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Abstract
Reaction Kinetics of Hydroxyl Radical with Polycyclic Aromatic Hydrocarbon Precursors
JuddhaThapa
The incomplete combustion of fuels inside of an internal combustion engines generates
unwanted byproducts such as soot. Because of health and environmental concerns, soot
formation has been a very active area of research in combustion chemistry. However, the
mechanism of formation of soot is still not well understood. It has been proposed that the soot
formation is initiated by the reaction of small free radicals with abundant hydrocarbon fuel
molecules producing aromatic ring structures at high temperatures. These aromatic ring
structures further react to form polycyclic aromatic hydrocarbons (PAHs) that are stable at the
high temperatures of combustion environments. These PAHs collide and stick with each other
forming dimers, trimers, tetramers, etc. Eventually such stable PAHs-stabilomers condense and
transform into solid particles (soot). To minimize pollutants and increase the efficiency of
engines, it is very important to understand the chemistry of the elementary reactions at the
molecular level. The reactions of hydroxyl free radicals with polycyclic aromatic hydrocarbon
precursor molecules are studied experimentally in a quasi-static gas cell using laser pump-probe
spectroscopy. Hydroxyl free radicals are generated by pulsed laser photolysis (PLP) using the
third (355 nm) or fourth (266 nm) harmonic of Nd:YAG laser and their concentration is
monitored as a function of laser delay-time using a frequency-doubled tunable dye laser
perpendicular to the photolysis laser. The off-resonance fluorescence from the hydroxyl free
radicals at 310 nm is collected by a photomultiplier tube (PMT) placing it orthogonal to the
photolysis and probe laser beams.
The reactions of hydroxyl radicals (OH) with phenylacetylene and fulvenallene have
been investigated from 298 K to 450 K. The concentrations of the hydrocarbon reactants are
measured using FTIR spectroscopy and UV absorption. The room temperature reaction rate of
the OH + phenylacetylene reaction is measured to be 8.75(±0.73)×10-11 cm3s-1. The reaction rate
coefficient is pressure and temperature independent over the 1-7.5 Torr and 298-423 K pressure
and temperature ranges. The rate coefficient is larger than that expected based solely on
association with the aromatic ring, which suggests reaction with the triple bond. For the OH +
fulvenallene reaction, the room temperature rate coefficient is found to be 8.8(±1.7)×10-12 cm3s-1
with the negative temperature dependence. The comparison of the experimental rate coefficients
with the calculated abstraction rate coefficients suggests that over the experimental range,
association of hydroxyl radical (OH) to fulvenallene plays the significant role toward the
formation of PAH precursors.
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Chapter 1: Introduction
1.1 Combustion
During combustion the chemical energy of fuel molecules (solid, liquid, and gas) is
converted into usable energy such as heat or work. In the case of complete combustion the
reaction of a fuel with an oxidizer in the presence of nitrogen generates carbon dioxide and water
along with the production of energy as shown in scheme 1.
Fuel (hydrocarbons) + Air (O2 and N2) → CO2 + H2O + N2 + Energy
Scheme 1. Complete combustion of hydrocarbon fuels
In the case of incomplete combustion, the fuel does not burn completely due to the
limited amount of oxygen and therefore generates various products along with the production of
energy as shown in scheme 2.
Fuel (hydrocarbons) + Air (O2 and N2) → unburned hydrocarbons + NOx (nitrogen oxides) + CO
+ particulates (particulate matters) + CO2 + H2O + VOCs (volatile organic compounds-benzene,
ethylbenzene, cyclopentane, propene, etc.) + Energy
Scheme 2. Incomplete combustion of hydrocarbon fuels
About 90% of the worldwide energy is obtained from the combustion of fuel.1 In
practice, combustion of fuel in internal combustion engines is incomplete, therefore releasing
less energy and more undesirable products. The fuel efficiency of modern gasoline engines is
only about 14-30%.2 In order to increase the efficiency of engines and minimize pollutants it is
crucial to obtain a full understanding of the chemical reactions governing combustion chemistry.
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This requires investigating the thermochemistry, kinetics, and reaction mechanism of this
complex chemical system.
Combustion byproducts, especially soot, have drawn much interest owing to their adverse
health effects. Soot formation is poorly understood due to the limitation of accurate experimental
reaction kinetics as well as the lack of knowledge about the elementary reaction mechanisms
leading to molecular growth. These key parameters contribute to the inaccuracy of combustion
models that are used to optimize the efficiency of engines and reduce emissions. In addition,
improved combustion, towards complete oxidation of the hydrocarbon fuels will help reducing
fuel consumption and achieve clean emissions from combustion devices.3
D.P. Mishra1 defines fuels as being compounds that can donate electrons and oxidizer as
compounds that can accept electrons. In other words, the molecule with higher electronegativity
acts as an oxidizer whereas that with the lower electronegativity acts as a fuel. The most
important oxidizer is undoubtedly the oxygen present in air.
1.2 Types of Fuels
Fuels can be categorized into conventional and non-conventional or alternative
resources.4
1.2.1 Conventional Resource – Upon consumption, a conventional resource cannot be
replenished by natural means. Fossil fuels are the most widely used conventional resources
especially for use in transportation. Fossil fuels were formed 300 million years ago.5 Organisms,
plants, and animals died, decayed, decomposed, and were buried by earth materials for several
million years. After several million years, the decomposed material formed organic matter that
eventually led to fossil fuels.5
2

Fossil fuels are mainly carbon-based fuels such as coal, oil or petroleum, and natural gas.
These have been the dominant source of energy providing over 80% of the total energy for
hundreds of years.6,7 In this dissertation, only petroleum and natural gas are discussed.
1.2.1.1 Petroleum - Petroleum (crude oil) is the primary source of energy production.8 It
is a yellow to black viscous liquid containing mainly carbon (82-87%) and hydrogen (11-15%)
along with other elements such as oxygen (<1.5%), nitrogen (<1.5%), and sulfur (<6%) in small
amount. Alkanes are the main constituents of petroleum and contain numerous isomers.9
Petroleum comprises of alkanes, cycloalkanes, aromatics, and heteroatomic compounds
containing nitrogen, sulfur, and oxygen (NSOs).
Alkanes may be straight chained or branched. The number of carbon atoms ranges from
C1 to C78. Alkenes and alkynes are not found initially but they result from various refinery
processes. Cycloalkanes are mostly found in the form of cyclopropane (C3H6), cyclobutane
(C4H8), cyclopentane (C5H10), and cyclohexane (C6H12). Aromatic compounds in petroleum vary
from 10 to 50%. Aromatics include single ring compounds e.g. benzene, toluene, xylene and its
isomers, and mesitylene (1,3,5-trimethylbenzene) and condensed ring forms e.g., naphthalene,
anthracene, phenanthrene, pyrene, etc. referred to as polycyclic aromatic hydrocarbons.9
One of the important fuels obtained from petroleum during the distillation of oil is diesel.
Diesel is cheaper but lower quality than gasoline (the first distillation product of oil). The
molecules in diesel fuels are larger e.g., alkylated naphthalenes and n-alkanes are desirable e.g.,
hexadecane (C16H34). High boiling components such as polycyclic aromatic hydrocarbons are
undesirable products. Biodiesels made from vegetable oils, animal fats or grease wastes are
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known to be less pollutant. The elements present in biodiesel are C (76%), H (13%), O (11%), N
(0%), and S (0%).9
The quality of diesel fuel is measured by the cetane number. A high cetane number
corresponds to faster ignition of the fuel. For the same number of carbons the cetane number
ranks according to n-alkanes>alkenes>cycloalkanes>alkylaromatic. For alkanes, the cetane
number drops as the number of carbons decreases. Diesel is more efficient than gasoline and is
used specifically in diesel engines. Diesel engines are a type of internal combustion engine that is
used in cars, trucks, busses, trains, boats, and agricultural vehicles. Marine ships use heavier
diesel engines than those used for automobiles and trucks.
1.2.1.2 Natural Gas - The elements present in natural gas are C (76%), H (18%), O
(<2%), N (<5%), and S (<1%) with methane as the main constituents. Other alkanes such as
ethane, propane, butane, and pentane are present as well as nitrogen, carbon dioxide, hydrogen
sulfide, and helium.10 It is used in water heaters, cooking stoves, gas turbines and some engines.
It is also used to produce hydrogen, ammonia, sulfur, carbon black, and ethylene (another
petrochemical product).10
Natural gas is found under pressure in rock reservoirs. It is formed by the degradation of
organic materials accumulated for millions of years. Natural gas can be formed at shallow depths
by the anaerobic decomposition of sedimentary organic material at low temperature. It can also
be formed at deeper depths by thermal cracking of sedimentary organic material into
hydrocarbon liquid and gas (oil in conjunction with gas-primary gas) and thermal cracking of oil
at high temperatures (secondary gas).10
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1.2.2 Non-Conventional Resource - Non-conventional sources can be replenished quickly
and energy obtained from these sources is believed to be cleaner compared to fossil fuel energy.
Biofuels are an example of alternative fuels.
1.2.2.1 Biofuels and its Types - Biofuels are liquid (e.g., methanol, ethanol, and
biodiesel) or gaseous (methane and hydrogen) fuels derived from biomass. Biomass is an organic
material obtained from living organisms especially plants or plant based materials e.g., trees,
grasses, agricultural crops that are not used as food.11 The sources of biomass are also called
feedstocks. Some examples of feedstocks are oilseed crops, sawdust, black liquor (byproduct of
paper making process), cheese whey (byproduct of cheese making process), vegetable oils from
plant sources for biodiesel, and animal manure, fats, oil, greases, unused wood from
construction, packaging wastes, solid wastes, and landfill gases.11 Based on feedstock and
utilization, biofuels can be divided into two categories: First generation and second generation.12
(i)

First Generation - These biofuels are derived from materials such as sugar, starch,
esters of glycerol, free fatty acids and glycerides (fats and vegetable oils), and fatty
acids, cellulose, hemicelluloses, and lignin (wood for solid biofuels). Some of the first
generation biofuels are bioalcohols (e.g., methanol, ethanol, propanol, butanol), fatty
acid methyl ester (FAME or biodiesel) and pure plant oil (PPO).

(ii)

Second Generation - These are derived by utilizing unused land and consuming
wastes. Feedstocks e.g., lignocellulosic material from byproducts of agriculture such
as rice husk, sawdust, corn rub etc. are used for the second generation biofuels.13
High organic contents in wastes possess high amount of carbohydrates and protein.
Anaerobic digestion of wastes makes it suitable for bioenergy production.14
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The most common biofuel is ethanol15 and the key feedstocks to produce ethanol are
corn, sugarcane, wheat, sugar beet, soybean, palm oil.16 The main advantage of using ethanol is
its economic value and feasibility to produce in high yield.
1.3 Types of Combustion Engines
Combustion engines are devices that use heat and pressure released by the combustion
chemical reaction to generate mechanical energy that can be used to run automobiles or
industrial machines. In internal combustion engines the chemical energy from the chemical
reaction is directly utilized to do mechanical work.3,17 Here, internal combustion engines are
briefly discussed as they are dominant in vehicles.
The reciprocating piston-cylinder configuration is the most popular internal combustion
engine with the aim of achieving high work output with a high efficiency. In this configuration, a
piston moves back and forth in a cylinder transmitting power through the rod. Flow of gas into
and out of the engine is controlled using valves or ports. This reciprocating engine can be
designed to operate in four or two strokes.18 In this dissertation only four-stroke engine will be
discussed as they are the most efficient. Four-stroke engine completes its one cycle in four steps.
Figure 1a shows the intake and compression strokes of four stroke engine.
(A) Intake stroke – During this stroke the inlet valve is open and the piston moves down the
cylinder. Air or premixed fuel is sucked in. The exhaust valve remains closed.
(B) Compression stroke – During this stroke both valves remain closed and the piston moves
upward compressing the mixture of air and fuel. As the piston reaches almost the top
part, ignition occurs.
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Figure 1a. First rotation of four stroke engine (A) Intake stroke (B) Compression stroke19
Figure 1b shows the power and exhaust strokes that occur in four-stroke engine
(C) Power stroke - Both intake and exhaust valves are closed. The combustion flame
propagates throughout the space of the cylinder raising the pressure and temperature. The
piston is forced down. At the end of power stroke, the exhaust valve opens.
(D) Exhaust stroke - Exhaust valve remains open and the piston moves upward forcing the
emission of remaining gasses and particulate matters. At its end the exhaust valve closes.

Figure 1b. Second rotation of four stroke engine (C) Power stroke (D) Exhaust stroke19
These two cycles in the four stroke engine are repeated rapidly during the operation.
The two main types of four stroke internal combustion engines are:18
(i)

Spark Ignition (SI) or Otto Engine - The fuel is ignited by a spark and the engine
completes the cycle as described in four stroke engine.
When the engine is working, controlled air enters through the throttle and is evenly gets

distributed in all the cylinders as the piston moves back. The fuel is injected through the intake
7

port or valve and the fuel air are mixed homogeneously in the cylinder. The homogeneous
mixture is then compressed by the inward movement of the piston. The spark ignites the mixture
raising its pressure and temperature. The flame extinguishes as it reaches the walls of the
cylinder. The huge pressure developed forces the piston back again due to the expansion of the
gaseous mixture. At the end, the exhaust gaseous mixture is expelled through the exhaust valve.
(ii)

Compression Ignition (CI) or Diesel Engine - In the diesel engine, a high rise in
temperature and pressure due to high compression spontaneously ignites the fuel-air
mixture. During the compression stroke, air is compressed beyond the autoignition
temperature of the fuel. Then the diesel spray evaporates, mixes, ignites, and burns.17
Diesel fuel can be burned in the compression engine by direct injection (DI) method or

indirect injection (IDI) method.17 In the indirect injection method, air is compressed in the prereaction chamber during the compression stroke. This creates a turbulent flow and the sprayed
diesel mixes well. An increase in pressure in the pre-reaction chamber that is greater than that in
the main chamber initiates the ignition of the fuel-air mixture. The flame makes its way to the
main chamber resulting in a swirling turbulent flame. Because automobiles operate over a wide
range of speeds, the indirect injection method is used whereas in ships, trucks, and electric power
generation, the direct injection method is used.
Diesel engines have higher compression ratios than spark ignition engine. This results in
better fuel–air mixing ratio and ignition that leads to higher power and better efficiency. The
knock is lower than in SI engine because of fuel mixing prior to ignition. Knock is the pinging
sound produced inside the engine due to incorrect fuel-air mixture. Still, because of reduced
mixing time compared to SI engine, the combustion is incomplete leading to decreased power.3
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Besides internal combustion engines, there are other methods for power generation such
as wind turbines, water turbines, steam turbines and gas turbines.
(iii)

Gas Turbines - Turbines operate through spinning motion. Gas turbines are the most
popular turbines and are based on the same principle as internal combustion engines.
They have high efficiency (nearly 500 kW more than internal combustion engine,
ICE) and power per weight. These gas turbines are used to power aircrafts, trains,
ships, electric generators, etc.

A Gas turbine consists of a compressor-burner-turbine combination. It consists of a
primary zone for combustion that requires compressed air (20-30%). This region has a high
pressure and temperature. The secondary zone is mainly for the exhaustion of the remaining
gasses and byproducts. Basically, a fuel-air mixture is compressed in the primary zone and then
ignited to produce high pressure. The gas is then expanded to make the turbine move. Spinning
of turbine makes the propeller move or spin the shaft in vehicular application and is used for
power generation. Figure 2 shows the simple schematic of a modified version of a gas turbine. A
diffuser (not shown in the figure) is added to reduce the air inlet velocity that makes primary and
secondary air section. A flame holder is inserted to allow enough reaction zone and for
stabilization. The geometry is conical in inlet and outlet for uniform gas discharge temperature.
Fuel nozzle is also designed to provide conical spray of fuel droplets.3

Figure 2. Modified gas turbine3
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1.4 Combustion Byproducts
Fuels burn completely or incompletely and generate products along with the production
of energy. In internal combustion engines, the fuel does not burn completely and various
products are generated. These unwanted byproducts result mainly from the combustion of fossil
fuels and biofuels20 and are considered as the primary pollutants. The most important pollutants
are summarized in table 1.
Table 1. Major combustion byproducts as pollutants
Pollutants

Nitrogen Oxides
(NOx)21

Composition

Mainly comprise NO -and NO2

Characteristic NO is colorless and
NO2 is brown gas.
Both are toxic and
play a role in
producing
photochemical smog

Origin

Nitrogen and oxygen
dissociate into their
atomic forms and
NOx are formed.
NO oxidizes to NO2.
An example of NO
and NO2 formation.23
O + N2 ↔ NO + N
NO + O ↔ NO2

Carbon Monoxide Hydrocarbons
(CO)
(HCs)

Particulate Matter
(PM)22

mainly
formaldehyde,
acetaldehyde, 1,3butadiene,
and
benzene

Mixture of solid
carbon material or
soot and organic
materials consisting
of
hydrocarbons
and their partial
oxidation products
e.g.
polycyclic
aromatic
hydrocarbons.
smoke, soot
Colorless, odorless Hydrophobic,
Fine (<2.5 μm in
gas, toxic, even fatal highly flammable, size) rather than
in
high toxic
coarse
(10-2.5
μm),17 toxic
concentration,
bonds
with
hemoglobin
interfering
with
oxygen
transport,
oxidizes to CO2
During engine warm Unburned
Initiates from the
up,
limited hydrocarbon fuels reaction of small
evaporation of fuel emitted during the radicals, molecules
leads to a greater start-up
and with fuel during
CO
emission.24 warming
stage combustion
Another source is due to limited
the decomposition evaporation and
of CO2 at high oxidation of the
temperatures.
fuel.
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NOx and SOx affect the environment by forming acid rains as shown in scheme 3 and 4
respectively.
NO2 + OH (from water vapor) + hν → HNO3
Scheme 3. Formation of nitric acid (HNO3)21
SO2 + H2O → H2SO3 and SO3 + H2O → H2SO4
Scheme 4. Formation of sulfurous (H2SO3) and sulfuric (H2SO4) acids21
These NOx are also responsible for increasing the ground level ozone concentration,
which is a component of photochemical smog (mixture of nitrogen oxides, ground level ozone,
volatile organic compounds, etc.). These acid rain and smog damage forests, streams and
agricultural products.
CO is produced mostly in fuel rich combustion and contributes to smog production by
reacting with oxygen and nitrogen in the exhaust stream and atmosphere. It also contributes to
increasing the concentration of CO2 by reacting with O2 and NO as shown in scheme 5.17 Excess
CO2 produced in the atmosphere absorbs infrared (IR) light escaping from the Earth’s
atmosphere and contributes to Earth greenhouse effect.
CO + 1/2O2 → CO2 and NO + CO → 1/2N2 + CO2
Scheme 5. Formation of carbon dioxide
Exposure to the emissions from combustion has several health effects to humans. These
pollutants affect respiration, skin, eyes, nose, lungs, liver, kidneys, and stomach. Long exposure
can even lead to death. For example, CO has 200 times more affinity to hemoglobin than
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oxygen. When CO is inhaled CO binds with hemoglobin to form carboxyhemoglobin making the
tissues oxygen deficient. CO poisoning is the most common fatal air poisoning. The health
effects of combustion emissions are summarized in table 2.
Table 2. Health effect of pollutants from combustion of fossil fuels and biomass adapted
from Smith et.al.25 and Naeher et.al.26
Pollutant

Health effect

Nitrogen oxides (NOx)

