: InChI=1S/C3H5/c1-3-2/h3H,1-2H2

IC5H7: InChI=1S/C5H7/c1-3-5-4-2/h1,3-4H,2,5H2
Ic-C5H6: InChl=1S/C5H6/c1-2-4-5-3-1/h1-4H,5H2
IC3H4: InChI=1S/C3H4/c1-3-2/h1H,2H3

IALLENE: InChl=1S/C3H4/c1-3-2/h1-2H2

IC3H6: InChl=1S/C3H6/c1-3-2/h3H,1H2,2H3
IC5H8: InChl=1S/C5H8/c1-3-5-4-2/h3-4H,1-2,5H2

IC3H3: InChl=1S/C3H3/c1-3-2/h1H,2H2
!

END
REACTIONS

' lODO-COMPOUNDS

C6H5I => C6H5+I 1.374E+15 0.00 64406 IMichaigifk
C6H5+I => C6H5I 1.00E+13 0.00 0.00 lestimated

C6H5I = 0-C6H4+HI 8.244E+13 0.00 64406 10.06&raf C6H5I =
C6H5+I

C6H5I+H = C6H5+HI 8.73E+05 2.35 -37.3 I08GAO/RAate, n

factor decreased within the exp. error



C6H5+HI = C6H6+I
C6H5I+C6H5 = C12H10+I
C6H5+C6H5I = 0-C12H9I+H
of C6H5+C6H6 = c12h10+H
C6H5+C6H51 = m-C12H9I+H
of C6H5+C6H6 = c12h10+H
C6H5+C6H5I = p-C12H9I+H
of C6H5+C6H6 = c12h10+H
0-C12H9+| => 0-C12H9I
m-C12H9+| => m-C12H9I
p-C12H9+| => p-C12H9I
0-C12H9I => 0-C12H9+I
C6H5+I

m-C12H9I => m-C12H9+|
C6H5+I

p-C12H9I => p-C12H9+I
C6H5+I

H+12 = HI+

I+l =12

I+H+AR = HI+AR

H+HI = H2+I

09GIR/OLZ

I BIPHENYL and BENZENE

C6H5+C6H5 = C12H10
100atm/2

C6H5+C6H5 = 0-C6H4+C6H6
LIMIT/2

C6H5+C6H5 = m-C6H4+C6H6
LIMIT/2

C6H5+C6H5 = p-C6H4+C6H6
LIMIT/2

0-C6H4 = m-C6H4

m-C6H4 = p-C6H4

p-C6H4 = z-C6H4

estimated P.W.

0-C6H4+C6H5 = 0-C12H9
m-C6H4+C6H5 => m-C12H9
p-C6H4+C6H5 => p-C12H9
m-C12H9 => m-C6H4+C6H5
C6H4+C6H5 = C12H9-1
p-C12H9 => p-C6H4+C6H5
C6H4+C6H5 = C12H9-1
0-C12H9+H2 = C12H10+H
C6H5+H2 = C6H6+H
m-C12H9+H2 = C12H10+H
C6H5+H2 = C6H6+H
p-C12H9+H2 = C12H10+H
C6H5+H2 = C6H6+H
0-C12H9+H = C12H10
m-C12H9+H = C12H10
p-C12H9+H = C12H10
C6H6+C6H5 = C12H10+H
0-C12H9+H => C6H5C6H3+H2

(JETSURF) as C6H5+H = 0-C6H4+H2

3.00E+12
2.00E+12
3.183E+11
3.183E+11
1.592E+11
1.00E+13
1.00E+13
1.00E+13
1.374E+15
1.374E+15
1.374E+15
4.31E+14
2.36E+14

2.00E+21
3.98E+13

1.545E+12
8.52E-04
8.52E-04
4.26E-04
2.12E+14
2.83E+14
1.00E+13
1.00E+13
1.00E+13
1.00E+13
2.223E+15
2.223E+15
5.707E+04
5.707E+04
5.707E+04
4.27E+13
1.25E+13
2.78E+13

9.55E+11
2.000E+11

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00

-1.87
0.00

0.036
4.57
4.57
4.57
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.430
2.430
2.430
0.338
0.284
0.185

0.00
1.100

0
11000
4305
4305

4305

431
-1498
0

0

-1702
-5735
-5735
-5735
73489.5
63045.7
17800
3720
3720
3720
87232
87232
6273
6273
6273
-158
-155
15.3

4305
24500

201

lestimated
109@RZ
IBBPALIN As 2/6

IBGALIN As 2/6
IBGALIN As 1/6
lestindate
lestimated

lestindate
IP.5 C6H5I

1l
\%

IP.\a5s C6H5I

1l
\%

IP.\as C6HS5I

1
\%

181BAU/DUX
181BAU/DUX
181BAU/DUX
I10TRA/KLI

1107RA,
ROIKLI, HP-
ROIKLI, HP-
ROIKLI, HP-
I99MOSIMA
I99MOSIMA
199MOS/MAD,
lestimhde. W.
legtad P.W.
lested P.W.
lasverse of o-
lasverse of o-
19BYIEN as
19BYIEN as
19BYIEN as
110TRAVK
110TRAVK

I10TRA/K
199PAR/L

01MEB/LIN



202

C6H5C6H3+H2 => 0-C12H9+H 5.707E+04 2.430 6273 7M&B/LIN as
C6H5+H2 = C6H6+H

0-C12H9 => C6H5C6H3+H 4.30E+12 0.62 77300 IC6H50-C6H4+H
HPIlim

C6H5C6H3+H => 0-C12H9 1.00E+14 0.00 3720 lestiadd®.W.
C6H5+c-C6H3 = C6H5C6H3 1.00E+13 0.00 0 lestimdreN.
C6H5+H(+M) = C6H6(+M) 1.00E+14 0.00 0 1I97WAN/FRE

LOW /6.6E+75 -16.3 7000 / !
TROE /1.0 0.1 585 6113 / !
C6H6+H = C6H5+H2 4.00E+15 0.00 20776 IXU *2

I TERPHENYLS and 4-RING SPECIES (TRIPH)

C12H10+C6H5 = o-TERPH+H 6.367E+11 0.00 4305 BRRPIN As 4/6
of C6H5+C6H6 = c12h10+H

C12H10+C6H5 = m-TERPH+H 6.367E+11 0.00 4305 WRPIN As 4/6
of C6H5+C6H6 = c12h10+H

C12H10+C6H5 = p-TERPH+H 3.183E+11 0.00 4305 BWRRPIN As 2/6
of C6H5+C6H6 = c12h10+H

0-C12H9+C6H5 => 0-TERPH 1.00E+13 0.00 0 lestadat
m-C12H9+C6H5 => m-TERPH 1.00E+13 0.00 0 lestedat
p-C12H9+C6H5 => p-TERPH 1.00E+13 0.00 0 lestedat
0-TERPH => 0-C12H9+C6H5 2.92E+15 0.00 109812 lasinverse of
C6H5+C6H5=C12H10

m-TERPH => m-C12H9+C6H5 2.92E+15 0.00 109812 lasinverse of
C6H5+C6H5=C12H10

p-TERPH => p-C12H9+C6H5 2.92E+15 0.00 109812 lasinverse of
C6H5+C6H5=C12H1

0-TERPH = TRIPH+H2 1.50E+15 0.00 84700 lestadat from
10ZHA/CAI

0-C12H9+0-C6H4 = TRIPH+H 1.00E+14 0.00 38000 tiheated, as
BIPHENH=>C12H8+H

C12H8+0-C6H4 = TRIPH 4.96E+09 0.827 -1370 la$RA/KLI for o-

C6H4+0-C6H4 = C12H8, J Am Chem Soc 89:5, 1967

I ACENAPHTHYLENE/BENZOPENTALENE and BIPHENYLENE

0-C6H4+0-C6H4 = C12H8 4.96E+09 0.827 -1370 1AM |
0-C12H9 => BIPHENH 5.00E+12 0.00 31056 111SHO&K P.W.
BIPHENH => 0-C12H9 3.00E+13 0.00 19350 111SHO&K P.W.
BIPHENH => C12H8+H 5.00E+13 0.00 38223 111SHOK P.W.
C12H8+H => BIPHENH 4.00E+14 0.00 5972 I11SHUSB®.W.
BIPHENH => BENZOH 1.00E+13 0.00 31056 111SHU/BOP.W.
BENZOH => BIPHENH 1.00E+13 0.00 46345 I11SHU/BOP.W.
BENZOH => BENZO+H 5.00E+13 0.00 41567 111SHUSBO.W.
BENZO+H => BENZOH 1.00E+14 0.00 1911 111SHU/K@SW.
BENZOH => A2R5+H 1.00E+13 0.00 44673 I11SHU/K®SW.
C12H10 => C6H5CHC5H4 1.00E+14 0.00 109412 1118405, P.W.
C6H5CHC5H4 => C12H10 1.00E+13 0.00 76445 1119608, P.W.
C6H5CHC5H4 => BENZO+H2 5.00E+13 0.00 56617 I1UBKOS, P.W.
C6H5CHC5H4 => A2R5+H2 5.00E+13 0.00 60917 111SK0S, P.W.
C12H8 => C6H4oct 6.152E+14 0.00 77387.6 IP.W.
C6H4oct => C12H8 7.482E+12 0.00 4059.6 IP.W.
C6H4oct => BENZOHYyl 1.205E+13 0.00 13712.9 P.W
BENZOHyl => C6H4oct 5.321E+13 0.00 31139.8 P.W

BENZOHyl => BENZO 1.941E+13 0.00 10615.0 P.W.



BENZO => BENZOHYy!I
BENZO => C6H5C6H3
calculated

C6H5C6H3 => BENZO
calculated

| BENZO => A2R5
calculated

BENZO => A2R5
C10H7-1+C2H2 = A2R5+H
Limit

A2R5+H = A2R5J1+H2
A2R5+H = A2R5J3+H2
A2R5+H = A2R5J4+H2
A2R5+H = A2R5J5+H2
A2R5J1+H = A2R5
A2R5J3+H = A2R5
A2R5J4+H = A2R5
A2R5J5+H = A2R5

I PHENYLACETYLENE

C6H5+C2H2 = C8H6+H
C6H6+C2H = C8H6+H
C8H6+H = C6H4C2H+H2
C8H6 = C6H4C2H+H
C6H5+C2H = C8H6
0-C6H4+C2H2 = C8H6

I DIPHENYLETHYNE
C8H6+C6H5 => DPE+H

C6H5+C2H2 = C8H6+H
DPE+H => C8H6+C6H5

4.188E+13
2.404E+14

4.093E+12

2.704E+14

4.699E+14
1.87E+07

3.23E+07
3.23E+07
3.23E+07
3.23E+07
1.26E+20
7.00E+19
7.00E+19
7.00E+19

1.00E+13
1.00E+12
4.845E+07
5.00E+16
2.54E+17
2.00E+13

1.00E+13

4.00E+14

C8H6+H => C6H5+C2H2 *2 for multeplicity

I PHENANTHRENE

0-C12H9+C2H2 = PHEN+H

Limit C1LOH7-1+C2H2
C8H6+C6H5 = PHEN+H
C6H5+C6H6 = c12H10+H
C6H4C2H+C6H6 = PHEN+H
C6H5+C6H6 = c12H10+H
PHEN+H = A3J1+H2

as reverse of C6H5+H2 = C6H6+H
PHEN+H = A3J2+H2

as reverse of C6H5+H2 = C6H6+H
PHEN+H = A3J4+H2

as reverse of C6H5+H2 = C6H6+H
PHEN+H = A3J9+H2

as reverse of C6H5+H2 = C6H6+H
A3J1+H = PHEN

A3J2+H = PHEN

A3J4+H = PHEN

A3J9+H = PHEN

1.87E+07
9.55E+11
9.55E+11
3.23E+07
3.23E+07
3.23E+07
3.23E+07
2.02E+15
2.02E+15

2.02E+15
2.02E+15

0.00
0.00

0.00

0.00

0.00
1.787

2.095
2.095
2.095
2.095
-1.81
-1.73
-1.73
-1.73

0.00
0.00
2.095
0.00
-1.489
0.00

0.00

0.00

1.787
0.00
0.00
2.095
2.095
2.095
2.095
-0.30
-0.30

-0.30
-0.30

75265.9
85220.5

45643.7

87113.6

77831.2
3262

19800
15842
15842
15842
2900
2790
2790
2790

7648

0
15842
113394
1541
20000

7648

9691

3262
4305
4305
15842
15842
15842
15842
330
330

330
330
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P.W.
I03BIAN,

I03BIAN,
103BLANO

IP.W.
101RIBZ HP-

IMIT
IMIT
IMIT
IMIT
IMIT
IMIT
IMIT
IMIT

196HE®@HI
IMIT

I0QRICW *1.5
192HERYFR
195ZAN/MCK
IOOWANA.

I96HE®/HI as

1I92HERAFR as

101/REZ HP-
199PARVLI as
199HAR/ as
197MEBILI (MIT)
I97MEBILI (MIT)
197MEBILI (MIT)
I97MEBILI (MIT)
IMIT

IMIT

IMIT
IMIT



A3J4+C2H2 = PYRENE+H
Limit C1OH7+C2H2
C12H10+C2H2 => PHENH
PHENH => PHEN+H2

I Ethynylacenaphthylene

A2R5J1+C2H2 = A2R5YNE1+H
A2R5J3+C2H2 = A2R5YNE3+H
A2R5J4+C2H2 = A2R5YNE4+H
A2R5J5+C2H2 = A2R5YNE5+H

1.87E+07

16.92182
4.73E+09

1.51E+17
1.51E+17
1.51E+17
4.43E-06

I FLUORANTHENE and Benzo[ghi]fluoranthene

A2R5YNE1+H = A2R5YN1J2+H2
as reverse of C6H5+H2 = C6H6+H
A2R5YN1J2+C2H2 = FLTHNJ7
Limit C10H7-1+C2H2

FLTHNJ7+H = FLTHN
FLTHNJ7+C2H2 = BGHIF+H
Limit C10H7-1+C2H2

I Benzo[b]fluoranthene

A3J1+C6H5 = BBFLUOR+H+H
A3J1+C6H6 = BBFLUOR+H2+H
A3J9+C6H5 = BBFLUOR+H+H
A3J9+C6H6 = BBFLUOR+H2+H

I ACEPHENANTHRYLENE

A3J1+C2H2 = A3R5+H
A2R5YNE4+H = A2R5YN4J5+H2
A2R5YN4J5+C2H2 = A3R5J7
A3R5J7+H = A3R5
A2R5YNE5+H = A2R5YN5J4+H2
A2R5YN5J4+C2H2 = A3R5J10
A3R5J10+H = A3R5

I ACEANTHRYLENE

A2R5YNES3+H = A2R5YN3J4+H2
A2R5YNE4+H = A2R5YN4J3+H2
A2R5YN3J4+C2H2 = A3LR5JS
A2R5YN4J3+C2H2 = A3LR5JS
A3LR5JS+H = A3LR5

I CHRYSENE

A3J2+C2H2 = A3C2H-2+H
A3C2H-2+H = A3C2H-2JS+H2
A3C2H-2JS+C2H2 = CHRYSENJ1
Limit CI1O0H7-1+C2H2
CHRYSENJ1+H = CHRYSEN
CHRYSEN+H = CHRYSENJ1+H2
as reverse of C6H5+H2 = C6H6+H

3.23E+07

1.87E+07

5.00E+13
1.87E+07

5.00E+12
4.00E+11
5.00E+12
4.00E+11

1.83E+13
3.23E+07
1.87E+07
5.00E+13
3.23E+07
1.87E+07
5.00E+13

3.23E+07

3.23E+07
1.87E+07
1.87E+07

5.00E+13

2.08E+15
3.23E+07
1.87E+07

5.00E+13
3.23E+07

1.787

2.6
0.797

-0.72
-0.72
-0.72
5.71

2.095
1.787

0.00
1.787

0.00
0.00
0.00
0.00

0.295
2.095
1.787
0.00
2.095
1.787
0.00

2.095

2.095
1.787
1.787

0.00

-0.13
2.095
1.787

0.00
2.095

3262

42193
17176

20230
20230
20230
11070

15842

3262

3262

4000

4000

14940
15842
3262

15842
3262

15842
15842
3262
3262

20860
15842
3262

15842
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I01RIBZ HP-

I05KIEBA
I05KISBAE

IT™

IT™

™™
™I

7MEB/LIN  (MIT)
ROYMAZ  HP-

IMIT
I0CRNAZ HP-

IMIT

IMIT

IMIT

IMIT

IMIT
'™
IMIT
IMIT
'™
™I
IMIT

™

™
™I
™I
IMIT

IMIT
™
1RIC/MAZ HP-

IMIT
MEB/LIN  (MIT)



A3J1+C2H2 = A3C2H-1+H
A3C2H-1+H = A3C2H-1JP+H2

as reverse of C6H5+H2 = C6H6+H
A3C2H-1JP+C2H2 = CHRYSENJ4
Limit C1LOH7-1+C2H2
CHRYSEN+H = CHRYSENJ4+H2
as reverse of C6H5+H2 = C6H6+H
CHRYSENJ4+H = CHRYSEN

' NAPHTHALENE

0-C6H4+C6H6 => BICYCLO
BICYCLO => 0-C6H4+C6H6
calculated

BICYCLO = C10H8+C2H2
C6H4C2H+C2H2 = C10H7-1
Limit CLOH7+C2H2
C10H7-1+H2 = C10H8+H
C6H5+H2

C10H7-1+H(+M) = C10H8(+M)
C6H5+H+M = C6H6+M

4.63E-07
3.23E+07

1.87E+07

3.23E+07

5.00E+13

1.1618E+04
4.910E+16

7.458E+14
1.87E+07

5.707E+04

1.000E+14

6.03
2.095

1.787

2.095

0.00

2.526
0.00

0.0956
1.787

2.430

0.00

11850
15842

3262

15842

5915.9
66811

54780.1
3262

6273

0.00

LOW /6.600E+75 -16.300 7000.00 /
TROE /1.00.1584.9 6113.

H2/2.0/
C10H7-2+H2 = C10H8+H
CBH5+H2
C10H7-2+H(+M) = CLOHS8(+M)
C6H5+H+M = C6HB+M

5.707E+04

1.000E+14

2.430

0.00

/

6273

0.00

LOW /6.600E+75 -16.300 7000.00 /
TROE /1.00.1584.9 6113.

H2/2.0/
C6H5+nC4H3 = C10H8
C6H5+nC4H3 = C10H7-2+H
C6H5+nC4H3 = C10H7-1+H

I PHENYL/BENZYNE DECOMPOSITION

C6H5(+AR) = 0-C6H4+H(+AR)

6.62E+35
2.43E+31
6.62E+35

4.30E+12

-6.485
-4.541
-6.485

0.62

/

15420
36700
15420

77300

LOW /1.000E+84 -18.870 90100.00 /
TROE /0.902 696 358 3856.

C6H5+H = 0-C6H4+H2
(JETSURF)

0-C6H4 = C4H2+C2H2
0-C6H4 = ¢c-C6H3+H

¢c-C6H3 = C6H3
C6H2+H = C6H3
Torr

C6H2+M = C6H+H+M
C4H2+C2H = C6H2+H
C4H+C2H2 = C6H2+H
NnC4H3+C2H = z-C6H4
z-C6H4+H = C6H3+H2
NC4H3+C2H2 = z-C6H4+H
NnC4H3+C2H2 = C6H5
NC4H3+C2H2 = 0-C6H4+H
NnC4H5+C2H = C6H5+H

2.000E+11

1.2E+18
6.0E+15
4.8E+10
1.10E+30

5.0E+16
3.00E+13
3.00E+13
1.00E+13
1.33E+06
1.20E+17
1.90E+63
3.10E+49
1.60E+13

1.100

-0.34
0.00
0.00
-4.92

0.00
0.00
0.00
0.00
2.53
-1.28
-15.25
-10.59
0.00

/
24500

87776
98102
53619
10800

79435
0
0
0
9240
13700
30600
37700
0

205
IMIT
7MEB/LIN  (MIT)
1RIC/MAZ  HP-
MEB/LIN  (MIT)

IMIT

11COM/BRE rate*2
I0OM/BRE rate*2,

1COM/BRE
I@/RAZ HP-
197 VIHR as

TWAN/FRE as

197 VIHR as

I97WAN/FRE as

IMIT
™I
™I

OVOAN/LAS
!

I01MHR

I00WIRAIB
I07XU/FRA
I07XU/FRA
1I97WAN/FRE 607

I87FRE/WAR
IOOWAN/LAS
IOOWAN/LAS
lestimated
IJETSURF
1IJEBRE 7600 Torr
IJETSEUR00 Torr
SBRF 7600 Torr
I100POP/MIL



iC4H3+C2H3 = C6H5+H
iC4H5+C2H = C6H5+H
NnC4H5+C2H2 = C6H6+H
NC4H5+C2H3 = C6H6+H2
C4H4+C2H = z-C6H4+H
C6H3+H = C4H2+C2H2
C6H3+H = z-C6H4
C6H3+H = C6H2+H2
C4H2+C2H = C6H3
C6H2+C2H=C6H+C2H2
C6H2+C2H=C4H+C4H2
C6H+C2H2 = C8H2+H
C4H2+C4H2 = C8H2+H+H
C4H2+C4H2 = C8H2+H2
C4H2+C4H = C8H2+H

| C0-C4 SUB-MECHANISM
H+H+M = H2+M

H+H+H2 = H2+H2

C4H = C4+H

C2H2+M = C2H+H+M
C2H+H2 = C2H2+H
C4H2+H = C4H+H2
C2H2+C2H = C4H2+H
CAH+H(+M) => C4H2(+M)

C4H2 => C4H+H
NC4H3+H = C4H2+H2
iC4H3+H = C4H2+H2
C2H2+C2H2 = C4H2+H2
C2H3+C2H = C2H2+C2H2
C2H3+C2H = C4H4
C4H2+H = nC4H3
C4H2+H = iC4H3

C2H2+C2H(+M) = nC4H3(+M)

C2H2+C2H(+M) = iC4H3(+M)

C2H3+H = C2H2+H2
C2H3(+M) = C2H2+H(+M)

C2H3+C2H2 = nC4H5
C2H3+C2H2 = iC4H5
C2H3+C2H2 = C4H4+H
C2H3+C2H3 = C4H6
C2H3+C2H3 = iC4H5+H
C2H3+C2H3 = nC4H5+H

6.00E+12 0.00 0
6.00E+12 0.00 0
1.60E+18 -1.88 7400
1.84E-13 7.07 -3611
1.20E+13 0.00 0.
2.80E+23 -2.55 10780
3.40E+43 -9.01 12120
3.00E+13 0.00 0
4.50E+37 -7.68 7100
2.00E+13 0.00 0
1.00E+13 0.00 0
4.00E+13 0.00 0
1.51E+14 0.00 56000
1.51E+13 0.00 42700
4.00E+13 0.00 0
1.78E+18 -1.00 O
H2/0.0/ AR/0.63/
9.000E+16 -0.600 O
1.35E+14 0.00 116610
3.6E+16 0.00 106423
4.9E+05 2.50 560
2.00E+14 0.00 26000
9.6E+13 0.00 0.00
1.0E+17 -1.00 0.00
LOW /2.6E+33 -4.8 1900 /
TROE/0.646 132 1315 5566 /
2.2E+14 0.00 116610
3.00E+13 0.00 0
6.00E+13 0.00 0
1.51E+13 0.00 42700
3.00E+13 0 0
9.10E+45 -9.118 21130
1.10E+42 -8.72 15300
1.10E+30 -4.92 10800

8.300E+10 0.899 -363
LOW /1.240E+31 -4.718 1871.00 /
TROE /1.0 100. 5613. 13387. /
H2/2.0/ C2H2/2.5/ C2H4/2.5/

8.300E+10 0.899 -363
LOW /1.240E+31 -4.718 1871.00/
TROE /1.0 100. 5613. 13387. /
H2/2.0/ C2H2/2.5/ C2H4/2.5/

9.000E+13 0.00 0

3.860E+08 1.620 37048
LOW / 2.565E+27 -3.400 35798.72 /
TROE/ 1.9816 5383.7 4.2932 -0.0795/

H2/2.0/ CH4/2.0/ C2H6/3.0/ AR/0.7/ C2H2/3.00/

8.10E+37 -8.09 13400
5.10E+53 -12.64 28800
4.90E+16 -1.13 11800
1.50E+42 -8.84 12483
1.20E+22 -2.44 13654
2.40E+20 -2.04 15361
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I00POP/MIL
100POP/MIL
IJETSURBBO Torr
ISOVBESA
lestimated
IJETSWURO Torr
IJETSURB Torr
197WAN/FRE
IJETSURF
I87TFRE/WAR
I87TFRE/WAR
I90KER/KIE
102HHDK
102HIDK
I90KER/KIE

IJETSURF

IJETSURF
IBOFRA/JUS
ISOFRABIU
IJETSURF
102HID/HOK
197WAN/FRE
I00WADAS

|

!