Respiratory problem (bronchial reactivity), increased susceptibility to
bacterial and viral lung infections
Reduced oxygen delivery to tissues owing to formation of
carboxyhemoglobin, can be acutely fatal
Respiratory problems (bronchial reactivity), reduces nose sensitivity
Eye irritation, Bronchial irritation, inflammation, increased reactivity,
increased cardiovascular mortality
Respiratory problems
Carcinogenicity
Co-carcinogenicity
Mucus coagulation, cilia toxicity

Carbon monoxide (CO)
Sulfur oxides (SOx)
Particulate matter and soot
Organic air pollutants:
Benzene
Acetaldehyde
Phenols
Formaldehyde,
1,3butadiene, Cresols
PAHs (Pyrene, Benzopyrene
Benzo(a)pyrene
Dibenzopyrenes,
Dibenzocarbazoles)

Short term effects-eye and skin irritation27, nausea27, vomiting and
diarrhea (high concentration)27, Inflammation
Long term effects-Skin, lung, bladder, and gastrointestinal cancers,
DNA, cataracts, liver and kidney damage
Gene mutation cell damaging and cardiopulmonary mortality
Asthma28, Increased allergic sensitization

1.5 Low Temperature Combustion (LTC): A Way to Improve Combustion Devices
Extensive research has focused on low temperature combustion that could mitigate
pollutants and alleviate efficiency of engines. LTC combines the advantages of both spark
ignition and diesel compression engines by using auto ignition in lean and homogeneous fuel-air
mixture.17 Spark ignition engines operate at low compression ratio with increased pumping loss
whereas diesel engines have high compression ratio and higher efficiency.29 In LTC, as no spark
plug is required, it is possible to inject very low fuel concentrations and maintain low

12

temperatures (<2000 K) throughout the entire combustion process. Overall this leads to fuel
economy and reduced NOx and carbon emissions.29.
In LTC, after autoignition, the flame propagates as well as ignites at various spots in the
chamber and the combustion duration is shorter while still releasing more energy. Because of
homogeneous mixture, initiation of ignition is kinetically controlled rather than diffusion
controlled as in non-premixed mixture.17 So cylinder temperature, pressure, and fuel composition
play important role in initiating the ignition. Use of partially premixed lean fuel-air mixture,
often referred as partially premixed compression ignition (PPCI), reduces the amount of soot in
the exhaust by increasing the combustion duration.30 This also reduces the high-pressure rise
allowing partial mixing of fuel inside the cylinder.
Under very lean fuel conditions, incomplete combustion at temperatures lower than 1500
K still lead to the formation of large hydrocarbons.31,32 The development of low-temperature
technologies is therefore partially limited by the lack of understanding of molecular growth and
especially PAH formation. One other advantage of LTC is that it can be operated with liquid and
gaseous fuels.
1.6 Combustion Chemistry
Combustion chemistry is initiated by the reaction of abundant fuel molecules with air
(O2/N2) at high temperatures and pyrolyzes to give reactive intermediate species. These
intermediate species, mostly small radicals and atoms, are responsible for propagating the
chemical reactions leading to molecular growth. During this complex chemical transformation,
molecular bonds are broken and new bonds are formed resulting in heat release that can be used
for mechanical works. Developing a fundamental understanding of the chemistry of these
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intermediates is vital in order to develop new combustion strategies with lower pollutant
emission and higher efficiency.
1.7 Important Species in Combustion
The most important reactive intermediates in fuel chemistry are radicals. They are odd
electron species resulted from the homolytic cleavage process initiated by heat or chemical
reaction with a reagent. Radicals are electrically neutral and highly reactive. There are hundreds
of chemical species and hundreds/thousands of chemical reactions that arise from these species
in combustion environments. Small radicals such as hydroxyl (OH)33-35, methylidene (CH)33,34,36,
cyano (CN)36,37, propargyl (C3H3)38,39, and allyl (C3H5)40 have been observed to be the key
species in combustion engines and flame. Wang and Frenklach41 and Marinov et.al.42 have
included several hundreds of radical reactions in their combustion model. Similarly, Norinaga
et.al.43 have included 227 species and 827 reactions in their chemical scheme over the 1073-1300
K temperature range.
These radicals are responsible for the formation of key hydrocarbons in combustion, and
especially aromatic species. Benzene is present in flames17,44,45 and is widely accepted to be
formed by the self-recombination of propargyl radicals.46-48 The recombination of propargyl
could also form phenyl or C6H6 isomers.48 The reaction of benzene with C2H radical may form
phenylacetylene through an addition/H-loss mechanism.49,50 According to the hydrogen
abstraction acetylene addition (HACA) mechanism (described in section 1.10.1), benzene may
further react with atomic hydrogen to give the phenyl radical (C6H5) and molecular
hydrogen.41,51,52 The reaction of phenyl radical with acetylene followed by H-loss leads to the
formation of phenylacetylene (C6H5CCH).
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Larger radicals such as fulvenallenyl (C7H5)53 and cyclopentadienyl (C5H5)54,55 have also
recently been proposed as important intermediates in combustion. Theoretical investigations
predict that the fulvenallenyl radical may be formed by hydrogen abstraction from53 or
unimolecular decomposition of fulvenallene (C7H6),56,57 which is the main toluene
(C6H5CH3)56,58-60, benzyl (C6H5CH2)61-64 pyrolysis and photolysis products.65 This dissertation
focuses on the reaction of hydroxyl radical (OH) with phenylacetylene (C8H6) and fulvenallene
(C7H6).
1.8 OH Radical Reaction Scheme
The OH is a key radical in combustion, as it contributes to the oxidation of fuel
molecules as well as to the propagation of the radical reaction schemes. The reaction
mechanisms characteristic of the hydroxyl radical are (i) abstraction, (ii) addition, and (iii)
association.
(i)

Abstraction mechanism66-68- This is the most common mechanism of the hydroxyl

radical. OH abstracts a hydrogen atom from the organic compound to form a water molecule and
a new radical. In scheme 6 the hydroxyl radical abstracts a hydrogen atom from methane
(alkane) to generate a methyl (alkyl) radical and a water molecule.69,70

OH

H
H C H
H

Methane

H 2O

H C H
H

Methyl radical

Scheme 6. Hydroxyl radical reacts with methane to yield methyl radical
Similar reaction mechanisms have been observed by abstraction of the H-atom from C–H
of alkyl part of alcohol e.g. CH3-, -CH2-, >C-H groups or from -OH group.67 Similarly, it reacts
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with aldehydes and ketones, mostly by abstracting hydrogen atom from –C(O)H or -C(O)R to
form water and new radical as shown in scheme 7.71
H
O
H C C
H
H

OH

H
O
H C C
H

H 2O

Acetyl radical

Acetaldehyde

Scheme 7. Hydroxyl radical reacts with acetaldehyde to form acetyl radical
(ii)

Addition mechanism66-68-The OH radical can also add to unsaturated carbon to form an

adduct.
In scheme 8 hydroxyl radical reacts with ethylene to form an adduct.72,73

H

H
OH

C C
H

H

OH

H
C C
H H
H

Scheme 8. Hydroxyl radical reacts with ethylene to form OH-ethylene adduct
In the case of acetone as shown in scheme 9, studies suggest that the reaction proceeds
via addition74 to form acetic acid through CH3 elimination.

OH

CH3

O
C

CH3

Acetone

(CH3)2C(OH)O
Association complex

CH3

O
C

OH

CH3

Acetic acid

Scheme 9. Hydroxyl radical reacts with acetone to form an adduct and acetic acid
through CH3 elimination
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(iii)

Association mechanism – In this case the reaction proceeds through the formation of
a pre-reactive complex or Van der Waal’s complex between the OH and the
unsaturated hydrocarbon. In scheme 10, the OH radical associates with the benzene
ring.75

OH

OH

Scheme 10. Hydroxyl radical reacts with benzene to form Van der Waals association
complex
1.8.1 The Temperature Dependence of the Different Reaction Channels
The reaction rate coefficients for the abstraction, addition, and association channels are
dependent on temperature. The abstraction channel often proceeds through a transition state
above the energy of the reactants. This results in a reaction rate coefficient that increases with
increasing temperature, following the Arrhenius equation. Figure 3 shows the temperature
dependence of the OH + benzene reaction rate coefficient measured experimentally by Tully
et.al.75 The reaction rate coefficient increases with increasing temperature above 500 K likely
due to increasing contribution of the abstraction of H atom from benzene by the OH radical.
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Figure 3. Temperature dependence for the reaction of OH with benzene.75
For addition mechanisms, often the reaction rate coefficient decreases with increase in
temperature due to the formation and decomposition of a barrierless activated complex at the
entrance channel. Figure 4 shows the temperature dependence of the reaction rate coefficient of
OH + propene investigated experimentally by Vakhtin et.al.72 The reaction rate decreases with
increase in temperature due to the formation of OH-propene adduct which dissociates back to the
reactants at higher temperature.

Figure 4. Temperature dependence for the reaction of OH with propene.72
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1.8.2 The Effect of Pressure on the Stabilization of the Adduct.
In scheme 11 the hydroxyl radical reacts with propene to form an energy-rich association
adduct.72 This adduct has three pathways:
i.

It can decompose back to the reactants

ii.

It can form products

iii.

It can form stabilized adduct by colliding with buffer gas.
k+OH
C3H6

OH

k-OH

C3H6OH

ki

C3H6O

H

C3H5

H2O

k4 M
C3H7O

Scheme 11. The reaction of hydroxyl radical with propene72
Applying steady-state approximation and pseudo-first order approximation, the kmeasured
of scheme 11 is given by equation 1. During the experiment, the value of kmeasured is obtained.

k measured =

Σ k i + k 4 [M]

i =1

k −OH + Σ k i + k 4 [M ]

. k +OH

Eq. (1)

i =1

For ideal gas

[M] =

P
K BT

Eq. (2)

Where [M] is the concentration of buffer gas, P is the pressure of the reaction, KB the Boltzmann
constant, and T the temperature in Kelvin.
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Since the concentration of the buffer gas is proportional to the pressure, kmeasured is related
to the pressure. At low pressure, a large fraction of the adduct decomposes back to the reactants
reforming OH and leading to a lower apparent rate coefficient. As the pressure increases more
adduct molecules are stabilized leading to less OH formation and an increasing apparent rate
coefficient. At high pressure, the adduct is rapidly quenched to stable products without
decomposing back to the reactants. In this case, the measured rate coefficient appears to be
independent on pressure. Figure 5 shows the reaction rate of propene as a function of total
number density which is proportional to pressure. The black points are the data from Vakhtin
et.al.72 and red points are the data taken during the validation of the experimental set up in the
new laboratory. At low pressure, the reaction rate increases with the pressure whereas at high
pressure, the reaction rate is independent of pressure.

Figure 5. The reaction rate of propene as a function of total density of the gas
1.9 First Ring Formation and Carbon Molecular Growth
The formation of the first aromatic ring, benzene, from aliphatic radicals and molecules
in combustion environments is a crucial step toward the formation of polycyclic aromatic
hydrocarbons. The most widely accepted route for the formation of benzene is the self-
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recombination of propargyl (C3H3) radicals.42,76-81 This step is believed to be the rate limiting
step during the formation of polycyclic aromatic hydrocarbons. Scheme 12 shows the formation
of benzene or phenyl radical from two propargyl radicals as suggested by the above studies.

or

C 3H 3 C 3H 3
Benzene

C 3H 3 C 3H 3

H
Phenyl radical

Scheme 12. Propargyl radical self recombines to form benzene or phenyl radical
The ease of benzene formation from the recombination of propargyl radicals is
attributed to the barrierless pathway. Based on theoretical calculations by Georgievskii et.al.47,
the exit channel of the recombination reaction of propargyl radicals is barrierless. In addition, the
potential energy surface calculated by Miller and Klippenstein48,82 shows low-energy reaction
paths with no energy barrier from the recombination reaction of propargyl leading to benzene or
phenyl + H.
The first ring benzene may also be formed by the hydrogen-atom assisted isomerization
of fulvene. In scheme 13 (i) a propargyl radical combines with an allyl radical to form fulvene
(C5H4CH2). Under fuel-rich conditions, H atom assisted isomerization leads to benzene
formation.83,84 (ii) Cyclopentadiene reacts with CH3 to form C5H4CH3 which loses an H atom to
form fulvene. This leads to the formation of benzene by hydrogen atom assisted isomerization.8587
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(i)

C 3H 3 C 3H 5

C5H4CH2

2H

H
H

(ii)

CH3

C5H4CH3

H

-H

+H
H

Scheme 13. Hydrogen-atom assisted isomerization of fulvene to benzene
Alternatively, the propargyl radical may react with abundant gaseous acetylene (building
block) to form cyclopentadienyl (c-C5H5) radical. This cyclopentadienyl radical reacts rapidly
and forms benzene as shown in the scheme 14 below.85
C3H3 + C2H2 → c-C5H5 + CH3 → C6H7 + H → C6H6 (benzene) + 2H
Scheme 14. The reaction of propargyl radical with acetylene to generate benzene
1.10 Formation of Polycyclic Aromatic Hydrocarbons (PAHs)
Polycyclic aromatic hydrocarbons (PAHs) are the organic compounds made up of
carbons and hydrogens forming two or more fused aromatic ring structures. They can be
categorized into two types: low molecular weight and high molecular weight PAHs.28 Those
containing less than four fused or condensed rings e.g., naphthalene, anthracene, phenanthrene,
etc. are low molecular weight PAHs and those containing more than four fused aromatic rings
e.g., pyrene, benzo (a)-anthracene, etc. are high molecular weight PAHs. According to Masih
et.al.88 their physical properties vary depending on their size and structure. In general, pure PAHs
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are crystalline and lipophilic in nature implying they dissolve well in organic solvents. They are
stable, light sensitive, heat and corrosion resistant.88 Being most stable at high temperature in the
combustion environment, they are called stabilomers.89 They have a specific UV absorption
spectrum. The fluorescence excitation and emission wavelengths in nanometers of some PAHs
are given in the table 3.
Table 3. Some PAHs and their fluorescence excitation and emission wavelengths
PAH
Naphthalene90
Phenanthrene90
Anthracene90
Pyrene90
Benzo (a)-anthracene90
Chrysene90

Excitation wavelength (nm)
273
297
295
260
260
260

Emission wavelength (nm)
333
340
430
430
430
430

The major sources of PAHs in our atmosphere are transportation vehicles that use various
fuels.90,91 Figure 6 shows the structures of two, three and four-ringed PAHs formed during fuel
burning processes.

Naphthalene (C10H8) Anthracene (C14H10)

Pyrene (C16H10)

Phenanthrene (C14H10)

Benzo(a)-anthracene (C18H12) Chrysene (C18H12)

Figure 6. Structures of two, three, and four ringed PAHs
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1.10.1 The HACA Mechanism
Hydrocarbons growth in combustion environment occurs through the accepted “HACA”
mechanism. HACA stands for “H-abstraction-C2H2-addition” (hydrogen-abstraction-acetyleneaddition).92 This mechanism proceeds through repetitive two steps: (i) abstraction of a hydrogen
atom and (ii) addition of an acetylene molecule. The abstraction often occurs though the reaction
with a hydrogen atom to form H2 and a hydrocarbon radical.41,51 In scheme 15 gaseous hydrogen
atom abstracts hydrogen atom from the benzene ring to form the phenyl radical hydrogen.

H

H2

Scheme 15. Benzene reacts with gaseous hydrogen atom to form phenyl radical
An acetylene molecule can then add to the phenyl radical to form phenylacetylene
through H-atom elimination. Phenylacetylene can further react to give the naphthalene and
acenaphthylene as shown in scheme 16.93

C2H 2

+H
-H

+C2H2

+ C 2H 2

+H

.........

-H2
+H

Acenaphthylene

Naphthalene

Scheme 16. The phenyl radical leading to the formation of naphthalene and
acenaphthylene
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This process can repeat until the formation of two or peri-condensed (three or more)
rings. The entire process is thermodynamically driven by the formation of hydrogen molecule
and the loss of hydrogen.92
This HACA mechanism has been recently observed experimentally by Parker et.al94 who
probed phenylacetylene intermediate and naphthalene using photoionization mass spectrometry
under combustion-like environment at 300 Torr pressure and 1020 ± 100 K temperature. Scheme
17 shows the HACA reaction pathway proposed by Parker et al. for the formation of naphthalene
After the formation of the phenyl radical, its reaction with acetylene forms the styrenyl radical.
Further reaction with acetylene forms naphthalene. In this mechanism there is no need for second
H-abstraction from phenylacetylene. Alternatively, o-vinylphenyl radical can be formed by
isomerization of styrenyl radical. O-vinylphenyl radical on reacting with acetylene forms
naphthalene.
H
C
CH
C 2H 2

Styrenyl radical

+ C 2H 2

Isomerization
H
C
H
CH

Naphthalene
+ C 2H 2

o-vinylphenyl radical

Scheme 17. Formation of naphthalene through the HACA mechanism
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Benzene can also react with the phenyl radical to form biphenyl as shown in scheme 18.
Further reaction with acetylene can lead to the formation of phenanthrene.92,95,96

C 2H 2

H

H

Scheme 18. Phenyl radical reacting with benzene to form biphenyl and biphenyl radical
reacting with acetylene to form phenanthrene
The HACA mechanism can also be initiated through reaction with other radicals. Scheme
19 depicts the formation of large polycyclic molecules initiated by the addition of the OH radical
on phenylacetylene.97 The initially formed adduct may react with gaseous acetylene to form a
naphthyl radical through water elimination. This naphthyl radical can again react with gaseous
acetylene to form acenaphthylene or lead to the pathway forming phenanthrenyl radical.
H
OH
C +C H
2 2

-H

OH

Phenylacetylene

Adduct

+ C 2H 2

- H 2O
+H

-H

Acenaphthylene
-H

-H

- H2

+ C 2H 2

+H

+ C 2H 2

Scheme 19. Hydroxyl radical reacting with phenylacetylene to form phenanthrenyl
radical
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1.10.2 Formation of Soot
Figure 7 shows a proposed schematic representation of the gas phase and heterogeneous
schemes leading to the formation of soot in combustion environments.52 The formation of soot is
initiated in the molecular zone. This zone is the chemically rich area where small radicals (e.g.
C3H3, CH, OH) and molecules (e.g., aliphatic hydrocarbons) are formed. These small radicals
and molecules react with abundant fuel molecules to form aromatic molecules such as benzene in
case of aliphatic fuels such as methane, ethylene, acetylene or butane.52,98 In case of aromatic
fuels, it breaks down into large concentrations of acetylene and benzene. Benzene might react
with C2 and C3 species such as acetylene to form large fused ring aromatic hydrocarbons called
polycyclic aromatic hydrocarbons (PAH described in section 1.10).

Figure 7. Proposed scheme of soot formation (adapted from Richter and Howard52)
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The smaller PAHs grow into heavy PAHs by reacting with other reactive species. These
heavy aromatic molecules might condense near the particle nucleation region to form nascent
soot particles. This means in the particle nucleation region, PAH species begin to collide and
stick to each other forming PAH dimers.92 PAH dimers collide with PAH molecules to form
PAH trimers or with other PAH dimers to form PAH tetramers. This process continues and the
individual PAH size keeps increasing via molecular growth reactions. Eventually these PAH
clusters evolve into solid (soot) particles.92 Soot particles are believed to have surface radical
sites reacting with gas phase molecules such as acetylene or large aromatic radicals resulting in
surface growth. Soot particles coagulate via particle-particle collisions resulting into aggregates.
The size of soot particles emitted from vehicles varies from 10 to 150 nanometers. Rose
et.al.99 measured the size of soot particles from 30 to 150 nm but the major fraction of soot were
found around 80 nm. Karjalainen et.al.100 investigated the size distribution of exhaust particles in
modern gasoline vehicles and found two modes of non-volatile exhaust particles, one with mean
size of 30 nm and the other with mean size of 70 nm. Their results indicated that these particle
modes consisted of soot but with different morphology. According to Kim et.al.101 the size of
soot particles was less than 100 nm for both diesel and gasoline automobiles.
1.11 Resonance-Stabilized Radicals (RSRs): Alternative Pathways for PAH Formation
1.11.1 Definition and Characteristics
Based on the experimental and kinetic modeling of PAH formation in methane and
ethylene flames, Melius et.al.85 concluded that the HACA process cannot account for the amount
of PAHs formed in flames. Resonance stabilized radicals have recently been proposed as an
alternative route to PAH formation.
Resonance stabilized radicals have an unpaired electron distributed over multiple sites in
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the molecule resulting in several electronic structures called resonance structures. Due to the
delocalization of the unpaired electron over the molecule, resonance stabilized radicals form
weaker bonds with stable molecules (e.g., oxygen)78,102 compared to other ordinary radicals.
These weak addition complexes are neither stabilized by collisional quenching nor support
rearrangement.82 So RSRs are relatively unreactive and accumulate at high temperature in
combustion environments.
The difference between the energy of the actual radical and its possible resonance
structures is the resonance energy. The extra stability makes the radical thrive in harsh conditions
such as combustion environment where they can accumulate in large concentrations.98 Because
the resonance energy of the radicals may be lost upon their reaction with other radicals or
molecules they are resistant to oxidation and thermal decomposition.53 The most common
resonance stabilized radicals in combustion are propargyl (C3H3), allyl (C3H5), cyclopentadienyl
(C5H5), fulvenallenyl (C7H5), and benzyl (C6H5CH2) radicals. Scheme 20 shows the resonance
structures and respective hybrid structure of fulvenallenyl radical. The real structure of the
radical is an average of all the resonance structures. The stability of fulvenallenyl radical is due
to the conjugated propargyl and cyclopentadiene units,103 making it the most stable C7H5 isomer.
H
H
C
C

H
C
C

H
C
C

H
C
C

H
C
C

H
C
C

C
C

Scheme 20. Resonance structures of fulvenallenyl radical
Some resonance-stabilized radicals such as cyclopentadienyl and fulvenallenyl have
recently been considered as precursors to polycyclic aromatic hydrocarbon formation through
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self and cross recombination. The increase in credibility on these radicals is credited to their high
thermal stability and resistance to oxidation in flames while remaining reactive enough.
1.11.2 Current Knowledge on Resonance Stabilized Radical Reactivity
At high concentrations and assuming the rapid reaction rates, RSR may self- or crosscombine forming larger molecules. Scheme 21 shows the self-recombination of propargyl (C3H3)
radicals to form C6H6 isomers at room temperature.104 Depending on the orientation of the
radicals, it can yield different products.
H
H C C C
H
H
H C C C
H

H
C
H

C C H

H2 H2
CH C C C C CH

H
H C C

C
H

H2C C C CH2 C CH
H

Scheme 21. Two propargyl radicals forming 1,5-hexadiyne and 1,2-hexadiene-5-yne
Miller and Klippenstein82 predicted theoretically that at higher temperature (>1200 K)82
the combination orientation could be either head-head or tail-tail and could form benzene,
fulvene, and phenyl radical by eliminating H atom as shown in scheme 22.
H
H C C C
H

H
C
H

C C H

H

Scheme 22. Two propargyl radicals forming benzene, fulvene, and phenyl radical
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Miller et.al.84 predicted the formation of benzene through cross-combination of the
propargyl radical with the allyl radical followed by elimination of hydrogen atoms as shown in
scheme 23.84
C 3H 3 C 3H 5

C5H4CH2

2H

+H
H

Scheme 23. Propargyl radical combines with allyl radical to form benzene via fulvene
Other cross-recombination products have also been predicted as shown in scheme 24 by
Georgievskii et.al.47
C3H3 + C3H5 → CH2CCHCH2CHCH2
C3H3 + C3H5 → CHCCH2CH2CHCH2
Scheme 24. Cross combination of RSRs to form addition products
RSR can also combine with other carbon containing radicals. The experimental work of
Fahr and Nayak104 showed the combination of C3H3 with CH3 yielded 1-butyne (CH≡C-CH2CH3) and 1,2-butadiene (CH2=C=CH-CH3).104
1.11.3 Previous Experiments and Computational Studies on Resonance Stabilized
Radicals
Cyclopentadienyl is one of the most important RSRs with a resonance stabilization
energy of 22 Kcal/mole

105

. Melius et. al.85 investigated the recombination reaction mechanism

of two cyclopentadieyl radicals theoretically. In their study, naphthalene is formed from two
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cyclopentadienyl radicals via the formation of C10H10 and C10H9 intermediates as shown in
scheme 25.

-H

c-C5H5 c-C5H5

H
C10H9

C10H10

C10H8

Scheme 25. Two cyclopentadienyl radicals form naphthalene
Mebel and Kilsov54 investigated the recombination reaction of two cyclopentadienyl
radicals using various theoretical and computational methods. The formation of naphthalene
occurs through the formation of 9,10-dihydrofulvalene (C10H10) and 9-H-fulvalenyl (C10H9)
which is favorable at temperatures below 1000 K. Scheme 26 shows the mechanism proposed by
Mebel and Kilsov.54 for the combination of two cyclopentadienyl radicals to form
naphthalene(C10H8) + H and fulvalene (C10H8) + H. This channel is recommended for kinetic
modeling.

H

H
H

-H
H/

c-C5H5

c-C5H5

C10H10

H

C H

10 9
Naphthalene
9-H-fulvalenyl
9,10-dihydrofulvalene

C10H8

Scheme 26 Two cyclpentadienyl radicals form naphthalene and fulvalene
Cavalotti and Polino55 investigated the new pathway for the recombination of
cyclopentadienyl radicals theoretically using density functional theory and CBS-QB3. Scheme
27 shows their proposed C10H10 adduct formation from two cyclpentadienyl radicals that follows
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the route of azulyl radicals to form naphthalene. This channel is predicted to be dominant below
1200 K. The pathway from azulene to naphthalene has been well paved by Alder et.al.106 and
Stirling et.al.107 For the azulyl radical, the radical is shown in one site however it can be in
different site.

H
H
Adduct (C10H10)

Azulene

Azulyl radical

Naphthalene

Scheme 27. Two cyclopentadienyl radicals react to form naphthalene
To my knowledge there is only one experimental work to date on the self-reaction of
cyclopentadienyl radical. Knyazev and Popov108 studied the reaction kinetics of selfrecombination of cyclopentadienyl radicals using laser photolysis/photoionization mass
spectroscopy over the 304-600 K temperature range. The radicals were generated by laser
photolysis of cyclopentadiene at 248 nm. The room temperature reaction rate was found to be
(3.98±0.41) × 10-10 cm3s-1 and the reaction showed negative temperature dependence over their
experimental range. Below 600 K C10H10 intermediate dominates whereas above 800 K gas
chromatography/mass spectrometry show two isomers of C10H8 viz. naphthalene being the major
product and azulene the minor one as shown in the scheme 28.
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(i)

Adduct (C10H10)

(ii)

Naphthalene

Azulene

Scheme 28. (i) Adduct (C10H10) and (ii) naphthalene and azulene in the study by
Knyazev and popov108
Another important RSR in combustion is fulvenallenyl which is formed from either
dissociation or weak H atom abstraction from fulvenallene.109 da Silva et.al.57 studied the
decomposition of fulvenallenyl radical theoretically and experimentally. The major dissociation
products were found to be propargyl and diacetylene (C4H2).
Da Silva and Bozzeli53 proposed self-reaction and cross-reaction of fulvenallenyl radical
with propargyl and cyclopentadienyl radicals to form PAHs such as phenanthrene, naphthalene
and diphenyl. Scheme 29 (i) and (ii) are cross-combination reactions of fulvenallenyl with
propargyl and cyclpentadienyl yielding naphthalene and diphenyl respectively. Scheme 29 (iii) is
the self-recombination of fulvenallenyl radicals yielding phenanthrene.
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C

(i)

C

C

Fulvenallenyl + Propargyl

Naphthalene

HC

C

(ii)
Fulvenallenyl + Cyclopentadienyl
C

C

Diphenyl

C

(iii)
Fulvenallenyl + Fulvenallenyl

Phenanthrene

Scheme 29. (i) Fulvenalenyl and propargyl form naphthalene (ii) fulvenallenyl and
cyclopentadienyl form diphenyl and (iii) self-recombination of fulvenallenyl form phenanthrene
1.11.4 What Else do We Need to Know?
Soot formation can only be understood by identifying key reactions leading to their
molecular precursors and investigating their reaction rates experimentally. Along with the
formation of benzene, the recombination of resonance-stabilized radicals is believed to be the
alternative routes for PAH formation.53,108 However, there is still a limited number of
experimental studies on their reaction kinetics due to their high reactivity and the difficulty of
generating them in known concentrations.108 Despite these difficulties, there are experimental
studies on self-reactions on propargyl radicals80,104 and cyclopentadienyl radicals.108 In addition
Knyavev and Popov108 have demonstrated that RSR recombination reaction can have strong
negative temperature dependent. Furthermore the radical-radical reactions are pressure
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dependent. For example Howe and Fahr110 observed significant pressure and temperature
dependencies on propargyl self-reaction.
The significance of the fulvenallenyl radical reactions is suggested from theoretical
studies but there is not even a single experimental study on this radical. So generating
fulvenallenyl radical and studying its self and cross radical reaction kinetics at relevant pressure
and temperature is crucial at this point. It would give more insight into the understanding of the
role of fulvenallenyl resonance stabilized radical in the formation of polycyclic aromatic
hydrocarbon (PAH).
1.12 Relevance of My Research
In one of the studies,111 the reaction of the hydroxyl radical was investigated with
phenylacetylene over the 1-7.5 Torr (133.32-999.92 Pa) pressure and 298-423 K temperature
ranges using pulsed laser photolysis-laser induced fluorescence (PLP-LIF) technique.
Phenylacetylene is a known PAH formation precursor. The reaction was found to be pressure
and temperature independent suggesting the formation of an addition intermediate. Based on the
exothermicity calculation of the intermediates using Gaussian 09, CBS-QB3, the addition of OH
to the outer carbon of -C2H in phenylacetylene is the most likely reaction outcome. Furthermore,
this product is stabilized by resonance, with four resonance structures as shown in scheme 30.
H
H
C OH
C

H
C OH
C

H
C OH
C

H
C OH
C

C
C

OH

Scheme 30. Resonance structures of OH-phenylacetylene adduct
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This motivated us to study the reaction of hydroxyl radical with fulvenallene-another
compound believed to contribute to PAH formation. da Silva et.al.53 suggested that OH could
abstract the loosely bound hydrogen atom from fulvenallene to form fulvenallenyl, a resonance
stabilized radical in combustion. This reaction was studied over 298-450 K at 5 Torr using PLPLIF technique. The reaction rate coefficient was independent of pressure but showed negative
temperature dependence. This suggests an association mechanism dominant at room and lower
temperature whereas abstraction is likely to dominate at temperature higher than 450 K. This
indicates that the fulvenallenyl radical is likely to be formed at higher temperature in combustion
environment. To confirm the formation of fulvenallenyl radical, higher temperature kinetic
studies of OH with fulvenallene are needed in order to determine the contribution of
fulvenallenyl radical in PAH formation. Self and cross-combination reactions of fulevenallenyl
radicals (resonance-stabilized radicals) also need to be investigated over a wide range of
temperatures.
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Chapter 2: Experimental Methods
2.1 Vacuum and Gas Set Up
The reactions of hydroxyl radical with polycyclic aromatic hydrocarbon precursors were
studied at pressures ranging from of 1-10 Torr (rough or low vacuum region, 1-760 Torr or
133.32-1.01×105 Pa) in a buffer gas of helium. Ultra-high purity (UHP) grade (99.99%) helium
gasses from Matheson Tri Gas were regulated using Harris CGA E-4 9296 multi-stage regulator
and Matheson regulator (model no. 3539-350) and connected to MKS mass flow controllers
using 1/4ʺ copper tube. The major experimental components used for these experiments are
discussed in the following sub-sections.
2.1.1 The Reaction Chamber
The experiments were conducted in a stainless steel 6-way-cross chamber. A schematic
of the reaction chamber is shown in Figure 1. All six ports of the reaction chamber had 1.5ʺ inner
diameter and are 2ʺ in length. Four of these ports were horizontal and two were vertical. Two of
the four horizontal ports were extended by connecting optical ports of 1ʺ inner diameter and 4ʺ in
length through CF flanges. One of the horizontal ports was extended by connecting a constricted
stainless steel port of 0.4ʺ inner diameter and 8ʺ in length. The remaining horizontal port was
first connected to a stainless steel tee, 1.5ʺ in diameter and 3ʺ in length for connection to the
vacuum pump. All the horizontal ports had 1/4ʺ tubes for the injection of gas injection and
pressure measurements using capacitance manometer (Baratron MKS instruments). The lower
vertical port was closed using a stainless steel blank flange. The upper vertical port had a quartz
window for UV-light transmission.
The four horizontal ports described above for laser access were terminated by a 1ʺ
uncoated UV fused silica windows held by Viton O-rings and Teflon rings. The windows were at
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Brewster angle (53°) in order to reduce reflection of the vertically polarized laser beam. A plano
concave mirror was placed (fixed) in the lower inner portion of the lower vertical port to collect
the signal from the radicals.

Figure 1. Experimental schematic for the kinetic measurements from 300 to 450 K and 1
to 10 Torr
2.1.2 Vacuum Pump and Gas Injection
The required dynamic vacuum of 1-10 Torr at a constant total mass flow rate of helium
buffer gas was achieved by using a high volume flow rate vacuum pump. The vacuum pump and
gas injection method are discussed in the following sub-sections.
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2.1.2.1 Vacuum Pump
Vacuum was maintained in the reaction chamber using an Edwards iQDP80/iQMB500
mechanical booster combination also called Roots Blower. The iQMB is a mechanical booster
connected to the inlet of a iQDP rotary backing pump. Both pumps are water cooled through a
circulation of chilled water.1 The Roots Blower is a dry pump that avoids contamination of the
system with a low maintenance cost.2 It is designed for working in harsh environments requiring
high pumping speeds, while minimizing contamination from pump oil. Its operating pressure
range is between roughing (1-760 Torr) and high-vacuum (down to 10-5 Torr)2,3 independently of
gas composition. Its compression ratio (ratio of outlet to inlet pressure) ranges from 10-50.3 The
pumping capacity of the Roots blower used in these experiments is 600 m3 hr-1 (cubic meter per
hour).
Roots Blower is a valveless, rotary positive displacement pump. This means the Roots
Blower operates by forcing the fixed volume of gas from its inlet pressure section to its discharge
zone. It has two 8-shaped rotors interlocked and synchronized rotating in opposite directions
with a rotation speed of the order of 3000 rpm (rotations per minute). The space between two
rotors is approximately 0.2 mm. The rotors do not contain any oil, making it suitable for
applications requiring high gas purity. Figure 2 shows the two lobed rotors and the arrowheads
show their movement during the operation. The rotation of the 8-shaped rotors in opposite
direction traps the air within the spaces surrounding the lobes forcing it into the outlet section.4
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Figure 2. Lobed rotors in Roots Blower vacuum pump4
The pressure in the reaction chamber was regulated using a butterfly valve placed
between the reaction chamber and the flexible stainless-steel tube that was connected to the
vacuum chamber.
2.1.2.2 Injection of Gases
All the gaseous reactants (propylene, butane, benzene vapors in He, acetaldehyde vapors
in He, fulvenallene vapors in He) and gaseous radical precursors (HONO) were mixed in the
stainless steel mixing cylinder of volume 50 cm3 placed before the reaction chamber and
introduced into the reaction chamber. Helium was used as the main carrier gas to avoid any
reaction with the free radicals. The flow rates of all gases were monitored and controlled by
calibrated mass flow controllers (MKS Instruments).
Liquid reactants such as phenylacetylene, were placed inside of a bubbler and maintained
at constant temperature using a regulated oil bath (1016S, ISOTEMP) at 15˚C. For benzene, oil
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bath was used at room temperature. A fraction of the carrier gas (from 5 to 10%) was bubbled
through the liquid to obtain a saturated gas flow. In the same way, vapors of the hydroxyl radical
precursor-liquid hydrogen peroxide (30 and 50 % w/w)-was placed inside of a bubbler which
temperature was regulated using a water bath. The fraction of the carrier gas flowing through the
bubbler ranged from 5 to 10% of the total flow.
2.1.2.3 Calibration of Mass Flow Controllers (MFCs)
Depending on their flow rate capacity mass flow controllers (MFCs) were calibrated
using custom-made cylinders of known volume (i. radius=2.5" and height=12.5", ii. radius=2.5"
and height=25.5" or iii. radius=2.5" and height=47.75") initially evacuated to pressure below 0.1
Torr. A set flow rate of helium was flown through the MFC into one of the cylinders. The
pressure was measured using capacitance manometer and recorded as a function of time. The
standard flow rate

through the controller was determined from the slope

of the pressure vs.

time using equation 1:

Eq. (1)

V the volume of the cylinder and tubings, P0 is the standard pressure (1.013×105 Pa), T0 is the
standard temperature (273.15 K) and T the temperature used for calibration (room
temperature=300 K).
The above process was repeated for several set flow rates of helium over the entire range
of the MFC. The calibration factors of the MFC were determined from the slope of the measured
flow rates versus the set flow rates. Figure 3 shows the measured flow rate plotted against the set
flow rates for a MFC (full range 200 sccm, serial number 021869896). The experimental points
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were fitted with a line resulting in a slope of 0.81215 and an offset of -0.41667 (sccm). The
actual flow rate of the mass flow controller was obtained using

=0.81215× Q 0read -

0.41667(sccm).