IBOFRA/JUS
IJETSURF
IJETSURF
I90KERR/K
192MIL/MEL
IMIT
IJETSURG T6rr
IJETSURB Térr

ETBURF

ETBSURF

IJETSURF
I BIRF

IJETSURGO Torr
IJETEUWO00 Torr
IJETEUROO0 Torr
IJETSURBE Torr
IJEREU’60 Torr
IJETSURO Torr



C2H3+C2H3 = C2H2+C2H4

NC4H5 = iC4H5
NC4H5+H = iC4H5+H
NC4H5+H = C4H4+H2
iCAH5+H = C4H4+H2
NC4H3+H = C4H4
iCAH3+H = C4H4
C4H4+H = nC4H5
C4H4+H = iC4H5
CAHA4+H = nC4H3+H2
CAHA+H = iC4H3+H2
NC4H3 = iC4H3
NC4H3+H = iC4H3+H
C2H2+C2H2 = iCAH3+H
C4H4 = C2H2+C2H2
C2H2(+M) = H2CC(+M)

H2CC+H = C2H2+H

H2CC+C2H2(+M) = CAHA4(+M)

C2H3+H = H2CC+H2
C2H4(+M) = H2+H2CC(+M)

NC4H3+H = C2H2+H2CC
iC4H3+H = C2H2+H2CC
CH2+CH2 = C2H2+H2
CH2+CH = C2H2+H
C2H4+M = C2H3+H+M
C2H4+M = C2H2+H2+M
C2H6+H = C2H5+H2
C2H5+H = C2H4+H2
CH3+CH2 = C2H4+H
CH2*+AR = CH2+AR
CH2*+H = CH+H2
CH2*+H2 = CH3+H
CH3+CH2* = C2H4+H
CH4+CH2* = CH3+CH3
C2H4+CH2* = H2CC+CH4
CH3+H(+M) = CH4(+M)

CH4+H = CH3+H2
CH4+CH2 = CH3+CH3
CH4+CH = C2H4+H
CH4+C2H = C2H2+CH3
C2H3+CH3 = C2H2+CH4
C2H4+CH3 = C2H3+CH4
C2H6+CH3 = C2H5+CH4
C4H6+CH3 = nC4H5+CH4
C4H6+CH3 = iC4H5+CH4

9.600E+11 0.00 0

2.00E+60 -14.46 58600
3.10E+26 -3.35 17423
1.50E+13 0.00 0
3.0E+13 0.00 0
2.00E+47 -10.26 13070
3.40E+43 -9.01 12120
6.20E+45 -10.08 15800
1.50E+48 -10.58 18800
6.65E+05 2.53 12240
3.33E+05 2.53 9240
4.10E+43 -9.49 53000
2.50E+20 -1.67 10800
1.13E+14 0.00 56000
3.16E+13 0.00 77100
8.000E+14 -0.520 50750

LOW / 2.450E+15 -0.640 49700.00 /
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IJETSURF
IJETSURBO/ Torr
IJETSURP Torr
1I97WAN/FRE
1I97WAN/FRE
IJETSURE Torr
IJETSURB T6rr
IJETSURBBO/Torr
IJETSURBQO Torr
1I97WANH-R
1I97WAN/FRE
IJETSURB 7611
IJETSURP Torr
102HHDK
102HID/HOK
IIRIRF

H2/2.0/ C2H2/2.5/ H2/2.0/ CH4/2.0/ C2H6/3.0/H2H2.5/

1.000E+14 0.00 0

3.500E+05 2.055 -2400
LOW /1.400E+60 -12.599 7417.00/
TROE /0.980 56.0 580.0 4164.0 /
H2/2.0/ C2H2/3.00/

6.000E+13 0.000 0.00

8.000E+12 0.440 88770
LOW / 7.000E+50 -9.31099860.00 /
TROE /0.7345 180.0 1035.00 5417.0/
H2/2.0/ AR/0.7/ CH4/2.0/ C2H6/3.0/

6.30E+25 -3.34 10014
2.80E+23 -2.55 10780
3.200E+13 0.00 0
4.000E+13 0.000 O
6.31E+18 0.00 108720
9.33E+16 0.00 77200
1.15E+08 1.900 7530
2.00E+12 0.00 0
4.00E+13 0.00 0
9.000E+12 0.00 600
3.000E+13 0.00 0
7.000E+13 0.00 0
1.200E+13 0.00 -570
1.600E+13 0.00 -570
5.000E+13 0.00 0
1.270E+16 -0.630 383

LOW / 2.477E+33 -4.760 2440.00 /
TROE/ 0.7830 74.00 2941.00 6964.0/
H2/2.0/ CH4/2.0/ C2H6/3.0/ AR/0.7/

6.600E+08 1.620 10840
2.460E+06 2.000 8270
6.000E+13 0.000 O
1.810E+12 0.0 500
3.920E+11 0.000 O
2.270E+05 2.000 9200
6.14E+06 1.740 10450
2.00E+14 0.0 22800
1.00E+14 0.0 19800

IJETSURF

JETSURF

IJETSURF
THIRF

IJETSURO Torr
IJERSU/60 Torr
IJETSURF
IJETSURF
102HIB/O
102HIB/O
IJETSURF
IJETSURF
IJETSURF
IJETSURF
IJETSURF
IJETSURF
IJETSURF
IJETSURF
IJETSURF
IJETSE

IJETSURF
IJETSURF
IJETSURF
IJETSURF
IJETSURF
IJETBUR
IJETBUR
IJETSURF
IJETSURF
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CH2+H(+M) = CH3(+M) 2.500E+16 -0.800 0 IJETSURF
LOW / 3.200E+27 -3.140 1230.00 /
TROE/ 0.6800 78.00 1995.0 5590.0 /
H2/2.0/ CH4/2.0/ C2H6/3.0/ AR/0.7/

CH2+H2 = H+CH3 5.000E+05 2.000 7230 IJETSURF
CH3+C = C2H2+H 5.000E+13 0.000 O IJETSURF
CH3+CH = C2H3+H 3.000E+13 0.000 O IJETSURF
CH3+CH3(+M) = C2H6(+M) 2.120E+16 -0.970 620 IFRIRF

LOW / 1.770E+50 -9.670 6220.00 /

TROE/ 0.5325 151.0 1038.00 4970.0/

H2/2.0/ CH4/2.0/ C2H6/3.0/ AR/0.7/
CH3+CH3 = H+C2H5 4.990E+12 0.100 10600 IJETSURF
C2H4+H(+M) = C2H5(+M) 1.367E+09 1.463 1355 1 EIFEF

LOW / 2.027E+39 -6.642 5769.00 /

TROE /-0.569 299.0 9147.0 -152.40 /

H2/2.0/ CH4/2.0/ C2H6/3.0/ AR/0.7/

C2H4+H = C2H3+H2 5.070E+07 1.900 12950 IJETSURF
C2H4+C2H = C4H4+H 1.20E+13 0.00 0.00 IJETSURF
CH+H2 = CH2+H 1.107E+08 1.790 1670 IJETSURF
CH+H = C+H2 1.100E+14 0.000 O IJETSURF
CH2+CH2 = C2H2+H+H 1.20E+14 0.00 795 I02HID/OKU
C4H6+H = C2H4+C2H3 5.45E+30 -451 21877 IJETEUR

I ACETONE DECOMPOSITION SUBMECHANISM

CH3+HI = CH4+l 3.00E+12 0.00 0 lestimated
CH3COCH3+C6H5 = C6H6+CH3COCH2 0.17 4.2 234.65 3CHO/LIN

I reaction from: S. Dooley, S.H. Won, M. ChaosHéyne, Y. Ju, F.L. Dryer, K. Kumar, C.J. Sung, Hany,
I M.A. Oehlschlaeger, R.J. Santoro, T.A. Litzinggmbustion and Flame 157 (2010) 2333-2339.

CH3COCH3(+M) = CH3CO+CH3(+M)  7.108E+21 -1.57 8.4684
LOW / 7.0130e+89 -2.0380e+01 1.0715e+05 /
TROE / 8.6300e-01 1.0000e+10 4.1640e+02 3.2909F4roe fall-off reaction

CH3COCH3+H = CH3COCH2+H2 1.960E+06 2.43 5.160E+03 Irate *2
CH3COCH3+CH3 = CH3COCH2+CH4  3.960E+11 0.00 9.7+

CH3CO(+M) = CH3+CO(+M) 3.000E+12 0.00 1.672E+04

LOW / 1.2000e+15 0.0000e+00 1.2518e+04 / !lindemfall-off reaction

CH3CO+H = CH2CO+H2 2.000E+13 0.00 0.000E+00
CH3CO+CH3 = CH2CO+CH4 5.000E+13 0.00 0.000E+00
CH3COCH2 = CH2CO+CH3 1.000e+14 0.00 3.100E+04
CH2+CO(+M) = CH2CO(+M) 8.100e+11 0.50 4.510E+03

LOW / 2.690e+33 -5.110 7095.00/
TROE/ 0.5907 275.00 1226.00 5185.00 /
H2/2.0/ CH4/2.0/ CO/1.5/ C2H6/3.0/ AR/0.7/
CH2CO+H = CH3+CO 1.100e+13 0.00  3.400E+03
CBH5CH3(+M) = C6H5+CH3(+M) 1.95e+27 -3.16  1.074408
LOW/1.00e+98 -22.966 1.2208e+05/
TROE/7.054562e-01 9.999989e+09 4.59918068:223938e+09/

I reaction from: Colket, M. B.; Seery, D. J.; Pafimd.B. Combust. Flame 75:343-366 (1989).

C2H3+CH3COCHS3 => C2H4+CH2CO+CH3 3.02E+12 0.00 6400
CH2CO+CH3 => C2H5+CO 2.00E+12 0.00 3000
C2H5+CO => CH2CO+CH3 2.19E+13 0.00 26700

CH3+C2H2 => CH3CHCH 6.16E+11 0.00 7700



209

CH3CHCH => CH3+C2H2 7.41E+12 0.00 33900
CH3CHCH => C3H5 1.41E+13 0.00 36000
C3H5 => CH3CHCH 1.26E+14 0.00 57400
C3H5+C2H2 => C5H7 1.00E+12 0.00 8000
C5H7 => C3H5+C2H2 1.29E+13 0.00 20100
C5H7 => c-C5H6+H 2.00E+10 0.00 5000
H+C3H4 => CH3CHCH 5.75E+12 0.00 3100
CH3CHCH => H+C3H4 3.31E+12 0.00 38200
H+ALLENE => C3H5 3.98E+12 0.00 2700
C3H5 => H+ALLENE 1.35E+13 0.00 60900
2C3H5 => C3H6+C3H4 5.00E+12 0.00 0
C3H6+C3H4 => 2C3H5 1.58E+13 0.00 30500
C3H5+C2H3 => C5H8 5.00E+12 0.00 0
C5H8 => C3H5+C2H3 4.17E+15 0.00 82500
C3H5+H => C3H6 3.98E+13 0.00 0
C3H6 => C3H5+H 6.46E+14 0.00 87000
CH2+C2H2 => C3H3+H 1.82E+12 0.00 0
C3H3+H => CH2+C2H2 2.29E+13 0.00 11500
2C3H3 => C6H6 5.00E+12 0.00 0
END
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APPENDIX C

THERMODYNAMIC DATA IN NASA POLYNOMIAL FORMAT

THERMO
298.000 1000.000 5000.000

I JetSurF Version 2.0
AR 120186AR 1 G 03m® 5000.00 1000.00 1

0.02500000E+02 0.00000000E+00 0.00000000E+00 OGIWDE+00 0.00000000E+00 2
-0.07453750E+04 0.04366000E+02 0.02500000E+02 O@@EDE+00 0.00000000E+00 3

0.00000000E+00 0.00000000E+00-0.07453750E+04 B6BINE+02 4

H L7/88H 1 00 00 00G 2w 3500.000 1000.00 1
2.50000001E+00-2.30842973E-11 1.61561948E-14-4533bE-18 4.98197357E-22
2.54736599E+04-4.46682914E-01 2.50000000E+00 3ZHPE-13-1.99591964E-15
2.30081632E-18-9.27732332E-22 2.54736599E+04-82&H3E-01 6.19742800E+03
H2 TPIS78H 2 00 00 00G 200 3500.000 1000.00 1
3.33727920E+00-4.94024731E-05 4.99456778E-07-663H4E-10 2.00255376E-14
-9.50158922E+02-3.20502331E+00 2.34433112E+00 B3ABBHE-03-1.94781510E-05
2.01572094E-08-7.37611761E-12-9.17935173E+02 6@38BE-01 8.46810200E+03
C L11/88C 1 00 00 00G 200 3500.000 1000.000 1
2.49266888E+00 4.79889284E-05-7.24335020E-08 S10EZOE-11-4.87277893E-15
8.54512953E+04 4.80150373E+00 2.55423955E+00-372Z1HE-04 7.33792245E-07
-7.32234889E-10 2.66521446E-13 8.54438832E+04 3(@IBE+00 6.53589500E+03
CH TPIS79C 1H 1 00 00G 200 3500.000 1000.000 1
2.87846473E+00 9.70913681E-04 1.44445655E-07-8.84PE-10 1.76079383E-14
7.10124364E+04 5.48497999E+00 3.48981665E+00 35538 E-04-1.68899065E-06
3.16217327E-09-1.40609067E-12 7.07972934E+04 RPIBIBE+00 8.62500000E+03
CH2 LS/93C 1H 2 00 00G Zmd 3500.000 1000.000 1
2.87410113E+00 3.65639292E-03-1.40894597E-06 Z¥M9E-10-1.87727567E-14
4.62636040E+04 6.17119324E+00 3.76267867E+00 YHBBBE-04 2.79489841E-06
-3.85091153E-09 1.68741719E-12 4.60040401E+04 53E5E+00 1.00274170E+04
CH2* LS/O3C 1H 2 00 00G 2muo 3500.000 1000.000 1
2.29203842E+00 4.65588637E-03-2.01191947E-06 9A0®OE-10-3.39716365E-14
5.09259997E+04 8.62650169E+00 4.19860411E+00-8BBE-03 8.23296220E-06
-6.68815981E-09 1.94314737E-12 5.04968163E+04-1833/E-01 9.93967200E+03
C2H L1/91C 2H 1 00 00G Zm® 3500.000 1000.000 1
3.16780652E+00 4.75221902E-03-1.83787077E-06 3ARH2E-10-1.77232770E-14
6.71210650E+04 6.63589475E+00 2.88965733E+00 @SB E-02-2.84769501E-05
2.94791045E-08-1.09331511E-11 6.68393932E+04 6@2E3BE+00 1.04544720E+04
CH3 L11/89C 1H 3 00 00G Z@®» 3500.000 1000.000 1
2.28571772E+00 7.23990037E-03-2.98714348E-06 BAHHIE-10-4.67154394E-14
1.67755843E+04 8.48007179E+00 3.67359040E+00 9IBE-03 5.73021856E-06
-6.87117425E-09 2.54385734E-12 1.64449988E+04 b&BBE+00 1.03663400E+04
CH4 L8/88C 1H 4 00 00G Zm® 3500.000 1000.000 1

2
3
4

2
3
4

7.48514950E-02 1.33909467E-02-5.73285809E-06 9Z235E-09-1.01815230E-13 2

-9.46834459E+03 1.84373180E+01 5.14987613E+00-0BMBBE-02 4.91800599E-05

-4.84743026E-08 1.66693956E-11-1.02466476E+04-8®316E+00 1.00161980E+04 4

C2H2 L1/91C 2H 2 00 00G ZmW® 3500.000 1000.000 1
4.14756964E+00 5.96166664E-03-2.37294852E-06 4 BALE-10-3.61235213E-14
2.59359992E+04-1.23028121E+00 8.08681094E-01 2533 E-02-3.55171815E-05
2.80152437E-08-8.50072974E-12 2.64289807E+04 9.B¥31LE+01 1.00058390E+04
H2CC L12/89H 2C 2 0 0G Zm® 6000.000 1000.000 1
0.42780340E+01 0.47562804E-02-0.16301009E-05 6Z2336E-09-0.14886379E-13
0.48316688E+05 0.64023701E+00 0.32815483E+01 64@7E-02-0.23855244E-05

3

2
3
4

2
3
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-0.12104432E-08 0.98189545E-12 0.48621794E+05 OFBMDE+01 0.49887266E+05
C2H3 L2/92C 2H 3 00 00G Zm® 3500.000 1000.000 1
3.01672400E+00 1.03302292E-02-4.68082349E-06 63M88BE-09-8.62607041E-14
3.46128739E+04 7.78732378E+00 3.21246645E+00 THBPE-03 2.59209412E-05
-3.57657847E-08 1.47150873E-11 3.48598468E+04 8§41Z6E+00 1.05750490E+04
C2H4 L1/91C 2H 4 00 00G 2ZW® 3500.000 1000.000 1
2.03611116E+00 1.46454151E-02-6.71077915E-06 22923E-09-1.25706061E-13
4.93988614E+03 1.03053693E+01 3.95920148E+00-324YE-03 5.70990292E-05
-6.91588753E-08 2.69884373E-11 5.08977593E+03 33BU6E+00 1.05186890E+04
C2H5 L12/92C 2H 5 00 00G 2W® 3500.000 1000.000 1
1.95465642E+00 1.73972722E-02-7.98206668E-06 1/&89E-09-1.49641576E-13
1.28575200E+04 1.34624343E+01 4.30646568E+00-8882E-03 4.97142807E-05
-5.99126606E-08 2.30509004E-11 1.28416265E+04 20QPA4E+00 1.21852440E+04
C2H6 L8/88C 2H 6 00 00G ZmW® 3500.000 1000.000 1
1.07188150E+00 2.16852677E-02-1.00256067E-05 220G E-09-1.90002890E-13
-1.14263932E+04 1.51156107E+01 4.29142492E+00-58DI0E-03 5.99438288E-05
-7.08466285E-08 2.68685771E-11-1.15222055E+04 8B&HEHE+00 1.18915940E+04
C4H P1/93C 4H 1 0 O0G .00 3000.000 1000.00 1
0.77697593E+01 0.49829976E-02-0.17628546E-05 @4#834E-09-0.16689869E-13
0.94345900E+05-0.14165274E+02 0.13186295E+01 8 38%HE-01-0.71385623E-04
0.65356359E-07-0.22617666E-10 0.95456106E+05 6.AHBE+02 4
C4H2 D11/99C 4H 2 0 O0G 3W® 3000.000 1000.00 1
0.91576328E+01 0.55430518E-02-0.13591604E-05 8AMB/AE-10 0.23189536E-13
0.52588039E+05-0.23711460E+02 0.10543978E+01 QGHGDE-01-0.65871784E-04
0.53257075E-07-0.16683162E-10 0.54185211E+05 6G3®BLE+02 4
nC4H3 USC/07C 4H 30 0 0G .800 5000.000 1000.00 1
0.78045716E+01 0.10712364E-01-0.41939124E-05 @GDA7E-09-0.36271326E-13
0.62987805E+05-0.14129741E+02 0.81667686E+00 OG3BY1E-01-0.48045651E-04
0.32066808E-07-0.85628215E-11 0.64455754E+05 @AXIBE+02 4
iC4H3 USC/07C 4H 30 0 0G X300 5000.000 1000.00 1
0.76538548E+01 0.11204055E-01-0.46401342E-05 8@&POE-09-0.57430562E-13
0.57954363E+05-0.11756476E+02 0.37221482E+01 6872%8BE-01-0.26356343E-04
0.15508920E-07-0.38040565E-11 0.58837121E+05 G/7B56E+01 4
C4H4 USC/07C 4H 40 0 O0G .800 5000.000 1000.00 1
0.72539601E+01 0.13914094E-01-0.52932214E-05 8B8&0E-09-0.35197882E-13
0.31766016E+05-0.12629521E+02 0.58857048E+00 86HHHE-01-0.34106968E-04
0.16652619E-07-0.30064623E-11 0.33359492E+05 6. 281E+02 4
nC4H5 USC/07C 4H 50 0 0G .800 5000.000 1000.00 1
0.74087291E+01 0.17752748E-01-0.75601506E-05 03A25E-08-0.91100182E-13
0.40438762E+05-0.13150027E+02 0.22611290E+00 83571 E-01-0.22120474E-04
0.14390138E-08 0.26435809E-11 0.42428410E+05 664MLE+02 4
iC4H5 USC/07C 4H 50 0 0G X00® 5000.000 1000.00 1
0.69646029E+01 0.18274333E-01-0.78133735E-05 O2B24E-08-0.10920493E-12
0.34725098E+05-0.10649321E+02 0.11308105E+00 B0BIHE-01-0.35413581E-04
0.15530969E-07-0.23355122E-11 0.36383371E+05 028%/E+02 4
C4H6 H6W/94C 4H 6 0 O0G 3W® 3000.000 1000.00 1
0.88673134E+01 0.14918670E-01-0.31548716E-05-@¥3BOE-09 0.15761258E-12
0.91338516E+04-0.23328171E+02 0.11284465E+00 62 E-01-0.11107392E-04
-0.92106660E-08 0.62065179E-11 0.11802270E+05 8ZHBE+02 4
C6H P1/93C 6H 1 0 O0G .00 3000.000 1000.00 1
0.12370055E+02 0.52177699E-02-0.16885009E-05 0:2B8E-09-0.15472851E-13
0.12158739E+06-0.34952797E+02-0.25630299E+00 0387E-01-0.11440118E-03

0.10136744E-06-0.34361855E-10 0.12408855E+06 GASDE+02 4
C6H2 D11/99C 6H 2 0 O0G 30D 3000.000 1000.00 1

0.12893918E+02 0.79145068E-02-0.24027240E-05 @@WBE-09 0.31383246E-14
0.79832406E+05-0.40771996E+02 0.45099974E+00 0HIBRE-01-0.11809925E-03
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0.10367632E-06-0.34851039E-10 0.82173062E+05 0ATZAE+02 4
C6H3 H6W/94C 6H 3 0 O0G 3mWD 3000.000 1000.00 1

213

0.58188343E+01 0.27933408E-01-0.17825427E-04 0Z336E-08-0.61707627E-12 2

0.85188250E+05-0.92147827E+00 0.11790619E+01 8 EHE-01-0.73076168E-04
0.52076736E-07-0.15046964E-10 0.85647312E+05 GATA9E+02 4
z-C6H4 D11/99C 6H 4 0 O0G 30O 3000.000 1000.00 1
0.11186811E+02 0.17122138E-01-0.73898623E-05 U38UHE-08-0.10733922E-12
0.60743207E+05-0.29537384E+02 0.20895090E+01 B3BE-01-0.63299172E-04
0.40811642E-07-0.10598600E-10 0.62662203E+05 Q32B3E+02 4
C6H6 D11/99C 6H 6 0 O0G 3W® 3000.000 1000.00 1
0.91381245E+01 0.23854433E-01-0.88127726E-05 O92M E-08-0.18221503E-13
0.52043462E+04-0.29115665E+02-0.48437734E+01 Q. BBU3E-01-0.29485855E-04
-0.69390440E-08 0.82125253E-11 0.91817773E+04 83E&RE+02 4
C8H6 H6W/94C 8H 6 0 O0G 3mW® 3000.000 1

0.24090759E+02 0.78232400E-03 0.11453964E-04-QEH®4E-08 0.93346685E-12
0.27429445E+05-0.10499631E+03-0.52645016E+01 0 B¥?E-01-0.76597848E-04
0.33216978E-07-0.47673063E-11 0.35566242E+05 USHBIHE+02 4

I Burcat's Thermodynamic Database

I J6/821 1 0 0O O0OG 20@W 6000.000 1000. 1
2.61667712E+00-2.66010320E-04 1.86060150E-07-2BAP2E-11 2.52036053E-15
1.20582790E+04 6.87896653E+00 2.50041683E+00-468R1E-06 1.69962536E-08
-2.67708030E-11 1.48927452E-14 1.20947990E+04 168BMRLE+00 1.28402035E+04
HI j9/61H 1.1 1. 0. 0.G 2000 6000.000 1000. 1
2.97348457E+00 1.43564535E-03-5.02266380E-07 89%78E-11-4.90179013E-15
2.25405142E+03 7.52526168E+00 3.55499590E+00-3988PE-04 2.02666229E-07
1.78572096E-09-1.21092442E-12 2.14501374E+03 88¥3E+00 3.19417500E+03
12 gas tpis89l 2. 0. 0. 0.G ZW® 6000.000 1000. 1
4.56588102E+00-3.42229361E-04 4.84410977E-07-B2P%/E-10 1.14951099E-14
6.16023838E+03 5.41958286E+00 3.87234634E+00 8BUAE-03-7.95349191E-06
7.82149773E-09-2.80608071E-12 6.24644830E+03 2QEBYE+00 7.50675626E+03
C4 singlet TO5/09C 4. 0. 0. 0.G 200 6000.000 1000. 1
7.40814694E+00 3.01895448E-03-1.14910268E-06 B&R6/E-10-1.18334627E-14
1.24380520E+05-1.40637637E+01 3.68331740E+00 34BI6E-02-2.61612090E-05
2.24303657E-08-7.80714433E-12 1.25295090E+05 2343DE+00 1.26972309E+05
C8H2 linear T11/07C 8.H 2. 0. 0.G 20D 6000.000 1000. 1
1.63586996E+01 1.08592595E-02-3.91654796E-06 6:B133E-10-3.80413156E-14
1.02366984E+05-5.56746562E+01-3.26701608E-01 283 E-02-1.72876384E-04
1.56816538E-07-5.40488426E-11 1.05392079E+05 221)E+01 1.08244503E+05
c-C6H3 Radical Cy A02/05C 6.H 3. 0. 0.G 200 6000.000 1000. 1
1.07791236E+01 1.29752918E-02-4.74348788E-06 71/34E-10-4.68121821E-14
8.28078760E+04-3.23817342E+01 8.25343066E-01 RAREHE-02 2.14951562E-05
-5.23692607E-08 2.43576096E-11 8.61930921E+04 3 2BA3E+01 8.76673882E+04
C6H5I lodobenzen T 7/10C 6.H 5.1 1. 0.G .00 6000.000 1000. 1
1.33736645E+01 1.87627447E-02-6.84193191E-06 913THE-09-6.72888556E-14
1.33030078E+04-4.44152368E+01 1.93178979E+00 253H¥E-02 4.02135174E-05
-7.91975312E-08 3.54307869E-11 1.74375817E+04 9V E+01 1.94719833E+04
0-C12H9 g 8/00C 12.H 9. 0. 0.G 200 6000.000 1000. 1
2.25692222E+01 3.45619984E-02-1.27020877E-05 2T8BI9E-09-1.25849407E-13
4.05907457E+04-9.57787051E+01 4.07668089E-01 S4B98E-02 7.12515775E-05
-1.44404112E-07 6.48497982E-11 4.85351870E+04 3@AMIE+01 5.14438013E+04
TRIPH T11/05C 18.H 12. 0. 0.G 2W® 6000.000 1000. 1
3.23692778E+01 5.05001645E-02-1.84004568E-05 25881 E-09-1.80901476E-13
1.76447014E+04-1.54285580E+02-1.97977711E+00 85¥R6E-02 9.96440464E-05
-2.10795604E-07 9.54761656E-11 2.97414679E+04 3BBBE+01 3.34355242E+04
0-C6H4 A02/05C 6.H 4. 0. 0.G ZW® 6000.000 1000. 1

3
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1.05707063E+01 1.56860613E-02-5.68267148E-06 SZ23’E-10-5.54966417E-14 2
5.04976657E+04-3.32563927E+01 7.21604591E-01 Z6UA1E-02 3.16372209E-05 3
-6.53230986E-08 2.96082142E-11 5.39797980E+04 23825E+01 5.54615216E+04 4
m-C6H4 A02/05C 6.H 4. 0. 0.G ZmW® 6000.000 1000. 1
1.10822567E+01 1.52050006E-02-5.50413279E-06 83GPE-10-5.37122075E-14 2
5.78788327E+04-3.59993464E+01 1.90321135E-01 2383BE-02 2.38253207E-05 3
-5.98452144E-08 2.82709926E-11 6.15257646E+04 33¥&3E+01 6.29851140E+04 4
p-C6H4 A02/05C 6.H 4. 0. 0.G ZW® 6000.000 1000. 1
1.18961684E+01 1.43787478E-02-5.18375433E-06 848P8/E-10-5.03613102E-14 2
6.37981144E+04-4.05006008E+01-5.78996617E-01 3®EHE-02-1.83312631E-06 3
-3.45973149E-08 1.93580017E-11 6.75574889E+04 BBBME+01 6.90664874E+04 4
C6H5 TO7/10C 6.H 5. 0. 0.G 200 6000.000 1000. 1
1.09540673E+01 1.82072569E-02-6.63331157E-06 23BH0E-09-6.51736617E-14 2
3.51098413E+04-3.64320659E+01 4.91024498E-01 69@K3E-02 7.02556406E-05 3
-1.13389805E-07 4.89202543E-11 3.92340510E+04 REBAE+01 4.05676342E+04 4

I MIT Atm Soot (Richter, Granata, Green, Howard @r©@Omb. Inst. 30, 2005, 1397-1405)
C6H4C2H HR 6/99 BLYPOOC 8H 5 0 O0G 3@® 5000.000 1403.000 1
1.88370382E+01 1.52445522E-02-5.22469596E-06 83ZHE-10-4.72045178E-14 2
5.96821996E+04-7.49107592E+01-1.49929738E+00 ¥DISHE-02-6.29429910E-05 3
2.85073827E-08-5.11137313E-12 6.59494823E+04 383FPE+01 4
C6H5CHCH HR 4/99BLYP C 8H 7 0 O0G 3m 5000.000 1389.000 1
1.98379960E+01 1.97278283E-02-6.91751721E-06 98BI4E-09-6.40922808E-14 2
3.91003225E+04-8.25068718E+01-4.32680301E+00 8@BOE-02-8.07602858E-05 3
3.89465367E-08-7.48186804E-12 4.66230204E+04 4 ZB&HE+01 4

C10H8 HR11/99BLYPOOC 10H 8 0 O0G X300 5000.000 1401.000 1
2.34025312E+01 2.42434427E-02-8.36282016E-06 2(ROBLE-09-7.61153748E-14 2
6.51911936E+03-1.07434728E+02-8.83645988E+00 Q@™ E-01-9.55200914E-05 3
4.21647669E-08-7.39851710E-12 1.66533366E+04 64166E+01 4
C10H7-1 TB 1/99 BLYPOOC 10H 7 0 O0OG 3I@md 5000.000 1401.000 1
2.32134837E+01 2.19245132E-02-7.57801031E-06 2AHHAE-09-6.91369406E-14 2
3.75456274E+04-1.03911378E+02-7.74269427E+00 2R¥LE-01-9.25076899E-05 3
4.12403544E-08-7.28199643E-12 4.72057155E+04 BAGKHE+01 4
C10H7-2 TB 1/99 BLYPOOC 10H 7 0 O0G 3I@® 5000.000 1401.000 1
2.32356550E+01 2.19168575E-02-7.57777612E-06 4 14856E-09-6.91588767E-14 2
3.76662306E+04-1.04074200E+02-7.71898395E+00 I3BEUE-01-9.26741654E-05 3
4.13767346E-08-7.31737931E-12 4.73225871E+04 SEPE+01 4