Figure 3. Plot of measured flowrate vs read flowrate for the 200 sccm mass flow
controller
2.1.2.4 Determination of Buffer Gas Total Flow Rate and Average Linear Velocity
Because of the pulsed nature of the pump–probe technique used for the studies, it was
necessary to assure that the entire reaction chamber (V=500 cm3) was refreshed with buffer gas
every laser pulse, every 100 ms. The minimum volume flow rate Qv required to refresh the cell
every 100 ms was

Qv =

500 cm3
500 × 10 −6 m3
=
= 5 × 10 −3 m3s −1 = 18m3hr −1
−
3
−
3
100 × 10 s
100 × 10 s

The standard flow rate can be written as
Standard flow rate

of an ideal gas at standard pressure (P0) and temperature (T0) is given by:
Eq. (2)
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where n is the number of moles of gas and R the gas constant. The molar flow rate
mass flow rate

•

and the

are related by:

•

m
n=
M

Eq. (3)

where M is the molar mass of the gas. Plugging equation 3 in 2 we obtain
Q 0v =

• RT 0
Qm
RT 0
Q
=m
=
m
MP 0
ρ
MP 0

Eq. (4)

with ρ 0 density of the gas at standard pressure and temperature and Qm the mass flow rate.
Similarly, under the experimental conditions of pressure P and temperature T:
Qm =

PM
Qv
RT

Eq. (5)

Incorporating Qm from equation 5 in 4 results in

Q 0v =

P T0
. .Q v
P0 T

Eq. (6)

At P=5 Torr, and T=300K (typical experimental conditions) we obtained Q 0v =1797.0 sccm
(standard cubic centimeter per minute). The experimental value was 1.8 slm (standard litter per
minute). Values at lower pressure were obtained by normalizing by the cell pressure,

=3.6

slm at 10 Torr.
An estimate of linear velocity of the buffer gas in the reaction cell can be obtained using
Qv=vS with S the cross-section in the middle region of the reaction chamber (2 cm diameter).
This leads to the velocity of the buffer gas of about 3.98 ms-1. The size of the optical detection
region in the cell is determined by the diameter of the photolysis laser pulses, approximately 0.5
cm. Therefore the resident time t of the reactants in the detection region is:
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t=

0.5 ×10 −2
= 1.26 ×10 −3 s = 1.26 ms
3.98

In order to approximate the cell to a static cell, the reaction time is kept shorter than the resident
time.
2.1.2.5 High Temperature Set Up
For the high temperature set up, the reaction chamber was wrapped with a constantwattage heat cable and insulated using fiberglass. Temperature dependence of the rate coefficient
was investigated over the 298-450 K temperature range. The gas temperature in the center of the
reaction chamber was measured using a retractable Type K thermocouple. Temperatures at the
inlet of the reaction chamber and at the point of pressure measurement were also monitored
using two Type K thermocouples. The temperature control circuit used controllers (OmegaCN710), and solid-state relays (SSR330AC) to regulate power to the heat cables. Before every
experiment the reaction chamber was allowed to thermalize for about an hour, minimizing
fluctuations in measured temperatures.
2.2 The Pulsed Laser Photolysis-Laser Induced Fluorescence (PLP–LIF) Technique
2.2.1 Background
The pulsed laser photolysis–laser induced fluorescence (PLP–LIF) technique has been
extensively used to study the reaction kinetics of short lived species5,6 (radicals/molecules) that
are important in combustion6-11, atmospheric12-15, and interstellar medium7,8,16,17 chemistry. In
this technique, a short laser pulse (~10 ns or less) initiates the reaction by breaking the bond of
the radical precursor to generate radicals (e.g. CHBr3 + 3hν → CH + 3Br ).18 The most
commonly used photolysis lasers are excimer (193 nm and 248 nm) and Nd:YAG (266 nm and
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355 nm). The other tunable laser (dye laser) monitors the radical concentration using Laser
Induced Fluorescence (LIF). The beams of the photolysis and probe lasers usually propagate
perpendicular to each other, as shown in Figure 1. This leads to a detection region of about ~3
mm.
This pump–probe PLP-LIF technique became popular since early 1980s. Owing to the
broad implication and spectrum in the research area of reaction kinetics, this technique has been
widely used over the last decades. Robertshaw et.al.19 investigated the reaction of hydroxyl
radical with nitrogen dioxide. OH radicals were generated using pulsed laser photolysis of nitric
acid (HNO3) and by monitoring the decay of OH radicals by laser induced fluorescence at
excitation wavelength of 282 nm and observing its emission wavelength at 310 nm. Perry9
studied the reaction of NCO radical, an important intermediate in fuel and flame with hydrogen
and nitric oxide.9 In this study, an excimer laser was employed to photolyze HNCO at 248 nm to
generate NCO radical and a tunable dye laser was used for NCO LIF at excitation wavelength of
416.8 nm and monitored its fluorescence at 438.5 nm.9 Blitz et.al.20 studied the reaction of CH
radical that is important in combustion and planetary atmospheres with H2O using PLP-LIF. CH
radicals were generated by photolyzing CHBr3 at 248 nm using an excimer laser and monitored
the concentration of CH by LIF using tunable dye laser at excitation wavelength 430 nm
(A2Δ←X2Π) observing its fluorescence at 490 nm.20 Similarly, Rudich et.al.21 studied the
reaction of hydroxyl radical with methyl butenol, an important natural volatile organic
compound (NVOC) in the atmosphere. In this study, OH radicals were generated from HONO
using pulsed laser photolysis (frequency tripled Nd:YAG laser) at 355nm and the concentration
of OH radicals were monitored using tunable dye laser exciting at 281.1 nm and monitoring its
fluorescence at 308.8 nm.
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2.2.2 Pulsed Photolysis
In pulsed photolysis short-lived radicals are produced in high concentrations
instantaneously using an intense pulse with high peak power in the UV or visible region.22 The
laser has a very short pulse (in the order of nanoseconds), shorter than the lifetime of the radicals
or intermediates. The laser is a well collimated beam.22 The monochromatic light of the laser
ensures selective photolysis of the radical precursor.23 Fixed wavelength lasers such as Nd:YAG
(532 nm, 355 nm, and 266 nm) and excimer (193 nm and 248 nm) are the most widely used
pulsed sources for photolysis. Here the fourth harmonic (266 nm) of a Nd:YAG laser was used to
break the weak O–O bond (196 KJ/mol)24 in H2O2 to generate two OH radicals as shown in R1
below. The third harmonic (355 nm) of the same Nd:YAG laser was used to photolyze HONO
(200 KJ/mol) 25,26 as shown in R2 below and generate OH radicals with limited photolysis of the
hydrocarbon precursor.27,28 Alternatively excimer laser (193 nm and 248 nm) can be used to
generate OH radicals from H2O2.29

H 2O 2 + hn (266 nm) → 2OH

(R1)

HONO + hn (355 nm) → OH + NO

(R2)

2.2.3 Laser Induced Fluorescence (LIF)
Laser induced fluorescence (LIF) is the emission of photons from the species (radicals or
molecules) following the absorption of a laser pulse. In LIF, light radiation from a tunable laser
is tuned to a wavelength matching the absorption line of the species. Upon absorption of the
resonant excitation wavelength, the species goes from a lower electronic state to a higher excited
electronic state with a short lifetime (10-5 to 10-10 s). The excited state then relaxes spontaneously
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to a lower vibronic state. In the case that the returning state is different than the initial state, the
emitted radiation has a different wavelength than that of the excitation radiation. The broadband
off-resonance fluorescence is observed using a bandpass filter.30 As the species are excited at
their resonant wavelength, the absorption cross-section is larger providing higher sensitivity of
the species with very low concentration (ppm level).
Figure 4 shows a schematic of the laser induced fluorescence scheme of hydroxyl radical
(OH). Hydroxyl radical initially in their ground X2Π state and vibrational level v"=0 absorbs a
photon of light from a frequency doubled tunable dye laser at about 282 nm to go to the first
excited A2Σ states in v'=1. In the excited electronic state OH has a very short lifetime of
approximately 700 nanoseconds.31-33
A

2

∑

+

Excited Electronic State
1
0
LIF

Laser

OH
1
0
X

(1-0) excitation

2

Π

Ground Electronic State
(1-1) fluorescence

282nm
310nm
Figure 4. Schematic of laser induced fluorescence of Hydroxyl Radical
In figure 4, the ground and first excited vibrational states of each electronic states are
labeled by the quantum numbers v = 0, 1. Only the fluorescence from the first vibrational level of
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the excited state to the first vibrational level of the ground electronic state at (310 nm) is
observed using a band pass filter (FWHM±10 nm).
Figure 5 shows the experimental LIF spectrum of OH radical for excitation wavelengths
ranging from 281 nm to 283 nm. All the rotational lines in Figure 5 are from the A–X (v'=1,
v"=0) vibronic band. The most intense absorption line at 281.95 nm corresponds to a
superposition of several rotational lines and is used for the OH detection. The fluorescence
emission is monitored at 310 nm using a band pass filter (FWHM±10 nm).

Figure 5. OH LIF spectrum for A2Π-X2Σ electronic transition (v'=1, v"=0)
In the equations below, OH refers to the ground electronic state of the hydroxyl radical
while OH* refers to the excited electronic state. The coefficient k* is the first order decay rate of
the excited state and is related to the Einstein A coefficient for spontaneous emission and nonradiative quenching rate. It corresponds to the inverse of the fluorescence lifetime. Within a
steady state approximation the fluorescence signal is directly proportional to the concentration of
ground state OH radicals.
OH + hν → OH ∗
∗

k
OH ∗ →
OH + hν

53

[LIF] ∝ [OH*] ∝ [OH]

Figure 6 shows the typical fluorescence decay following the dye laser excitation. The Y-

axis represents the laser-induced fluorescence and the X-axis represents fluorescence time in
nanoseconds. The laser triggers at 50ns and the fluorescence decay is gated using an integration
window from a boxcar average. As shown in the figure 6, the fluorescence decay is in the order
of nanoseconds, which is much shorter than the reaction time, which occurs in the order of
microseconds.

Figure 6. Fluorescence decay due to the dye laser
The main advantages of using LIF for the detection of OH radicals are:
1. LIF is very sensitive time resolved and radical specific technique.
2. It is a spatially resolved measurement technique.
The limitations of LIF are:
1. The technique measures the ground state population indirectly making it difficult to
quantify due to quenching of the excited state. The concentration of OH ground state is
monitored by looking at the fluorescence signal emitted from the OH excited state. The
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fluorescence signal is assumed to be proportional to the amount of radical in the excited
state, which in turn is assumed to be proportional to the ground state OH radicals. Thus,
LIF is an indirect measurement technique.
2. Not all species (radicals or molecules) absorb at the desired wavelengths and fluoresce.
Table 1 shows some of the widely studied radicals using laser-induced fluorescence. It shows the
excitation wavelengths and detection wavelengths corresponding to their transitions. The radicals
are detected using band pass or long pass filters.
Table 1. Excitation and detection wavelengths of the radicals corresponding to their
transitions
Radical
OH34
CH35
CN36
1
CH237
HCO38
H2CO39

Excitation wavelength
282
431
387
537
258.7
370

Transition
A-X
A-X
B-X
B-A
B-X
A-X410

Detection range
310 (band-pass filter)
490 (band-pass filter)
420 (band-pass filter)
580 (band-pass filter)
300 (band-pass filter)
>380 (long-pass filter)

2.3 Laser and Optical Systems
Laser is an acronym for ‘light amplification by stimulated emission of radiation’. A laser
consists of three main elements: pumping source, active or gain medium, and a laser cavity.
Laser actions occur through stimulated emission when the population of the upper energy level
of the active medium is much higher than that of the lower energy level, referred to as population
inversion. Active medium may be solid (e.g. Nd:YAG laser), liquid (e.g. dye laser) or gas (e.g.
excimer laser).
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Stimulated emission is the emission of a photon upon interaction of the excited medium
*
with a resonant photon. It follows: M * + hcν → M + 2hcν where M is the excited electronic

state of the active medium, h is Planck’s constant, c is the speed of light, ν is the wave number
and M is the ground state of the active medium. Figure 7 displays a schematic of a laser. The
laser cavity is made of two highly reflecting mirrors, one on the left which is totally reflecting,
coated with alternate layers of high dielectric substance (e.g. TiO2) and low dielectric substance
(e.g. SiO). The other mirror allows 1-10% of the laser beam to exit the cavity. The cavity
contains the active medium in the middle, which is pumped by the pumping source. The photons
generated through spontaneous emission initially strike the mirrors perpendicularly increasing
the photon flux and causing the stimulated emission.

Figure 7. Schematic of a laser cavity
Population inversion is achieved by exciting the active medium using the pumping
energy. In the case of a two-level laser system, it is not possible to achieve population inversion
through light absorption. Excimer lasers are an example of two-level laser system in which the
population of the upper state is created by an electrical discharge through atomic collisions. The
more important are the noble gas halide gas lasers that have repulsive ground states but bound
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excited states often called exciplex. An exciplex is a diatomic molecule of two different atoms,
which is stable in its excited electronic state but unstable or dissociates in its ground state e.g.
ArF, KrF, XeF, etc. At thermal equilibrium the population in level 2 is always less than in level
1. Upon pumping and after reaching a steady state between absorption and stimulated emission
the maximum population of level 2 is equal to that of level 1.
Figure 8 (a) and (b) displays a schematic of three-level and four-level lasing systems
respectively. In the case of a three-level lasing system, after pumping from level 1 to 2, a fast
decay occurs from 2 to 3 leading to population inversion between levels 3 and 1. The lasing is
observed by transition from 3 to 1. In a four-level lasing system, upon pumping from level 1 to 2,
a fast non-radiative decay leads to population inversion between levels 3 and 4. The lasing
occurs by transition from levels 3 to 4. Fast decay from level 4 to 1 makes the population
inversion more efficient.

Figure 8 (a) Three-level and (b) Four-level lasing systems
A laser beam is unique because of its directional nature i.e. produces highly parallel
beam, monochromatic (i.e. generates a very narrow wavelength range), extremely bright (i.e.
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power emitted per unit area per unit solid angle is very high), and coherent nature (i.e.
electromagnetic waves are in phase).
2.3.1 Nd:YAG and Harmonic Generation
The neodymium-yttrium aluminium garnet (Nd:YAG) is a solid state laser that has
embedded Nd3+ ions in a solid matrix (a synthetic mineral) called yttrium aluminium garnet
(Y3Al5O12). The Nd3+:YAG rod is 6-9 cm long and has 0.5-2.0% by weight of Nd3+ ions.40 The
ground configuration of Nd3+ is KLM4d104f35s25p6 and the important terms arising from this
configuration are 4I and 4F. Figure 9(a) shows the energy levels of multiplets arising from 4I and
4

F terms of free Nd3+ ions. Figure 9(b) shows the 4F3/2 state split into two components due to

crystal field interactions and 4I11/2 splits into six components. The laser action involves the
transition of 4F3/2-4I11/2 that occurs at 1.064 µm. It can be seen in the figure that 4F3/2 is the lowest
energy of 4F term while 4I11/2 is not the lowest energy state. This indicates that Nd:YAG is a fourlevel laser. The transition that is important for laser has Δῦ (wave number) = 9391 cm-1 that
corresponds to Δλ (wavelength) = 1064 nm at room temperature.
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Figure 9. Energy levels in (a) Free Nd3+ and (b) Nd3+ split by crystal field interactions40
Nd:YAG laser that operates at fundamental wavelength of 1064 can be frequency
doubled, tripled, and quadrupled to obtain wavelengths of 532 nm, 355 nm, and 266 nm
respectively. This can be achieved by harmonic generation.
2.3.1.1 Harmonic Generation40
The relation between the oscillating electric field (E) of light propagating in a medium
with the induced dipole moment (μ) and polarizability (α) is given by equation 7.

1
1
1
µ = αE + βE.E + γE.E.E + δE.E.E.E + .......
2
6
24

Eq. (7)

where β is the hyperpolarizability, γ the second hyperpolarizability, and δ the third
hyperpolarizability. These second and third terms are non-linear in E. Because of high laser
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power these terms become significant and lead to harmonic generation. The magnitude of the
oscillating electric field can be given by equation 8.
E = A sin 2πnt

Eq. (8)

where A is the amplitude and ν the frequency. The square of the electric field in equation 8 can
therefore be written as

1
E 2 = A 2 (sin 2πnt ) 2 = A 2 (1 − cos 2π2nt )
2

Eq. (9)

The cosine term in equation 9 has twice the frequency than the fundamental radiation. This
process of frequency doubling is called second harmonic generation. Although fourth harmonics
can be obtained directly from the 3rd and 4th term of equation 7, higher conversion is obtained by
doubling the 2nd harmonic with a second crystal. Third harmonic generation is obtained by
frequency mixing of the fundamental at 1064 nm with the second harmonic at 532 following a
similar mechanism.
To achieve the second, third and fourth harmonic generations experimentally, various
crystalline materials are commercially available. Some of the examples include potassium
pentaborate (KB5O8, KPB), β-barium borate (BaB2O4, BBO), and lithium niobate (Li3NbO4) that
are suitable for the limited wavelength range. In the present experiments BBO crystals are used.
The efficiency of frequency doubling is 20 to 30%.
2.3.1.2 Q-Switching40
The quality factor or the resolving power of the laser cavity is defined by equation 10.
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Q=

ν
∆ν

Eq. (10)

where ν is the frequency and Δν is the line width of the laser radiation. The relation of Q with the
energy stored in the cavity (Ec) and the energy allowed to leak out (Et) during a time t is given by
the equation 11.

Q=

2πνE c t
Et

Eq. (11)

In Q-switching operation, the Q of a laser cavity is reduced for a very short period of time. This
prevents the oscillation of laser radiation between the cavity mirrors. During this time the
population inversion in the upper level increases. Then Q is allowed to increase rapidly resulting
in very short pulses. This cycle is repeated.
In this research, the third and fourth harmonic of a Continuum Surelite III-10 Nd:YAG
(10 Hz) laser were used to photolyze HONO at 355 nm and H2O2 at 266 nm, respectively. The
photolysis beam utilized had an average diameter of ~7.5 mm with maximum measured laser
fluence at the entrance of the reaction cell of 147 mJ/cm2. The second harmonic of a Nd:YAG
(532 nm) was used to pump a dye laser. Table 2 shows the specifications that includes beam
diameter, beam energy, and pulse widths for Surelite III-10 Nd:YAG lasers..41 The beams were
horizontally polarized at 1064, 355 and 266 nm and vertically polarized at 532 nm.
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Table 2. Specifications of Nd:YAG laser
Beam diameter
Energy
1064 nm
532 nm
355 nm
266 nm
Pulse width
1064 nm
532 nm
355 nm
266 nm

9.5 mm
850 mJ
425 mJ
165/225 mJ
100 mJ
4-6 ns
3-5ns
3-5 ns
3-5 ns

Figure 10 shows the plot of intensity of Nd:YAG laser versus time in nanoseconds. The
pulse width of Nd:YAG laser at 1064 nm is approximately 6 ns and is very shorter than the
reaction time.

Figure 10. Nd:YAG laser profile at 1064 nm
2.3.2 Tunable Dye Laser
A dye laser is tunable over a wide range of wavelength and has an organic liquid dye as
active medium. These dyes have strong visible absorptions from the ground electronic state (S0)
to the first excited singlet state (S1). The dye has oscillator strengths (related to the probability of
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transition) nearly equal to 142,43 and fluorescence quantum yield (number of molecules
fluorescing/number of quanta absorbed) nearly equal to 1.44 In the present research, Rhodamine
590 (Rhodamine 6G) dissolved in methanol is used.

Figure 11. Energy level scheme for a dye molecule nine processes important in laser
action40
Figure 11 shows the energy level diagram for a dye molecule. S0, S1, and S2 are the
lowest electronic singlet states whereas T1 and T2 are the triplet states. These states comprise
vibrational and rotational sub-levels that appear as continuum due to interaction with the liquid
solvent. The population inversion can be achieved in S1 or S2 as shown in the Figure 11 by 1 and
2 absorption. Here the collisional or vibrational-rotational relaxation occurs by processes labeled
3 and 4 within 10 picoseconds (ps). Lasing occurs between the bottom of the S1 band and the S0
band and from there relaxation process occurs (6) to the bottom of the band. The population of S1
can also decay due to process 7 (intersystem crossing). The lifetime of molecules in T1 is long
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ranging from 100 ns to 1 ms, due to the forbidden T1-S1 transition (process 9) therefore building
up the concentration of molecules. The spin allowed transition T1-T2 can occur even by the
fluorescence from 5 and can decrease the efficiency of laser. This can be prevented by pulsed
pumping method allowing enough time for S1-S0 relaxation.
Figure 12 shows the structure of the Rhodamine 590 (Rhodamine 6G) dye that was used
in this research, with a lasing maximum at 560 nm.45 The X- is ClO4-. A solution in methanol
was used for the oscillator and amplifier. The concentration of dye in methanol used in the
oscillator was 5.25 × 10-5 M and amplifier was 7.77 × 10-5 M. The oscillator operates through
population inversion within the optical cavity. The Amplifier operates through population
inversion without optical oscillation. This means that the beam passes once and the amplifier
cavities amplify the beam power.