C12H8 HR 4/99 BLYPOOC 12H 8 0 O0G X300 5000.000 1401.000 1
2.75844041E+01 2.58939856E-02-8.95813505E-06 D24E2E-09-8.18183535E-14 2
3.71546148E+04-1.29116717E+02-9.78321241E+00 1£254E-01-1.11372820E-04 3
4.96439934E-08-8.75662028E-12 4.88101806E+04 63U E+01 4

A2R5 HR11/99BLYPOOC 12H 8 0 O0G 3I@® 5000.000 1403.000 1
2.76084357E+01 2.58970568E-02-8.96396991E-06 2QMA3E-09-8.19162718E-14 2
1.76013063E+04-1.29907331E+02-1.03455978E+01 T80G5E-01-1.13761164E-04 3
5.08965892E-08-8.99713706E-12 2.93924490E+04 69241 E+01 4
A2R5J1 TB1/99BLYP C 12H 7 0 O0G 3m® 5000.000 1402.000 1
2.72278172E+01 2.37367077E-02-8.23307891E-06 BMPOE-09-7.54211310E-14 2
5.07348517E+04-1.26018952E+02-9.08815670E+00 84881 E-01-1.09212390E-04 3
4.91391820E-08-8.72000920E-12 6.19816965E+04 GRM4E+01 4
A2R5J3 TB1/99BLYP C 12H 7 0 O0G 3W® 5000.000 1402.000 1
2.95753866E+01 2.14830939E-02-7.41615728E-06 SABEHE-09-6.77674004E-14 2
4.75148199E+04-1.40035567E+02-1.00212736E+01 H&BHE-01-1.08541906E-04 3
4.63139645E-08-7.72705443E-12 5.99924259E+04 6@B62PE+01 4
A2R5J4 TB1/99BLYP C 12H 7 0 O0G 3W® 5000.000 1402.000 1
2.73864003E+01 2.35907344E-02-8.18015231E-06 22B39E-09-7.49128449E-14 2
4.86973348E+04-1.26836980E+02-9.11350427E+00 83803E-01-1.10617562E-04 3



5.00287584E-08-8.91366253E-12 5.99556335E+04 @3WBIBE+01 4
A2R5J5 TB1/99BLYP C 12H 7 0 O0G 3m® 5000.000 1402.000 1

2.73127115E+01 2.36607767E-02-8.20602003E-06 428BLE-09-7.51660931E-14 2

4.89445491E+04-1.26433916E+02-9.18225753E+00 $2343E-01-1.10229668E-04
4.97449695E-08-8.84730241E-12 6.02194179E+04 6QBIPE+01 4
A2R5YNE1 HR 7/99BLYPC 14H 8 0 O0G 3000 5000.000 1402.000 1
3.21119732E+01 2.71033090E-02-9.36641900E-06 83W211 E-09-8.54407854E-14
4.12237735E+04-1.50347391E+02-7.94248081E+00 $B5BE-01-1.22773168E-04
5.57488358E-08-9.98622256E-12 5.35583225E+04 23B0E+01 4
A2R5YNE3 HR7/99BLYPC 14H 8 0 0G 3000 5000.000 1402.000 1
3.22753161E+01 2.69761865E-02-9.32481150E-06 S8EE-09-8.50823247E-14
4.22413139E+04-1.50406092E+02-7.68051241E+00 9BB2BE-01-1.23464227E-04
5.63670416E-08-1.01469540E-11 5.45113980E+04 3SBHEBLE+01 4
A2R5YNE4 HR7/99BLYPC 14H 8 0 0G 3000 5000.000 1401.000 1
3.23047034E+01 2.69617198E-02-9.32221063E-06 #4584 E-09-8.50839096E-14
4.26767312E+04-1.50798504E+02-7.99432137E+00 2SBEBE-01-1.26084103E-04
5.80711675E-08-1.05356870E-11 5.49966516E+04 5B8BLE+01 4
A2R5YNE5 HR 7/99BLYPC 14H 8 0 O0G 3000 5000.000 1402.000 1
3.21612525E+01 2.70662867E-02-9.35425400E-06 9:A8BOE-09-8.53316967E-14
4.22611911E+04-1.50529220E+02-7.89238679E+00 T6HH’E-01-1.23792033E-04
5.65006962E-08-1.01667537E-11 5.45561956E+04 S AIEPE+01 4
A2R5YN1J2 HR7/99 BLYPC 14H 7 0 O0G 3mD 5000.000 1400.000 1
3.18826308E+01 2.48270613E-02-8.59898020E-06 9B#BE-09-7.86553246E-14
7.46950504E+04-1.48000717E+02-7.22261674E+00 93UBIE-01-1.21449249E-04
5.58755730E-08-1.01085404E-11 8.66450722E+04 3B886E+01 4
A2R5YN3J4 HR 11/99BLYP C 14H 7 0 0G 3m® 5000.000 1403.000 1
3.20556827E+01 2.46638522E-02-8.53744993E-06 &3 E-09-7.80255741E-14
7.38766433E+04-1.48236755E+02-6.40177627E+00 T(XBHE-01-1.19833893E-04
5.51057999E-08-9.95836756E-12 8.55974978E+04 3IS5E+01 4
A2R5YN4J3 HR 11/99BLYPC 14H 7 0 O0G 3mD 5000.000 1402.000 1
3.20292021E+01 2.46955395E-02-8.55137550E-06 2488%6E-09-7.81927998E-14
7.41627859E+04-1.48567777E+02-6.80724534E+00 6(BU?E-01-1.19646053E-04
5.46843524E-08-9.82662943E-12 8.60464782E+04 82I6BE+01 4
A2R5YN4J5 HR 11/99BLYP C 14H 7 0 0G 3m® 5000.000 1403.000 1
3.20221044E+01 2.46903037E-02-8.54681341E-06 2BBBE-09-7.81202921E-14
7.45108809E+04-1.48012549E+02-6.55646892E+00 04BBE-01-1.18784303E-04
5.42365974E-08-9.73841861E-12 8.63194759E+04 637EPE+01 4
A2R5YN5J4 HR7/99 BLYPC 14H 7 0 O0G 3mD 5000.000 1404.000 1
3.20640677E+01 2.46700966E-02-8.54302844E-06 93BY5E-09-7.81163664E-14
7.37678190E+04-1.48575286E+02-6.58001201E+00 T8HA3E-01-1.18016707E-04
5.35722667E-08-9.56225179E-12 8.56189900E+04 53%75E+01 4
A3R5J7 HR11/99BLYPC 16H 9 0 0G 300® 5000.000 1402.000 1
3.65198841E+01 3.12053139E-02-1.08300483E-05 TGIWE-09-9.92854587E-14
5.19613121E+04-1.77370872E+02-1.22352016E+01 9B3IVE-01-1.46124302E-04
6.56704260E-08-1.16286724E-11 6.70531193E+04 83BZBE+01 4
A3R5J10 HR 11/99 BLYPC 16H 9 0 0G 300 5000.000 1401.000 1
3.66422872E+01 3.10853394E-02-1.07862682E-05 TMPA0E-09-9.88746344E-14
5.14040913E+04-1.78135777E+02-1.21897707E+01 8BI9/E-01-1.44965037E-04
6.47870002E-08-1.14113841E-11 6.65676994E+04 B8B3I90E+01 4
A3LR5JS MM300-THERM C 16H 9 0 O0G 3000 5000.000 1394.000 1
3.51937788E+01 3.24891140E-02-1.13089072E-05 29091E-09-1.04019562E-13
5.48035190E+04-1.67315319E+02-8.50245255E+00 63230E-01-1.19412269E-04
5.02477747E-08-8.45566931E-12 6.90225761E+04 @4316E+01 4
A3LR5 HRO04/00 BLYP C 16H 10 O O0G 300 5000.000 1400.000 1
3.68457135E+01 3.34150918E-02-1.15801847E-05 6436PE-09-1.05993871E-13
1.99631829E+04-1.80251762E+02-1.31351173E+01 8/8H18E-01-1.47428990E-04
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6.54689019E-08-1.14931149E-11 3.55827405E+04 8Z&3H E+01 4
BIPHENH HR 4/99 BLYPOOC 12H 9 0 0G 3000 5000.000 1402.000 1

2.87663424E+01 2.73722766E-02-9.45354931E-06 B4WZAE-09-8.61724077E-14 2

4.70722218E+04-1.34442577E+02-1.03237782E+01 3P E-01-1.18286026E-04
5.31769275E-08-9.45503080E-12 5.91991673E+04 20A2E+01 4
C12H10 HR11/99BLYPOOC 12H 10 O O0G .800 5000.000 1394.000 1
2.86695178E+01 3.02015016E-02-1.05655370E-05 43HE3E-09-9.76572185E-14
7.60422537E+03-1.34434827E+02-1.08038552E+01 438HE-01-1.21268985E-04
5.53819438E-08-1.00979145E-11 2.00556981E+04 DSBEBE+01 4
PHEN HR11/99BLYPOOC 14H 10 0 0G 300 5000.000 1402.000 1
3.25629928E+01 3.18642789E-02-1.10210129E-05 H4U3E-09-1.00623319E-13
8.20029214E+03-1.57226303E+02-1.19404574E+01 160B49E-01-1.30758245E-04
5.75914058E-08-1.00591474E-11 2.21810569E+04 PHRIOE+01 4
A3J1 HR 6/99BLYPOOC 14H 9 0 O0G 3@® 5000.000 1401.000 1
3.22842997E+01 2.96288141E-02-1.02664407E-05 #&DB5E-09-9.39327423E-14
3.93429658E+04-1.53865589E+02-1.09040715E+01 43BBHE-01-1.28948698E-04
5.76183034E-08-1.01854264E-11 5.28076539E+04 92BBE+01 4
A3J2 HR6/99BLYPC 14H 9 0 O0G 3mD 5000.000 1403.000 1
3.24061829E+01 2.94901003E-02-1.02110654E-05 05¥HE-09-9.33548206E-14
3.94950191E+04-1.54635510E+02-1.03837170E+01 $6883PE-01-1.24578102E-04
5.46229132E-08-9.47662806E-12 5.29307683E+04 1M4BYE+01 4
A3J4 HR 6/99BLYPOOC 14H 9 0 O0G 3D 5000.000 1401.000 1
3.24592632E+01 2.94561329E-02-1.02023235E-05 DIPHE-09-9.33111464E-14
3.82894894E+04-1.54957971E+02-1.09120537E+01 2/Z88BE-01-1.28798224E-04
5.73715648E-08-1.01060264E-11 5.18219254E+04 BPRIZE+01 4
A3J9 HR6/99 BLYPC 14H 9 0 O0G 3m® 5000.000 1401.000 1
3.23091706E+01 2.95756612E-02-1.02418755E-05 D4RB6E-09-9.36541706E-14
3.93266179E+04-1.54092471E+02-1.08338659E+01 S9BWE-01-1.27400954E-04
5.65119210E-08-9.92057090E-12 5.28246534E+04 3HH2E+01 4
A3C2H-1 HR6/99BLYPC 16H 10 0 0G 3m@0 5000.000 1401.000 1
3.73588865E+01 3.27870345E-02-1.13180045E-05 YABBIE-09-1.03111666E-13
3.34456064E+04-1.78293824E+02-9.27377401E+00 TGMHE-01-1.41734955E-04
6.39142152E-08-1.14013129E-11 4.79003559E+04 6@I4E+01 4
A3C2H-1JP HR BLYP-THERMC 16H 9 0 O0G 3W@0 5000.000 1397.000 1
3.70857649E+01 3.04702886E-02-1.05239953E-05 IT4B¥H6E-09-9.60012998E-14
6.46707148E+04-1.75357378E+02-7.64228357E+00 96MWIDE-01-1.30459803E-04
5.75544684E-08-1.00616675E-11 7.87427736E+04 63WPE+01 4
A3C2H-2 HR7/99BLYPC 16H 10 0 O0G 3miD 5000.000 1401.000 1
3.72598081E+01 3.29424978E-02-1.13861351E-05 Y881 E-09-1.03866988E-13
3.32307992E+04-1.77354975E+02-9.00521419E+00 T BYMME-01-1.41194806E-04
6.38147186E-08-1.14169607E-11 4.75751775E+04 8 Z588BE+01 4
A3C2H-2JS HR BLYP-THERMC 16H 9 0 O0G 300 5000.000 1398.000 1
3.67812640E+01 3.10152926E-02-1.07699767E-05 Y®BIBE-09-9.87789667E-14
6.37587690E+04-1.73313834E+02-7.59050661E+00 9QBAE-01-1.31806093E-04
5.88251124E-08-1.04170126E-11 7.76876714E+04 S3YZ7E+01 4
A3R5 HR4/99BLYP C 16H 10 0 O0G 3mm 5000.000 1402.000 1
3.67462285E+01 3.34932026E-02-1.16049002E-05 2B1B5E-09-1.06187329E-13
2.08682892E+04-1.79724343E+02-1.30559449E+01 3 EHME-01-1.46521443E-04
6.48635058E-08-1.13498164E-11 3.64369485E+04 844E+01 4
PYRENE HR11/99BLYPC 16H 10 0 0G 30D 5000.000 1401.000 1
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3.65839677E+01 3.36764102E-02-1.16783938E-05 T:BEHE-09-1.06963777E-13 2

9.29809483E+03-1.81272070E+02-1.29758980E+01 9@B4E-01-1.43851166E-04
6.31057915E-08-1.09568047E-11 2.48866399E+04 BB#ME+01 4
CHRYSENJ1 MM300-THERM C 18H 11 0 0G 3mD 5000.000 1395.000 1

3

3.94271918E+01 3.92828136E-02-1.36947073E-05 PASAE-09-1.26125737E-13 2

4.43864722E+04-1.91848271E+02-9.12122835E+00 0:A8¥6E-01-1.30504730E-04

3



5.38950856E-08-8.95299337E-12 6.03944025E+04 6 G8B4E+01 4

CHRYSENJ4 MM300-THERM C 18H 11 0 OG 3mip 5000.000 1395.000 1

3.94271918E+01 3.92828136E-02-1.36947073E-05 RPASAE-09-1.26125737E-13
4.43864722E+04-1.91848271E+02-9.12122835E+00 0/BEHE-01-1.30504730E-04
5.38950856E-08-8.95299337E-12 6.03944025E+04 @ &I E+01 4
CHRYSEN CJPMM300 C 18H 12 0 0G .B00 5000.000 1396.000 1
4.02767814E+01 4.07664763E-02-1.41327835E-05 83 430E-09-1.29371528E-13
1.36797665E+04-1.98070319E+02-1.06837095E+01 84882E-01-1.39372979E-04
5.81858481E-08-9.74318604E-12 3.03145297E+04 7Z28BAE+01 4
FLTHNJ7 HR7/99BLYPC 16H 9 0 O0G 30@0 5000.000 1401.000 1
3.63148950E+01 3.14318646E-02-1.09199042E-05 95687/E-09-1.00223601E-13
4.83383327E+04-1.76380800E+02-1.22209030E+01 SBIBUE-01-1.43780999E-04
6.41350151E-08-1.12883975E-11 6.34501455E+04 9 B3MBE+01 4
FLTHN HR4/99BLYP C 16H 10 0 O0G 3000 5000.000 1401.000 1
3.65828989E+01 3.36775448E-02-1.16788087E-05 83B1E-09-1.06967522E-13
1.72680575E+04-1.79821482E+02-1.30869351E+01 3%ADE-01-1.44492135E-04
6.34903784E-08-1.10395110E-11 3.28765164E+04 8./A3W6E+01 4
BGHIF 10/07/93 MM395C 18H 10 O OG 3m@b 5000.000 1392.000 1
3.89402846E+01 3.75036664E-02-1.33632064E-05 PI4BEDE-09-1.27219014E-13
2.83699011E+04-1.91759886E+02-1.16928756E+01 6%/7ME-01-1.44270086E-04
6.26787591E-08-1.09009059E-11 4.46898283E+04 3IMWBE+01 4
BBFLUOR CJP MM300 C 20H 12 0 0G 3@® 5000.000 1396.000 1
4.43530126E+01 4.25497219E-02-1.47832424E-05 28281 E-09-1.35670659E-13
2.06334287E+04-2.20678121E+02-1.21872196E+01 OBBPE-01-1.56436955E-04
6.61852991E-08-1.11867885E-11 3.89302853E+04 B6BERBE+01 4

| Estimated P.W.
0-C12H9l C 12H 91 1 G 2000 6000.000 1000.00 1
0.24643894E+02 0.35544564E-01-0.12920983E-04 6(PN3bE-08-0.12691161E-12

0.23119372E+05-0.10275618E+03 0.14695996E+01 Q&MEE-01 0.44874455E-04
-0.10203895E-06 0.42312529E-10 0.31034918E+05 @Z52HE+02 4
m-C12H9I C 12H 91 1 G 2000 6000.000 1000.00 1

0.24578051E+02 0.35604135E-01-0.12942920E-04 8 Z02PE-08-0.12713353E-12
0.21411232E+05-0.10274886E+03 0.14381733E+01 QZEME-01 0.44870325E-04
-0.10198430E-06 0.42283826E-10 0.29316749E+05 G23B2E+02 4
p-C12H9I C 12H 91 1 G 2000 6000.000 1000.00 1
0.24538955E+02 0.35647590E-01-0.12960758E-04 Q8431E-08-0.12733320E-12
0.21409114E+05-0.10252608E+03 0.14119425E+01 09&2BLE-01 0.44915226E-04
-0.10201817E-06 0.42291675E-10 0.29311818E+05 G43BBE+02 4
DPE C 14H 10 G 2w 6000.000 1000.00 1
0.25425461E+02 0.40303195E-01-0.14661438E-04 O2B84E-08-0.14413009E-12
0.34275447E+05-0.10842533E+03-0.85541767E+00 @ZBPE-01 0.37906758E-04
-0.10274014E-06 0.43659480E-10 0.43035847E+05 8558LE+02 4
BENZO C 12H 8 G 2000 6000.000 1000.00 1
0.21693066E+02 0.32964679E-01-0.12025652E-04 GAGME-08-0.11860776E-12
0.38273211E+05-0.94072694E+02-0.18952793E+01 Q®BENLE-01 0.33367222E-04
-0.90605602E-07 0.38600695E-10 0.46106262E+05 048%8/E+02 4
C6H5C6H3 C 12H 8 G 2o 6000.000 1000.00 1
0.21834240E+02 0.32817030E-01-0.11966625E-04 GAZEBE-08-0.11796545E-12
0.57854999E+05-0.94186618E+02-0.21008708E-01 6BIF7E-01 0.35338246E-04
-0.89061632E-07 0.37505573E-10 0.65199988E+05 QZABNIE+02 4
BICYCLO C 12H 10 G 2000 6000.000 1000.00 1
0.22254488E+02 0.37643162E-01-0.13667443E-04 @@220E-08-0.13403330E-12
0.32117245E+05-0.99857186E+02-0.38085817E+01 @3(BHE-01 0.33811263E-04
-0.97380150E-07 0.41755272E-10 0.40727478E+05 GREPE+02 4
o-TERPH C 18H 14 G 2ZO0® 6000.000 1000.00 1
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0.33297406E+02 0.54875869E-01-0.19956343E-04 Q.B832%6E-08-0.19605477E-12 2
0.22130067E+05-0.15494507E+03-0.50678468E+00 OS8A49E-01 0.86178861E-04 3
-0.17049180E-06 0.68986537E-10 0.34040244E+05 8.8338/E+02 4
m-TERPH C 18H 14 G D 6000.000 1000.00 1
0.33247445E+02 0.54924357E-01-0.19975048E-04 @S2ZHE-08-0.19625439E-12 2
0.20384334E+05-0.15453354E+03-0.57179147E+00 Q8/BPE-01 0.85427137E-04 3
-0.16978568E-06 0.68757044E-10 0.32286809E+05 Q.BKHE+02 4
p-TERPH C 18H 14 G ZuD 6000.000 1000.00 1
0.33227265E+02 0.54949329E-01-0.19985956E-04 6B22HE-08-0.19638519E-12 2
0.20295647E+05-0.15433427E+03-0.64797155E+00 8B7BE-01 0.84534319E-04 3
-0.16901376E-06 0.68518943E-10 0.32200223E+05 @IB2E+02 4
BENZOHYyI C 12H 8 G 2000 6000.000 1000.00 1
0.22329921E+02 0.32464872E-01-0.11860251E-04 8AME-08-0.11714541E-12 2
0.71799829E+05-0.97326366E+02-0.18394670E+01 6BF0E-01 0.33271619E-04 3
-0.91531995E-07 0.39096199E-10 0.79802843E+05 @BHI2E+02 4
C6H4oct C 12H 8 G ZmD 6000.000 1000.00 1

0.22258902E+02 0.32508123E-01-0.11874998E-04 Q38R6E-08-0.11734107E-12 2
0.77457998E+05-0.94706235E+02-0.84547124E+00 Q838E-01 0.88200312E-05 3

-0.64962392E-07 0.29885375E-10 0.84734227E+05 G5E0E+02 4
BENZOH C 12H 9 G 2000 6000.0001000.00 1

0.24654472E+02 0.31111906E-01-0.11550007E-04 8348DE-08-0.11618184E-12 2
0.43329829E+05-0.10950280E+03-0.21429115E+01 @@¥Z2E-01 0.40831798E-04 3
-0.10406823E-06 0.44141803E-10 0.52242075E+05 @Z3¥3RE+02 4
C6H5CHC5H4 C 12H 10 G 200 6000.000 1000.00 1
0.24625803E+02 0.33500872E-01-0.12333638E-04 649W2/E-08-0.12289634E-12 2
0.28004028E+05-0.10781289E+03-0.29541656E+00 U&HMSE-01 0.57160022E-04 3
-0.11730960E-06 0.47962877E-10 0.36638622E+05 6BBELE+02 4
m-C12H9 C 12H 9 G Zm® 6000.000 1000.00 1
0.21986992E+02 0.35279510E-01-0.12832818E-04 Q2P E-08-0.12610805E-12 2
0.43003230E+05-0.93392213E+02-0.28427623E+00 G&¥HE-01 0.52828593E-04 3

-0.10811256E-06 0.44032297E-10 0.50778968E+05 6 BI®E+02 4
p-C12H9 C 12H 9 G Zm® 6000.000 1000.00 1

0.22045218E+02 0.35229926E-01-0.12815783E-04 8 Z2B3E-08-0.12595575E-12 2
0.43261735E+05-0.93705289E+02-0.36709458E+00 O BBSPE-01 0.50373785E-04 3
-0.10592544E-06 0.43349546E-10 0.51038588E+05 O30BSE+02 4

PHENH C 14H 12 G 2Zmp 6000.000 1000.00 1
0.26719757E+02 0.43996436E-01-0.16084604E-04 03ZHE-08-0.15899272E-12 2
0.45330018E+05-0.12159388E+03-0.13819074E+01 Q54HE-01 0.60968444E-04 3
-0.13062602E-06 0.53627021E-10 0.55044735E+05 6 23R E+02 4

I SPECIES FOR ACETONE DECOMPOSITION SUBMECHANISM

I S. Dooley, S.H. Won, M. Chaos, J. Heyne, Y. Ju, Bryer, K. Kumar, C.J. Sung, H. Wang,
I M.A. Oehlschlaeger, R.J. Santoro, T.A. Litzinggmbustion and Flame 157 (2010) 2333-2339.
CH3COCH3 8/30/4thermC 3H 60 1 0g .800 5000.000 1382.000 1
9.62674379e+00 1.45519245e-02-4.97749457e-06 946D e-10-4.48367165e-14 2
-3.11862263e+04-2.61613449e+01 1.24527408e+00 @028be-02-1.40026661e-05 3
2.16453512e-09 1.27637295e-13-2.78348727e+04 82836he+01 4

CH3CO t9/92C 2H 30 1 0Og 200 6000.0 1000.0 1

0.59447731e+01 0.78667205e-02-0.28865882e-05 D0875e-09-0.28599861e-13 2
-0.37873075e+04-0.50136751e+01 0.41634257e+01-6153De-03 0.34267820e-04 3
-0.44105227e-07 0.17275612e-10-0.26574529e+04 68280e+01-0.12027167e+04 4
CH3COCH2 8/30/4thermC 3H 50 1 0g .800 5000.000 1388.000 1
1.08892477e+01 1.11540675e-02-3.85516785e-06 8402Be-10-3.51533449e-14 2
-1.00741464e+04-3.18043322e+01 1.22337251e+00 86742e-02-2.13542518e-05 3
6.96777735e-09-8.99160299e-13-6.59419324e+03 2723F3e+01 4

CH2CO I5/90C 2H 20 1 00g 2ZW® 3500.000 1000.000 1
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4.51129732e+00 9.00359745e-03-4.16939635e-06 £5882e-10-7.94838201e-14 2
-7.55105311e+03 6.32247205e-01 2.13583630e+00 88FP1e-02-1.73947474e-05 3
9.34397568e-09-2.01457615e-12-7.04291804e+03 3628De+01 1.17977430e+04 4
Cco 121286C 10 1 g 0800 5000.00 1000.00 1
0.03025078e+02 0.01442689e-01-0.05630828e-05 083B1e-08-0.06910952e-13 2
-0.01426835e+06 0.06108218e+02 0.03262452e+02 01943 e-01-0.03881755e-04 3
0.05581944e-07-0.02474951e-10-0.01431054e+06 438385 e+02 4
C6H5CH3 16/87C 7H 8 0 0Og Zm® 6000.000 1000. 1
0.12940034e+02 0.26691287e-01-0.96838505e-05 B8BZPe-08-0.94663601e-13 2
-0.69764908e+03-0.46728785e+02 0.16152663e+01 992BBe-01 0.85366018e-04 3
-0.13261066€e-06 0.55956604e-10 0.40756300e+04 8220Pe+02 0.60135835e+04 4

I Burcat's Thermodynamic Database

CH3CHCH Al12/04C 3.H 5. 0. 0.G Zm® 6000.000 1000. 1
6.05091412E+00 1.34052084E-02-4.73450586E-06 BHB/E-10-4.48421084E-14 2
2.90860210E+04-6.73692060E+00 3.33277282E+00 ODBBIE-02 2.17559727E-05 3
-3.47145235E-08 1.44476835E-11 3.03404530E+04 QZ3BE+00 3.19361425E+04 4
C3H3 PROPARGYL T6/09C 3H 3 0 0G 2md 6000.000 1000. 1
7.14221719E+00 7.61902211E-03-2.67460030E-06 4R E-10-2.51475443E-14 2
3.72008859E+04-1.25848690E+01 1.35110873E+00 312RMUE-02-4.73827407E-05 3
3.76310220E-08-1.18541128E-11 3.83979206E+04 H3IBE+01 3.99061400E+04 4
C3H6 propylene g 2/00C 3.H 6. 0. 0.G .200 6000.000 1000. 1
6.03870234E+00 1.62963931E-02-5.82130800E-06 S&BE-10-5.58603143E-14 2
-7.41715057E+02-8.43825992E+00 3.83464468E+00 32IHPE-03 5.05228001E-05 3
-6.66251176E-08 2.63707473E-11 7.88717123E+02 DEBUIE+00 2.40543339E+03 4
ALLENE L8/89C 3H 4 0 0G 2000 6000.000 1000. 1
0.63168722E+01 0.11133728E-01-0.39629378E-05 643BE-09-0.37875540E-13 2
0.20117495E+05-0.10995766E+02 0.26130445E+01 QZ75E-01 0.18539880E-04 3
-0.34525149E-07 0.15335079E-10 0.21541567E+05 QATBOE+02 0.22962267E+05 4
C5H8 CycloPente T11/10C 5.H 8. 0. 0.G .200 6000.000 1000. 1
8.91460073E+00 2.49544912E-02-8.95888089E-06 T6RELE-09-8.65296298E-14 2
-6.43700968E+02-2.68476506E+01 3.36332222E+00-03MB6E-03 1.26080496E-04 3
-1.65877230E-07 6.67068939E-11 2.84577994E+03 A(XFASE+01 4.48818944E+03 4
C3H4 PROPYNE T2/90H 4C 3 0 0G .00 6000.000 1000. 1
0.60252400E+01 0.11336542E-01-0.40223391E-05 UMBIBE-09-0.38299635E-13 2
0.19620942E+05-0.86043785E+01 0.26803869E+01 O94EH1E-01 0.25070596E-05 3
-0.13657623E-07 0.66154285E-11 0.20802374E+05 63#Y1E+01 0.22302059E+05 4
c-C5H6 T1/90C 5H 6 0 O0G 2Z@D 6000.000 1000. 1
0.99757848E+01 0.18905543E-01-0.68411461E-05 OQ434DE-08-0.66680236E-13 2
0.11081693E+05-0.32209454E+02 0.86108957E+00 O40MLE-01 0.72108895E-04 3
-0.11338055E-06 0.48689972E-10 0.14801755E+05 62453E+02 0.16152485E+05 4
C5H7 Cy-len-1-yl A9/04C 5H 7. 0. 0.G Zm@ 6000.000 1000. 1
9.74013709E+00 2.15079576E-02-7.71169114E-06 5ZBBBE-09-7.43887470E-14 2
1.56355223E+04-2.89664925E+01 2.31203194E+00 2Z3BADE-03 9.35725543E-05 3
-1.33744658E-07 5.55553794E-11 1.91721662E+04 9Z583E+01 2.07617132E+04 4
C3H5 SYMMETRIC T9/96C 3H 5 0 0G 2000 6000.000 1000. 1
0.70094568D+01 0.13106629D-01-0.46533442D-05 (L.#383D-09-0.44350051D-13 2
0.16412909D+05-0.13946114D+02 0.14698036D+01 34365D-01 0.14480425D-04 3
-0.35468652D-07 0.16647594D-10 0.18325831D+05 @46¥4D+02 0.19675772D+05 4

ENDOFDATA
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APPENDIX D

Included for each optimized stationary structusgsrted Chapter 7:

e Cartesian Coordinateéi(lgstrbms);

e uB3LYP/6-311+G(d,p) electronic energies (hartrees);

* UCCSD(T)/cc-pVDZ electronic energies (hartrees);

»  zero-point vibrational energies ZPVE (hartrees);

« imaginary vibrational frequencies (€)n(only for saddle points).



benzene (GHe)

uB3LYP/6311+G(d,p) = -232.3112456
ZPVE = 0.100142

Boo~vououorwrnr

11
12

singlet o-benzyne (GH.)