H5C2HN

NH2(C2H5)2

O

-

X
CH3

H 3C

CO2CH3
-

X=Cl ,BF4- or ClO4-

Figure 12. Structure of Rhodamine 590 dye
Table 3 shows the specifications that includes energy, beam diameter, polarization,
tuning range, etc. for the dye laser pumped by second harmonic of Nd:YAG laser.46
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Table 3. Specifications of tunable dye laser
Fundamental wavelength (560 nm)
Energy
Tuning range
Beam diameter
Efficiency
Pump energy
532 nm
355 nm
Polarization
Output with 532 nm pumping
Output with 355 nm pumping
With high resolution single grating
Tuning range in the UV region
Tuning range with wavelength extension

300 mJ/pulse
380-980 nm
3-6 mm
>30%
100-1000 mJ
85-400 mJ
vertical
vertical
380-590 nm
206-980 nm

2.3.3 Photomultilier Tube (PMT)
A photomultiplier tube is a photo-sensitive device or photodetector that has extremely
high sensitivity (low-light-level detection). A photomultiplier tube consists of a photocathode,
focusing electrodes, dynodes or electron multipliers, and an electron collector or anode in a
vacuum tube. It works by external photoelectric effect and provides ultra-fast response. As light
strikes the photocathode, it emits photoelectrons. These electrons are focused using set of
electrodes and multiplied by dynodes or electron multipliers through secondary electronemission. The multiplied photoelectrons are collected by an anode or electron collector. The
secondary emission electron multiplication is responsible for the extremely high sensitivity. The
photomultiplier tube has a very fast time response, very low noise and works in UV, visible, and
near IR regions.47,48
The photomultiplier tube used in this research had a side-on configuration (R928,
Hamamatsu) and was operated at 500-850 V. Side-on configuration implies that the
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photocathode lies on the side and receives light unlike head-on configuration where
photocathode lies on top and receives light from the top part. A side-on PMT has a reflection
mode photocathode or opaque photocathode reflecting the ejected photoelectrons to the first
dynode. A head-on PMT operates according to a transmission mode (semi-transparent)
photocathode which transmits the ejected photoelectrons in to the vacuum.47 Figure 13 shows the
opaque or reflection mode photocathode in a circular cage used in side-on PMT. When light
strikes the photocathode, photoelectrons make their way to the first dynode.

Figure 13. Reflection mode photocathode in a circular cage in side-on photomultiplier
tube47
In a side-on configuration, the PMT has a circular cage multiplier resulting in high
sensitivity (cathode sensitivity ranges from 18-3.5 mA/W at 194-852 nm and anode sensitivity
ranges from 1.8×105-3.5×104 A/W at 194-852 nm) and amplification at low voltage.47 Circular
cage multiplier is compact and provides fast time response (anode pulse time rise is 2.2 ns) but
are limited by dark currents.47 Dark current is produced even if the PMT is operated in
completely dark place. One of the main reasons for dark current is the thermionic emission from
photocathode and dynodes due to their very low work functions. This can be avoided by
decreasing the temperature.47
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The photocathode in a side-on configuration is made of alkali metals of low work
functions. The multialkali (Na-K-Sb-Cs) photocathode results in wide spectral response ranging
from UV to near IR region (185-900 nm). The window placed before the photocathode acts as
the wavelength filter that transmits UV and visible light up to 185 nm.48,49
2.4 Kinetic Measurements
2.4.1 LIF Measurements
The reactions of hydroxyl radicals with polycyclic aromatic hydrocarbons were studied
by laser spectroscopy using two kinds of lasers (Nd:YAG and tunable dye). The output of laser
beam from the Nd:YAG was directed to the reaction chamber using highly reflecting mirrors of
25 mm diameter and 5 mm thickness. For 355 nm, NB1-K08 mirrors from Thorlabs were used
whereas for 266 nm NB1-K04 mirrors were used. The frequency doubled dye laser beam (282
nm) was directed to the reaction chamber using UV right angle prism of 20 mm diameter
(Thorlabs PS608). The fluorescence from the hydroxyl radicals was detected using the
photomultiplier tube (Hamamtsu R928) orthogonal to the laser beams. Before the PMT, two
uncoated fused silica plano convex lenses of diameter 25.4 mm and focal length of 25 mm
(LA4663) from Thorlabs were used to image the fluorescence signal to the PMT photocatode. In
addition, a bandpass filter at 310 nm (fwhm ±10 nm) was placed just before the PMT to collect
fluorescence signal.
The kinetic measurements of the reaction of the hydroxyl radicals with polycyclic
aromatic hydrocarbons occur in the microsecond time-scale. The time available for reaction was
varied by delaying the probe laser relative to the pump laser. The timing scheme and the details
of the kinetic measurements are discussed in the following sub-sections.
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2.4.2 Pump-Probe Timing

Figure 14. Timing between the pump and probe lasers
Figure 14 shows the timing of the pump and probe lasers employed to measure the
kinetics of the bimolecular reactions. The pump and probe lasers trigger 240 μs after the
flashlamps lamp (Q-switch time). The triggering of the pump (Nd:YAG) laser corresponds to the
formation of the hydroxyl radicals whereas the triggering of probe (dye) laser corresponds to
their detection. The timing is controlled by a delay generator (DG 535) with an internal time
trigger reference. In the experiments, the trigger of the dye laser flash lamp was fixed relatively
to the trigger origin. The trigger of the Nd:YAG pump laser was varied relative to the dye laser
flash lamp trigger. A negative delay time corresponded to the Nd:YAG laser firing before the
dye laser. A positive delay corresponded to the dye laser firing first. The available time for the
reaction to occur was therefore the opposite of the laser delay-time. During the experiments, the
probe laser was initially set to trigger before the pump laser to observe the baseline. The data
were usually taken for reaction times ranging from -100μs to 500μs. Reaction times between 100 to 0 μs corresponded to baseline, as no radicals were generated before the probe laser. At 0
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μs, the pump and probe lasers were triggering at the same time. Signal was detected after 0 μs,
for which the probe laser fired after the pump laser. The pump laser profile and fluorescence
decay of the radical were in the order of nanoseconds while the reaction was in the order of
microseconds. Therefore, the reaction was not affected by the laser profile and fluorescence
decay.
2.4.3 Example of LIF Emission
Figure 15 shows the average LIF signal of the OH radical recorded by excitation at 282
nm and emission at 310 nm against time in nanoseconds. The red line is the fit to the
fluorescence data and blue line is the time gate over which the signal is integrated by a boxcar
averager. The width is set to 280 ns to include most of the signal while avoiding laser scattering
and noise. The crossed area under the signal represents the magnitude of the fluorescence signal.

Figure 15. Emission of OH fluorescence following dye laser excitation
The exponential fit of the fluorescence decay in figure 16 using the equation 12 gives the lifetime

τ of the OH radical.
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[A] = [A]0 e

−

τ
τ

Eq. (12)

[A]0 is the concentration of radical in the ground electronic state. The fit in Figure 15 yields a
lifetime for the OH radical of 179 ns.
After getting the optimum OH fluorescence signal, the radical number density temporal
profiles were obtained by averaging 20 laser shots per point while changing the delay time
between the lasers using a delay generator (Stanford research systems, DG535). A GPIB
interface paired to a PC running LabView was used to average, store and analyze the data for the
reaction of OH radical with propene, butene, acetaldehyde, and benzene.
2.4.4 Pseudo First Order Approximation
The reaction of hydroxyl radical with polycyclic aromatic hydrocarbon precursor is
overall a second order reaction. To avoid the complexity of measuring the reactant
concentrations of both species simultaneously, the experiments were performed under pseudofirst order approximation. In this case, one of the reactants is introduced in large excess and can
be assumed constant relative to the concentration of the other reactant. Hydroxyl radical reacts
with the gaseous reactant (A) to give products with a second order rate coefficient k which is to
be determined. Hydroxyl radicals also react with other molecules such as its precursor or with
other OH radicals to give products with rate coefficient k' as shown below.

OH

A

k

Other molecules

Products

OH

k'

(R3)

Products

(R4)

70

The rate law equation of the above two reactions R3 and R4 can be written as

d[OH]
= −k[OH][A] − k'[Other molecules][OH]
dt

Eq. (13)

d[OH]
= −{k[A] + k'[Other molecules]}dt
[OH]

Eq. (14)

Applying pseudo first order approximation, the concentrations of the reactant A and other
molecules are assumed to be independent on reaction time i.e. the concentrations of A and other
molecules is very large compared to the concentration of hydroxyl radical.
[A] and [Other molecules] >> [OH]
Integrating the above rate law equation 14
t
d[OH ]
= −{k[A ] + k ' [Othermolecules]}∫ dt
0
0
dt

∫

t

ln

[OH]
= −k 1st t
[OH]0

Eq. (15)

Eq. (16)

where k1st = {k[A]+k'[Other molecules]
k1st is the pseudo first order rate coefficient. The concentration of the OH radicals in the cell as a
function of the delay between the two lasers ∆t can be written as:
[OH]t = [OH]0 e − k1st ∆t

Eq. (17)

The relative concentration of hydroxyl radical as a function of reaction time is obtained
by plotting the LIF signal intensity as a function of laser delay time:
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LIF = LIF0 e

− k st Δt
1

Eq. (18)

The values of k1st can then be determined by fitting the experimental data to an
exponential decay. Experimentally, the temporal profiles of the relative OH concentration are
recorded for multiple concentration of the co-reactant A.
The second order rate coefficient k is determined by plotting the k1st values as a function
of various number densities of the reactant (PAH precursor) and fitted to a straight line. The
slope of this straight line gives the rate coefficient of the reaction of hydroxyl radical with the
reactant. Figure 16 shows the k1st vs the concentration of propene at 5 Torr and room
temperature, one of the reactants used to validate the experimental set up. The slope of the linear
fit is equal to the second-order rate coefficient (k2nd).

Figure 16. A plot of k1st vs number density of propene at 5 Torr. The line is obtained
using a linear fit to the data and k2nd values are presented with 2σ precision
2.5 Experimental Validation
The experimental set up to measure the kinetics of hydroxyl radicals with polycyclic
aromatic hydrocarbon precursors in the laboratory was validated by measuring the reaction
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kinetics of hydroxyl radical with propene,50 butene,51 acetaldehyde,52 and benzene53 that are well
known in the literature.
2.5.1 OH + Propene, Butene, Acetaldehyde, and Benzene
Validation of the experimental setup is achieved by measuring the rates of reaction of OH
+ propene (C3H6), trans-2-butene (C4H8), acetaldehyde (CH3CHO), and benzene (C6H6). Propene
and trans-2-butene were purchased from Matheson Tri Gas and used without further purification.
Propene was regulated using Harris compressed gas regulator (model no. 25-15C) and trans-2butene was regulated using Matheson regulator (model no. 3320B) to inject into the reaction
chamber. Benzene was purchased from Sigma Aldrich (HPLC grade, >99.9% pure) and put
inside the bubbler. It was carried to the reaction chamber using helium carrier gas. Acetaldehyde
was purchased from Sigma Aldrich (anhydrous, GC grade >99.9% pure). It was placed in the
bubbler contained in ice-water bath. Then it was evaporated and collected in cylinders to make
5%, 10%, and 15% mixture in helium buffer gas. The measured rates coefficients listed in Tables
4a and 4b agree well with published literature.52,54 The high temperature setup was tested and
validated by measuring rates of reaction of OH + propene over a temperature range of 293-450
K. The observed inverse temperature dependence of the rate constant (see table 4b) is consistent
with trends in published literature.55
3 -1

Table 4a. Rate coefficients (cm s ) of the validation reactions compared to published
literature
Reaction

This work
Experimental
conditions
T=296 K, P=5 Torr
2.13(±0.40).10-11
-11
T=296 K, P=5 Torr
5.2(±0.11).10
Reaction rate

OH + propene
OH + butene

Literature reviews
Reaction Rate
Experimental
conditions
2.74.10-11 50
T=296 K; P=30 Torr
-11
T=296 K; P=50 Torr
6.99(±0.70).10
51

OH + acetaldehyde

1.56(±0.40).10

-11

T=296 K, P=5 Torr

1.52(±0.15).10-11
52

OH + benzene

1.30(±0.23).10-12

T=296 K, P=5 Torr

1.36(±0.09).10-12

53

T=296 K; P=100
Torr
T=296 K; P=20 Torr
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Table 4b. Rate coefficients (cm s ) for validation of the high temperature setup
Reaction

This work
Reaction ratea

OH + propene
a

1.45(±0.28).10

-11

9.20(±0.31).10

-12

6.28(±0.92).10

-12

Temperature (K)
300
393
423

Literature values55
Temperature
Reaction rateb
(K)
1.87(±1.5).10-11
7.8(±0.3).10
5.05.10

-12

-12

298
386
425

b

Pressures are 5 Torr; Rate constants measured at 3 torr.

2.5.2 Computational Method
Reaction enthalpies for the abstraction and addition channels were calculated using the
CBS-QB3 composite method, implemented within the Gaussian09 suite of programs.56 All
geometries were first optimized using the B3LYP/CBSB7 method. All the vibrational
frequencies are real, indicating that the optimized geometries represent minima on the potential
energy surface.
Thus the reactions of hydroxyl radical with polycyclic aromatic hydrocarbon precursors
were studied in a validated experimental set up mainly consisting of six-way cross stainless steel
reaction chamber, pulsed (Nd:YAG and dye) laser systems, and detector (PMT) under vacuum of
1-7.5 Torr. Buffer gas and the gaseous reactants were injected using calibrated mass flow
controllers. The photolysis laser beam used to generate radicals, probe laser beam used to
monitor the concentration of hydroxyl radical, and the detector were orthogonal to each other.
The enthalpy of the intermediates was computed using the CBS-QB3composite method.
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Chapter 3: Reaction of the OH Radical with Phenylacetylene
3.1 OH Radical Reaction with Aromatic Molecules
The OH radical is one of the most abundant radical in combustion flames. Its reaction
with benzene and substituted benzene molecules has been extensively studied both
experimentally1-13 and theoretically.14,15 At room9,12 temperature and intermediate11 temperatures
the dominant reaction entrance channel is predicted to be governed by electrophilic attack of the
radical onto the aromatic ring to form a Van der Waals association complex. This pre-reactive
complex isomerizes to a more stable addition intermediate which may decompose back to the
reactants, be stabilized by collisional quenching, or decompose to give the final products.9 In the
case of a long-lived addition intermediate the decomposition back to the reactants leads to biexponential decays of the OH radical concentration as observed for reactions with benzene,
bromobenzene, toluene and its derivative.2,11 The presence of a substituent on the aromatic ring
will affect the reaction rate by decreasing (electron donating or electron releasing or activating)
or increasing (electron withdrawing or deactivating groups) the Gibbs free energy for the
formation of the initial complex relatively to that of the OH–benzene complex.11 Witte et al.11
expressed this correlation using the Hammett equation16 that describes the electrophilic attack,
specifically the addition to the aromatic ring. This equation relates the logarithm of the ratio of
the rate coefficient for reaction of OH with a given molecule over that for benzene as a function
of substituent constants as shown in equation 1.11
log(

k
) = σρ
k0

Eq. (1)

where σ is the substituent constant that relates the observed electronic (inductive or resonance)
effect that a particular substituent imparts to the aromatic ring. Electron withdrawing substituents
(e.g. -NO2) have positive σ and electron donating substituents (e.g. -NH2) have negative σ. The
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constant ρ measures the sensitivity of a particular reaction to changes in electronic effects of the
substituent groups and depends on the nature of reactants and on the reaction conditions (e.g.
temperature and solvent effect, etc.). Its sign and magnitude indicate charge build up during the
progress of the chemical reaction. A value of ρ>0 is indicative of electron withdrawing groups
that stabilizes the negative charge while a value ρ<0 is indicative of electron donating groups
that stabilizes the positive charge. The magnitude of the reaction constant relates to the
sensitivity of the reaction to the substituent effect.17
Assuming thermodynamic equilibrium between the reaction adduct and the reactants, the
ratio of the reaction rate coefficients for the forward and backward reactions are related to the
Gibb’s standard free energy by:
 k

∆G 0
ln forward  = −
RT
 k backward 

Eq. (2)

By analogy with equation 1 we can state that the Hammett equation relates the association rate
coefficients of two specific reactants to the Gibb’s free energy of the aromatic–reactants
association reaction. Figure 1 shows the semilog plot of the OH reaction rate constants with
substituted aromatic rings against Hammett electrophilic substituent constants, showing a good
linear correlation. Faster than expected reaction rates have been observed for molecules with
deactivating or weakly activating substituents such as benzaldeheyde18 and styrene.12 In these
cases hydrogen-abstraction or addition onto the substituent rather than addition onto the ring is
likely to be the favorable entrance channel. This trend is helpful for the prediction of whether the
addition of hydroxyl radical will occur onto the aromatic ring.
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Figure 1. Plot of OH radical reaction rate coefficients against electrophilic substituent
constants for monosubsituted aromatic compounds.11 The red dot is for phenylacetylene19
3.2 Phenylacetylene in Combustion
Phenylacetylene has been detected in the fuel rich premixed flames of monocyclic
aromatic hydrocarbons20, the pyrolysis of cyclohexane21 and is believed to contribute to the
formation of polycyclic aromatic hydrocarbon (PAH)22. Spectroscopic evidence has suggested
that phenylacetylene is one of the dissociative product of naphthalene.23 In addition,
phenylacetylene along with naphthalene have been observed by photoionization mass
spectrometry under combustion like conditions.24 As seen in Chapter 1, phenylacetylene is likely
to be formed in combustion by the initial steps of the HACA mechanism, following the
formation of benzene and/or the phenyl radical. Alternatively, benzene may react with the
ethynyl radical (C2H) to form phenylacetylene through an addition/H-loss mechanism.25-27 The
mostly likely reactions leading to phenylacetylene formation in combustion are summarized in
scheme 1.
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H
C
C
C2H2

H

H
C
C
H

C C H

Scheme 1. Phenyl radical reacts with gaseous acetylene to form phenylacetylene or
benzene reacts with ethynyl radical to form phenylacetylene
Once formed, consecutive reactions of phenylacetylene with atomic hydrogen and
acetylene (scheme 2) may lead to the formation of the first PAH, naphthalene (C10H8).28,29
H
C
C

H
C
C
H

- H2

C 2H 2

Scheme 2. Phenylacetylene radical formed from phenylacetylene reacts with gaseous
acetylene to form naphthalene
Despite its crucial importance in combustion, there is limited information about the OH +
phenyl acetylene reaction30 and no kinetic information is available. Combustion models assume
the reaction to mostly proceed through abstraction with a reaction rate slower than that of OH +
benzene.29,31 Indeed, the deactivating effect of the ethynyl group (-C2H) is expected to decrease
the rate of association with the aromatic ring. Electron delocalization effects and interaction of
the radical with the π-electrons of the triple bonds are however, likely to lead to a rate that does
not follow the empirical rule provided by Witte et al.11 The reaction rate coefficient of the OH +
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phenylacetylene reaction was measured over the 300–430 K temperature range in order to
investigate the most likely reaction mechanism.
3.3 Number Density of Phenylacetylene
Phenylacetylene was purchased from Sigma Aldrich (98%) and used without further
purification. It is a yellow liquid at room temperature with 17.6 Torr vapor pressure at 37.7 ºC.
Approximately 5mL of phenylacetylene was placed inside a bubbler contained in a regulated
temperature bath (ISOTEMP 1016S). The bath was filled with water and cooled to 15 ºC to
prevent excess vaporization of phenylacetylene. It was completely degassed before use and the
pressure was monitored using a baratron pressure gauge. A flow of 100 sccm of helium was
passed through the liquid to carry the phenylacetylene vapors. The fraction of phenylacetylene
vapors in the flow was controlled using a needle valve placed just after the bubbler. Its vapor was
introduced into a UV absorption cell used to measure the number density of phenylacetylene
before mixing with buffer gas (helium) and OH radical precursor in a mixing cylinder.