PFRPRPFPFPFPOOOOOOOO

-1.394361
-0.672211
0.722155
1.394450
0.672180
-0.722188
-2.478599
-1.195012
1.283736
1.194906
-1.283839
2.478661

uB3LYP/6311+G(d,p) = -230.9726840
ZPVE = 0.074883

Boo~vouorwnr

triplet o-benzyne (GH.,)

PRPRPRPOOODOOOOOD®

1.170104
0.000000
-1.289206
-1.201746
-0.165049
1.140814
2.133449
0.087848
-2.191661
2.040865

uB3LYP/6311+G(d,p) = -230.9220022
ZPVE = 0.074066

Boo~vouorwnr

acetylene

RPRPRPRPOOOOOOOO®

1.175138
0.000000
-1.249551
-1.284797
-0.106738
1.124486
2.137334
0.044583
-2.169981
2.036834

uB3LYP/6311+G(d,p) = -77.3566458
ZPVE = 0.027032

A WN PP

PP OO

0.000000
0.000000
0.000000
0.000000

uCCSD(T)/cc-pVBZ231.5806796

0.028850
1.221976
1.193070
-0.028853
-1.221917
-1.193128
0.051288
2.172009
2.120776
-2.172058
-2.120723
-0.051289

uCCSD(T)/cc-pVBZ2230.2593904

0.491488
1.269077
0.695776
-0.683828
-1.372534
-0.919196
0.991446
2.350868
1.293016
-1.520029

uCCSD(T)/cc-pVB2230.2077155

0.550417
1.297480
0.656116
-0.719846
-1.467893
-0.853237
1.050571
2.380858
1.232892
-1.442545

uCCSD(T)/cc-pVBZ77.1088354

0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000001
0.000001
0.000000
-0.000001
0.000000
-0.000001

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.599658
-0.599658
1.662781
-1.662781
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TS1

uB3LYP/6311+G(d,p) = -463.2634968
ZPVE = 0.176272

©CoOoO~NOOODWNPE

10

PRPRPPRPPRPPRPOOODOOODOORPEFRPEPPOOOOOOO®

1.759756
0.625799
0.625767
1.759662
2.963323
2.963369
1.765064
1.764894
3.909101
3.909184
-1.619104
-1.619615
-1.882902
-1.883136
-1.882890
-1.883123
-1.539731
-1.957123
-1.957547
-1.540557
-1.957585
-1.957136

singlet benzobicyclo-[2,2,2]octatriene (SL
uB3LYP/6311+G(d,p) = -463.3571048
ZPVE = 0.180692

O©CoOO~NOOTPSWNPE

PRPRPPRPPRPPRPO0OOODOOOOODOORREFPEPPOOODOOOO

1.536741
0.343688
0.343687
1.536739
2.748029
2.748030
1.538737
1.538734
3.687347
3.687349
-1.077631
-1.077632
-1.759099
-1.759098
-1.758874
-1.758875
-1.087113
-2.167872
-2.167861
-1.087117
-2.168218
-2.168223

UuCCSD(T)/cc-pVDZ461.8304529
Imaginary Vibration = 335i.32

1.433016
0.642306
-0.642095
-1.432891
-0.699697
0.699743
2.518033
-2.517908
-1.232349
1.232331
1.356759
1.356707
-0.684586
0.684380
-0.684525
0.684444
-2.437993
-1.248917
1.248851
2.437963
1.248746
-1.249014

uCCSD(T)/cc-pVBZ461.9395410

1.403385
0.700801
-0.700801
-1.403385
-0.695071
0.695069
2.488719
-2.488719
-1.236724
1.236721
1.279170
1.279171
0.664942
0.664903
-0.664902
0.664941
-2.367886
-1.291630
1.291693
2.367888
1.291630
-1.291694

-0.000015
-0.000031
-0.000011
0.000002
0.000012
0.000003
-0.000020
0.000004
0.000027
0.000013
0.000031
-0.000017
-1.223952
-1.223976
1.223988
1.223963
0.000054
2.145934
2.145888
-0.000070
-2.145924
-2.145880

-0.000152
-0.000052
-0.000029
-0.000107
-0.000211
-0.000233
-0.000167
-0.000086
-0.000273
-0.000312
0.000108
0.000066
-1.231753
-1.231775
1.232073
1.232052
0.000130
2.014051
2.014017
0.000046
-2.013690
-2.013646
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TS2

uB3LYP/6311+G(d,p) = -463.2836931
ZPVE = 0.175188

©CoOoO~NOOOD~WNPE

10

naphthalene

6
6
6
6
6
6
1
1
1
1
6
6
6
6
6
6
1
1
1
1
1
1

1.546494
0.336898
0.336836
1.546389
2.736866
2.736891
1.544922
1.545098
3.672041
3.672120
-0.967390
-0.967298
-1.963084
-1.963113
-1.633335
-1.632808
-1.000089
-1.781041
-1.779037
-0.998912
-2.777583
-2.777600

uB3LYP/6311+G(d,p) = -385.9888875
ZPVE = 0.146920

O©oOONOOTWNPE

PRPPRPOORPPFRPOORPRPPOOOOOOOO®

2.430302
1.243637
-0.000004
0.000007
1.243655
2.430313
-1.242069
3.372621
1.242046
-1.243650
-1.243643
1.242090
3.372640
-2.430306
-2.430312
-1.242061
-3.372626
-3.372638

uCCSD(T)/cc-pVvDZ461.8511331
Imaginary Vibration = 585.31

1.400613
0.706117
-0.706261
-1.400794
-0.701920
0.701853
2.485894
-2.48807
-1.24D63
1.24949
-1.337528
1.337930
-0.684964
.685917
0.622565
0.621524
-2.419959
-1.553105
1.552244
2.420440
1.254401
-1.253219

uCCSD(T)/cc-pVDZ384.7923752

-0.707684
-1.400817
-0.715377
0.715388
1.400820
0.707663
-2.485458
-1.242770
-2.485460
-1.400812
1.400813
2.485473
1.242744
0.707678
-0.707672
2.485455
1.242768
-1.242754

-0.075858
-0.233555
-0.233791
-0.076204
0.053870
0.054066
-0.066642
-0.067471
0.158025
0.158131
-0.326362
-0.325752
-1.102321
-1.101946
1.612099
1.612547
-0.244652
2.117803
2.118277
-0.242940
-1.535350
-1.535936

0.000008
-0.000014
-0.000005
-0.000013
-0.000005

0.000016
-0.000028

0.000008
-0.000017

0.000003
-0.000014

0.000015

0.000024

0.000001

0.000017
-0.000020

0.000034

0.000021
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TS3

uB3LYP/6311+G(d,p) = -463.2214998
ZPVE = 0.169352

O©CoOoO~NOOODWNPE

phenyl (CeHs)

PRPRPPRPOOODOOOODOOOORRFRPERPRPPPOOOOOOOO®

-4.091647
-3.397643
-1.999737
-1.332348
-1.999462
-3.397368
-5.175927
-3.941091
-1.451815
-1.451321
-3.940602
-0.053003
4.131888
3.451159
2.050929
1.338809
2.046291
3.420045
5.216522
4.008071
1.522807
3.940862

uB3LYP/6311+G(d,p) = -231.6223286
ZPVE = 0.086973

P
PRoo~v~ourwnr

PRPRPPPRPOOOOOOO®

0.000006
1.212392
1.224456
-0.000012
-1.224459
-1.212385
0.000011
2.150979
2.158301
-2.158314
-2.150967

UCCSD(T)/cc-pVDZ461.7704917
Imaginary Vibration = 1454.46

0.000308
-1.209621
-1.214615

0.000238

1.215160

1.210218

0.000338
-2.148453
-2.150550

2.151131

2.149101

0.000051

0.001116
-0.017897
-0.018595
-0.000081

0.018579

0.019842

0.001538
-0.032314
-0.033465

0.034715

uCCSD(T)/cc-pVB2230.8955608

1.322454
0.631605
-0.771219
-1.395602
-0.771211
0.631619
2.406517
1.176070
-1.322285
-1.322264
1.176090

-0.007244
-0.029166
-0.038730
-0.024808
-0.004461
0.004948
-0.000700
-0.039858
-0.057791
0.002953
0.020776
-0.018843
-0.061806
1.154098
1.185497
-0.007576
-1.202153
-1.272246
-0.079295
2.084595
2.134356
-2.224314

0.000000
0.000000
0.000000
-0.000001
0.000000
0.000000
-0.000001
0.000005
-0.000003
0.000004
-0.000003
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TS4

uB3LYP/6311+G(d,p) = -463.2285989
ZPVE = 0.174560

©CoOoO~NOOOD~WNPE

10

S2

PRPRPPRPPRPPRPOOODOOODOOOREFPREPREPOOOOOOO®

3.282132
1.961647
0.905459
1.177763
2.510608
3.555033
4.088158
0.364111
2.729030
4.584212
-3.084911
-1.248381
-2.656338
-1.766966
-2.631538
-1.741523
-3.782729
-2.987413
-1.396410
-0.702813
-1.441865
-3.032196

uB3LYP/6311+G(d,p) = -463.2743733
ZPVE = 0.176376

O©CoONOOTPWNPE

PRRPRPRRPRPRPRODODODODORRPRPROIDODOOOD

-3.420025
-2.371436
-1.044969
-0.729521
-1.810895
-3.139397
-4.450175
-2.590746
-3.935965
0.722344
1.452395
2.648577
3.277192
2.648949
1.452801
0.642179
0.983721
3.130717
3.131319
0.984394
4.226397
-0.237930

UCCSD(T)/cc-pVvDZ461.7841341
Imaginary Vibration = 238.97

-0.856341
-1.242700
-0.343507
1.011980
1.441844
0.518649
-1.583479
1.731863
2.502444
0.857749
0.904936
-1.193611
0.522590
-0.531017
0.209255
-0.845505
1.726701
0.487824
-1.390744
2.121360
0.833983
1.043537

uCCSD(T)/cc-pVBZ461.8345613

0.506685
1.428797
1.002295
-0.368500
-1.220702
-0.866125
0.846837
2.490567
-1.601920
-0.866792
-0.464115
0.190556
0.541066
0.211112
-0.443087
-1.968078
-0.721549
0.452419
0.488690
-0.684678
1.062188
1.728382

0.017441
0.079836
0.061845
-0.024123
-0.088711
-0.067985
0.033643
-0.040746
-0.155485
-0.117895
-0.138465
0.154674
1.138016
1.290738
-1.264934
-1.123877
-0.252805
-2.250693
-1.994524
0.280822
2.279180
2.011765

-0.004176
-0.010445
-0.006827
0.003248
0.008906
0.005829
-0.007028
-0.018239
0.010822
0.007309
-1.250467
-1.225888
-0.004860
1.222068
1.257925
0.016564
-2.194128
-2.162440
2.153962
2.205906
-0.009398
-0.011763
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TS5

uB3LYP/6311+G(d,p) = -463.2041816
ZPVE = 0.170345

O©CoOoO~NOOODWNPE

10

TS6

PRPRRRRPRRPRRPROODODODODORRFPRPOIODO O OO

3.457823
2.705303
1.305382
0.711334
1.458634
2.845776
4.541441
3.224702
3.433388
-0.689556
-1.470756
-2.703715
-3.331929
-2.703795
-1.470838
0.195004
-1.006248
-3.238581
-3.238720
-1.006395
-4.318228
0.731662

uB3LYP/6311+G(d,p) = -463.2701145
ZPVE =0.176177

O©CoOO~NOOTPWNPE

PRRPRPRRPRRPOOODODOODRRPRPRPROIDODOOD

-3.459264
-2.734133
-1.416047
-0.718752
-1.476448
-2.822653
-4.505073
-3.199661
-1.012069
-3.377261
0.757170
1.459053
2.649594
3.306256
2.716449
1.525543
0.698571
0.971350
3.104561
3.228197
1.121198
4.249577

UCCSD(T)/cc-pVDZ461.7614322
Imaginary Vibration = 2213.96

0.137534
1.319489
1.297701
0.041372
-1.109038
-1.125089
0.200949
2.271757
-2.035182
-0.589187
-0.441566
0.136472
0.477412
0.136517
-0.441521
-1.752744
-0.739964
0.306196
0.306279
-0.739880
0.924075
2.217937

uCCSD(T)/cc-pvDZ461.8298113
Imaginary Vibration = 46142

-0.101423
-1.284727
-1.146082
0.030023
1.196524
1.127248
-0.146535
-2.256201
2.169434
2.045793
0.043830
-1.240667
-1.267791
-0.075830
1.173663
1.260356
0.084276
-2.164878
-2.224707
2.085694
2.235331
0.118957

0.000035
0.000017
-0.000026
-0.000044
-0.000038
-0.000004
0.000069
0.000035
-0.000012
-0.000048
1.260577
1.232883
0.000060
-1.232813
-1.260624
-0.000030
2.193605
2.162243
-2.162133
-2.193697
0.000097
-0.000031

-0.408314
-0.210476
0.147105
0.328202
0.121038
-0.240236
-0.692700
-0.336894
0.234416
-0.395891
0.779527
0.416366
-0.246192
-0.639373
-0.328693
0.330089
1.885459
0.705742
-0.481312
-0.619265
0.575360
-1.169167
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227

S3

uB3LYP/6311+G(d,p) = -463.2734901 uCCSD(T)/cc-pVDZ461.8334300

ZPVE =0.176311
1 6 -3.385961  0.617827 -0.003689
2 6 -2.320634 1.532169 -0.007910
3 6 -1.054640 1.003790 -0.004715
4 6 -0.717997  -0.334048 0.002255
5 6 -1.806558  -1.221796 0.006302
6 6 -3.120925 -0.750317 0.003355
7 1 -4.408668  0.979629 -0.005907
8 1 -2.501089 2.601671 -0.013403
9 1 -1.615692  -2.291433 0.011839
10 1 -3.942064 1.458246 0.006629
11 6 0.734056  -0.827908 0.005280
12 6 1.464695 -0.423380 -1.251526
13 6 2.664240 0.224344 -1.225263
14 6 3.295391 0.566915 -0.003795
15 6 2.664439 239929 1.222040
16 6 1.464939 4@y459 1.256696
17 1 0.658780 1.930675 0.012290
18 1 0.992005 0.670031 -2.196094
19 1 3.145520 0.489557 -2.161262
20 1 3.145849 0.517032 2.154517
21 1 0.992401 -0.642115 2.204394
22 1 4.246691 1.084217 -0.007184

TS7

uB3LYP/6311+G(d,p) = -463.2275844 uCCSD(T)/cc-pvDZz461.7848104

ZPVE = 0.169477 Imaginary Vibration = 957.41
1 6 3.587354  -0.029272 -0.106659
2 6 2.862326 1.130071 -0.374879
3 6 1.470388 1.144671 -0.279264
4 6 0.755661  -0.007045 0.099305
5 6 1541292  -1.119442 0.338701
6 6 2.906591 1.200424 0.262013
7 1 4669211  -0.033420 -0.184400
8 1 3.382872 2.033765 -0.670669
9 1 0.929471 2.053236 -0.519756
10 1 3.444319 2.117462 0.476656
11 6 -0.737184  -0.039123 0.196545
12 6 -1.490730 1.156339 0.345236
13 6 -2.868930 1.147734 0.204128
14 6 -3.539657  -0.027045 -0.148272
15 6 -2.807503  -1.193215 -0.388286
16 6 -1.429099  -1.197152 -0.252718
17 1 -0.717538  -0.442880 1.932565
18 1 -0.987446  2.068783 0.641309
19 1 -3.429117  2.061774 0.366987
20 1 -3.317603  -2.097464 -0.701406
21 1 -0.859300 -2.095514 -0.459075
22 1 -4.617929  -0.027407 -0.257314



biphenyl radical (C1,Hy)

uB3LYP/6311+G(d,p) = -462.7347045
ZPVE = 0.167665

©CoOoO~NOOOD~WNPE

10

TS8

PRRPRRPRPRPRPRPRPRODIIDDIODDIODODOD OO

0.743147
1.447344
2.838456
3.556592
2.869279
1.476895
-0.739402
-1.485318
-2.851739
-3.580530
-2.899767
-1.506907
0.892592
3.363123
4.640579
3.417815
0.958486
-3.354185
-4.664894
-3.459652
-1.002156

uB3LYP/6311+G(d,p) = -463.2391818
ZPVE = 0.174782

O©CoO~NOOT, WN P

PRPRPPRPPRPOOOODOODOOOOR,RFRPRERPRPPOOOOOOO

2.549115
1.640946
0.759648
1.079551
2.111817
2.777638
3.084159
1.483436
0.769673
2.383679
3.482522
-2.995382
-2.934732
-1.770612
-0.673724
-0.755213
-1.889489
-3.912511
-3.810224
-1.740323
0.805344
-1.943118

UCCSD(T)/cc-pVDZ461.2971722

0.001272
-1.178599
-1.197055
-0.035740

1.141764

1.159948

0.002448
-1.123158
-1.226637
-0.069908

1.102357

1.142256
-2.081129
-2.118466
-0.049292

2.047441

2.077159

151481

0.093196

1.995012

2.060274

uCCSD(T)/cc-pvDZ461.7984383
Imaginary Vibration = 626.87

0.804676
1.457459
0.705916
-0.804181
-1.339902
-0.548258
1.393684
2.526370
1.165340
2.382413
1.030457
0.650924
0.731458
1.345231
0.524633
-0.830854
-1.475298
-1.093255
1.336266
2.417236
-1.305455
-2.547052

-0.003329
0.280311
0.281686

-0.001805

-0.291488

-0.294590
0.000387

-0.303040

-0.341535

-0.026127
0.302790
0.319302
0.511073
0.508866

-0.000611

-0.525407

-0.548944

-0.603204

-0.035816
0.557685
0.600993

-0.878930
-0.021360
0.918290
0.991218
0.233468
-0.794803
-1.616634
-0.115784
1.916173
0.355034
-1.461052
-0.527695
-0.318914
0.157588
0.404405
0.188900
-0.262977
-0.904025
-0.528799
0.326970
1.914608
-0.421619

228



S4

uB3LYP/6311+G(d,p) = -463.2617268
ZPVE = 0.175701

O©CoOoO~NOOOD~WNPE

TS9

PRPRPPRPPRPPRPOOODOOODOOOREFPEPREPOOOOOOO®

-2.721349
-2.721326
-1.792396
-0.761115
-0.761125
-1.792439
-3.434381
-3.434340
-1.802034
-1.802119
0.677720
0.677740
1.775216
2.893603
2.893582
1.775172
1.790082
3.782651
3.782616
1.790010
-0.766104
-0.766085

uB3LYP/6311+G(d,p) = -463.9227171
ZPVE = 0.187356

O©CoOO~NOOTWNPE

PRPRPPRPRPPRPO0OODOODOOOOORLRRPEPPPRPOOOOOOOO®

-3.447927
-2.355240
-1.051817
-0.892725
-1.947913
-3.248840
-4.455823
-2.515250
-0.195131
-1.790350
-4.100130
1.184447
1.714772
2.618166
3.067927
2.618557
1.715164
0.679711
1.381289
2.993148
3.779265
2.993852
1.381991

uCCSD(T)/cc-pVDZ461.8284323

-0.680411
0.680419
1.448074
0.793361

-0.793335

-1.448057

-1.218835
1.218837
2.530637

-2.530623

-0.692782
0.692784
1.436714
0.700247

-0.700283

-1.436730
2.521372
1.224844

-1.224894

-2.521389
1.203254

-1.203206

uCCSD(T)/cc-pvVDZ462.4683910
Imaginary Vibration = 330.13

0.650636
1.520033
1.010385
0.360570
1.250614
0.729601
1.050273
2.593558
1.676358
2.325374
-1.402977
-1.182806
-0.687667
0.363730
0.905517
0.367199
-0.684180
-2.141522
-1.116116
0.756870

1.723472
0.763025
-1.109945

-0.741007
-0.741039
0.063247
0.902826
0.902841
0.063314
-1.355489
-1.355548
0.002560
0.002687
0.347750
0.347771
-0.053134
-0.471172
-0.471196
-0.053184
-0.055371
-0.804348
-0.804387
-0.055446
1.921610
1.921636

-0.000873
-0.000887
-0.000050
0.000771
0.000805
-0.000028
-0.001518
-0.001540
-0.000036
0.001451
-0.000016
0.001705
-1.217443
-1.212157
-0.001597
1.210661
1.219256
0.003169
-2.155546
-2.150887
-0.002883
2.148137
2.158690

229



S5

uB3LYP/6311+G(d,p) = -463.9627045
ZPVE = 0.189369

©CoOoO~NOOOD~WNPE

10

TS10

PRPRRPRRPRPOODODODODORRPRPRPRRPRODOOOOD

-3.376307
-2.312299
-0.999554
-0.727981
-1.799384
-3.116428
-4.398524
-2.506425
-0.175681
-1.604094
-3.936241
0.722685
1.458142
2.657811
3.288578
2.658559
1.458904
0.643782
0.988158
3.140715
3.142019
0.989493
4.240439

uB3LYP/6311+G(d,p) = -463.8052339
ZPVE = 0.182237

O©oOO~NOOTDSWN P

PRPRRPRPRPRRPROODODODODORRPRPRPRRPROIDDOO OO

2.791939
2.840460
1.657906
0.431672
0.415974
1.550455
3.710755
3.799445
1.704530
-1.117552
1.508794
-1.793208
-1.664127
-0.962058
-1.663817
-1.792911
-1.419635
-2.191286
-1.962954
-0.909135
-2.190119
-2.746197
-1.962177

uCCSD(T)/cc-pVDZ462.5197559

0.590159
1.493145
1.029419
-0.343428
-1.239106
-0.777918
0.951564
2.560194
1.735065
2.307089
-1.487921
-0.848516
-0.449044
0.199442
0.543730
0.213812
-0.434307
-1.950873
-0.699854
0.461669
0.486985
-0.674056
1.059992

uCCSD(T)/cc-pvDZ462.3713759
Imaginary Vibration = 1344.92

0.795499
-0.593661
-1.350864
-0.698407

0.685908

1.460421

1.372323
-1.099541
-2.435861

2.329119

2.545512

0.541795
-0.784293
-1.341837
-0.783976

0.542084

1.283666

1.094281
-1.437285
-2.429737

1.095110

1.864936
-1.436857

-0.003393
-0.006658
-0.003774
0.002411
0.005635
0.002761
-0.005620
-0.011454
-0.006312
0.010459
0.005365
0.005164
-1.250580
-1.225361
-0.003779
1.222150
1.255654
0.011712
-2.195556
-2.161462
2.154823
2.203787
-0.007119

-0.000136
-0.000137
-0.000038
0.000099
0.000141
-0.000030
-0.000214
-0.000224
-0.000068
-0.000565
-0.000087
-1.268892
-1.236325
0.000155
1.236545
1.268966
-0.000298
-2.110229
-2.046969
0.000282
2.110351
-0.000083
2.047501

230



TS11

uB3LYP/6311+G(d,p) = -463.8850513
ZPVE = 0.188272

©CoOoO~NOOOD~WNPE

10

S6

PRPRRPRPRPRPOODODODODORRPRPRPRRPRODOOOOD

2.736812
2.678416
1.459481
0.325279
0.385972
1.638115
3.667676
3.558213
1.392646
-0.083222
1.718103
-2.221935
-2.132279
-1.078838
-1.223140
-1.263481
-1.291089
-2.875829
-2.722286
-1.089221
-1.231195
-1.245288
-1.169486

uB3LYP/6311+G(d,p) = -463.9010630
ZPVE = 0.189606

O©oOO~NOOTWNPE

PRPRRPRPRPRPROODODODODORRPRPRPRPROIDOO OO

-2.698200
-2.707030
-1.478167
-0.299909
-0.288562
-1.544887
-3.627430
-3.639534
-1.473058
-0.255686
-1.545022
1.108983
2.119986
2.090404
1.084609
1.307567
1.313839
1.146811
2.755307
2.697309
1.376204
1.413428
1.099862

UCCSD(T)/cc-pVDZ462.4501814
Imaginary Vibration = 545.97

0.676630
-0.725650
-1.350432
-0.610100

0.841984

1.446150

1.153894
-1.325341
-2.434303

1.335692

2.528435

0.863724
-0.399031
-1.235170
-1.059805

0.217837

1.224376

1.607807
-0.801420
-2.282194

0.519859

2.269747
-1.915252

uCCSD(T)/cc-pVBZ462.4753942

-0.684629
0.727938
1.431272
0.751209

-0.737162

-1.406212

-1.192209
1.273808
2.510116

-0.894583

-2.484607

-1.275336

-0.620092
0.711791
1.295461
0.631132

-0.701632

-2.364132

-1.212587
1.353035
1.227470

-1.342147
2.383398

0.149754
0.038531
-0.278545
-0.539937
-0.565810
-0.164525
0.436875
0.240620
-0.243972
-1.412261
-0.172522
-0.594853
-1.036067
-0.343092
1.169115
1.575253
0.498535
-1.036519
-1.850334
-0.645070
2.615390
0.786994
1.830655

0.066135
-0.083380
-0.166724
-0.284581
-0.532972
-0.056094

0.304878
-0.006306
-0.037935
-1.628139

0.068138
-0.005699
-0.939329
-0.920442

0.064655

1.430428

1.388976
-0.034827
-1.586895
-1.547886

2.331904

2.256417

0.114806

231



TS12

uB3LYP/6311+G(d,p) = -463.8515292
ZPVE = 0.182567

©CoOoO~NOOOD~WNPE

10

TS13

PRPRRPRPRPRPOODODODODORRPRPRPRRPRODOOOOD

-2.742810
-2.734181
-1.519121
-0.329887
-0.337875
-1.547136
-3.684200
-3.669363
-1.516912
-0.402754
-1.550562
1.087677
1.910437
1.907063
1.086224
1.610767
1.607811
2.405557
2.389539
1.919287
1.920732
1.094981
1.099888

uB3LYP/6311+G(d,p) = -463.9157838
ZPVE =0.182621

O©oOO~NOOTWNPE

PRPRRPRPRPRRPOODODODODORRPRPRPRRPROIDODO OO

3.560414
2.795000
1.406356
0.758454
1.540466
2.926180
4.640245
3.276146
0.820582
1.057614
3.512798
-0.736571
-1.484039
-2.862428
-3.540017
-2.815561
-1.436130
-0.768757
-0.968239
-3.416985
-3.331193
-0.876624
-4.618325

UCCSD(T)/cc-pVDZ462.4235904
Imaginary Vibration = 847.93

-0.673571
0.718602
1.419297
0.716146

-0.700333

-1.389533

-1.202486
1.266741
2.504632

-0.971281

-2.472535

-1.272023

-0.645621
0.684329
1.287780
0.661580

-0.668483

-1.264771
1.315435
1.280913

-1.301762
2.376446

-2.360349

UCCSD(T)/cc-pVDZ462.4662997
Imaginary Vibration = 935.96

0.061724
1.170441
1.131488
-0.014157
-1.122330
-1.086836
0.091122
2.066461
1.991251
-2.008565
-1.952967
-0.062296
1.106958
1.127351
0.015207
-1.110039
-1.141332
-0.699820
1.966760
2.014240
-1.957224
-2.004268
0.035932

0.068004
-0.023434
-0.084093
-0.105720
-0.153880

0.038565

0.164942
-0.005303
-0.075028
-1.971056

0.101145

0.007872
-1.123901
-1.114586

0.029586

1.332456

1.320740
-1.860374
-1.849609

2.164932

2.140977

0.042231
-0.002513

-0.139410
-0.492230
-0.374940
0.103027
0.455841
0.333939
-0.231061
-0.868415
-0.678991
0.852229
0.619556
0.189198
0.497586
0.358930
-0.149018
-0.550215
-0.417188
1.863033
0.908849
0.644933
-0.988833
-0.758604
-0.255818

232



biphenyl (C12H10)

uB3LYP/6311+G(d,p) = -463.4227458
ZPVE = 0.180811

O©CoOoO~NOOOD~WNPE

10

TS14

RPRRPRRPRRPRRPRPRRPRPRPODDDIDDIDIDOD O OO

0.742812
1.463796
2.856239
3.559085
2.856239
1.463796
-0.742812
-1.463796
-2.856239
-3.559085
-2.856239
-1.463796
0.928265
3.392845
4.643187
3.392844
0.928264
-0.928265
-3.392845
-4.643187
-3.392844
-0.928264

uB3LYP/6311+G(d,p) = -463.2350710
ZPVE = 0.174318

O©oO~NOOTS,WNPE

PRPRPPRPPRPOOOOOOOOOORRFPRERPEPPOOODOOOO

3.411408
2.339292
1.026716
0.838472
1.872808
3.183028
4.426391
2.522085
0.186739
1.692566
4.018701
-1.273005
-1.802768
-2.673635
-3.037316
-2.634541
-1.763785
-0.793750
-1.498372
-3.057690
-2.987151
-1.429557

uCCSD(T)/cc-pVDZ461.9865358

0.000000
-1.126966
-1.127298

0.000000

1.127298

1.126966

0.000000
-1.126966
-1.127298

0.000000

1.127298

1.126965
-2.000847
-2.006525

0.000000

2.006525

2.000847
-2.000847
-2.006525

0.000000

2.006525

2.000847

uCCSD(T)/cc-pvVDZ461.7878057
Imaginary Vibration = 315.23

0.592485
1.486005
1.014069
-0.344753
-1.258139
-0.774572
0.963088
2.549055
1.700529
2.322652
-1.466486
-1.110337
-0.343582
0.714356
0.926561
0.163880
-0.891988
-2.054899
-0.562569
1.324498
0.356830
-1.531312

0.000000
0.422100
0.422350
0.000000
-0.422350
-0.422100
0.000000
-0.422100
-0.422350
0.000000
0.422350
0.422100
0.775657
0.761529
0.000000
-0.761530
-0.775657
-0.775657
-0.761529
0.000000
0.761530
0.775657

-0.123442
-0.163183
-0.047382
0.104507
0.147065
0.031192
-0.212999
-0.283528
-0.075445
0.266369
0.062057
0.251795
1.322217
1.069099
-0.246326
-1.324649
-1.062435
0.477724
2.339803
1.879292
-2.331842
-1.872175

233



TS14

uB3LYP/6311+G(d,p) = -463.2233067
ZPVE = 0.175676

O©CoO~NOOODWNPE

10

S?

PRPRPPRPPRPOOOOOODOOOOOREFRPRPEPPOOOOOOOO®

-3.104695
-2.016549
-0.718264
-0.491710
-1.577128
-2.879518
-4.116986
-2.186391
0.122738
-1.405799
-3.713933
1.019266
1.899022
2.831613
2.719408
1.778983
1.019459
0.677591
1.888759
3.686770
1.531166
0.636751

uB3LYP/6311+G(d,p) = -463.2760604
ZPVE =0.176780

O©CoO~NOOTWNPE

PRPRPPRPPRPOOOODOOOOOORRERPRERPEPPOOODOOOO

-3.325419
-2.273947
-0.954942
-0.665243
-1.724228
-3.047285
-4.352398
-2.482511
-0.141234
-1.514481
-3.857429
0.791960
1.516090
2.707122
3.271215
2.708570
1.517544
0.727629
1.048410
3.194966
3.197475
1.050953

UCCSD(T)/cc-pVDZ461.7856833
Imaginary Vibration = 524i.26

0.636072
1.517657
1.039257
-0.342557
-1.227695
-0.734634
1.020822
2.586650
1.722221
-2.297262
1.426045
-1.038302
-0.194172
0.545482
0.817032
0.112267
-0.949031
-1.946165
-0.264177
0.937274
0.367283
-1.788860

uCCSD(T)/cc-pVBZ461.8421796

0.558755
1.476132
1.030344
-0.338602
-1.248938
-0.805716
0.906303
2.540344
1.747668
2.314119
-1.526632
-0.825278
-0.427203
0.248167
0.579719
0.281590
-0.393148
-1.927897
-0.697308
0.518124
0.576463
-0.637882

-0.084020
-0.114844
-0.055913
0.018743
0.048037
0.000968
-0.121586
-0.173487
-0.055598
0.104327
0.027340
-0.610616
-1.363083
-0.667493
0.732451
1.445913
0.832139
-1.092076
-2.446992
-1.216736
2.475121
1.405999

-0.007288
-0.015890
-0.009663
0.005293
0.013706
0.007487
-0.012117
-0.027479
-0.016406
0.025235
0.014227
0.011406
-1.256310
-1.245340
-0.008934
1.236611
1.267060
0.026381
-2.197585
-2.176458
2.159576
2.215796

234



s7

uB3LYP/6311+G(d,p) = -463.2683087
ZPVE = 0.177339

©CoOoO~NOOOD~WNPE
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TS15

PRPRPPRPPRPO0OOOOODOOOODOOREFRPRPPPOOOOOOOO®

3.276293
2.198613
0.893042
0.647410
1.730172
3.039260
4.292402
2.375063
0.060338
1.553367
3.869986
-0.795275
-1.541000
-2.668121
-3.076564
-2.662650
-1.535515
-0.707764
-1.091592
-3.156980
-3.146981
-1.081824

uB3LYP/6311+G(d,p) = --463.1934985
ZPVE = 0.171264

O©CoO~NOOT,WNPE

PRPRRPPRPPRPOOOODOOOOOORRFRPRERPEPPOOOOOOO

3.023921
1.874216
0.645558
0.468589
1.629558
2.894535
4.006658
1.961359
-0.762785
1.543680
3.779555
-0.932938
-1.689920
-2.195787
-1.974438
-2.196496
-1.690607
-0.798349
-1.756649
-2.675891
-2.677000
-1.757717

uCCSD(T)/cc-pVDZ461.8353688

0.610551
1.497014
1.014455
-0.362799
-1.244108
-0.761084
0.988140
2.566630
1.709577
-2.314872
-1.457876
-0.891911
-0.487849
0.269096
0.893388
0.204815
-0.554309
-1.991860
-0.755301
0.558859
0.445111
-0.871967

uCCSD(T)/cc-&/D-461.7610426
Imaginary Vibration = 1571.12

0.686732
1.492249
0.869952
-0.511984
-1.293709
-0.698227
1.146284
2.573604
1.547580
2.376473
-1.324726
-1.164082
-0.718574
0.523406
1.257362
0.524371
-0.717579
-2.246846
-1.384970
0.973798
0.975472
-1.383229

-0.015528
-0.026122
-0.012322
0.012371
0.022902
0.008983
-0.026259
-0.045172
-0.020837
0.041969
0.017425
0.024865
1.256237
1.198084
-0.027879
-1.217020
-1.229666
0.054583
2.209700
2.125505
-2.160811
-2.165529

0.000219
-0.000010
-0.000418
-0.000535
-0.000261

0.000078

0.000516

0.000109

0.000241
-0.000336

0.000247
-0.000562

1.248651

1.248714

0.000683
-1.247717
-1.248953
-0.000880

2.101923

2.110798
-2.109209
-2.102747
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TS15

uB3LYP/6311+G(d,p) = -463.2179256
ZPVE = 0.173446

©CoOoO~NOOODWNPE

10

PRPRPPRPPRPO0OOOOODOOOOOREFRPRPEPPOOOOOOOO®

2.896252
1.711108
0.503187
0.419178
1.598069
2.835607
3.855265
1.750983
-0.513959
1.558557
3.749829
-0.991008
-1.691070
-2.022645
-1.728024
-2.022501
-1.691526
-0.887628
-1.780336
-2.425243
-2.425336
-1.781899

triplet benzobicyclo-[2,2,2]octatriene (SY
uB3LYP/6311+G(d,p) = -463.2351411
ZPVE =0.174798

O©CoO~NOOTP,WNPE

PRPRPPRPPRPPRPOOODOOOOOOOORLRREFPEPPOOODOOOO

-1.516547
-0.302555
-0.302555
-1.516547
-2.708335
-2.708335
-1.521432
-1.521432
-3.655945
-3.655945
1.112192
1.112192
1.710792
1.710792
1.710562
1.710563
1.148422
1.995952
1.995952
1.148422
1.996345
1.996345

UCCSD(T)/cc-pVDZ461.7951498
Imaginary Vibration = 1268.93

0.714712
1.467238
0.795600
-0.587542
-1.329284
-0.673615
1.221221
2.551623
1.704091
-2.414138
-1.256425
-1.247001
-0.725817
0.569410
1.359998
0.567833
-0.727585
-2.331786
-1.366093
1.079692
1.077109
-1.368982

uCCSD(T)/cc-pVBZ461.8092956

-1.443733
-0.756686
0.756686
1.443733
0.746797
-0.746797
-2.529848
2.529848
1.270316
-1.270316
1.301082
-1.301082
0.672455
-0.672414
0.672414
-0.672456
2.389316
1.282007
-1.282076
-2.389316
-1.282006
.28P076

-0.000223
-0.000401
-0.000266
0.000096
0.000259
0.000056
-0.000291
-0.000584
-0.000540
0.000533
0.000136
0.000537
1.238386
1.225708
-0.000675
-1.226241
-1.237617
0.002391
2.109982
2.095338
-2.096353
-2.108321

-0.000145
-0.000046
-0.000022
-0.000101
-0.000204
-0.000226
-0.000160
-0.000082
-0.000269
-0.000307
0.000108
0.000065
-1.249866
-1.249889
1.250171
1.250149
0.000129
2.099511
2.099468
0.000050
-2.099173
-2.099131
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TS16

uB3LYP/6311+G(d,p) = -463.2011287
ZPVE = 0.175343

©CoOoO~NOOODWNPE

10

TS16

PRPRPPRPPRPO0OOOOODOOOOOREFRPRPEPPOOOOOOO®

-2.740660
-2.647735
-1.413102
-0.296876
-0.397386
-1.659066
-3.682345
-3.512053
-1.320612
0.086103
-1.760641
1.286893
2.232191
2.164738
1.121130
1.249200
1.262979
2.873908
2772221
1.209523
1.205882
1.154178

uB3LYP/6311+G(d,p) = -463.1959405
ZPVE = 0.175282

O©CoO~NOOTPWNPE

PRPRPPRPPRPOOOODOOOOOOREFRPRPPPOOODOOOO

-2.727742
-2.617171
-1.402278
-0.269611
-0.347983
-1.651976
-3.684074
-3.486099
-1.307569
0.048931
-1.749307
1.097273
2.192862
2.161100
1.127782
1.260901
1.276089
2.834546
2.745443
1.322486
1.502665
1.177496

UCCSD(T)/cc-pVDZ461.7725585
Imaginary Vibration = 577.02

-0.640485
0.748643
1.325680
0.545380

-0.902551

-1.454061

-1.077842
1.381066
2.407861

-1.469564

-2.532486

-1.182069

-0.978926
0.256992
1.154779
1.081354

-0.169246

-1.769273
0.595572
1.982281

-0.409944
2.179397

uCCSD(T)/cc-pvVDZ461.7836673
Imaginary Vibration = 268.13

-0.638018
0.770927
1.334690
0.537297

-0.913420

-1.443285

-1.066138
1.401483
2.414132

-1.469422

-2.520405

-1.204857

-1.029589
0.177626
1.147283
1.150580

-0.096936

-1.845648
0.458061
2.069382

-0.339934
2.144695

0.186175
-0.005943
-0.355847
-0.571959
-0.513000
-0.082930

0.499836

0.160047
-0.381681
-1.301963
-0.027129

0.581158
-0.510283
-1.038641
-0.403607

1.122131

1.622461
-0.885343
-1.870238

1.723227

2.677553
-0.772598

0.172306
-0.008785
-0.342088
-0.562299
-0.441566
-0.039509

0.451382

0.141372
-0.409578
-1.285881

0.039382

0.573651
-0.440726
-1.023605
-0.457199

1.072155

1.559707
-0.760325
-1.892926

1.645899

2.593842
-0.895431
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238

s8

UB3LYP/6311+G(d,p) = -463.2222630 uCCSD(T)/cc-pVBZ461.8017128

ZPVE = 0.176319
1 6 -2.697114  -0.659512 0.064719
2 6 -2.676301  0.752951 -0.083603
3 6 -1.434138  1.433072 -0.162129
4 6 -0.268497  0.733606 -0.283953
5 6 -0.292696  -0.770030 -0.546103
6 6 -1.561810 -1.408781 -0.058328
7 1 -3.636846  -1.145954 0.306146
8 1 -3.597465  1.317672 -0.006648
9 1 -1.408884  2.510973 -0.025681
10 1 -0.271066  0.916407 -1.641865
11 1 -1.581401  -2.485354 0.071106
12 6 1.082890  -1.251246 -0.024171
13 6 2.118587  -0.690541 -0.950664
14 6 2.129298  0.645285 -0.911488
15 6 1.130819  1.239017 0.081720
16 6 1.336936  0.550593 1.442779
17 6 1.306100  -0.785127 1.381632
18 1 2.726179  -1.302837 -1.607518
19 1 2.753282  1.279919 -1.530394
20 1 1.420202  1.132693 2.353537
21 1 1.379912  -1.451828 2.232318
22 1 1.171645  2.325397 0.146540

Sg

UB3LYP/6311+G(d,p) = -463.1857549 uCCSD(T)/cc-pVDZ462.3128374*

ZPVE = 0.175852
1 6 -2.691654  -0.645613 0.011489
2 6 -2.651424  0.769731 -0.064124
3 6 -1.429685  1.472037 -0.050878
4 6 -0.257519  0.751761 -0.081261
5 6 -0.300154  -0.706771 -0.535392
6 6 -1.552881  -1.394729 -0.126128
7 1 -3.643679  -1.130232 0.198757
8 1 -3.582025  1.324658 -0.018454
9 1 -1.428599  2.541792 0.142219
10 1 -0.440142  -0.602879 -1.639025
11 1 -1.561055  -2.475942 -0.033705
12 6 1.085707  -1.247017 -0.285924
13 6 2.054012  -0.451174 -1.099746
14 6 2.086389  0.857202 -0.827429
15 6 1.136617  1.203092 0.310800
16 6 1.393361  0.237303 1.484962
17 6 1.349091 -1.071365 1.175931
18 1 2.702901  -0.921641 -1.833675
19 1 2.720617  1.597595 -1.306374
20 1 1.425790  0.635048 2.493199
21 1 1.318498  -1.866082 1.913694
22 1 1.156538  2.250941 0.609565

* energy value corrected based on the CCSD(T) enérg TS16s and the difference between the
B3LYP energies for S8s and TS16s



TS17

uB3LYP/6311+G(d,p) = -463.1703475
ZPVE = 0.173084

©CoOoO~NOOODWNPE

TS18

PRPRPPRPPRPO0OOOOODOOOOOREFRPRPEPPOOOOOOOO®

-2.711587
-2.699131
-1.493237
-0.305435
-0.300436
-1.533670
-3.652968
-3.637167
-1.505589
-0.120705
-1.526039
1.118309
1.993914
1.977428
1.079599
1.492836
1.513680
2.615805
2.516941
1.707169
1.725265
1.083668

uB3LYP/6311+G(d,p) = -463.1704743
ZPVE = 0.169142

O©oOO~NOOTSWN P

PRPRPPRPPRPOOOOODOOOOOOREFRPRPEPPOOOOOOOO

UCCSD(T)/cc-pVDZ461.7558490
Imaginary Vibration = 1104.10

-0.679207
0.724559
1.445704
0.745565

-0.682378

-1.390347

-1.204958
1.263405
2.520394

-1.193223

-2.475010

-1.249201

-0.373293
0.929648
1.213300
0.236965

-1.064658

-0.800819
1.717007
0.647552

-1.868591
2.254293

uCCSD(T)/cc-pVBZA61.747545

0.019881
-0.000948
-0.034791
-0.100907
-0.371374
-0.126921

0.128757

0.078609

0.121558
-1.434712
-0.179177
-0.314261
-1.168956
-0.881769

0.321836

1.457914

1.151319
-1.950397
-1.399336

2.438295

1.847069

0.643189

Imaginary Vibration = 828.52

-2.743096
-2.708496
-1.481631
-0.304946
-0.342603
-1.562792
-3.694677
-3.633555
-1.460563
-0.406473
-1.583574
1.073842
1.911856
1.940138
1.126947
1.639649
1.607213
2.379914
2.432869
1.966120
1.904347
1.159098

-0.655395
0.736169
1.416246
0.692995

-0.730562

-1.397098

-1.165587
1.301109
2.501465

-0.998014

-2.478786

-1.247161

-0.716414
0.617385
1.234381
0.593380

-0.740400

-1.355355
1.240556
1.204460

-1.393426
2.322424

0.067995
-0.022334
-0.082664
-0.108892
-0.157363

0.038981

0.165220
-0.003115
-0.070357
-1.992325

0.103861

0.005417
-1.128463
-1.115044

0.033032

1.338893

1.323585
-1.866588
-1.851324

2.171795

2.134778

0.049201
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S9

uB3LYP/6311+G(d,p) = -462.6758062
ZPVE = 0.167350

©CoOoO~NOOOD~WNPE

10

TS19

PRPRPPRPPRPO0OOODOOODOOOOOORRFPRPPOOOOOOO

-1.500755
-0.319914
-0.348763
-1.553405
-2.749277
-2.723698
-1.484569
-1.572282
-3.698955
-3.653243
1.066434
1.117640
1.761353
1.789331
1.761346
1.789324
2.150143
2.210384
1.150284
2.210397
2.150154

uB3LYP/6311+G(d,p) = -462.6002423
ZPVE = 0.161448

O©CoONOOTD,WN P

PRPRPPRPPOOOOOOOODOOOOOREPEPPRPOOOOOOOO®

1.660791
0.396403
0.287187
1.423480
2.673919
2.789974
1.751546
1.328853
3.559902
3.766190
-1.106121
-0.840404
-2.008414
-1.883526
-1.674626
-1.732207
-1.970592
-1.962277
-0.824578
-2.653428
-2.914353

uCCSD(T)/cc-pVDZ461.2605325

1.399409
0.677186
-0.731063
-1.412956
-0.678825
0.711006
2.484720
-2.497014
-1.201954
1.269159
-1.254612
1.225973
-0.735699
0.597957
-0.735923
0.597733
-1.381989
1.216568
2.314097
1.216934
-1.381625

uCCSD(T)/cc-pVvDZ461.1644730
Imaginary Vibration = 388.85

1.308091
0.797393
.548109
-1.345940
0.815286
0.509145
2.334366
-2.377884
-1.433085
0.913377
-0.990941
1.544681
-0.078249
1.225847
-1.365232
-0.393567
-2.398517
-0.199933
2.518384
1.957433
-0.431137

-0.000121
-0.000060
0.000067
0.000130
0.000066
-0.000057
-0.000217
0.000225
0.000114
-0.000105
0.000111
-0.000114
1.235388
1.235660
-1.235263
-1.235777
-2.012465
-2.018871
-0.000212
2.018639
2.012705

0.367002
0.032941
-0.413191
-0.504118
-0.195726
0.241910
0.707880
-0.823234
-0.289058
0.485077
-0.547470
0.125365
-1.200064
-0.781689
0.858159
1.718440
1.039255
2.752214
0.602435
-1.002369
-1.681561
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naphthyl vinyl

uB3LYP/6311+G(d,p) = -462.7174082
ZPVE = 0.165536

©CoOoO~NOOOD~WNPE

10

TS20

PRPOORPRPFPOORPRFRPOORPPPFPOOOOOOOO

-2.939321
-2.390923
-0.983595
-0.123372
-0.729080
-2.095988
-1.077955
-4.015515
-3.029425
-0.416570
1.297469
-0.107134
-2.530757
1.797417
0.946946
2.870650
1.376773
2.227112
3.472876
1.843122
4.292410

uB3LYP/6311+G(d,p) = -462.5985294
ZPVE = 0.161964

O©COoO~NOOTPWN P

PRPRPPRPPRPOOOOOODOOOOOREPRPEPOOOOOOOO®

UCCSD(T)/cc-pVBZA61.2792450

-0.612987
0.645722
0.833559

-0.313492

-1.599524

-1.746321
2.992397

-0.741186
1.522695
2.132996

-0.112129

-2.485471

-2.739479
1.178701
2.299441
1.322453
3.294743

-1.258752

-1.282405

-2.170708

-1.984293

uCCSD(T)/cc-pVBZ461.1603227

-0.038915
-0.037114
-0.005010
0.036897
0.017236
-0.015828
-0.054733
-0.064515
-0.064284
-0.023229
0.076776
0.013407
-0.030558
0.057711
0.001059
0.106270
-0.009191
0.156110
-0.264087
0.623293
-0.289322

Imaginary Vibration = 580.29

-1.534335
-0.324530
-0.337181
-1.545751
-2.731176
-2.724674
-1.530494
-1.543306
-3.669100
-3.657736
0.982342
0.974862
1.641947
1.674894
1.972921
1.983670
2777991
2.807995
1.015535
1.825401
1.775785

1.391521
0.713389
-0.702184
-1.406764
-0.713075
0.685625
2.471899
-2.487832
-1.253707
1.215499
-1.258580
1.350664
-0.867659
0.359635
-0.623369
0.749657
-1.169265
1.344148
2.422510
1.243381
-1.859791

0.045522
-0.178843
-0.296352
-0.196706
-0.007599

0.117547

0.150334
-0.276038

0.050565

0.272787
-0.408268
-0.256102

1.507495

1.700609
-1.176120
-1.049940
-1.654855
-1.428820
-0.087670

2.279820

1.886422
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naphthyl radical (C1H7)

uB3LYP/6311+G(d,p) = -385.2998382
ZPVE = 0.133909

©CoO~NOOODWNPE

TS21

PRPOORPRFPOORPEPPFPOOODOOOOOO

-2.395048
-1.190809
0.035414
-0.014562
-1.273656
-2.436891
1.330709
-3.322165
-1.161882
1.301950
1.226944
-1.297762
-3.395175
2447129
2.473844
3.370065
3.430311

uB3LYP/6311+G(d,p) = -463.2058661
ZPVE = 0.171877

©CoOoO~NOODWNPE

PRPRPPRPPRPO0OOOOODOOOOORRFRPRPEPPOOOOOOO®

-3.537931
-2.864766
-1.479596
-0.708178
-1.405279
-2.794981
-4.620036
-3.426706
-0.988293
-0.856590
-3.299457
0.753557
1.524211
2.878254
3.574392
2.990986
1.570645
1.189831
0.975515
3.408045
3.556383
1.053428

uCCSD(T)/cc-pVDZ384.1021807

0.729102
1.391913
0.677305
-0.762063
-1.417043
-0.685465
2.407304
1.290817
2.476632
1.323032
-1.408640
-2.500281
-1.191963
-0.820808
0.604562
-1.389842
1.115973

UCCSD(T)/cc-pVDZ461.7604222
Imaginary Vibration = 2388.53

-0.038814
1.151961
1.180646
0.016496

-1.174370

-1.197729

-0.059687
2.062689
2.113333

-2.084464

-2.128119
0.052533
1.244967
1.243697
0.004187

-1.182494

-1.223387

-0.405724
2.154223
2.147434

-2.105598

-2.160241

0.000020
0.000194
0.000123
-0.000137
-0.000312
-0.000235
0.000490
0.000077
0.000387
0.000297
-0.000195
-0.000506
-0.000370
-0.000034
0.000223
-0.000093
0.000358

-0.086115
0.202373
0.278288
0.059775

-0.235571

-0.304291

-0.139761
0.379315
0.530459

-0.444606

-0.542232
0.153949

-0.194189

-0.320374

-0.130989
0.129582
0.325541
1.278525

-0.409381

-0.596276
0.208072
0.468021
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TS2r

uB3LYP/6311+G(d,p) = -463.2386327
ZPVE = 0.173782

©CoOoO~NOOODWNPE
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TS22

PRPRPPRPPRPOOOODOOOORPRRFRPERPEPEPOOOOOOOO®

-3.526962
-2.882643
-1.493388
-0.728646
-1.384087
-2.774537
-4.608923
-3.462400
-0.998328
-0.805234
-3.268440
0.760845
1.497746
2.865891
3.690183
2.959485
1.548419
1.177687
0.944066
3.345715
3.479318
1.002700

uB3LYP/6311+G(d,p) = -463.2272925
ZPVE = 0.169560

O©oO~NOOTS,WNPE

PRPRPPRPPRPOOOODOODOOOOREFRPRPEPPOOODOOOO

3.498410
2.733277
1.344245
0.695948
1.477547
2.863674
4.578508
3.214783
0.758786
0.994395
3.450063
-0.799669
-1.540790
-2.925810
-3.530818
-2.877077
-1.491255
-0.840843
-1.022189
-3.490282
-3.401454
-0.927857