Figure 2. Schematic of experimental set up to determine the cross-section of
phenylacetylene at 266 nm
The number density of phenylacetylene was measured prior to its injection into the
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reaction chamber using UV-light absorption. Figure 2 displays a schematic of the experimental
setup used for the light absorption measurements. The UV absorption cell is a ~19 cm long
stainless steel tube cylinder terminated by two 1ʺ quartz windows, and maintained at room
temperature. The transmitted intensities of a 254 nm mercury pen ray lamp after absorption by
phenylacetylene were measured using a photo diode (Thorlabs–DET10A, Si Detector, 200–1100
nm). The phenylacetylene absorption cross-section at 254 nm is σ254nm=3.82×10-18 cm2.41
Capacitance manometers were used to measure the pressures in both the absorption cell and the
bubbler. The number density of phenylacetylene in the absorption cell, nabs, were regulated by
varying the total pressure in the bubbler at a constant bath temperature.
The transmitted lamp intensity was measured first without phenylacetylene and then
again after the introduction of phenylacetylene. The number density of phenylacetylene were
inferred from the value of the intensity ratios, absorption cross-section and path length using
equation 3.
ln

I
= −sn abs 
I0

Eq. (3)

where Ι0 is the initial intensity (zero absorption); Ι the intensity after absorption; σ the crosssection of phenylacetylene and  the length of the absorption cell, and nabs is the number density
in the absorption cell. With the number density in the absorption cell known, the number density
of phenylacetylene in the reaction cell, n pha was calculated using the relationship of equation 4:
n pha = n abs

Q abs Preaction
.
Q Total Pabs

Eq. (4)

where Qabs is the flow rate through the bubbler/absorption cell, Qtotal is the total volumetric flow
rate of gases in the reaction cell, Preaction and Pabs are pressure in the reaction vessel and
absorption cell respectively. Figure 3 shows the number densities in the reaction cell as a
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function of bubbler pressure (Torr) together with a fit of the experimental data. The equation
generated from the fit was used for all experimental cases to determine the number density of
phenylacetylene in the experiment. Experiments were repeated at a given bubbler pressure
multiple times resulting in a total of 24 data points, to evaluate measurement errors.

Figure 3. Bubbler pressure vs number density of phenyl acetylene in the reaction cell.
The solid line represents the fit relating the bubbler pressure to the number density of
phenylacetylene, given by the equation. A, B and C are constants from the fit and Pbubb is the
bubbler pressure in Torr
3.4 Determination of the Phenylacetylene Absorption Cross-Section at 266 nm
Because the photolysis of the reactant by the pump laser may change its number density,
it is important to obtain an order of magnitude of the phenylacetylene absorption cross section at
266 nm. The experimental setup for the cross section measurements is identical to the one
depicted in Figure 2. During the experiments, the pressure in the bubbler was increased using a
needle valve to reach a pressure of around 500 Torr. At this time the bubbler was isolated from
the inlet gas and absorption cell. The absorption cell was then evacuated in order to measure the
initial intensity (I0) using either the Mercury/Neon pen-ray lamp at 254 nm or the Nd:YAG laser
beam at 266 nm. The cell was then isolated from the vacuum pump and connected to the bubbler.
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After reaching a constant pressure, the absorption cell was isolated from the bubbler and the
transmitted intensity was recorded. The pressure was then decreased using needle valve and four
to six readings are recorded at each wavelength. The absorption cell was evacuated again to
record the initial intensity.
The cross-section of phenylacetylene was determined using the Beer’s law equation as shown in
equation 5.

ln

Pabs cell
I

= −σy
kT
I0

Eq. (5)

I is the transmitted intensity, I0 is the initial intensity, σ is the cross-section of phenylacetylene, y
is the molar fraction of phenylacetylene in helium, Pabscell is the pressure in the absorption cell, k
is the Boltzmann constant, T is the absolute temperature in Kelvin,  is the length of absorption
cell. Figure 4 shows the typical plot of ln

I
vs. pressure in the absorption cell in Torr at 254
I0

nm. Using the above equation of Beer’s law and the known value of the phenylacetylene crosssection of at 254 nm (3.82 x 10-18 cm2),32 the molar fraction of phenylacetylene in helium was
obtained from the slope of the data.

84

Figure 4. Typical plot of ln

Figure 5 shows a typical plot of ln

I
vs Pabscell (Torr) at 254 nm
I0

I
vs. pressure in the absorption cell at 266 nm. For known y
I0

values, the phenylacetylene cross-section at 266 nm is inferred from the slope of the data.

Figure 5. Typical plot of ln

I
vs Pabscell (Torr) at 266 nm
I0

The uncertainty on the phenylacetylene cross-section at 266 nm is calculated using the formula
of equation 6.
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 Δs   Δy 
Δσ =   +  
 s   y 
2

2

.σ

Eq. (6)

where Δσ is the cross-section uncertainty, and Δy the molar fraction uncertainty obtained from
the plot at 254 nm, S is the slope obtained from fit to the data at 266 nm and Δs is its uncertainty.
The uncertainty in the cross-section was calculated for each experiment and reported as two
standard deviations. Table 1 shows all the cross-section values, 2σ standard deviation and molar
fraction of phenylacetylene in helium.
Table 1. Cross-section of phenylacetylene at 266 nm, molar fraction of phenylacetylene
in helium and standard deviation for each set of experiment
Molar fraction of
phenylacetylene
0.025
0.030
0.049
0.033
0.021
0.039
0.034
0.039

Cross-section at 266 nm
(cm2)
1.42 × 10-17
1.85 × 10-17
1.03 × 10-17
1.03 × 10-17
1.08 × 10-17
7.42 × 10-18
1.42 × 10-17
1.54 × 10-17

Δσ (cm2)
2.71 × 10-18
1.40 × 10-18
9.24 × 10-19
2.66 × 10-18
2.20 × 10-18
1.17 × 10-18
1.16 × 10-18
2.62 × 10-18

Figure 6 shows all the cross-section values plotted against molar fraction of
phenylacetylene in helium. The average of all the values is reported as the cross-section of
phenylacetylene at 266 nm with 2σ standard deviation and is 1.29 x 10-17 ± 7.11 x 10-18 cm2. The
red line is the average value of the cross-section of phenylacetylene at 266 nm. The upper black
line is the average cross-section plus 2σ standard deviation and the lower black line is the
average cross-section minus 2σ standard deviation.
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Figure 6. Plot of cross-section of phenylacetylene at 266 nm vs molar fraction of
phenylacetylene in helium
3.5 OH Radical Precursor
3.5.1 Hydrogen Peroxide
For the initial kinetic experiments, hydrogen peroxide (H2O2, 30% by weight in H2O)
was purchased from Sigma Aldrich and used as the hydroxyl radical precursor. H2O2 was placed
inside a bubbler at room temperature. Its vapor was carried using 100 sccm of helium and mixed
with phenylacetylene and the main helium buffer gas in the mixing cylinder before injection into
the reaction chamber. H2O2 was photolysed at 266 nm using:

H 2O 2 + hn (266 nm) → 2OH
3.5.2 Nitrous Acid (HONO)
Because of the high absorption cross-section of phenylacetylene at 266 nm an OH radical
precursor at a longer wavelength had to be used. Nitrous acid readily photolyzes to OH and NO
at λ<390nm.33,34 HONO has an absorption maximum at 354.2 nm, with an absorption cross-
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section of 2.98×10-19 cm-2.33 The photolysis reaction is outlined below, with corresponding
quantum yields φ.35
HONO + hν (355 nm) → OH + NO

→ H + NO2

(φ=99%)

(R1a)

(φ=1%)

(R1b)

At this wavelength, the relative OH concentration in the reaction chamber was estimated to be on
the order of ~1011 cm-3, based on the 355-nm absorption cross-section, laser fluence and
concentration of HONO. HONO gas was prepared by reaction of NaNO2 salt with concentrated
H2SO4 acid following the reaction R2:
2NaNO2 (aq) + H2SO4 (aq) → 2HONO (g) + Na2SO4 (aq)

(R2)

Figure 7. Schematic of experimental setup used for synthesis of HONO
The synthesis was based on a procedure outlined by Ning et. al. and Bagot et al.34,36
Figure 7 displays a schematic representation of the HONO synthesis set up. Aqueous solution of
sodium nitrite (NaNO2) (400 ml, 2M) was placed in a 1000 mL-three necked flask, maintained at
-16°C using a methanol-ice bath Sulfuric acid (2M, 200 ml) was held in a 250-mL pressure
equalizing dropping funnel connected to the three-necked flask via a standard ground glass joint.
A capacitance manometer was used to monitor the pressure in the setup. The synthesis began
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with the evacuation of the setup to <20 Torr. After evacuation, 50 sccm of helium was
continuously passed through the setup via a needle valve and monitored using a mass flow
controller. Reaction was initiated by adding sulfuric acid at a rate of 0.25 drops/second from the
dropping funnel into the 3-neck flask. The reactants were stirred continuously using a magnetic
stirrer. The products of the reaction were carried by the helium through a stainless steel lines
resulting in a total regulated flow of 150 sccm. The reaction proceeded for approximately 2 hours
with a constant output flowrate. The stability and constant HONO output was ascertained by
monitoring the OH fluorescence signal over a 2-hour period, which was longer than the time
required to obtain a full kinetic data set. NO2 gas may also form due to the dissociation of
HONO, and be in equilibrium with HONO (R3).
NO2 + NO + H2O ↔ 2HONO

(R3)

Preparation of HONO by the salt acid method in other studies34-36 monitored the concentrations
of NO2 and detected negligible amounts. To further ensure that no NO2 was formed, the entire
synthesis was conducted at low pressures (<200 Torr).
3.6 Protection of the Laser Windows
In order to minimize the deposition of photolytically decomposed reactants
(phenylacetylene in our case) onto the windows, one of the four arms (photolysis beam entry
arm) had a smaller cross-section (ID=0.4ʺ) with length of 8". Deposition on the widows was
avoided by countering the diffusion of phenylacetylene using a small flow (50 sccm) of helium
adjacent to the window face. Figure 8 shows the modified long arm window used in the
experiment of hydroxyl radical with phenylacetylene. It has 1/4" stainless steel tube for qcounterflow
of helium to prevent the diffusion of phenylacetylene towards the quartz window.

89

Figure 8. Long arm window to prevent the diffusion of phenylacetylene
The helium counterflow velocity was estimated using Fick’s first law of diffusion.37 It relates the
diffusion flux (J), amount of substance per unit area per unit time, to the number density gradient
dn/dx
J = −D

dn
dx

Eq. (7)

where D is the diffusion coefficient (units m2/s)
By definition,
J=−

n.dV
n.S.dl
n.S.v.dt
=−
=−
= −nv
S.dt
S.dt
S.dt

Eq. (8)

n is the number density, S the surface area, v the velocity, and l the length.
We infer that
D

dn
= nv
dx

Eq. (9)

Over a characteristic length l, the equation can be approximated to:
D

n
= nv
l

Eq. (10)

resulting in

v≅

D
l

Eq. (11)

The diffusion of phenylacetylene in He is unknown. Here it was approximated to that of a He-O2
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mixture, 0.697 cm2/s38,39 at 1 atm. As the diffusion coefficient is inversely proportional to the
pressure, the diffusion coefficient at 5 Torr is 0.0106 m2 s-1. For a characteristic length l of the
order of 1 cm the velocity is 1 m s-1.The corresponding flow rate in a tube of 0.4" diameter is 30
sccm. All the experiments were performed with a He counter flow 50 sccm. With this flow, there
was no significant deposition of phenylacetylene on the windows.
3.7 Kinetic Measurements.
3.7.1 Pseudo-First Order Kinetics
Within the pseudo first order approximation, corresponding to phenylacetylene (PAH
precursor) being in large excess relative to the OH radical, the OH decay signal due to its
reaction with phenylacetylene can be expressed using the following equations:
[OH](t) = [OH](t = 0)e−k1stt

Eq. (12)

k1st = k2nd [ phenylacetylene ] + k1 st
'

Eq. (13)

where k2nd represents the second order rate constant of the OH + phenylacetylene and k1'st is the
first order rate constant due to OH reaction with precursor molecules and other contaminants
such as NO and NO2 produced during the photolysis and synthesis of HONO, respectively. The
integrated LIF signal is plotted against delay time for a known reactant number density and fitted
using equation 12 to determine the corresponding k1st.
Figure 9 shows typical decay traces plotted as a function of laser delay time for different
phenylacetylene number densities.
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Figure 9. Typical traces of OH decays for varying concentrations of Phenyl acetylene at
photolysis laser fluence of 147 mJ/cm2. Plots are generated as a function of decay signal as a
function of delay time between the probe laser and photolysis laser, fit to a single exponential
function with corresponding residuals and k1st values.
Figure 9 also includes exponential fits for three selected number densities of phenylacetylene and
corresponding residuals at a photolysis laser power of 147 mJ cm-2. The data are fit 80 µs after
the pump laser pulse in order to avoid any effect from collisional relaxation of initially excited
OH radicals. The experiments were repeated for different concentrations of phenylacetylene.
Figure 10 shows a typical plot of k1st vs. concentration of reactant (phenylacetylene), for one data
set. The slope of the linear fit is equal to the second order rate constant (k2nd).
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Figure 10. Typical traces of OH decays for varying concentrations of Phenyl acetylene at
photolysis laser fluence of 147 mJ/cm2. Plots are generated as a function of decay signal as a
function of delay time between the probe laser and photolysis laser, fit to a single exponential
function with corresponding residuals and k1st values.
3.7.2 Laser Power Dependence of Phenylacetylene
Rate coefficients were measured at laser fluences ranging from 30 to 147 mJ cm-2. The
laser power of the photolysis laser were tuned by changing the Q-Switch time delay in the pump
(Nd:YAG) laser. By increasing the delay time (µs) the output power can be reduced.
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Figure 11. Power dependence of the second order rate constant (k2nd) plotted as a
function of fluence of photolysis laser at 266 nm. The error bars for individual k2nd values are 2σ
precision.
Figure 11 shows results from 266-nm experiments demonstrating a positive fluence
dependence of the second order rate constant (k2nd). The high 266-nm absorption cross-section of
phenyl acetylene possibly induces single and/or multiphoton phenomena and is likely to be
responsible for the observed fluence dependence. Since the cross-section of phenyl acetylene at
266 nm is not available in the literature, it was measured and reported in section 3.4. The
measured absorption cross-section of phenyl acetylene at 266 nm with 2σ standard deviation is
reported to be 1.29×10-17 ± 7.1×10-18 cm2. For comparison the absorption cross section of
benzene at 266 nm is 2.15 × 10-20 cm2.40 This large absorption cross-section of phenylacetylene is
consistent with the deposition of photolytically decomposed products onto the laser windows
within few minutes of experiment. This high absorption cross-section was also likely to be
responsible for the observed power dependence of the second order rate constant (k2nd) measured
at 266 nm.
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3.7.3 HONO as OH Precursor
The observed fluence dependence of the rate constant required an alternative source of
OH radical at a wavelength greater than 266 nm. HONO is an attractive option as its photolysis
at 355 nm results in OH radicals and NO. The absorption cross-section of phenyl acetylene at
355 nm is negligible. All further kinetic experiments were performed using 355-nm photolysis of
HONO (Nitrous acid) to produce the OH radicals.
Figure 12 displays the measured rate against laser fluence at 355 nm. The error bars are a
result of weighted averaging over the multiple experimental runs. At this wavelength and within
the experimental error bars, there is no fluence dependence of the rate constant.

Figure 12. Plot of second order rate constant (k2nd) a function of laser fluence using HONO
as radical source at 355 nm.

Figure 13 shows the first order rate constant (k1st) plotted against phenyl acetylene
number density.
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Figure 13. First order rate constants (k1st) obtained from OH decay profiles plotted
against concentrations of phenyl acetylene. The second order rate constant (k2nd) is the slope of
the solid line obtained from a linear least-squares fit with 2σ standard deviation.
The straight line obtained from a linear least-squares fit yields the second order rate
constant (k2nd). The horizontal error bars are due to differences in set bubbler pressures values as
the experiments were conducted over numerous days. The vertical error bars for the first order
rate constant are weighted averages of the respective measured k1st values obtained from single
exponential fits with 2σ precision similar to figure 9.
3.8 Pressure and Temperature Dependence of Phenylacetylene + OH Kinetics
The pressure dependence of the OH + Phenyl acetylene reaction rate constants was
studied over the 1-7.5 Torr pressure range. Figure 14 shows that the rate constants are pressure
independent over the tested pressure ranges. Vertical error bars correspond to averaged values of
k2nd at a given pressure.
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Figure 14. Plot of second order rate constant (k2nd) of the reaction of OH from HONO
photolysis at 355 nm with phenyl acetylene plotted against pressure of reaction cell. Each data
point represents weighted averaged k2nd value with 2σ precision values obtained from multiple
runs (minimum 5)
Figure 15 shows the temperature dependence of the reaction rates over the 293-423 K
temperature range. Vertical error bars correspond to weighted averaged values of k2nd for each
temperature with 2σ precision.