UCCSD(T)/cc-pVDZ461.7984884
Imaginary Vibration = 1021.06

-0.053171
1.073723
1.110560
0.018516
1.108261
1.142227
0.080830
1.922622
1.986196
1.951453
2.047077
0.067078
1.177012
1.082722
-0.015915
-1.072888
-1.103179
-0.135733

2.058232

1.924337
-1.932880
-1.977244

uCCSD(T)/cc-pvVDZ461.7849236
Imaginary Vibration = 881i.87

0.061744
1.165798
1.126446
-0.014473
-1.117919
-1.082258
0.091269
2.058195
1.982027
-1.999981
-1.944619
-0.062231
1.109962
1.143979
0.017173
-1.121119
-1.143569
-0.715668
1.965804
2.024519
-1.959225
-2.003500

-0.089309
0.420279
0.494963
0.064278

-0.446929

-0.524415

-0.148336
0.764142
0.900271

-0.806147

-0.931432
0.114726

-0.392188

-0.567634

-0.155416
0.410543
0.501923
1.326199

-0.702737

-1.067609
0.831184
0.849538

-0.132454
-0.500026
-0.387783
0.100918
0.468721
0.350945
-0.220472
-0.884163
-0.704219
0.873912
0.648069
0.181701
0.498647
0.357887
-0.156720
-0.575355
-0.431731
1.875486
0.916092
0.643762
-1.020793
-0.776173
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uB3LYP/6311+G(d,p) = -463.2844057
ZPVE = 0.176399

©CoOoO~NOOOD~WNPE

10

S10

PFRPRPRPRPRPRPRPRPPRPODDDDODDOOO OO

0.699302
1.461380
2.848943
3.534582
2.805823
1.414314
-0.768365
-1.488337
-2.894764
-3.565326
-3.014454
-1.504134
0.962501
3.400871
4.618199
3.321465
0.881424
-0.959955
-3.422172
-3.591379
-1.247336
-1.137391

uB3LYP/6311+G(d,p) = -463.2924532
ZPVE =0.177478

O©CoO~NOOTPAWNPE

RPRRPRPRPRRPRRPRPRPRRPOIDODDIIDDIDOD O O D

0.692897
1.434541
2.825478
3.514558
2.794884
1.403086
-0.786096
-1.466995
-2.908764
-3.491688
-2.959034
-1.543720
0.913141
3.372777
4.598344
3.318081
0.866750
-0.940631
-3.340076
-3.339966
-1.044826
-1.458469

UCCSD(T)/cc-pVDZ461.8412484

0.034941
1.208020
1.178917
0.024064
1.196868
1.169876
0.054566
1.227573
1.273767
0.059076
1.143887
1.261963
2.152780
2.098722
-0.045325
-2.140795
-2.099715

2.158336

2.207871
-2.048909
-1.941915
-1.782260

uCCSD(T)/cc-pVDZ461.863113

-0.031647
-1.139088
-1.117436
0.013006
1.124534
1.106443
-0.066730
-1.202783
-1.073554
-0.084766
0.969800
1.262432
013528
1.982638
0.030671
2.011194
1.981530
-2.122664
-1.589711
1.415790
1.824733
1.883357

-0.013748
0.182418
0.189534
0.008823

-0.172345

-0.179162

-0.028313

-0.200533

-0.178699
0.039159
0.201650
0.136731
0.357767
0.349124
0.017326

-0.311167

-0.331031

-0.372970

-0.324768
0.361084

-0.693613
1.035161

-0.004883
0.442506
0.447349
0.009904

-0.424845

-0.424169

-0.034055

-0.330497

-0.610745
0.063801
0.663725
0.208510
0.813597
0.804931
0.016521

-0.765456

-0.771410

-0.559027

-1.462750
1.576679
1.002365

-0.695052
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TS23

uB3LYP/6311+G(d,p) = -463.2310184
ZPVE = 0.169247

©CoOoO~NOOODWNPE

10

p-CioHg

RPRRPRRPRRPRPRPRRPRPRPRODDDIDDIDIDOD O OO

0.697397
1.426170
2.818380
3.512541
2.801887
1.409717
-0.786007
-1.494596
-2.896286
-3.536562
-2.924459
-1.511753
0.897278
3.361504
4.596555
3.332006
0.869602
-0.951798
-3.435597
-3.475631
-0.981392
-1.311099

uB3LYP/6311+G(d,p) = -462.7332169
ZPVE =0.167681

O©CoO~NOOTPAWNPE

PR RPRPPRPRPRPRPRPOOODDDDDDDDO O OO

-0.680201
-1.400673
-2.793219
-3.495968
-2.793220
-1.400673
0.806472
1.520854
2.921340
3.551548
2.921341
1.520854
-0.865113
-3.329734
-4.580031
-3.329735
-0.865114
0.982342
3.467154
3.467155
0.982343

UCCSD(T)/cc-pVvDZ461.788515
Imaginary Vibration = 751i.93

0.012679
1.122791
1.112522
-0.008425
-1.119461
-1.109236
0.024841
1.164427
1.178563
0.014933
-1.139615
-1.113202
1.989883
977819
.04B508
.993495
.970382
2.043702
2.063156
-2.030423
-2.034749
-0.873908

uCCSD(T)/cc-pVBZ461.2971975

0.000000
-1.120822
-1.121312

0.000000

1.121312

1.120822

0.000000
-1.128221
-1.140063

0.000000

1.140063

1.128221
-1.989386
-1.995741

0.000000

1.995741

1.989387
-1.998082
-2.011029

2.011029

1.998083

-0.017647
0.435106
0.434892

-0.017453

-0.468688

-0.467550

-0.019589

-0.416818

-0.442183

-0.078177
0.323562
0.413998
0.814158
0.798327

-0.017409

-0.830379

-0.844737

-0.746603

-0.761259
0.602149
0.624423
2.284616

0.000000
-0.438347
-0.438029

0.000000

0.438029

0.438347

0.000000

0.432833

0.437084

0.000000
-0.437084
-0.432833
-0.804911
-0.789416

0.000000

0.789416

0.804911

0.793509

0.782375
-0.782374
-0.793509
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TS24

uB3LYP/6311+G(d,p) = -463.2491756
ZPVE = 0.174155

©CoOoO~NOOODWNPE

10

S1?

RPRRPRRPRPRPRPRRPRPRPODDDDDDIDDIDOD O OO

0.737012
1.448793
2.840360
3.550869
2.857266
1.465288
-0.744101
-1.489822
-2.888126
-3.712537
-2.961220
-1.481202
0.907474
3.370373
4.634643
3.400294
0.940964
-0.954601
-3.357624
-3.445569
-0.981671
-2.249762

uB3LYP/6311+G(d,p) = -463.2771421
ZPVE = 0.175846

O©CoO~NOOTPAWNPE

RPRRPRPRPRRPRRPRPRPRRPOIDODDIIDDIDOD O O D

-0.741368
-1.446191
-2.838500
-3.554598
-2.867294
-1.475034
0.744152
1.485808
2.857806
3.680125
2.937375
1.457407
-0.902873
-3.364077
-4.638520
-3.415493
-0.948808
0.918144
3.317378
3.239115
0.952586
3.404414

UuCCSD(T)/cc-pVDZ461.8096372
Imaginary Vibration = 975.96

0.002489
1.149692
1.152074
0.007898
-1.139361
-1.142161
0.006819
1.116843
1.156215
0.096984
-1.063330
-1.118876
2.036875
2.046448
0.010302
-2.031627
-2.034073
1.982601
2.104257
-1.982875
-2.004547
-1.479078

uCCSD(T)/cc-pVDZ461.8394264

-0.015096
1.135714
1.149400
0.013489

-1.135885

-1.148787

-0.040473
1.119737
1.235875
0.107264

-1.117468

-1.107795
2.019326
2.046241
0.025013

-2.020893

-2.038005
1.942297
2.199149

-1.903930

-1.943854

-1.501184

0.016305
-0.366727
-0.387447
-0.027427

0.353663

0.375013

0.033301

0.448053

0.357198
-0.081603
-0.406293
-0.391821
-0.674527
-0.695066
-0.043960

0.644313

0.699937

0.829755

0.618141
-0.730979
-0.773692

0.592801

-0.010398
0.372503
0.384090
0.010176

-0.376325

-0.388995

-0.008796

-0.434853

-0.300797

-0.084781
0.325179
0.445447
0.688601
0.692362
0.017066

-0.679462

-0.717430

-0.865770

-0.511620

-0.390130
0.922513
1.249173
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TS25

uB3LYP/6311+G(d,p) = -463.2737393
ZPVE = 0.174631

©CoOoO~NOOODWNPE

10

TS26

RPRRPRRPRPRPRPRRPRPRPODDDDDDIDDIDOD O OO

-0.743229
-1.451741
-2.843993
-3.554986
-2.863003
-1.470733
0.741803
1.483783
2.855430
3.702472
2.906940
1.455765
-0.910906
-3.373614
-4.638946
-3.407439
-0.941255
0.924081
3.339243
3.423965
0.946788
3.327031

uB3LYP/6311+G(d,p) = -463.2357468
ZPVE = 0.174380

O©CoOO~NOOTDWNPE

PRPRPPRPPRPOOOODOODOOOOREFRPRPEPPOOOOOOO

-3.446465
-3.159101
-1.855158
-0.889657
-1.132677
-2.439862
-4.456804
-3.944278
-1.624118
-0.341205
-2.668220
2.541575
3.066382
2.717943
1.843993
1.226690
1.688618
2.818217
3.751786
3.154545
0.737707
1.598687

UuCCSD(T)/cc-pVvDZ461.8380283
Imaginary Vibration = 653.41

-0.011564
1.129835
1.138873
0.009385

-1.129863

-1.140054

-0.026858
1.120757
1.165425
0.094452

-1.081887

-1.111242
2.007753
2.027141
0.017858

-2.009422

-2.022367
1.977177
2.086795

-1.909332

-1.985978

-1.133179

UuCCSD(T)/cc-pVDZ461.787458
Imaginary Vibration = 300.15

0.475745
-0.859145
-1.238039
-0.253134

1.075161

1.440899

0.764399
-1.607074
-2.276684

1.816049

2477733
-0.639337

0.567952

1.006100

0.277391
-0.904609
-1.325973
-1.004935

1.147788

1.920023
-1.588626

0.613254

-0.002403
0.400162
0.406594
0.004364

-0.403235

-0.406643
0.006389

-0.429643

-0.406918
0.064133
0.406415
0.443771
0.735316
0.732118
0.006300

-0.728066

-0.748139

-0.796783

-0.722380
0.890283
0.836162

-0.702722

-0.371634
-0.084925
0.259055
0.306172
0.026817
-0.317791
-0.638880
-0.129826
0.475098
0.071047
-0.543365
-1.267651
-0.772714
0.513029
1.305776
0.801166
-0.446404
-2.250541
-1.381251
0.900583
1.484224
2.307540

247



S12

uB3LYP/6311+G(d,p) = -463.2784453
ZPVE = 0.176693

©CoOoO~NOOOD~WNPE

10

TS27

PRPRPPRPPRPO0OOOOODOOOOOREFRPRPEPPOOOOOOO®

-3.362091
-2.289850
-0.981591
-0.725778
-1.803487
-3.115772
-4.380769
-2.473851
-0.151189
-1.617795
-3.942371
0.717820
1.493900
2.670750
3.303123
2.672843
1.480753
0.639957
3.134964
4.250195
3.158611
1.018534

uB3LYP/6311+G(d,p) = -463.1153625
ZPVE = 0.169354

O©CoO~NOOTPS,WNPE

PRPRRPPRPPRPOOOODOODOOOOR,EFRPRPPPOOOOOOO

2.749697
2.832077
1.668098
0.427762
0.376023
1.492789
3.654084
3.802669
1.740091
-1.176934
1.426966
-1.847911
-1.697460
-0.950002
-1.638812
-1.821742
-1.469355
-2.252673
-2.001906
-0.886015
-2.222085
-2.811180

uCCSD(T)/cc-pVDZ461.8432983

0.599875
1.491023
1.016465
-0.355021
-1.239858
-0.767284
0.969919
2.557199
1.712757
-2.306522
-1.467680
-0.878638
-0.390448
0.266933
0.546812
0.130837
-0.530315
-1.977551
0.578980
1.072002
0.350489
-0.831868

uCCSD(T)/cc-pVDZ461.6879948
Imaginary Vibration = 1380.09

0.830328
-0.553347
-1.335382
-0.712355

0.670023

1.465915

1.426658
-1.035804
-2.415662

2.287491

2.547160

0.413930
-0.906640

-1.388001
-0.733247

0.572752

1.240210

0.908273
-1.611944
-2.473291

1.156953

1.825048

0.026408
0.084702
0.047347
-0.049929
-0.108604
-0.070325
0.055598
0.159020
0.092605
-0.186847
-0.117229
-0.083417
-1.249594
-1.266741
-0.021881
1.181560
1.190684
-0.143117
-2.197503
0.004045
2.127037
2.125137

-0.079286
0.019430
0.092411
0.060068
-0.035861

-0.106393

-0.136150
0.041516
0.174260

-0.070356

-0.180076

-1.228817

-1.124785

0.124527
1.291820
1.313879

-0.015028

-2.102376

-1.887789
0.191313
2.131864

-0.034004
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S13

uB3LYP/6311+G(d,p) = -462.6674807
ZPVE = 0.167858

©CoOoO~NOOOD~WNPE

10

TS28

PRPRPPRPPRPO0OOODOOODOOOOOORRFPRPPOOOOOOO

-1.479728
-0.302190
-0.334285
-1.540204
-2.736298
-2.706211
-1.459657
-1.565197
-3.686454
-3.633247
1.076017
1.129216
1.799808
1.821853
1.731020
1.785825
1.067816
2.185489
1.163786
2.246443
2.212076

uB3LYP/6311+G(d,p) = -463.1966935
ZPVE = 0.175558

O©CoONOOTPSWN P

PRPRPPRPPRPOOOOODOODOOOOR,RFRPRERPRPPOOOOOOO

-2.709100
-2.668304
-1.455707
-0.312579
-0.346937
-1.597878
-3.635692
-3.556443
-1.403007
0.130356
-1.663674
2.243641
2.163402
1.082110
1.218252
1.246641
1.292384
2.901031
2.773873
1.091775
1.176619
1.249608

uCCSD(T)/cc-pVDZ461.2536856

-1.411736
-0.689518
0.710389
1.388268
0.657339
-0.728427
-2.494344
2.470534
1.179277
-1.287650
1.322772
-1.241737
0.794065
-0.533381
0.609726
-0.703633
2.408769
-1.371307
-2.328557
-1.099040
1.477559

uCCSD(T)/cc-pvVDZ461.7688569
Imaginary Vibration = 551i.09

-0.697412
0.709276
1.377712
0.681219
0.767234
1.419651
1.211746
1.275653
2.453238
1.172901
2.497138
0.761649
0.534157
1.307205
0.956155
-0.322754
-1.225666
-1.464329

1.011218

2.377663
-0.706691
-2.293116

-0.102057
-0.022886
0.069054
0.088699
0.010978
-0.083460
-0.174717
0.163347
0.026471
-0.141663
0.132558
-0.029091
-1.122121
-1.203761
1.295177
1.277094
0.207753
2.027677
-0.094244
-2.022976
-1.852754

0.076733
0.103424
-0.143608
-0.470607
-0.624672
-0.299046
0.308085
0.357794
-0.000830
-1.512957
-0.410635
-0.606014
-0.938593
-0.202451
1.256140
1.615303
0.435018
-1.106277
-1.695095
-0.406709
2.625143
0.631708
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uB3LYP/6311+G(d,p) = -463.2115697
ZPVE = 0.176868

O©CoOoO~NOOOD~WNPE

10

PRPRPPRPPRPO0OOOOODOOOOORRFRPRPEPPOOOOOOO®

-2.676104
-2.697640
-1.472921
-0.288828
-0.254235
-1.512860
-3.603141
-3.635612
-1.481457
-0.195490
-1.504794
1.133662
2.158043
2.124022
1.088479
1.296328
1.306510
1.182504
2.798338
2.740655
1.094952
1.377302

uCCSD(T)/cc-pVDZ461.7922795

0.697951
0.719379
1.439766
0.781946
0.689161
1.399145
1.230126
1.250622
2.505330
74857
2.483536
1.248668
0.528088
0.800821
1.323703
0.549887
-0.767591
-2.334380
-1.075099
1.481970
2.406461
-1.455770

0.002675
-0.047365
-0.063198
-0.212950
-0.557864
-0.151634

0.190561

0.058554

0.147521
-1.659538
-0.104880
-0.031222
-0.902178
-0.806835

0.190415

1.470947

1.423504
-0.119651
-1.583922
-1.379938

0.310366

2.255158
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APPENDIX E

Included for each optimized stationary structusgsrted Chapter 8:

e Cartesian Coordinateéi(lgstrbms);

e uB3LYP/6-311+G(d,p) electronic energies (hartrees);

»  zero-point vibrational energies ZPVE (hartrees);

« imaginary vibrational frequencies (&)n(only for saddle points).
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o-benzyne (0-GH,)

uB3LYP/6311+G(d,p) = -230.9726840 ZPVE = 0.074883
1 6 1.170104 0.491488 0.000000
2 6 0.000000 1.269077 0.000000
3 6 -1.289206 0.695776 0.000000
4 6 -1.201746 -0.683828 0.000000
5 6 -0.165049 -1.372534 0.000000
6 6 1.140814 -0.919196 0.000000
7 1 2.133449 0.991446 0.000000
8 1 0.087848 2.350868 0.000000
9 1 -2.191661 1.293016 0.000000
10 1 2.040865 -1.520029 0.000000

cyclopentadiene (c-GHg)

uB3LYP/6311+G(d,p) = -194.1562362 ZPVE = 0.092109
1 6 0.000041 -1.216095 0.000373
2 1 0.000069 -1.877974 -0.876444
3 1 0.000057 -1.877191 0.877805
4 6 1.179387 -0.281634 -0.000370
5 1 2.210570 -0.607605 -0.000569
6 6 0.734102 0.990260 0.000119
7 1 1.347656 1.882210 0.000229
8 6 -1.179368  -0.281712 -0.000392
9 1 -2.210530 -0.607752 -0.000606
10 6 -0.734168  0.990212 0.000154
11 1 -1.347780 1.882122 0.000283

TS1

uB3LYP/6311+G(d,p) = -425.1273851 ZPVE = 0.168586

Imaginary Vibration = 113.7947
1 6 1.917325 1.476620 -0.015911
2 6 0.706525 0.798572 0.056698
3 6 0.618685  -0.461495 0.083521
4 6 1.633162 -1.395061 0.029026
5 6 2.896244  -0.776506 -0.059809
6 6 3.032886 0.620113 -0.082524
7 1 2.033837 2.554754 -0.030099
8 1 1.521449  -2.472748 0.054590
9 1 3.784425  -1.398323 -0.112249
10 1 4.026803 1.050851 -0.157143
11 6 -1.799912  -1.145122 0.376722
12 6 -2.253307 1.147516 0.190695
13 6 -2.086548  -0.839665 -0.923678
14 6 -2.346512  0.573872 -1.038155
15 6 -2.058763  0.073071 1.221866
16 1 -1.628375 -2.134784 0.777110
17 1 -2.398572  2.192780 0.425066
18 1 -2.536477 1.092813 -1.968330
19 1 -2.068596 -1.533918 -1.753817
20 1 -3.002885 -0.074072 1.770797
21 1 -1.290317  0.291165 1.963364



S1 (benzonorbornadiene)

uB3LYP/6311+G(d,p) = -425.2506890

O©CoOoO~NOODWNPE

TS2

PRPRRPPRPRPPODOOOOORLRPFPRPPOOOOOOO

-1.395107
-0.217803
-0.217825
-1.395227
-2.595636
-2.595587
-1.403302
-1.403587
-3.531790
-3.531714
1.247000
1.247060
1.970395
1.970745
1.717332
1.414784
1.413816
2.323638
2.323445
2.797188
1.185435

uB3LYP/6311+G(d,p) = -425.1473867

Imaginary Vibration = 462.5661

O©CoO~NOOUIA~WNPE

PRPRPRPPPRPO0OODOOODOOORRFRPEPPRPOOOOOOOO®

1.402150
0.215935
0.215957
1.402195
2.531244
2.531222
1.411197
1.411274
3.448420
3.448380
-1.081576
-1.081611
-1.997360
-1.997322
-1.834889
-1.357848
-1.357904
-2.139432
-2.139828
-2.911625
-1.648313

ZPVE = 0.175623

-1.413582
-0.703308
0.703416
1.413594
0.695511
-0.695588
-2.498745
2.498752
1.232503
-1.232596
1.132427
-1.132322
0.667936
-0.667350
-0.000486
2.164421
-2.164497
-1.329252
1.330588
-0.001070
-0.001595

-0.001847
0.135228
0.135588

-0.001378

-0.140712

-0.140930
0.001478
0.002256

-0.246901

-0.247273
0.293503
0.293005

-0.983456

-0.983460
1.259045
0.597540
0.597041

-1.763129

-1.762429
1.420399
2.213505

ZPVE = 0.167786

-1.427015
-0.722651
0.722730
1.427019
0.714437
-0.714506
-2.511875
2.511878
1.236270
-1.236398
1.167211
-1.167064
0.614433
-0.614699
0.000102
2.200550
-2.200379
-1.612018
1.611715
0.000116
0.000147

-0.030210
-0.374337
-0.374239
-0.030033
0.282238
0.282151
-0.023513
-0.023209
0.532617
0.532472
-0.656771
-0.656897
1.433829
1.433737
-1.231262
-0.826599
-0.826840
1.782247
1.782321
-1.078337
-2.320395

253



S2

uB3LYP/6311+G(d,p) = -347.8159451
1 6 0.000003
2 6 -0.000033
3 6 -0.000033
4 6 0.000003
5 6 0.000027
6 6 0.000027
7 1 -0.000008
8 1 -0.000008
9 1 0.000035
10 1 0.000035
11 6 -0.000085
12 6 -0.000085
13 6 0.000116
14 1 -0.000091
15 1 -0.000091
16 1 0.875268
17 1 -0.874772

acetylene

uB3LYP/6311+G(d,p) = -77.3566458

1 6 0.000000

2 6 0.000000

3 1 0.000000

4 1 0.000000
TS3

uB3LYP/6311+G(d,p) = -425.1172570
Imaginary Vibration =299.0606

1 6 -2.876140
2 6 -1.533525
3 6 -0.598950
4 6 -0.744772
5 6 -2.080780
6 6 -3.129635
7 1 -3.700962
8 1 0.067722
9 1 -2.301890
10 1 -4.155541
11 6 2.756087
12 6 1.277609
13 6 2.646572
14 6 1.812936
15 6 1.990786
16 1 3.282806
17 1 0.968183
18 1 1.595011
19 1 3.106573
20 1 2.683323
21 1 1.333647

ZPVE =0.138472

1.006681
0.253909
0.253909
1.006681
-2.160485
-2.160485
-1.021672
-1.021672
-3.116004
3.116004
1.540426
1.540426
2.458818
1.872801
1.872801
3.125240
3.125574

1.440420
0.740939
-0.740939
-1.440420
-0.725277
0.725277
2.525026
-2.525026
-1.238356
1.238356
-1.185353
1.185353
0.000000
-2.214498
2.214498
0.000000
0.000000

ZPVE = 0.027032

0.000000
0.000000
0.000000
0.000000

0.599658
-0.599658
1.662781
-1.662781

ZPVE =0.168763

-0.899499
-1.286335
-0.391411
0.985972
1.406796
0.477944
-1.605953
1.699582
2.467602
0.834598
0.824399
1.026818
0.390775
0.778748
0.091872
1.708635
2.008632
1.357275
0.848899
0.686529
0.431859

0.029347
0.015593
0.015510
-0.077834
-0.079643
-0.021492
0.042178
-0.131939
-0.134912
-0.044839
0.338345
0.279831
-0.945602
-0.986187
1.245881
0.672017
0.596916
-1.873866
-1.811520
1.859114
1.944363

254



S3

uB3LYP/6311+G(d,p) = -425.1586038

O©CoOoO~NOODWNPE

10

TS4

RPRRPRPRRPRRPPRPODODODORRPRPOIODO OO

1.496643
0.462842
0.857158
2.200757
3.194504
2.837719
2.476036
4.238529
3.589840
-3.004364
-0.998531
-2.953850
-1.819246
-1.792347
-3.785713
-1.006969
-1.545573
-3.705927
-2.058965
0.095901
-1.184861

uB3LYP/6311+G(d,p) = -425.1553581

Imaginary Vibration = 40.7761

O©CoO~NOOUTA~WNPE

10

RPRPRRPRRPRRPRPROODODODODRRPRPOODD O OO

-1.321187
-0.470365
-1.097668
-2.468699
-3.259891
-2.669007
-2.919154
-4.323174
-3.258326
3.177730
1.014779
2.986185
1.734714
1.921950
4.061800
1.057254
1.321043
3.715051
2.102189
-0.516136
1.468208

ZPVE =0.170071

-1.187822
-0.291479
1.004724
1.317749
0.353657
-0.946074
2.324885
0.604917
-1.713195
0.026278
-0.671886
0.698172
0.354122
-0.851659
0.119964
-1.618932
0.730043
1.398972
-1.900846
1.767889
-0.548394

0.364517
0.206498
-0.176512
-0.376475
-0.199333
0.185539
-0.669072
-0.353699
0.334126
-0.781348
0.401010
0.432183
1.151936
-0.943976
-1.524086
0.952702
2.128907
0.775504
-1.114642
-0.309141
-1.804833

ZPVE =0.170051

-1.130953
-0.048424
1.140572
1.181404
0.043189
-1.162548
2.117122
0.082318
-2.066031
0.568391
-0.190882
-0.725304
-1.203232
1.073062
1.172858
-0.553544
-2.171928
-1.286892
1.530918
2.049650
1.853877

0.385939
0.275035
-0.132090
-0.400623
-0.271184
0.139299
-0.712176
-0.482411
0.252691
-0.163811
0.599576
-0.626521
-0.268249
0.498881
-0.317317
1.637445
-0.512944
-1.198853
1.476509
-0.236125
-0.124341

255



S4

uB3LYP/6311+G(d,p) = -425.1592693

O©CoOoO~NOODWNPE

10

TS5

RPRRPRPRRPRRPPRPODODODORRPRPOIODO OO

1.472945
0.457527
0.869332
2.161344
3.152423
2.802136
2.415222
4.188142
3.571366
-3.064085
-1.002816
-2.956262
-1.760075
-1.804727
-1.091034
-1.438874
-3.704432
-1.232826
-3.901701
1.218280
-1.990592

UB3LYP/6311+G(d,p) = -425.159234

Imaginary Vibration = 47.7803

O©CoO~NOOUIA~WNPE

10

PRPRRPRRPRPRPRODODODODRRPPOIODO O OO

1.472817
0.449675
0.822611
2.101105
3.104457
2.785636
2.335949
4.128369
3.567849
-3.006511
-1.005945
-2.867262
-1.707861
-1.822276
-1.106333
-1.401978
-3.567281
-1.219093
-3.827939
1.242350
-2.110570

ZPVE = 0.170008

-1.195228
-0.235951
1.016259
1.391339
0.408610
-0.873810
2.396122
0.651167
-1.628542
-0.188162
-0.504760
0.832437
0.743344
-1.011590
-1.256963
1.397175
1.599933
-0.818867
-0.350290
-2.194815
-2.089839

0.405829
0.259614
-0.160923
-0.440937
-0.296114
0.126609
-0.761293
-0.509583
0.246264
-0.713290
0.516869
0.216274
0.919761
-0.733277
1.314638
1.718903
0.374974
-1.651158
-1.379253
0.746879
-0.702854

ZPVE = 0.169936

-1.222582
-0.264779
1.013577
1.410889
0.432027
0.8v2235
2.430289
0.693795
-1.621262
-0.191989
-0.512704
0.902629
0.803787
-1.111644
-1.179821
1.485477
1.727907
-1.101722
-0.362953
-2.239257
-2.154313