Figure 15. Second order rate constants (k2nd) for the reaction of OH from HONO
photolysis at 355 nm with phenyl acetylene plotted against temperature of reaction cell (293 -
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423 K). Each data point represents weighted averaged k2nd value with 2σ precision values
obtained from multiple runs (minimum 3, maximum 7)
3.9 Discussion on the Reaction Mechanism
Table 2 displays the reaction rates of the OH radical with a series of mono-substituted
aromatic hydrocarbons. Strongly activating substituents such as NH2– and OH– lead to reaction
rates up to two orders of magnitude greater than that of OH + benzene while strongly
deactivating substituents such as NO2– and CN- slow down the reaction by a factor of ten.11 As
discussed in the introduction, the reaction rates for OH + benzaldehyde and OH + styrene do not
relate to the substituent effect likely due to the abstraction of the weakly bond aldehydic
hydrogen and association with the carbon double bond, respectively. The C2H– group is isoelectronic to the CN– group and the electrophilic attack of the OH radical onto the aromatic ring
of phenyl acetylene should therefore lead to a slower rate than that of the OH + benzene reaction.
The fast reaction rate measured for phenyl acetylene compared to those for cyanobenzene11 and
benzene11 suggests that the C2H- substituent plays an active role in the entrance channel. In the
following paragraphs we discuss the entrance pathways that are consistent with a fast reaction
rate.
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Table 2. Rate coefficients (cm s ) for the OH reaction with various mono-substituted
aromatic rings
Reactant
Aniline11

Reaction rate
T=239-358 K, P=100 Torr

Phenyl acetylenea

T=293-423 K, P=5 Torr
k=8.87(±.734)×10-11

Styrene12

T=295 K, P=4.5 Torr
k=4.3(±0.4)×10-11

Phenol41

T=298 K, P=760 Torr
k=2.81(±0.2)×10-11

Toluene42b

T=276 - 383 K, P=760 Torr

Benzene9

T=298-330 K, P=92 Torr

Cyanobenzene11

Temperature and pressure not available
k=3.3×10-13

Nitrobenzene11

T=239-362 K, P=100 Torr

Table 3 displays the computed enthalpies for the abstraction and H-loss products for the
OH + phenyl acetylene reaction. The heat of formation of reactants, products, and reaction
intermediates are calculated using the CBS-QB3 composite method implemented within the
Gaussian0943 suite of programs. All the ring abstraction channels are found to be exoenergetic
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while the abstraction of the acetyleneic hydrogen is endoenergetic by 70.60 kJ.mol-1. In the case
of the OH reaction with benzene, the direct interaction of the radical singly occupied p-orbital
with a C–H σ-bond of the ring leads to a transition state 19.94 kJ.mol-1 above the energy of the
reactants.14 The transition state for abstraction of a hydrogen atom from the aromatic ring of
phenyl acetylene is likely to be comparable to that for abstraction from benzene. The fast and
temperature independent measured reaction rate suggests that direct abstraction of a hydrogen
atom from phenyl acetylene is likely to be a negligible reaction pathway over the experimental
293-423 K temperature range.
Table 3. Enthalpy of reaction for the abstraction and H-loss channels of OH +
Phenylacetylene
Products

∆rH(298 K)
-1

(kJ.mol )

Products

∆rH(298 K)
(kJ.mol-1)

o-ethynylphenyl
+ H2O

-9.56

m-ethynylphenol
+H

+1.35

m-ethynylphenyl
+ H2O

-14.89

p-ethynylphenol
+H

+1.12

p-ethynylphenyl
+ H2O

-13.39

Phenylethynol
+H

+41.97

Benzoethynyl
+ H2O

+70.60

Phenylketene
+H

-83.42

o-ethynylphenol
+H

+4.98

Benzofurane
+H

-133.64

The association of the OH radical with the π-electrons of either the aromatic ring or the
triple bond of the acetyl group is likely to proceed through the barrier-less formation of a Van
der Waals complex as predicted for benzene14 and diacetylene.44 The association pre-reactive
complex may either decompose back to the reactants and/or further isomerize through different
transition states to give more stable addition intermediates. Figure 16 displays the structure and
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computed enthalpies of the nine possible OH addition intermediates together with some of their
isomers. The isomerization of the pre-reactive complex to a H2O–phenylacetylenyl radical
association complex as observed for OH + benzene is unlikely to be accessible over the
experimental temperature range.14 The good exponential fits displayed in Figure 9 suggest that

Figure 16. Exothermicites for the addition reaction intermediates and some of their
isomers

the initial addition intermediate has a very short lifetime. This short-lived intermediate may still
decompose back to the reactants without noticeable bi-exponential decays, decompose to final
products, or be stabilized by collision with the buffer gas. In the latter case, an increase in total
pressure will decrease the fraction of intermediates able to decompose back to the reactants and
therefore increase the apparent reaction rate. Such behavior was observed for OH + benzene up
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to 40 Torr9 and OH + styrene up to 2 Torr.12 The lack of pressure dependence in Figure 9
suggests that the reaction already proceeds within the high-pressure limit at 1 Torr. Any initially
formed association complex is therefore likely to isomerize to a more stable addition-like
intermediate that is either stabilized by collisional quenching or decompose to the products
without significantly decomposing back to the reactants. Although the kinetics data do not
provide any further indications about its possible structure or fate, additional information may be
inferred from the comparison with OH + benzene14 and OH + diacetylene reactions.44
In Figure 16, the ortho (o-Add), meta (m-Add), para (p-Add), and ipso (i-Add) ringaddition intermediates may be formed by association with the aromatic ring while the Add-1 and
Add-2 intermediates may be formed by attack onto the triple bond. The direct addition onto the
inner acetylenic carbon is likely to proceed through a transition state above the energy of the
reactants as observed for the OH + diacetylene reaction.44 The resonantly stabilized INT-1 is
therefore the most probable addition intermediate resulting from the radical association with the
triple bond. The energy of the transition state corresponding to the conversion of the pre-reactive
complex into INT-1 is likely to be decreased due to resonance and therefore to be below the
transition state energy predicted for the terminal addition onto diacetylene (about 3 kJ.mol-1).44
In the case of benzene, the formation of addition intermediates from the initial association
complex proceeds through a transition state 7 kJ.mol-1 above the energy of the reactants.14 Within
the 2σ standard deviations, the OH + phenyl acetylene reaction is likely to proceed without or
with an activation barrier below 2 kJ.mol-1. Combined with the deactivating effect of the C2H–
substituent, and over the experimental temperature and pressure ranges, the measured rates for
the OH + phenyl acetylene reaction are consistent with the formation of the resonantly stabilized
INT-1. The lack of pressure dependence suggests that collisional quenching with the buffer may
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stabilize a significant amount of INT-1. INT-1 has a mass of 119, and this mass has been
detected as a long-lived product in reaction of OH + phenyl acetylene using a quadrupole mass
spectrometer.30
3.10 Conclusion
The reaction of hydroxyl radical (OH) with phenylacetylene was investigated using
pulsed laser photolysis (PLP) and laser induced fluorescence (LIF). Absolute reaction rates were
obtained over the 293 – 423 K temperature range and 1-7.5 Torr pressure range. The OH radicals
were formed in the gas phase using either H2O2 at 266 nm or HONO at 355 nm. The reaction
rates measured at 355-nm photolysis wavelength were found to be independent of laser fluence
and much faster than the OH + benzene reaction. The most likely reaction entrance channel and
structure of the initially formed intermediates were discussed based on high-level calculations of
the reaction intermediate energies as well as previous theoretical data on the OH + benzene14 and
OH + diacetylene44 reactions.
The rate of the OH + phenyl acetylene reaction was measured over a wide range of
pressures, temperatures, and laser fluences. At 266-nm photolysis wavelength single photon
and/or multiphoton effects were found to significantly affect the measured rate. This
demonstrated the importance of ensuring the possibility of fluence dependence on the kinetic
study of certain aromatic molecules. At 355-nm photolysis wavelength, within the experimental
error bars, the rate was found to be independent of fluence, pressure and temperature. The
average value was greater than expected based solely on the electrophilic attack of the radical
onto the aromatic ring. Together with high-level calculations of the entrance pathways
exothermicities, these results were consistent with the formation of an association pre-reactive
complex involving the ethynyl group. The Van der Waals intermediate was then likely to evolve
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without or with a small activation energy to a resonantly stabilized addition intermediate, INT-1
(see Figure 16). The good exponential fits of the OH temporal decays and the lack of pressure
dependence suggested that this intermediate did not decompose back to the reactants but was
stabilized by collisional quenching.
The OH + phenylacetylene reaction rate was measured to be several order of magnitude greater
than the values currently used in combustion models and might therefore play a significant role
in phenylacetylene removal and formation of oxidation products.18 Under flame conditions
(higher pressures and higher temperatures), other addition intermediates displayed in Figure 16
may become accessible. Abstraction of a hydrogen atom from the ring will also compete with the
association/addition mechanism. Abstraction of the acetylenic hydrogen is likely to still be
negligible. H-loss channels from the addition intermediates may become significant compared to
collisional quenching of the intermediate. Table 3 displays the enthalpy of formation for several
of the possible H-loss co-products. The most stable products are found to be phenylketene and
benzofurane. All the ring substitution products are found to be above the energy of the reactants,
although they will be accessible at high temperatures. Formation of phenylethynol is
thermodynamically strongly disfavored. The formation of phenol from OH addition onto
benzene is predicted to have a transition state 53.14 kJ.mol-1 above the energy of the reactants
while the substitution products and ketene-like products from OH + diacetylene are expected to
proceed with submerge transition states.40 Products from the addition onto the acetyl group of
phenylacetylene are therefore likely to be more favorable at high temperature that the substituted
phenol molecules.
The formation of phenylketene would require the formation of INT-3 (see Figure 16)
through a 1,2-hydrogen shift followed by H-loss of the hydrogen initially from the radical. The
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formation of benzofurane through H-loss would require a second H-shift from INT-3 to INT-4
followed by attack of the oxygen atom onto the ring to form the stable cyclic intermediate INT-5.
Theoretical calculations on the C8H7O potential energy surface are necessary in order to predict
if phenylketene and benzofurane will be significant reaction products at high temperatures.
Nevertheless, our data set provide important information for combustion modeling and provides
a detailed set of observables for future theoretical studies.
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Chapter 4: Reaction of the OH Radical with Fulvenallene
4.1 Fulvenallene in Combustion Environments
H

H
C
C

Figure 1. Fulvenallene
Fulvenallene (figure 1) is predicted to be an important intermediate in combustion
environment. It is detected in cyclopentene (C5H10) flame1 and is a primary unimolecular
decomposition product of the benzyl radical (C7H7)2-5 which in turn is a primary unimolecular
decomposition product of toluene (C7H8)4,6-16 and a photolysis product of benzyl radical.17,18 Da
Silva and Bozzelli19 investigated the hydrogen-abstraction mechanisms from fulvenallene by Hatoms, OH, and CH3 radicals. In the case of the OH radical, the abstraction of a hydrogen atom
from the CH2 group has a negative or no activation barrier, while the abstraction of a hydrogen
atom from the carbon ring has an activation barrier of 9.6 kJ mol-1. This information, combined
with the fact that the terminal C–H bond of fulvenallene is 143.5 kJ mol-1 weaker than the ring
C–H bond,19 leads to fulvenallenyl being predicted as the most energetically and kinetically
favorable abstraction product. The calculated room temperature abstraction rate coefficient kAbs is
1.45×10-12 cm3 s-1 and is predicted to increase with temperature from 300 to 2000 K following
the expression

cm3 s-1.19 However,

association of the OH radical with the π-electron system of unsaturated molecules is usually fast
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and likely to compete with the abstraction mechanism at low and intermediate temperatures.20-22
In the case of OH + allene (CH2CCH2), at low temperatures the reaction proceeds through the
formation of a van der Waals complex that can either isomerize into a reaction intermediate, or
decompose back to the reactants.21,22 At temperatures above 600 K, the reaction adduct formed
by addition of the radical onto the allene is predicted to mainly dissociate back to OH + allene.22
Overall, the OH + allene reaction rate coefficient is expected to decrease with temperature up to
600 K, and to increase at higher temperatures, due to the increasingly favorable abstraction
mechanism to form C3H3 + H2O.21,22 The presence of an allene and a cyclopentadiene group in
fulvenallene suggests that the OH + fulevenallene reaction may proceed through similar
competitive association/abstraction mechanisms as those predicted for the OH + allene reaction.
For this reason the contribution of the OH + fulvenallene reaction to fulvenallenyl formation is
likely to change with temperature and to be different in the interstellar medium or in combustion.
This chapter presents the experimental investigation of the OH + fulvenallene reaction within the
298-450 K temperature range at 5 Torr starting with the synthesis and characterization of
fulvenallene.
4.2 Fulvenallene Synthesis and Characterization
4.2.1 Properties of Fulvenallene and its Precursor
Table 1 shows the physical properties of the precursor homophthalic anhydride,
intermediate product benzocyclobutenone and the main product fulvenallene. The physical
properties of fulvenallene are unknown. Its vapor pressure is estimated to be approximately 30
Torr from the following experiment. Its melting and boiling points are still unknown. The vapor
pressure of solid homophthalic anhydride at room temperature is estimated to be less than 1 Torr
from the experiment. The vapor pressure of benzocyclobutenone is also unknown.
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Table 1. Physical properties of the reactant and products
Homophthalic
anhydride
162.14
140-142
No data available

Molecular weight (g mol-1)
Melting point (˚C)
Boiling point (˚C)
Vapor pressure at room
temperature (Torr)
a
from present experiments

Benzocyclobutenone

Fulvenallene

118.13
1423
71-72 (2 Torr)23

90.12
No data available
No data available

No data available

∼30a

<1a

4.2.2 Fulvenallene Synthesis
Fulvenallene

was

synthesized

by

flash

vacuum

pyrolysis

of

homophthalic

anhydride (C9H6O3) as reported by Spangler et.al.24,25, likely following a mechanism
proposed by Sakaizumi et al.26 in scheme 1.
O
-CO2

O
O

Homophthalic Anhydride

O
C

O
-CO

C CH2
CH2

CH2

Benzocyclobutenone

Fulvenallene

Scheme 1. Proposed mechanism of fulvenallene formation
Figure 2 shows the experimental set up used to synthesize fulvenallene. The synthesis
was performed in a 3-neck Pyrex flask containing a coiled 22-gauge 24-inch-long nichrome wire.
The flask was connected to a 30-cm long water-cooled condensing column. All the ground glass
joints and Teflon corks were sealed using high temperature grease. The outlet of the condenser
was connected to a glass bubbler through 20 cm of 1/4"-PTFE tubing. About 2 to 3 g of
homophthalic anhydride were mixed with sand and placed in the reaction flask. The flask,
condensing column, and bubbler were pumped out by a rotary-valve pump for at least 2 hours
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(final pressure<0.1Torr). The set-up was checked for leaks, after which the glass bubbler was
submerged in liquid nitrogen.

Figure 2. Experimental set up for the synthesis of Fulvenallene
The set-up was then isolated from the pump, and the reactor temperature was increased
using a heating mantle, and subsequently monitored using a type-K thermocouple placed
between the heating mantle and the flask. When the measured temperature exceeded
approximately 110°C, condensation of the starting material was observed on the uppermost
sections of the flask, which was not being heated by the heating mantle. To reduce condensation,
the upper part of the three-necked flask was isolated with heating tape. The condenser
temperature was maintained at 75°C in order to avoid transfer of the reactant to the cold trap.
Keeping the mantle temperature between 100°C and 110°C was found minimizing contamination
by the homophthalic anhydride reactant in the final sample.
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When sufficient sublimation of the starting material was observed, the nichrome wire was
resistively heated using a variable AC controller, resulting in a red-hot glow. This heating of the
wire resulted in a fast increase of the temperature and pressure in the flask. To avoid overheating
of the reactant, the heating mantle temperature was lowered to maintain a constant temperature
between 110 and 155°C. The bubbler trap was kept in liquid nitrogen (-196°C) throughout the
process. After 5 minutes of reaction, yellow product was observed on the inside wall of the inner
bubbler tube, and the initial sand–reactant mixture inside the flask turned yellow, and eventually
dark brown. The reaction was run for 30 to 60 minutes. The final pressure in each experiment
varied from 45 Torr to 75 Torr. The pressure rise was likely to come from gas formation and
possible leaking of the experimental setup at high temperatures.
After completion, the bubbler was isolated, and the liquid nitrogen bath was replaced by
an acetone–liquid nitrogen slush (-94 °C). The bubbler was connected to the vacuum pump and
evacuated to a pressure below 1 Torr. At this temperature, fulvenallene was expected to have a
negligible vapor pressure while CO2 and CO were solid with high vapor pressures. Finally the
acetone–liquid nitrogen slush was replaced by an ice-water bath to trap the reactant and
benzocyclobutenone impurities. The solid yellow product turned into a liquid, with a typical
increase of the pressure to ∼30 Torr.
The bubbler was then connected to two room temperature 1-L stainless steel cylinders,
initially under vacuum. After equilibration, the total pressure in the bubbler and stainless steel
cylinders reached 10 to 15 Torr depending on how much product was formed. The cylinders
were isolated from the glass bubbler, and pressurized with helium to reach a total pressure of
1000 Torr. The cylinders were then isolated, and used for IR characterization of the gas mixture
or for the kinetics experiments.
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4.2.3 Liquid Phase NMR Spectroscopy
After synthesis, a fraction of the liquid product in the bubbler was extracted, dissolved in
CDCl3, and analyzed by NMR spectroscopy. Formation of fulvenallene from phthalide or
homophthalic anhydride thermal cracking was confirmed by comparing the experimental spectra
to predicted ones. All the NMR spectra are in the appendix. As benzene was a co-product of
phthalide cracking, and as it was not separable from fulvenallene, homophthalic anhydride was
used as the reactant for all the experiments. The NMR spectra of the fulvenallene product were
identical for both precursors. The 1H NMR spectrum showed the presence of fulvenallene,
benzocyclobutenone and homophthalic anhydride NMR analysis of liquid after collection and recondensation of gas mixture from the stainless steel cylinder showed mostly fulvenallene with
traces of the reactants. Benzocyclobutenone was not observed after condensation of the cylinder
mixture.
Even though fulvenallene was synthesized in the 1970s, its NMR data was neither
documented nor found in the literature. For the 1st time the 1H and

13

C NMR spectra were

obtained using a 600 MHz INOVA NMR machine and its structure was confirmed by
calculations (DT/GIAO and iterative simulation). 1D and 2D NMR, 1H/13C, selective-decoupled
1

H NMR spectrum, and proton coupled carbon NMR, NOESY, HSQC (heteronuclear single

quantum coherence) and HMBC (heteronuclear multiband coherence) experiments are
performed to assign all 1H and 13C NMR chemical shifts.
Spin-restricted density functional theory calculations were performed with the Gaussian 09
(G09) program.27 Geometry optimization and normal mode analysis was performed using the
B3LYP functional and the 6-31+G(d) basis set to identify the ground state geometry of
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fulvenallene.28,29 The identified stationary point met or exceeded all default G09 convergence
criteria. Using the same functional and the larger 6-311+G(d,p) and 6-311+G(3df,2p) basis sets,
NMR chemical shift and spin-spin coupling constant calculations were performed using the
GIAO method within G09. Isotropic chemical shifts were referenced relative to that of
tetramethylsilane. The total energy, lowest frequencies, and the optimized coordinates for
fulvenallene using 6-31+G(d,p) basis sets are given in the appendix.
Figure 3 shows the back to back representations of the calculated and experimental
multiplicity patterns for H1, H5/H6 and H4/H7 protons of fulvenallene dissolved in CDCl3. The
calculated coupling constants matched well with the experimental ones (see table 1 in annex).

Figure 3. (a) Experimental and (b) simulated 1H NMR spectrum of the liquid
fulvenallene dissolved in CDCl3
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The upfield signal at 5.32 belongs to C1 protons. It shows three peaks due to the spinspin interactions between 1-CH2 and H4/H7 protons. The number of expected peaks or lines is
determined by the following equation 1.

N = 2nI + 1

Eq. (1)

Where n is the number of neighboring H nuclei and I is the spin quantum number=1/2
For H1 (C1) protons, there are 2 neighboring nuclei (H4/H7). So N=3 peaks as shown in the
figure 3.
H5/H6 and H4/H7 protons exhibit complex splitting pattern. In other words the splitting
patterns are not first order. This means the coupling constant values cannot be calculated for
these protons. In order to determine coupling constants for these protons, simulation procedure
(g-NMR software) are used that give all J values between protons of all three spin systems (H1,
H4/H7, and H5/H6). See annex for the NMR spectra.
4.2.4 Gas Phase FTIR Spectroscopy
The composition of the gas mixture was determined using a 25-cm3 double-pass gas cell
(Mettler Toledo), coupled to a FTIR spectrometer (Mettler Toledo, ReactIR ic 15). Preliminary
to the measurements, the gas cell was evacuated to a pressure below 1 Torr, and all the mirrors
were flushed with dry nitrogen. A background spectrum was recorded by accumulating 1024
interferograms. The gas cell was then connected to the stainless steel cylinder containing the
fulvenallene/He mixture. The total pressure in the absorption cell was set to 800 Torr. Spectra
were recorded by accumulating 1024 interferograms with a resolution of 4 cm-1 or 8 cm-1. Figure
4 displays the average of 12 spectra recorded with a resolution of 4 cm-1. The spectra are baseline
subtracted by fitting a 5th-order polynomial through the region displaying no significant signal.
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Figure 4. Baseline subtracted IR absorption spectra of the gas mixture recorded with 4
cm-1 resolution
Figure 5 displays the absorption spectrum of the gaseous mixture (0.75% of fulvenallene
in Helium at 800 Torr) with a 8 cm-1 spectral resolution, together with vibrational assignments
according to Angell et al.30 The same procedure as for Figure 4 is used to baseline subtract the
spectrum in Figure 5. The feature at 1983 cm-1 (labeled 2ν10 in Figure 5) was identified as
coming from fulvenallene, although it was not assigned to a specific vibrational mode.30 The

115

observed fundamental vibrational modes of fulvenallene are also in agreement with the simulated
spectrum obtained using the B3LYP/CBSB7 method.