0.365325
0.300625
-0.080456
-0.397003
-0.335484
0.045543
-0.684257
-0.581426
0.099156
-0.736293
0.592694
0.094281
0.862110
-0.606876
1.460699
1.643281
0.145593
-1.524021
-1.420365
0.671230
-0.436690

256



S5

uB3LYP/6311+G(d,p) = -425.2387408

O©CoOoO~NOODWNPE

10

TS6

RPRRPRPRRPRRPPRPODODODORRPRPOIODO OO

1.480200
0.385128
0.435239
1.581202
2.697109
2.647566
1.635967
3.623904
3.537530
-2.582838
-1.066901
-2.005530
-1.030733
-2.145149
-3.292671
-1.208691
-1.208335
-2.183192
-2.987996
-1.749212
1.460937

uB3LYP/6311+G(d,p) = -425.1609018

Imaginary Vibration = 62.9075

O©CoO~NOOUTA~WNPE

10

PRPRPPRPPRPPRPOODOODOOORRFPEPREPOOOOOOOO®

1.414041
0.300985
0.382334
1.628193
2.765314
2.658203
1.349469
1.707431
3.726357
3.533169
-0.842014
-2.091644
-2.645112
-2.182798
-0.962587
-0.737006
-2.904195
-1.938234
-3.572804
-2.888476
-0.825195

ZPVE =0.174478

-1.450157
-0.676652
0.715970
1.421026
0.648952
-0.749727
2.504295
1.144693
-1.302141
0.133870
-0.741466
1.208100
0.852561
-1.170233
0.167305
-1.191932
1.375646
2.229846
-1.676743
-1.869620
-2.534828

-0.018342
0.332185
0.346807
0.018361

-0.339793

-0.359178
0.030651

-0.608048

-0.640964

-0.861908
0.793881

-0.320544
0.771753

-0.230813

-1.681765
1.778177
1.716310

-0.637058
0.253880

-0.975997

-0.029643

ZPVE =0.168882

-1.410410
-0.681050
0.723963
1.347904
0.595486
-0.773078
-2.492030
2.421409
1.087421
-1.365093
1.477879
1.226598
-0.097003
-1.261972
-1.374724
50942
1.823172
1.751305
-0.104349
-2.089126
-2.176205

0.170248
-0.204983
-0.289314
-0.141429

0.182543

0.368217

0.235868
-0.280981

0.282147

0.610575
-0.454328

0.276850

0.597732
-0.007244
-0.636548
-0.803989
-0.170792

1.247732

1.158560
-0.091905
-1.357672

257



S6

uB3LYP/6311+G(d,p) = -425.2453858

O©CoOoO~NOODWNPE

10

TS7

PRPRPPRPRPPODODOOOODRLRPFPRPPOOOOOOO

1.572908
0.277176
0.242034
1.488703
2.682621
2.725717
1.608210
1.451804
3.608670
3.685287
-0.896417
-2.132529
-2.689729
-2.102173
-0.822548
-0.881821
-1.894752
-2.823288
-3.578327
-2.634968
-0.615396

uB3LYP/6311+G(d,p) = -425.2443451

Imaginary Vibration = 285.9807

O©CoO~NOOUIA~WNPE

10

PRPRPRPPPRPO0OODOOODOOORRFRPEPPRPOOOOOOOO®

1.595906
0.296957
0.218408
1.428492
2.652040
2.736683
1.661648
1.361412
3.558582
3.708621
-0.983882
-2.136370
-2.593835
-2.057733
-0.810023
-1.037441
-1.855769
-2.832276
-3.420058
-2.635607
-0.588961

ZPVE = 0.173652

1.330702
0.729111
-0.717077
-1.371744
-0.735254
0.632981
2.384859
-2.419461
-1.263334
1.120684
-1.477170
-0.968931
-0.038541
1.169371
1.561648
-2.504209
-0.422127
-1.778416
-0.328729
1.891524
2.628639

0.359888
0.160078
-0.060102
-0.386282
-0.253540
0.168761
0.615037
-0.666351
-0.450681
0.299185
0.083605
0.746667
-0.289483
-0.516133
-0.043083
-0.270215
1.667576
0.983657
-0.841004
-1.130249
-0.029201

ZPVE =0.173088

1.311574
0.739465
-0.684650
-1.385208
-0.785341
0.575576
2.369248
-2.435174
-1.351548
1.039464
-1.400642
-0.933165
-0.087043
1.178887
1.594305
-2.386984
-0.352331
-1.728131
-0.435343
1.881095
2.657152

0.342969
0.166412
-0.065442
-0.365928
-0.232201
0.164556
0.576933
-0.632139
-0.413457
0.290051
0.023099
0.827143
-0.309083
-0.510123
-0.054028
-0.427006
1.709020
1.088993
-0.919480
-1.105652
-0.091508

258



S7

uB3LYP/6311+G(d,p) = -425.2652381

O©CoOoO~NOODWNPE

10

TS8

PRPRPPRPRPPODOOOOOORLRPFPRPPOOOOOOO

1.666457
0.366819
0.188334
1.311243
2.596618
2.773964
1.801875
1.174772
3.454389
3.770512
-1.179435
-0.784038
-2.360468
-2.031002
-2.158708
-1.254162
-0.589400
-2.838476
-3.189684
-1.825594
-2.842942

uB3LYP/6311+G(d,p) = -425.1091123

Imaginary Vibration = 706.1172

O©CoO~NOOUIA~WNPE

10

PRPRPRPPPRPO0OODOOODOOORRFRPEPPRPOOOOOOOO®

0.803026
0.613162
1.564831
2.906701
3.173117
2.137021
0.000792
3.711539
4.196449
2.370282
-2.750088
-1.846047
-1.967145
-1.312422
-2.733502
-3.320591
-1.623411
-0.974808
-1.784792
-3.739559
-2.367827

ZPVE = 0.1748950

1.298670
0.794010
-0.596004
-1.422120
-0.905938
0.459405
2.365836
-2.486030
-1.567309
0.867326
-1.163874
1.691860
-0.184563
1.253071
-1.048315
-2.071933
2.757217
1.962629
-0.456547
-0.553677
-1.874722

0.193507
0.037568
-0.149316
-0.230902
-0.077903
0.146670
0.338810
-0.397888
-0.126875
0.272741
-0.260770
-0.036329
-0.343587
-0.275804
0.883378
-0.849807
0.037864
-0.426707
-0.987970
1.787841
1.032922

ZPVE = 0.167255

0.996553
-0.366111
-1.250523
-0.924803

0.437467

1.380946

1.725667
-1.652546

0.764764

2.429824

0.862087
-1.004238

0.198443
-0.944962

0.179522

1.757367
-1.760349
-1.815096

0.463152
-0.134837

0.835764

-0.017110
0.178753
0.166922
0.016732

-0.187449

-0.203204
0.001827
0.027009

-0.344597

-0.354482
0.339470

-0.768582
1.203670
0.520054

-1.005996
0.549607

-1.508196
1.062160
2.236911

-1.320023

-1.809776

259



S8

uB3LYP/6311+G(d,p) = -425.1369414

O©CoOoO~NOODWNPE

10

TS9

RPRRPRPRRPRRPPRPODODODORRPRPOIODO OO

0.840960
0.484263
1.540681
2.877607
3.198802
2.177248
3.651604
4.237156
2.425674
-2.996150
-0.978411
-2.882465
-1.799893
-1.770292
-3.037614
-0.956931
-1.509029
-3.613347
-1.481285
-3.926334
0.056005

uB3LYP/6311+G(d,p) = -425.1346531

Imaginary Vibration = 36.0261

O©CoO~NOOUTA~WNPE

10

RPRPRRPRRPRRPRPRODODODODRRPRPOODDOD OO

-1.211361
-0.469750
-1.180027
-2.508359
-3.221432
-2.565909
-2.990317
-4.273790
-3.113060
3.034244
1.012903
2.871822
1.787072
1.844555
3.055795
1.007151
1.459488
3.567748
1.657519
3.986967
-0.720054

ZPVE = 0.169183

0.991366
-0.358105
-1.237186
-0.931288

0.421157

1.371098
-1.689104

0.723615

2.417704

0.219071
-0.800868

0.545644
-0.001404
-0.609583

1.125236
-1.861034

0.090198

1.149159
-1.027794
-0.327595

1.740209

-0.073209
0.107582
0.160179
0.061292

-0.115751

-0.181625
0.114584

-0.201509

-0.317949

-0.813963
0.214712
0.659194
1.213324

-1.053866

-1.439362
0.509179
2.253063
1.184889

-2.008716

-1.040208

-0.121178

ZPVE = 0.169067

1.194172
0.014239
-1.149544
-1.270032
-0.075246
1.145818
-2.233475
-0.105191
2.071543
0.634637
0.025333
-0.863613
-1.193200
1.151045
0.963163
0.055169
-2.202223
-1.568536
2.199251
0.983026
2.155624

0.145054
0.329189
0.157039
-0.172519
-0.345209
-0.185776
-0.298899
-0.607098
-0.324844
-0.556712
0.741786
-0.431301
0.268463
0.194201
-1.608439
1.846318
0.486145
-0.870644
0.384021
-0.126561
0.254713
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TS10

uB3LYP/6311+G(d,p) = -425.1336149

Imaginary Vibration = 56.4806

O©CoOoO~NOOODWNPE
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RPRRPRRPRPRRPPRPOODODODORRPRPIOIODO OO

1.200545
0.467388
1.194036
2.522051
3.222342
2.554873
3.014402
4.274236
3.091442
-3.004118
-1.010277
-2.913685
-1.841470
-1.788936
-3.011502
-1.013882
-1.592090
-3.651600
-1.493657
-3.941178
0.707339

uB3LYP/6311+G(d,p) = -425.1365086

O©CoO~NOOUTA~WNPE

10
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1.516578
0.464094
0.849589
2.129553
3.156181
2.841345
2.349640
4.187127
3.632565
-2.973810
-0.993877
-2.888442
-1.825493
-1.773704
-2.955101
-0.970456
-1.550766
-3.617334
-1.458473
-3.917174
1.287879

ZPVE = 0.168962

1.186204
0.008052
-1.156786
-1.273767
-0.078901
1.139223
-2.236357
-0.107807
2.065250
-0.747590
0.002565
0.759511
1.165898
-1.181368
-1.107493
0.015178
2.201282
1.416287
-2.209206
-1.124367
2.148982

0.107026
0.333618
0.202551
-0.124913
-0.346375
-0.228384
-0.211524
-0.609949
-0.402238
-0.531242
0.742009
-0.453242
0.226656
0.229031
-1.572703
1.847625
0.422681
-0.899128
0.388178
-0.089938
0.186596

ZPVE = 0.169064

-1.225605
-0.296665
1.002328
1.459536
0.503876
-0.829799
2.504779
0.808020
-1.569059
0.121169
-0.719410
0.700672
0.251730
-0.774976
0.906622
-1.707552
0.530814
1.401740
-1.341815
-0.423542
-2.267140

0.240741
0.175676
-0.081308
-0.269551
-0.207867
0.047377
-0.458373
-0.354593
0.102464
-0.883388
0.357524
0.511484
1.178783
-0.931585
-1.656384
0.845738
2.188935
0.901085
-1.797554
-1.048512
0.449878
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TS11

uB3LYP/6311+G(d,p) = -425.1060279

Imaginary Vibration = 359.7289

©CoOoO~NOOOD~WNPE
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RPRRPRRPRPRRPPRPOODODODORRPRPIODO OO

-1.456885
-0.315769
-0.377520
-1.687118
-2.812027
-2.695419
-1.813518
-3.805022
-3.588246
2.113263
1.081501
2.715497
2.176727
0.992267
1.802976
1.011135
2.436575
3.489170
0.570183
2.829960
-1.340325

uB3LYP/6311+G(d,p) = -347.7866913

Imaginary Vibration = 1205.3426

wo~N~ouanh~wn P

PRPRRPRPOOOORRFPEFRPFPOOOOOO®

0.991120
-0.248380
-0.240598

0.986506

2.162973

2.161831

1.005578

0.991976

3.111371

3.112093
-1.576915
-1.577251
-2.430655
-1.953667
-1.906101
-3.495807
-2.237233

ZPVE =0.170321

-1.284472
-0.477254
0.913034
1.469986
0.686401
-0.710445
2.547575
1.126308
-1.304289
0.852353
-1.137251
0.482713
-0.631062
-0.158141
1.892416
-2.202177
-1.097497
1.073758
-0.401156
0.660973
-2.331089

0.172524
-0.174358
-0.431288
-0.284313
-0.145595

0.104907
-0.368334
-0.197246

0.268206

0.878402
-0.078877
-0.456983
-0.957128

1.026033

0.949855

0.125841
-1.898297
-0.930347

1.991081

1.698225

0.441079

ZPVE = 0.135605

1.425116
0.728173
-0.715839
-1.425013
-0.716638
0.708724
2.509697
-2.509919
-1.242065
1.231528
-1.163283
1.185524
0.055786
-2.171877
2.213732
0.045697
-0.572092

0.006155
-0.029144
-0.029551
-0.003712

0.004517

0.013144

0.018297
-0.002831

0.008366

0.027981
-0.046599
-0.027495
-0.015118
-0.129873

0.001684
-0.203239

1.046435

262



indene

uB3LYP/6311+G(d,p) = -347.8510448

O©CoOoO~NOODWNPE

10
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0.998397
-0.212031
-0.229496

0.955994

2.169733

2.188411

1.018547

0.950501

3.104630

3.138819
-1.666598
-1.599440
-2.438369
-1.902168
-1.888545
-3.519390
-1.902007

uB3LYP/6311+G(d,p) = -425.1743778

Imaginary Vibration = 394.9013

O©CoO~NOOD,WNPE
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-1.327312
-0.180409
-0.256735
-1.507309
-2.666055
-2.581100
-1.262283
-1.578666
-3.636967
-3.484383
1.034142
1.251596
2.073760
2.157255
1.693249
1.070875
1.319095
2.844895
2.746102
2.747498
1.087347

ZPVE = 0.139899

1.414150
0.721164
-0.688823
-1.408805
-0.712232
0.684507
2.498770
-2.494143
-1.261402
1.206715
-1.155018
1.194980
0.143070
-1.769422
2.238580
0.191409
-1.768465

0.000121
-0.000042
0.000032
-0.000063
-0.000110
0.000046
0.000309
-0.000198
-0.000303
0.000135
0.000195
-0.000133
-0.000154
-0.877951
-0.000080
-0.000284
0.879017

ZPVE = 0.169517

-1.384368
-0.637225
0.750697
1.367941
0.608219
-0.756043
-2.453500
2.434534
1.087641
1.338446
1.431839
1.132267
0.993672
-0.337170
-0.765245
2.433096
-2.213060
-0.808796
1.716354
-0.594294
-1.103828

-0.302408
-0.106800
0.135620
0.214083
0.026553
-0.239333
-0.478805
0.400595
0.084419
-0.381377
0.219871
0.015197
-0.686426
-0.911101
1.427454
0.637212
-0.163771
-1.600882
-1.136735
1.617952
2.265131
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cyclopentadienyl radical (c-GHs)

uB3LYP/6311+G(d,p) = -193.5157530

Boo~vouorwnr

S10

POFRPORFRPORFRPOEFRL,O®

0.000067
0.000121
-1.169496
-2.191453
-0.740919
-1.359401
1.169532
2.191526
0.740816
1.359208

uB3LYP/6311+G(d,p) = -424.5726037

O©CoO~NOOUID,WNPE
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PRPRPPRPPRPPRPOOODOOOORPRPFPRPOOOOOOO®

-1.466548
-0.428848
-0.814188
-2.159494
-3.161486
-2.811747
-2.431426
-4.207308
-3.569784
2947774
1.034164
2.945911
1.842454
1.845379
3.725393
1.061829
1.548550
3.721892
1.554243
-0.043622

ZPVE = 0.077508

1.187041
2.269816
0.353448
0.701699
-0.947228
-1.834302
0.353334
0.701475
-0.947303
-1.834441

-0.000086
0.000344
-0.000015
0.000078
0.000014
0.000008
-0.000016
0.000076
0.000017
0.000011

ZPVE = 0.160186

-1.246527
-0.342635
1.011435
1.370536
0.396968
-0.958922
2.419951
0.685224
-1.734279
0.381728
0.760850
0.343401
-0.297467
-0.235857
0.835675
-1.859781
-0.487418
0.765475
-0.372048
1.776337

0.019212
0.009836
-0.011152
-0.020649
-0.009793
0.010751
-0.036637
-0.017200
0.019453
0.723057
0.019793
-0.747053
-1.174030
1.185633
1.324217
0.048256
-2.197137
-1.373029
2.218069
-0.019619
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TS15

uB3LYP/6311+G(d,p) = -424.5698758

Imaginary Vibration = 39.0584

O©CoOoO~NOOODWNPE
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-1.143971
-0.415076
-1.153842
-2.516129
-3.185672
-2.479743
-0.657541
-3.057369
-4.243917
-2.973111
2.993451
1.064317
2.951344
1.837704
1.902291
3.789740
1.125282
1.514527
3.706039
1.668305

uB3LYP/6311+G(d,p) = -424.5716575

O©CoO~NOOUIDWNPE

PRPRPPRPPRPOOOOOOORRFRPEPPRPOOOOOOO®

-1.441213
-0.413934
-0.835390
-2.129227
-3.130580
-2.778655
-1.184563
-2.377487
-4.171230
-3.550054
2.971208
1.049049
2.935488
1.826803
1.883465
3.757800
1.088513
1.507044
3.691469
1.616419

ZPVE = 0.160047

-1.154682
0.009020
1.190441
1.146776

-0.070269

-1.267617
2.151246
2.074720

-0.096263

-2.229298
0.680147
0.003876

-0.787625

-1.199245
1.159670
1.271864
0.005895

-2.218066

-1.423614
2.200555

0.170480
0.298683
0.107725
-0.191621
-0.310183
-0.124891
0.188323
-0.337692
-0.547077
-0.214337
-0.457230
0.666746
-0.457929
0.173838
0.167706
-0.890765
1.769368
0.334591
-0.902487
0.340122

ZPVE = 0.160100

-1.210162
-0.259571
1.016957
1.430261
0.454810
-0.855956
-2.234759
2.458331
0.726081
-1.610220
0.695274
-0.630083
0.001941
-0.756430
0.357739
1.369770
-1.601903
-1.379094
0.098398
0.704726

0.300951
0.173075
-0.140270
-0.331955
-0.202689
0.113121
0.555084
-0.572468
-0.344898
0.219807
0.415458
0.346308
-0.880230
-0.949290
1.131270
0.728879
0.861806
-1.773423
-1.649186
2.119910
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TS16

uB3LYP/6311+G(d,p) = -424.5182175

Imaginary Vibration = 2110.8815

©CoOoO~NOOOD~WNPE
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1.025617
0.479231
1.296429
2.677413
3.207553
2.380808
3.358400
4.284781
2.793777
-3.149685
-0.983777
-3.149688
-1.870701
-1.870694
-4.038297
-0.464333
-1.524759
-4.038302
-1.524734
0.898438

uB3LYP/6311+G(d,p) = -424.6397278

O©CoO~NOOUIDS,WNPE
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1.155552
0.419819
1.155308
2.541949
3.245619
2.542206
3.080863
4.329578
3.081296
-3.178625
-1.020639
-3.178129
-1.883064
-1.884001
-4.063942
-1.557128
-4.063015
-1.558239
0.627061
0.627559

ZPVE = 0.1545290

-1.056774
0.206025
1.331730
1.101339

-0.194955

-1.330374
1.945234

-0.326845

-2.331381
0.043844

-0.127750
0.045870

-0.032691

-0.035941
0.091998

-1.404986

-0.052960
0.095730

-0.058930
2.340194

0.000858
-0.000354
-0.001315
-0.001012

0.000240

0.001284
-0.001726

0.000431

0.002284
-0.733231

0.000202

0.733140

1.178683
-1.178550
-1.348786

0.001583

2.201835

1.348556
-2.201637
-0.002211

ZPVE = 0.1603800

-1.209807
-0.000079
1.209790
1.207257
0.000185
-1.207012
2.148059
0.000299
-2.147713
0.734373
-0.000207
-0.734737
-1.166528
1.166794
1.355375
-2.195282
-1.356371
2.195597
2.154510
-2.154652

0.000018
-0.000066
-0.000378
-0.000288

0.000202

0.000364
-0.000596

0.000376

0.000797

0.000471

0.000044
-0.000312
-0.000405

0.000273

0.000917
-0.000650
-0.000398

0.000819
-0.001004

0.000207
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TS17

uB3LYP/6311+G(d,p) = -424.5548952

Imaginary Vibration = 473.23%6

©CoOoO~NOOOD~WNPE
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-1.469724
-0.388373
-0.551681
-1.747821
-2.835416
-2.696071
-1.375453
-1.862457
-3.798821
-3.555221
2.489600
1.066231
2.699639
1.902627
1.500116
3.007668
1.231862
1.821071
3.388502
1.328079

uB3LYP/6311+G(d,p) = -424.5964737

O©CoO~NOOUIDS,WNPE

PRPRPPRPPRPOOOODOOOORPFRPPEPPOOOOOOO®

1.499472
0.380629
0.380750
1.499658
2.641725
2.641638
1.514921
1.515262
3.550275
3.550129
-2.092579
-1.087798
-2.617932
-2.092914
-1.087688
-2.339331
-1.250781
-2.339038
-3.339941
-1.251258

ZPVE = 0.158965

-1.336692
0.472984
0.884692
1.462570
0.591196

-0.783876

-2.405783
2.529606
0.992215

-1.431336
1.019021

-0.678463

-0.185031

-1.182943
0.793158
1.955042

-1.253679

-2.182019

-0.265855
1.397918

0.202219
0.369816
0.160229
-0.216059
-0.390422
-0.181178
0.366103
-0.373696
-0.689334
-0.317946
-0.114801
0.730211
-0.883884
-0.424113
0.827831
-0.275275
1.649655
-0.830188
-1.715671
1.707247

ZPVE = 0.1607800

1.436940
0.695631
-0.695744
-1.436856
-0.699921
0.700138
2.521436
-2.521351
-1.224359
1.224662
-1.153816
0.797611
0.000123
1.153790
-0.797911
-2.167036
1.293365
2.167138
0.000307
-1.294076

-0.004630
0.338369
0.338535

-0.004458

-0.352781

-0.352855

-0.007257

-0.006993

-0.628535

-0.628642

-0.281993
0.776972

-0.853433

-0.281199
0.776876

-0.570633
1.739103

-0.569965

-1.662185
1.738685
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TS18

uB3LYP/6311+G(d,p) = -424.5352877

Imaginary Vibration = 442.5924

©CoOoO~NOOOD~WNPE
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-1.406508
-0.245805
-0.332584
-1.520502
-2.693508
-2.632878
-1.371811
-1.571533
-3.649671
-3.544326
1.864249
1.215409
2.256735
1.935385
1.685500
2.043879
1.260710
2.012581
2.662594
1.404617

uB3LYP/6311+G(d,p) = -424.5752343

O©CoO~NOOUIDS,WNPE
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1.366094
0.187381
0.187521
1.366340
2.563480
2.563356
1.375207
1.375612
3.499513
3.499302
-1.276861
-1.277026
-2.060879
-2.061428
-1.649776
-1.429269
-1.429447
-2.460451
-2.459493
-1.420184

ZPVE = 0.159379

-1.348409
-0.588748
0.792170
1.469257
0.696841
-0.692186
-2.431058
2.552363
1.190448
-1.274428
1.087745
-1.099615
0.501452
-0.804049
0.030954
2.118328
-2.120237
-1.501566
1.067473
0.126196

0.069728
0.157015
0.069111
-0.080059
-0.190262
-0.114281
0.149317
-0.122812
-0.331379
-0.192802
0.365495
0.371325
-0.933152
-0.926353
1.263696
0.641391
0.747851
-1.748895
-1.760591
2.304339

ZPVE =0.161613

1.415608
0.704894
-0.704962
-1.415506
-0.696028
0.696316
2.500494
-2.500393
-1.231765
1.232204
1.135632
1.135403
-0.667603
0.667777
-0.000296
-2.163983
2.163625
1.330841
-1.330401
-0.000447

-0.017993
0.119500
0.119552

-0.017883

-0.168306

-0.168367

-0.007601

-0.007552

-0.281659

-0.281722
0.338836
0.339231

-0.899897

-0.899377
1.290928
0.659410
0.660214

-1.655105

-1.656076
2.352752
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TS19

uB3LYP/6311+G(d,p) = -424.5361208

Imaginary Vibration = -503.8089

©CoOoO~NOOOD~WNPE
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1.306091
0.184543
0.256971
1.457991
2.597288
2.524981
1.254804
1.521829
3.548506
3.420052
-1.093687
-1.273601
-2.098557
-1.959310
-1.805767
-1.322509
-1.482357
-2.222345
-2.489312
-2.810327

uB3LYP/6311+G(d,p) = -424.5745150

O©CoO~NOOUDSWNPE

PRPRPPRPPRPOOOODOOORPFRPEPPRPOOOOOOO®

0.924872
0.132790
0.676526
2.022941
2.817253
2.276012
0.516195
2.448441
3.866055
2.907834
-0.389336
-1.339079
-3.217705
-2.270943
-1.537717
-0.255026
-1.486969
-2.111145
-3.966157
-2.492907

ZPVE =0.158479

-1.416557
-0.625380
0.775285
1.391684
0.591971
-0.792171
-2.495501
2.468148
1.055402
-1.392370
1.317433
-0.964313
0.342806
-0.881194
0.335550
2.375326
-1.891252
-1.795743
0.783692
0.441607

-0.171403
-0.341095
-0.194812
0.128515
0.285054
0.134007
-0.274562
0.246751
0.522166
0.253434
-0.457708
-0.571264
1.299901
0.833991
-1.146915
-0.465955
-1.102902
1.360877
2.205995
-1.535433

ZPVE = 0.158758

-1.450746
-0.313629
0.932878
1.042647
-0.105610
-1.340083
-2.414955
1.999961
-0.038998
-2.221057
1.936812
-0.123496
-0.661271
-1.040139
1.356513
2.985942
-0.334228
-2.111775
-1.114663
1.846524

-0.356260
-0.331137
0.037213
0.380871
0.357238
-0.006674
-0.640826
0.662242
0.624460
-0.019113
-0.031403
-0.667660
0.924289
0.105409
-0.417756
0.200702
-1.738586
-0.061365
1.556087
-0.548378
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TS20

uB3LYP/6311+G(d,p) = -424.5709461

Imaginary Vibration = 123.6993

©CoOoO~NOOOD~WNPE

10

TS21

PRPRRPPRPPRPOOOOODOOORPFPPEPPRPOOOOOOO®

0.809893
0.065886
0.658639
2.008382
2.755866
2.164278
0.355998
2.471972
3.806410
2.758843
-0.368868
-1.394728
-2.569200
-2.413888
-1.537359
-0.196938
-1.528163
-3.072631
-3.193370
-2.475525

uB3LYP/6311+G(d,p) = -424.5726099

Imaginary Vibration = 114.8198

O©CoO~NOOUA~WNPE

10

PRPRPPRPPRPO0OOOODOOORPFRPPEPRPOOOOOOOO®

-0.876519
-0.138294
-0.757803
-2.125863
-2.865874
-2.250016
-0.408284
-2.609787
-3.930790
-2.840435
0.267881
1.336542
3.580884
2.288405
1.459941
0.077525
1.551176
1.821090
4.419741
2.404048

ZPVE = 0.15849

-1.416016
-0.251535
0.945057
0.978605
-0.196796
-1.382769
-2.343008
1.897640
-0.189839
-2.287021
1.991321
0.014498
-1.077568
-0.906839
1.483702
3.015166
-0.087228
-1.461347
-1.649064
2.014738

-0.475058
-0.376812
0.070087
0.416391
0.316615
-0.122636
-0.809310
0.758811
0.585345
-0.189137
0.076836
-0.710754
1.246068
-0.041288
-0.348169
0.384810
-1.796190
-0.719471
1.915611
-0.438160

ZPVE = 0.158328

-1.473517
-0.301402
0.925696
0.981025
-0.202763
-1.418271
-2.422293
1.923012
-0.178458
-2.327073
1.973842
-0.057988
-0.745305
-0.913030
1.436447
3.019331
-0.265844
-1.735804
-1.199565
1.958279

0.311903
0.264751
-0.043434
-0.304125
-0.259090
0.044034
0.554437
-0.538940
-0.462116
0.074394
-0.021497
0.522715
-0.413717
-0.313838
0.285883
-0.229758
1.581393
-0.865870
-0.917878
0.362840
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S16

uB3LYP/6311+G(d,p) = -424.5740598

©CoOoO~NOOD~WNPE

TS22

PRPRRPPRPPRPOOOOOOORRPPEPPRPOOOOOOO®

0.697523
0.010690
0.676078
2.037044
2.724185
2.063079
0.190481
2.554898
3.782835
2.613172
-0.296090
-1.441131
-2.262632
-2.484896
-1.501371
-0.062199
-1.644752
-3.521910
-2.835863
-2.411541

uB3LYP/6311+G(d,p) = -424.5718073

Imaginary Vibration = 123.5812

O©CoO~NOOUIDS,WNPE

PRPRPPRPPRPOOOODOOORPFRPREPREPRPOOOOOOO®

-0.576027
-0.006746
-0.794259
-2.161202
-2.731142
-1.947908
0.027384
-2.772282
-3.792409
-2.406644
0.075032
1.425981
2.675023
2.505981
1.334959
-0.263958
1.669782
3.206655
3.341625
2.191688

ZPVE = 0.15875

1.381472
0.188612
0.964498
0.925502
0.278548
1.420590
2.272676
1.811028
0.328681
-2.347227
2.059368
0.155562
-1.680626
-0.684568
1.623101
3.065024
0.075331
-0.393934
-2.377013
2.206465

-0.518711
-0.353219
0.107137
0.406861
0.242510
-0.214593
-0.871485
0.759535
0.472123
-0.334129
0.175024
-0.620329
0.914430
0.096965
-0.227114
0.501808
-1.699890
-0.111545
1.507103
-0.277283

ZPVE = 0.158296

-1.438567
-0.178602
0.941427
0.802383
-0.468658
-1.578089
-2.305314
1.662228
-0.596974
2.558332
2.121373
0.279102
-1.740998
-0.447439
1.764255
3.123794
0.151385
0.201475
-2.439508
2.424123

0.360081
0.266019
-0.065683
-0.300651
-0.205898
0.118758
0.606555
-0.553711
-0.387957
0.184034
-0.099656
0.490878
-0.388843
-0.308632
0.198652
-0.329710
1.556587
-0.846495
-0.870656
0.251202

271



S17

uB3LYP/6311+G(d,p) = -424.5770523

O©CoOoO~NOODWNPE

TS23

PRPRRPPRPPRPOOOOOOOORRPREPPRPOOOOOOO®

0.664973
0.068194
0.830543
2.204238
2.803377
2.044081
0.077537
2.798749
3.870614
2.527777
-0.071740
-1.383307
-3.378460
-2.343094
-1.326609
0.242274
-1.696622
-2.117873
-4.170590
-2.205035

uB3LYP/6311+G(d,p) = -424.5571198

Imaginary Vibration = 592.425%3

O©CoO~NOOUIDS,WNPE

PRPRPPRPPRPOOOODOOOORPFRPPEPPOOOOOOO®

1.156126
0.174253
0.473008
1.772041
2.755586
2.455381
0.932306
2.011259
3.767016
3.235606
-0.723428
-1.296849
-2.763647
-2.123882
-1.785294
-0.772134
-1.465494
-2.124429
-3.437354
-2.706550

ZPVE = 0.158964

-1.486696
-0.236858
0.915136
0.818120
-0.441977
-1.583060
-2.375716
1.700742
-0.536967
-2.552648
2.070868
0.165598
-1.248241
-0.533159
1.668228
3.091156
-0.050471
-0.405252
-1.815166
2.296573

-0.294142
-0.242199
0.034691
0.251508
0.193747
-0.074762
-0.497945
0.461850
0.360743
-0.112631
0.033693
-0.447249
0.139981
0.498481
-0.231430
0.216317
-1.475826
1.563355
0.605218
-0.294995

ZPVE = 0.1580920

-1.428385
-0.454300
0.897064
1.261723
0.276099
-1.056167
-2.464790
2.293774
0.544713
-1.807067
1.694781
-0.572258
-0.192473
-1.182958
0.882397
2.766167
-1.016242
-2.240587
-0.057175
1.228068

-0.295046
-0.366485
-0.065089
0.308577
0.372807
0.074097
-0.526394
0.541311
0.657086
0.126550
-0.230129
-0.707088
0.995002
0.404069
-0.573560
-0.083721
-1.695534
0.667368
1.832426
-1.022014
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S18

uB3LYP/6311+G(d,p) = -424.5954009

O©CoOoO~NOODWNPE

TS24

PRPRPPRPPRPOOOOOOOOORRPREPPRPOOOOOOO®

-1.261813
-0.204935
-0.412179
-1.710379
-2.757771
-2.545586
-1.106751
-1.882702
-3.756864
-3.379545
0.796025
1.253471
2.706289
2.138207
1.925482
0.905852
1.436189
2.247306
3.432742
2.542909

uB3LYP/6311+G(d,p) = -424.5434498

Imaginary Vibration = 631.1078

O©CoO~NOOUIDS,WNPE

PRPRPPRPPRPOOOODOOOORPFRPPEPPOOOOOOO®

0.907589
-0.100451
0.318509
1.651812
2.604338
2.230497
0.627521
1.958623
3.648831
2.998723
-0.819261
-1.582630
-1.115510
-2.157010
-1.885724
-0.794532
-1.785047
-3.206461
-0.900128
-2.860488

ZPVE = 0.1605140

-1.429344
-0.541692
0.857973
1.326862
0.420177
-0.948121
-2.490370
2.384280
0.772634
-1.637956
1.569203
-0.803115
0.086530
-1.121858
0.631519
2.639939
-1.405668
-2.021103
0.552861
0.916582

0.221768
0.300053
0.087352
-0.225336
-0.301715
-0.078574
0.389793
-0.394735
-0.534049
-0.138840
0.238257
0.576431
-0.675427
-0.630663
0.530476
0.119115
1.471122
-1.226173
-1.331024
1.389056

ZPVE = 0.1577470

-1.274983
-0.357284
0.960448
1.217730
0.224463
-0.993959
-2.213766
2.195752
0.413706
-1.715247
1.857173
-0.254433
-1.370804
-1.117488
1.212459
2.903696
-0.591261
-1.370789
-1.888293
1.646267

-0.669755
-0.250162
0.156688
0.459475
0.221200
-0.382396
-1.134944
0.815889
0.440447
-0.639161
0.045364
-0.700613
1.175625
0.404919
-0.472625
0.324857
-1.724148
0.543612
2.103026
-0.655895
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S19

uB3LYP/6311+G(d,p) = -424.5641235

O©CoOoO~NOODWNPE

10

TS25

PRPRRPPRPPRPOOOOOOOORRPREPPRPOOOOOOO®

0.924727
-0.167741
0.258490
1.593107
2.574281
2.222072
0.668125
1.881529
3.620125
3.019268
-0.854440
-1.628247
-0.915735
-2.117613
-1.900692
-0.835464
-1.801094
-3.111270
-0.532746
-2.837732

uB3LYP/6311+G(d,p) = -424.5241854

Imaginary Vibration = 499.7315

O©CoO~NOOUIDS,WNPE

PRPRPPRPPRPOOOODOOORPFRPREPREPRPOOOOOOO®

1.116376
-0.001335
0.054382
1.337245
2.456316
2.363213
1.055513
1.430831
3.432597
3.264191
-1.127235
-1.493776
-0.949960
-1.723309
-2.009233
-1.238632
-1.862202
-2.473045
-0.754733
-2.990626

ZPVE = 0.1594200

-1.305766
-0.473959
0.943865
1.250238
0.295334
-0.944676
-2.251208
2.256721
0.531666
-1.596959
1.815513
-0.328978
-1.205271
-1.129729
1.149276
2.881358
-0.759604
-1.443067
-1.616043
1.602049

-0.640788
-0.057860
0.222092
0.455063
0.181459
-0.443643
-1.107564
0.743761
0.337891
-0.785293
-0.017018
-0.684700
1.094295
0.521727
-0.574020
0.181252
-1.676390
0.819970
2.021474
-0.874744

ZPVE = 0.157669

-1.395100
-0.609871
0.775670
1.344624
0.528163
-0.817839
-2.436500
2.396560
0.943900
1.416317
1.424209
-0.859816
0.027037
-0.837798
0.473118
2.493742
-1.762265
-1.483417
0.329632
0.620271

-0.530782
-0.458222
-0.021475
0.248000
0.189830
-0.202404
-0.828129
0.494555
0.414957
-0.271966
-0.655562
-0.482734
1.691879
1.078476
-1.002257
-0.775697
-0.966490
1.527048
2.709442
-1.432225
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S20

uB3LYP/6311+G(d,p) = -424.5491997

O©CoOoO~NOODWNPE

10

TS26

PRPRPPRPPRPOOOOOOOORRPPEPPRPOOOOOOO®

-1.109408
0.023710
0.052491

-1.299618

-2.419609

-2.361642

-1.076719

-1.385362

-3.396928

-3.281907
0.973597
1.528915
0.973186
1.832268
1.832758
0.897269
1.929465
2.628395
0.896651
2.629247

uB3LYP/6311+G(d,p) = -424.5482226

Imaginary Vibration = 521.2864

O©CoO~NOOUIDS,WNPE

PRPRPPRPPRPOOOODOOORPFRPPEPRPRPOOOOOOO®

-0.726387
0.112672
-0.291237
-1.622180
-2.503065
-2.083062
-0.518211
-1.958621
-3.537557
-2.793951
0.919610
1.610116
0.699512
1.781696
2.011841
0.917222
2.111687
2.765176
0.517020
3.040152

ZPVE = 0.159822

1.535513
0.798619
-0.726993
-1.354401
-0.563984
0.852856
2.619979
-2.436220
-1.036582
1.423917
-0.890274
0.999757
-0.889573
0.133040
0.132295
-1.706164
2.011119
0.334565
-1.705119
0.333378

-0.000380
-0.000300
0.000008
0.000108
0.000065
-0.000197
-0.000511
0.000290
0.000195
-0.000301
-1.245160
-0.000148
1.245640
1.246000
-1.245741
-1.951343
-0.000447
1.949933
1.952194
-1.949390

ZPVE = 0.1585810

-1.195587
-0.049273
1.170604
1.362966
0.271684
-0.975041
-2.040584
2.311270
0.405126
1.791555
1.967042
-0.164841
-2.030232
-1.331075
1.212475
2.989150
-0.399977
-1.547286
-2.889232
1.530749

0.598440
0.615087
0.074507
-0.315859
-0.236531
0.207831
1.247702
-0.719868
-0.534898
0.266414
-0.179613
0.541177
-0.730527
-0.440105
0.044992
-0.537857
1.490458
-0.855574
-1.363606
-0.069170

275



S21

uB3LYP/6311+G(d,p) = -424.5790018

O©CoOoO~NOODWNPE

10

TS27

PRPRRPPRPPRPOOOOOOOORRPREPPRPOOOOOOO®

0.422300
-0.139318
0.474229
1.862726
2.508024
1.807299
-0.896701
2.429798
3.582028
2.341311
-0.632068
-1.622630
-0.724311
-1.917291
-1.817054
-0.507963
-2.058118
-2.907205
-0.531829
-2.782756

uB3LYP/6311+G(d,p) = -424.5457458

Imaginary Vibration = 637.3948

O©CoO~NOOUIDS,WNPE

PRPRPPRPPRPOOOODOOOORPFRPPEPPOOOOOOO®

0.791923
0.107732
0.749607
2.072881
2.755040
2.124776
0.304686
2.574569
3.787440
2.673393
-0.205110
-1.275718
-3.332922
-2.316821
-1.376186
-0.000755
-1.848861
-1.675002
-4.120230
-2.266445

ZPVE = 0.1607950

1.212061
-0.022711
-1.242940
-1.224572

0.022452

1.242563

2.886739
-2.128860

0.047657

2.170120
-2.176345
-0.085010

2.186248

1.252805
-1.517239
-3.227618
-0.079749

1.610747

2.811909
-1.974821

0.161337

0.386114

0.140891
-0.039720
-0.067071
-0.027092

0.723443
-0.231855
-0.217660
-0.204387
-0.157960

0.332556
-0.111083
-0.309893
-0.164351
-0.389590

1.354629
-0.567610
-0.990624
-0.338720

ZPVE = 0.155334

-1.426566
-0.222484
0.923473
0.850670
-0.364762
-1.488733
-2.306730
1.720629
-0.434863
-2.419446
2.027876
0.156295
-1.301230
-0.634146
1.581546
3.036782
-0.334290
-0.253260
-1.791130
2.170675

-0.578366
-0.461140
0.081774
0.507799
0.383852
-0.156098
-0.984371
0.918363
0.707805
-0.245872
0.036998
-0.777780
0.599639
0.833785
-0.506738
0.370748
-1.551481
1.605161
0.073451
-0.676153

276



S22 (indenyl radical)

uB3LYP/6311+G(d,p) = -347.2163579

O©CoOoO~NOODWNPE

10

TS28

PRPPRPOOOORRPRPREPPOOOOO OO

0.938986
-0.258111
-0.258064

0.939342

2.146886

2.146770

0.950922

0.950836

3.089011

3.088700
-1.645529
-1.646120
-2.458406
-1.987957
-1.986936
-3.539099

uB3LYP/6311+G(d,p) = -424.5592033

Imaginary Vibration = 745.3387

O©CoOoO~NOOTD,WNPE

10

PRPRRPPRPPRPOOOOOOOORPFPEPPOOOOOOOO®

1.427247
0.312869
0.376707
1.540970
2.665516
2.609196
1.392284
1.591294
3.598519
3.498887
-1.980290
-1.076604
-2.543501
-2.208269
-1.021246
-2.197290
-1.099796
-2.927653
-3.269101
-1.202711

ZPVE =0.127134

1.415601
0.714150
-0.714179
-1.415538
-0.696306
0.696409
2.500539
-2.500478
-1.232574
1.233005
-1.141019
1.140828
-0.000046
-2.167325
2.167603
-0.000169

0.000019
-0.000021
-0.000031

0.000009

0.000037

0.000040

0.000040
-0.000013

0.000054

0.000067
-0.000157
-0.000001

0.000064
-0.000158

0.000081

0.000171

ZPVE = 0.1584610

1.437610
0.686430
-0.695342
-1.398383
-0.650889
0.744028
2.520733
-2.479459
-1.158471
1.295923
-1.216779
1.093370
-0.086719
1.115441
-1.036828
-2.207336
1.800597
1.927881
-0.111079
-1.540416

-0.088255
0.268868
0.360158
0.074037

-0.294093

-0.373968

-0.138690
0.145475

-0.512892

-0.656746

-0.336682
0.691653

-0.849928

-0.157607
0.772717

-0.728974
1.523297

-0.099893

-1.655344
1.722368
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S23

uB3LYP/6311+G(d,p) = -424.6529665

O©CoOoO~NOODWNPE

10

TS29

PRPRRPPRPPRPOOOOOOOORRFRPREPPRPOOOOOOO®

-1.537023
-0.294679
-0.294677
-1.536858
-2.749736
-2.749795
-1.539296
-1.539046
-3.682162
-3.682274
0.883828
2.221842
2.854723
2.221674
0.883569
0.650984
2.892510
3.939038
2.892130
0.650909

uB3LYP/6311+G(d,p) = -424.5733434

Imaginary Vibration = 437.2373

O©CoO~NOOUIDS,WNPE

PRPRPPRPPRPOOOODOOOORPFRPPEPPOOOOOOO®

-1.345057
-0.179393
-0.312061
-1.614403
-2.739382
-2.604084
-1.241335
-1.716336
-3.725589
-3.484520
0.811300
1.091302
2.059948
2.543341
2.194248
0.595708
1.103472
3.404060
2.757372
2.872614

ZPVE = 0.1620140

-1.376394
-0.715919
0.715806
1.376433
0.695865
-0.695712
-2.461138
2.461170
1.248562
-1.248320
1.568785
1.257920
-0.000148
-1.257916
-1.568703
2.629367
2.113598
-0.000233
-2.113771
-2.629343

-0.000019
-0.000106
0.000004
0.000056
0.000047
0.000065
-0.000046
0.000088
0.000106
0.000095
-0.000065
-0.000108
0.000133
0.000047
-0.000149
-0.000196
-0.000164
0.000574
0.000334
-0.000222

ZPVE = 0.1594890

-1.403521
-0.637173
0.765431
1.304379
0.516724
-0.847196
-2.461681
2.369358
0.953711
-1.465089
1.642825
-1.326848
1.218674
0.125734
1.031785
2.705770
2.297986
0.392687
1.933372
-1.799438

-0.291207
-0.071203
0.140858
0.274521
0.142350
-0.169528
-0.508381
0.456392
0.250799
-0.304339
-0.025268
-0.042549
-0.362013
-0.237288
0.835619
-0.071171
-0.538685
-0.849928
-0.790158
1.189712
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S24

uB3LYP/6311+G(d,p) = -424.5834768

O©CoOoO~NOODWNPE

10

TS30

PRPRRPPRPPRPOOOOOOOORRPREPPRPOOOOOOO®

-1.337149
-0.181558
-0.298152
-1.576862
-2.719646
-2.600324
-1.244568
-1.668147
-3.698686
-3.485900
0.886836
1.166459
2.125230
2.411498
2.124671
0.724277
1.234397
3.215320
2.951688
1.965607

uB3LYP/6311+G(d,p) = -424.5576745

Imaginary Vibration = 736.0906

O©CoO~NOOUIDS,WNPE

PRPRPPRPPRPOOOODOOOORPFRPPEPPOOOOOOO®

1.340210
0.216855
0.347907
1.608182
2.713926
2.584598
1.249397
1.714761
3.684790
3.455417
-0.855808
-2.081519
-2.604569
-2.049515
-1.166714
-0.776750
-2.856035
-3.299453
-2.123002
-1.370453

ZPVE = 0.1607160

-1.407288
-0.628113
0.773209
1.336173
0.544844
-0.831506
-2.479421
2.411448
0.999181
-1.455164
1.626961
-1.251888
1.151665
-0.298011
-1.091912
2.699366
-2.167518
-0.632343
1.835687
-0.756033

-0.200428
-0.118140
0.037531
0.160183
0.114644
-0.077863
-0.342130
0.277225
0.216347
-0.125340
-0.043400
-0.188537
-0.267821
-0.295171
0.911727
0.002023
-0.773113
-0.947335
-0.432230
1.928207

ZPVE = 0.1582330

-1.399379
-0.577129
0.816656
1.344204
0.506229
-0.860907
-2.459262
2.407918
0.915981
-1.505268
1.564733
0.870161
-0.020268
-1.214870
-1.017581
2.565018
1.330056
0.321982
-2.103717
-1.543793

-0.259304
-0.321965
-0.066306
0.261299
0.340410
0.075808
-0.472746
0.446215
0.595802
0.121007
-0.330767
-0.375205
0.723620
0.566174
-0.624708
-0.747526
-0.993842
1.487183
1.185763
-1.556185
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S15— S25+H

uB3LYP/6311+G(d,p) = -424.5051083

Imaginary Vibration = 649.0956

O©CoO~NOODWNPE

S16— S25+H

PRPRPPRPPRPOOOODOOOORPFPPEPPOOOOOOOOO®

0.763228
0.093585
0.761135
2.118686
2.794049
2.125290
0.245866
2.641832
3.849526
2.665673
-0.201916
-1.359003
-3.217721
-2.362323
-1.410746
0.040430
-1.536435
-2.251710
-3.960236
-2.320523

uB3LYP/6311+G(d,p) = -424.5054864

Imaginary Vibration = 637.2107

©CoOoO~NOODWNPE

PRPRPPRPPRPOOOODOOORPRFRPEPPRPOOOOOOO®

-0.716826
-0.073556
-0.770370
-2.133442
-2.783096
-2.084364
-0.175511
-2.680456
-3.842417
-2.605752
0.174209
1.375818
2.926870
2.365025
1.397731
-0.090312
1.572675
3.919073
3.535246
2.299457

ZPVE = 0.1506130

-1.459270
-0.248720
0.930660
0.901386
-0.319048
-1.487080
-2.368446
1.806232
-0.361412
-2.426101
2.035967
0.096047
-1.034845
-0.677764
1.587250
3.060362
-0.053253
-2.291733
-1.476670
2.163520

-0.374834
-0.313831
0.065442
0.380202
0.318097
-0.053178
-0.659801
0.670037
0.562884
-0.091565
0.048299
-0.631564
0.899372
0.116514
-0.323413
0.302129
-1.705624
-0.966034
1.518930
-0.417586

ZPVE = 0.1505050

-1.436373
-0.217094
0.931917
0.862951
-0.365966
-1.504465
-2.323877
1.743485
-0.438937
2.450605
.052198
.165806
1.460384
0.657441
1.641222
3.059503
0.080305
0.135281
-2.114154
2.234773

0.445492
0.317703
-0.099163
-0.382968
-0.251677
0.155532
0.754718
-0.702074
-0.471309
0.246122
-0.153202
0.593806
-0.832864
-0.118424
0.214264
-0.449502
1.672202
0.762674
-1.409740
0.265906
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S17— S25+H

uB3LYP/6311+G(d,p) = -424.5051954

Imaginary Vibration = 648.2965

O©CoO~NOODWNPE

S25

PRPRPPRPPRPOOOODOOOORPFPPEPPOOOOOOOOO®

0.672626
0.072720
0.815773
2.181853
2.787596
2.043193
0.095302
2.764210
3.848411
2.531208
-0.091790
-1.367988
-3.339496
-2.396727
-1.337456
0.210247
-1.575230
-1.765648
-4.129608
-2.220717

uB3LYP/6311+G(d,p) = -424.0075013

©CoOoO~NOOODWNPE

PRPRPPOOODOOOOORRPRPRPPOOODOOOOO

-0.691014
-0.049671
-0.746791
-2.109087
-2.757244
-2.057738
-0.148493
-2.656483
-3.815816
-2.577751
0.197028
1.400998
3.227763
2.398369
1.420616
-0.067756
1.589816
3.955869
2.321257

ZPVE = 0.1503580

-1.478898
-0.232845
0.914505
0.816279
-0.439701
-1.575969
-2.363884
1.694570
-0.535795
-2.543020
2.065243
0.181373
-1.292572
-0.585126
1.672257
3.078215
0.054750
-0.062056
-1.882782
2.292730

-0.351649
-0.283056
0.050204
0.309557
0.238546
-0.085725
-0.596412
0.566147
0.441461
-0.129094
0.063525
-0.553086
0.450599
0.164548
-0.246413
0.298044
-1.626855
1.962054
0.847870
-0.305516

ZPVE = 0.1491820

-1.461174
-0.237573
0.921329
0.858447
-0.374604
-1.523069
-2.356090
1.746518
-0.442986
-2.472308
2.043185
0.136494
-1.309936
-0.657057
1.622547
3.057717
0.024155
-1.885535
2.216998

0.396794
0.306054
-0.081511
-0.370724
-0.275358
0.101390
0.681740
-0.667605
-0.500061
0.163041
-0.105101
0.590717
-0.700673
-0.125034
0.251731
-0.375579
1.669713
-1.217787
0.316830
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S21— S26+H

uB3LYP/6311+G(d,p) = -424.5214654

Imaginary Vibration = 644.0408

O©CoO~NOODWNPE

10

S26

PRPRPPRPRPOOOOODOOOORRFRPPEPPOOOOOOOO®

0.496588
-0.156466
0.351576
1.732739
2.475499
1.880837
0.648767
2.216132
3.539683
2.470460
-0.824734
-1.630495
-0.589673
-1.773689
-1.940846
-0.788838
-2.113333
-2.722517
-0.438504
-2.939868

uB3LYP/6311+G(d,p) = -424.0222839

©CoOoO~NOOODWNPE

10

PRPRPPRPRPPRPOODOOOOORPRPFPOOOOOOO

0.432135
-0.147048
0.431987
1.819954
2.492496
1.820102
2.365788
2.365951
-0.700153
-1.622965
-0.700068
-1.856212
-1.856396
-0.612138
-2.833744
-0.612027
-2.834078
3.565375
-2.088123

ZPVE = 0.1528950

1.194467
-0.007162
-1.263550
-1.358308
-0.165224

1.101191

2.064178
-2.306783
-0.232278

1.980738

2.096880

0.070657

2.101438

1.448719

1.329893

3.153206

0.143314

1.892533

3.129789

1.691014

0.176010

0.457190

0.181007
-0.047394
-0.130619
-0.102025

1.921775
-0.253413
-0.329882
-0.333729
-0.150816

0.335427
-0.289063
-0.307403
-0.184873
-0.388319

1.327508
-0.581588
-0.593128
-0.393873

ZPVE = 0.1515720

1.226328
0.000036
-1.226255
-1.234597
-0.000084
1.234389
-2.148294
2.148131
-2.111246
0.000100
2.111359
1.402992
-1.403013
-3.160779
1.815689
3.160991
-1.815653
-0.000216
0.000075

0.164703

0.445343

0.164553
-0.032842
-0.064183
-0.033069
-0.240932
-0.241014
-0.188531

0.344218
-0.188330
-0.214186
-0.213886
-0.442756
-0.429591
-0.442158
-0.428717
-0.224632

1.347061

282



S23— S27+H

uB3LYP/6311+G(d,p) = -424.5046929

Imaginary Vibration = 30.1138

O©CoO~NOOTD,WNPE

S27

PRPRPPRPPRPOOOOOOOORRFRPREPPOOOOOOOO®

-1.539318
-0.309846
-0.245948
-1.455661
-2.658117
-2.703050
-1.567744
-1.432695
-3.562798
-3.644000
0.946719
2.256568
2.677341
2.020573
0.911912
0.706013
2.977863
3.375405
2.863417
0.877493

uB3LYP/6311+G(d,p) = -424.0025421

©CoOoO~NOOODWNPE

PRPPRPPRPOOODOOOOORRPRPPOOODOOOOO

1.599753
0.321925
0.157768
1.321000
2.572823
2.716126
1.703847
1.221314
3.439272
3.695473
-1.097615
-2.378308
-2.688817
-1.974662
-0.853374
-0.939700
-3.159272
-0.784912
-3.355752

ZPVE = 0.1502190

1.382596
0.720765
-0.697400
-1.372791
-0.701720
0.688094
2.458306
-2.452278
-1.256321
1.218008
-1.550953
-1.287307
0.031458
1.031377
1.433958
-2.579382
-2.096016
0.138023
4.349604
2.151588

-0.122630
-0.263345
-0.105642
0.169505
0.318505
0.169355
-0.258987
0.276624
0.540227
0.265670
-0.250638
-0.013485
0.461295
-0.096765
-0.682566
-0.509831
-0.105163
1.286102
2.501007
-1.497177

ZPVE = 0.1502030

-1.332614
-0.779804
0.639014
1.425033
0.862123
-0.528925
-2.412224
2.505367
1501121
-0.976666
1.384100
1.058268
-0.222863
-1.232313
-1.621636
2.390125
1.798105
-2.426419
-0.281700

0.028456
-0.147371
-0.151427

0.004398

0.190317

0.200753

0.015456
-0.012064

0.317324

0.326759
-0.353610
-0.045242

0.590372

0.128235
-0.442238
-0.735408
-0.204635
-1.168496

1.445207
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