Figure 5. Baseline subtracted absorption spectrum with 8 cm-1 resolution of the
synthesized liquid vapors in helium. The fulvenallene vibrational bands are assigned according
to Angell et al.30
Table 2 shows the vibrational assignments used in Figures 4 and 5. The rotational
structures observed in Figure 4 are all in agreement with the measurements by Angell et al.30
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Table 2. Vibrational assignments of the observed gas phase fulvenallene absorption
bands
Mode
A1 ν1
A1 ν2
A1 ν3
A1 ν4
A1 ν5
A1 ν6
A1 ν7
A1 ν8
A1 ν9
A1 ν10
A1 ν11
A1 ν12
A2 ν13
A2 ν14
A2 ν15
A2 ν16
B1 ν17
B1 ν18
B1 ν19
B1 ν20
B1 ν21
B1 ν22
B1 ν23
B1 ν24
B1 ν25
B1 ν26
B2 ν27
B2 ν28
B2 ν29
B2 ν30
B2 ν31
B2 ν32
B2 ν33

Assignment
CH stretching
CH stretching
CH2 sym. stretching
C=C sym. stretching
CH bending
CH bending
CH2 scissoring
C=C=C sym. stretching
C=C=C asym. stretching
C–C stretching
C–C–C stretching
Ring breathing
CH2 twisting
CH bending
CH bending
Ring bending
CH stretching
CH stretching
C=C asym. stretching
CH bending
CH bending
CH2 wagging
C=C=C bending
C=C=C waging
C–C–C stretching
Ring bending
CH2 asym. stretching
CH bending
CH bending
CH2 rocking
C=C=C bending
C=C=C rocking
Ring bending
2ν10 or ν8 + ν11
2ν22
2ν25

Observed (cm-1)

1488
1372
1320
1435
1074
1935
991
887

Angell 1971 (cm-1)
3135
3092
2966
1486
1362
1320
1432
1073
1935
985
886

1653

3122
3071
1655

1174
846

1170
844

812

810
530
3010
754
733
604

753
729

1958
1700
1622

1958
1700
1623
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Geometry optimization and vibrational frequencies calculations were carried out using
the Gaussian09 package, using the B3LYP/CBSB7 method. All the vibrational frequencies are
real, indicating that the optimized geometries represent minima on the potential energy surface.
Figure 6 compares (a) the simulated spectrum of fulvenallene with (b) the spectrum of the
gaseous mixture. The simulated spectra are scaled by a factor 0.952 to match the observed
normal modes wavenumbers of fulvenallene. Over the experimental wavenumber range, all the
normal modes of fulvenallene are observed. The difference between the calculated and
experimental spectrum is mostly due to overtone and combination vibrational bands30 (see Table
3).

Figure 6. (a) Simulated spectrum (B3LYP/CBSB7 method) of fulvenallene and (b)
baseline subtracted absorption spectrum of the gas mixture. The calculated spectrum is scaled by
a factor 0.952 to match the observed normal modes of fulvenallene.
4.2.5 Fulvenallene Purity
In Figure 5, the absorption band at 1808 cm-1 may be attributed to the presence of
impurities in the gas sample. Figure 7 displays the IR spectrum of homophthalic anhydride and
118

benzocyclobutenone, obtained using the B3LYP/CBSB7 method. By comparison with liquid
phase (NIST) and simulated spectra the observed band is likely to be due to the presence of small
quantities of carbonyl

containing molecules such as homophthalic anhydride and

benzocyclobutenone.

Figure 7. Simulated absorption spectra of homophthalic anhydride and
benzocyclobutenone using the B3LYP/CBSB7 method. The calculated spectra are scaled by a
factor 0.952.
Figure 8 displays routine IR absorption spectra of one of the gas mixtures used for the
kinetic experiments. Additional absorption bands are observed at 1270 cm-1, 1037 cm-1 and 820
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cm-1. Based on the comparison with the simulated spectrum from Figure 7, the additional
absorption bands are likely to come from the presence of homophthalic anhydride.

Figure 8. Baseline subtracted absorption spectrum (8 cm-1 resolution) of a gaseous
sample, showing additional absorption bands at 1264 cm-1, 1037 cm-1 and 820 cm-1.
The purity of gaseous fulvenallene samples was estimated from the ratio of the band
maximum normalized by the computed oscillator strength following the equation:

Eq. (2)

where ν1 and ν2 are proportional to the absorption from molecules 1 and 2 at wavenumbers
and

, f1 and f2 the corresponding oscillator strengths, and y1/y2 the ratio of the molar fractions.

D1 and D2 are the dipole strengths obtained from the B3LYP/CBSB7 method. Equation 1
assumes similar broadening for both absorption bands. Table 3 displays the wavenumber and
computed dipole strengths Di for fulvenallene and homophthalic anhydride. The measured
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absorbance values are from two different spectra. Spectrum 1 is displayed in Figure 5 of the
manuscript while spectrum 2 is displayed in Figure 8.
Table 3. Wavenumber, calculated dipole strength, and measured intensity for
fulvenallene and homophthalic absorption bands. The ratio of the molar fractions is calculated
using equation 2.

(cm-1)

Molecule
Spectrum 1
Spectrum 2

Fulvenallene
homophthalic anhydride
Fulvenallene
homophthalic anhydride

1935
1808
1492
1037

D
(10 esu2 cm2)
408.17
952.89
130.23
1335.11

Measured
intensity
0.56
0.07
0.16
0.11

-40

y1/y2
0.06
0.09

Absorption spectra were not recorded for all of the samples used for the kinetics
measurements. Figures 5 and 8 are characteristic of the purest and most contaminated recorded
samples, respectively. Based on these two spectra, the purity of the fulvenallene gas samples
used for the kinetics study are estimated to be between 90% and 94%.
4.3 Kinetic Measurements
4.3.1 Fulvenallene Number Density
The fraction of gaseous fulvenallene collected in the 2L cylinders stored under
pressurized helium buffer gas was used to determine the number density of fulvenallene in all the
experiments by using the following equation 3.

Eq. (3)

Where

is the number density of fulvenallene in the reaction chamber,

flow rate of fulvenallene through the calibrated mass flow controllers,

is the volumetric

is the total volumetric
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flow rate of fulvenallene and the helium buffer gas,
cylinders used for all the experiments,
chamber,

is the Boltzmann constant and

is the fraction of fulvenallene in the 2L

is the pressure of the experiment in the reaction
is the temperature at which the experiment were

conducted in Kelvin.
4.3.2 Pseudo-First Order Kinetics
Within the pseudo first order approximation, corresponding to fulvenallene (PAH
precursor) being in large excess relative to the OH radical, the OH decay signal due to its
reaction with fulvenallene can be expressed using the following equations:
Eq. (4)

where

and

are the OH radical number densities at delaytime t and t=0, respectively. The

pseudo-first order rate coefficient

is given by:

Eq. (5)

where

is the second order rate coefficient for the OH + fulvenallene reaction, nFA is the

fulvenallene number density, and

is the first order rate constant due to OH diffusion and OH

reaction with its precursor. The integrated LIF signal is plotted against delay time for a known
reactant number density and fitted using equation 1 to determine the corresponding k1st.

Figure 9(a) displays the OH radical decay measured by laser-induced fluorescence at 282
nm following the pulsed-laser photolysis of H2O2 in the presence of fulvenallene with a
calculated number density of 4.29 × 1013 cm-3 and (b) the pseudo-first order decay rate as a
function of fulvenallene number density at 298 K and 5 Torr. The integrated LIF signals are
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fitted using equation 4 to determine the corresponding

. Figure 9(b) shows a typical plot of

k1st vs. concentration of reactant (fulvenallene), for one data set at room temperature. The slope
of the linear fit is equal to the second order rate constant (k2nd). The uncertainties in Figure 9(b)
are 2σ from the least-squares regression. Due to the low fulvenallene number density, the change
in OH decay rate with increasing reactant concentration is relatively small. Nonetheless, the
increase observed in Figure 9 is statistically significant and leads to a rate coefficient of
9.43(±1.42)×10-12 cm3 s-1, where the error is 2σ from the linear fit. The main source of error on
the measurements of

is the purity of the fulvenallene gas sample. In order to account for

these uncertainties, the rate coefficients are measured using at least three independent
experiments, each using different fulvenallene samples. The reaction rate coefficient obtained by
averaging three measurements is 8.75(±1.64)×10-12 cm3 s-1 at 298K. The error is 1σ around the
mean value. The rate coefficient is found to be independent of cell pressure over the 5-10 Torr
range.

123

Figure 9 (a) Temporal profile of the OH radical and (b) pseudo first-order decay as a
function of fulvenallene number density recorded at 298 K and 5 Torr. The red lines are (a) an
exponential and (b) a linear fit to the data. The error bars are 2σ from the least-squared
exponential fits.
4.3.3 Temperature Dependence of the Rate Coefficient
The collected fulvenallene sample was employed to measure the temperature dependence
of the OH + fulvenallene reaction rate coefficient from 298 K to 450 K at 5 Torr in helium buffer
gas. Table 4 displays all the temperatures of the experiments, number density of fulvenallene and
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rate coefficient values of OH + fulvenallene reaction, the average values of k2nd and their average
at the corresponding temperatures.
Table 4. Rate coefficient and fulvenallene number density for single kinetic
measurements, and averages values. Symbols refer to the experiments performed with the same
gaseous mixture.

Temperature
(K)
298
298
298
350
350
350
350
400
400
400
400
400
450
450
450

Number density
range (1013 cm3)
1.15–7.07
1.48–7.54
1.05–5.37
1.27–6.46
0.90–4.61
1.08–5.52
1.21–7.44
1.11–5.65
0.95–6.77
0.42–5.30
1.06-6.51
1.21-7.44
0.80–4.93
1.95–5.89
2.00–6.04

k2nd
cm3 s-1)

(10-12

6.88#
9.94*
9.43•
9.04*
5.79•
2.14˚
3.38▪
6.13*
4.25˚
1.93#
1.93▪
1.50♦
1.27♦
2.59
1.74

k2nd average
(10-12 cm3 s-1)

(10-12

1σ
cm3 s-1)

8.8

1.7

5.1

3.0

3.2

2.0

1.9

0.7

Figure 10 displays the average OH + fulvenallene reaction rate coefficients from 298 K to
450 K, together with the calculated abstraction rate coefficient by da Silva and Bozzelli.19 The
error bars are 1σ around the mean value, and are obtained by averaging at least three independent
data sets, all of which were obtained using different fulvenallene gas samples. Because of the
uncertainty of the purity of the gaseous samples, the error in the absolute values of the rate
coefficient is larger than reported by the error bars in Figure 10. Nonetheless, reaction rates
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measured at different temperatures with the same fulvenallene sample systematically shows a
negative temperature dependence. Within the 298–450 K temperature range, the average data can
be fit by the expression (red line in Figure 10).

 T 
k (T ) = 8.8(± 1.7 )×10 

 298K 
−12

−6.6 ( ±1.1)

 8.72(± 3.03) kJ  1
1 
exp −
  cm3 s-1
 −
R
T
298
K




Figure 10. Second-order rate coefficients (k2nd) as a function of reaction cell temperature
from 298 to 450 K. Each data point is averaged k2nd with 1σ precision values from multiple runs
(3 to 5 runs). The red line is the fit to our experimental data and the black dotted line is the
abstraction rate constants calculated by da Silva et.al.19 as a function of temperature (K).
4.4 Discussion on the Mechanism
The negative temperature dependence observed in Figure 10 is likely due to the
barrierless formation of a van der Waals complex between the OH radical and the π-electron
system of fulvenallene as observed for the OH + allene reaction. The adduct decomposition back
to the reactant is likely to become more favorable at high temperatures, leading to an apparent
slower rate coefficient. At room temperature, the large rate coefficient (almost one order of
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magnitude larger than that predicted for abstraction) is indicative of a relatively stable adduct
which may further isomerize into one of the five C7H6–OH addition isomers. Table 5 displays
the optimized product structures and enthalpies for the formation of abstraction and association
products calculated using the CBS-QB3 method. The 2–C7H6OH isomer is found to be the most
stable association product due to the delocalization of the unpaired electron over the entire
molecule. In the case of association of the OH with allene, Zador and Miller predict that the
addition is more favorable onto the molecule’s central carbon relatively to the terminal carbons.22
This information combined with the calculated reaction enthalpies in Table 5, suggests that 2–
C7H6OH is the most likely product formed by association of the OH with the C=C=CH2 group of
fulvenallene at room temperature. Association with the ring could lead to the formation of one of
the three ring-addition isomers, with 4–C7H6OH being the most stable one. To our knowledge,
there is no information available on the interaction of the OH radical with the cyclopentadiene
ring. Without theoretical calculation of the full C7H6OH potential energy surface, it is not
possible to predict if the OH radical will predominantly interact with the allene- or
cyclopentadiene-like structure of fulvenallene.
In the case of a long-lived van der Waals intermediate, the competition between
formation, decomposition, and isomerization of the initial complex leads to bi-exponential decay
of the OH concentration.31 Because of the low fulvenallene concentration in our experiments, it
is not possible to make conclusions about the mono- or bi-exponential behavior of the OH
temporal profiles. A non-exponential decay would bias the absolute value of the measured rates
and increase the uncertainty of the association rate measurement. As the temperature increases,
the van der Waals complex is likely to have a shorter lifetime, leading OH mono-exponential
decays.
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Table 5. Reaction enthalpy for the abstraction and addition channels of OH +
Fulvenallene calculated using the CBSQB3 method.

Products

ΔH (298 K)
(KJmol-1)

Products

ΔH (298 K)
(KJmol-1)

H2O + 1–C7H5

-157.036

2–C7H6OH

-277.479

H2O + 4–C7H5

-6.740

3–C7H6OH

-85.696

H2O + 5–C7H5

-14.485

4–C7H6OH

-172.842

1–C7H6OH

-97.104

5–C7H6OH

-145.917

At 450 K the measured rate is similar to that predicted for abstraction of the –CH–H
hydrogen suggesting rapid dissociation of the OH–fulvenallene adduct back to the reactants. At
this temperature and higher, C7H5-formation through water elimination is likely to be the
dominant mechanism. The reaction enthalpies for the abstraction channels displayed in Table 5
are consistent with the weak –CH–H fulvenallene bond calculated at a higher level of theory by
da Silva and Bozzelli.19 Thermodynamically, the formation of the fulvenallene + H2O is the most
favorable abstraction channel, as displayed in Table 5.
4.5 Conclusion
The reaction of hydroxyl radical with fulvenallene was studied over 298-450 K at 5 Torr
(667 Pa) using pulsed laser photolysis-laser induced fluorescence (PLP-LIF) technique. The
room temperature reaction rate is found to be 8.8(±1.7)×10-12 cm3s-1. The rate coefficients
128

measured from 298 to 450 K show the negative temperature dependence over the experimental
range suggesting the formation of barrierless Van der Waals complex between OH and
fulvenallene. The enthalpies for the abstraction and addition intermediates of OH + fulvenallene
using CBS-QB3 method32 suggest that the addition product (2-C7H6OH) is favorable (See table
5). At room temperature, the experimental rate coefficient is larger than the calculated
abstraction rate coefficient (see figure 10) suggesting that the formation of fulvenallenyl radical
is likely. At 450 K and higher, the experimental room temperature is comparable with the
calculated abstraction rate coefficient (see figure 10) suggesting that the formation of
fulvenallenyl radical at combustion environment is likely.
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Chapter 5: Conclusion and Future Directions
Internal combustion engines operate using the energy released from complex chemical
transformation of fuel molecules. Due to incomplete combustion in engines the process still
emits various unwanted byproducts such as NOx, SOx, CO, CO2, unburned hydrocarbons (HCs),
and particulate matters (smoke, soot and its precursors-PAHs). The fuel efficiency of modern
gasoline engines is only about 14-30%.1 It is therefore important to better understand the
fundamental chemistry of combustion intermediates in order to develop combustion strategies
with increased engine efficiency and lower pollutants.
Soot is one of the major pollutants and owing to its environmental (e.g., its deposition
melting polar ice due to radiative forcing2,3 and regional warming by forming brown clouds3)
and health (e.g., eye and skin irritations,4 pulmonary effects (respiratory diseases),5 etc.)
concerns. Soot particles generated by transportation devices such as trucks, cars, planes, ships,
etc. or power stations have been drawn much research attention. Its formation mechanism is not
well understood. Experimental and modelling research studies suggest that soot forms via
condensation or agglomeration of polycyclic aromatic hydrocarbons (PAHs). These molecules
are stable in the combustion environment at high temperatures.6 Examples of PAHs are
naphthalene, anthracene, phenanthrene, pyrene, etc. PAHs also have several health effects such
as eye and skin irritation7, nausea7, vomiting and diarrhea (high concentration)7, skin, lung,
bladder, and gastrointestinal cancers.8,9 These PAHs can either form via the benzene route
followed by hydrogen-abstraction-acetylene-addition (HACA) mechanism6,10,11 or via self or
cross combination of resonance-stabilized radicals such as cyclopentadienyl,12-15 fulvenallenyl,16
etc. The resonance stabilized radicals are predicted to be formed from the reaction of radicals
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(e.g. hydroxyl radical) with molecules such as phenylacetylene and fulvenallene, which are
observed in combustion environments.
In this dissertation, the reaction of hydroxyl radical was investigated with
phenylacetylene and fulvenallene using pulsed laser photolysis-laser induced fluorescence
technique (PLP-LIF) - a well-known laser spectroscopic technique to study combustion
reactions. For OH + phenylacetylene reaction, absolute reaction rates coefficients were obtained
over the 293 – 423 K temperature range and 1-7.5 Torr pressure range. The OH radicals were
formed in the gas phase using either H2O2 at 266 nm or HONO at 355 nm. The reaction rates
measured as a function of laser fluence at 266 nm photolysis wavelength were found to be laserpower dependent, while they are laser-power independent at 355 nm. For this reason, all the
experiments were performed at 355 nm photolysis wavelength. The room temperature reaction
rate was measured to be several orders of magnitude greater than the values currently used in
combustion models and may therefore play a significant role in phenylacetylene removal and
formation of oxidation products.18 At this wavelength, within the experimental error bars, the
reaction rate was found to be independent of pressure and temperature also. The temperature
independence of reaction rate, high level calculations (CBS-QB3 method17) of the entrance
pathway exothermicities, and previous theoretical data on the OH + benzene18 and OH +
diacetylene19 reactions suggested the formation of an association pre-reactive complex involving
the ethynyl (-C2H) group of phenylacetylene. The Van der Waals intermediate is then likely to
evolve without or with a small activation energy to a resonantly stabilized addition intermediate,
INT-1 (see chapter 3, figure 16).
Due to the importance of resonance-stabilized radicals in combustion, the reaction of OH
radical with fulvenallene was studied over 298-450 K temperature range at 5 Torr using PLP-LIF
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technique and hydrogen peroxide (H2O2) as OH radical source at 266 nm. This reaction was
predicted to form the fulvenallenyl radical.16 The room temperature reaction rate was found to be
8.8(±1.7)×10-12 cm3s-1. The rate coefficients measured from 298 to 450 K showed the negative
temperature dependence over the experimental range suggesting the formation of barrierless Van
der Waals complex between OH and fulvenallene. The enthalpies for the abstraction and addition
intermediates of OH + fulvenallene using CBS-QB3 method17 suggest that the addition product
(2-C7H6OH) is favorable (See chapter 4 table 5). At room temperature, the experimental rate
coefficient is larger than the calculated abstraction rate coefficient (see chapter 4 figure 10)
suggesting that the formation of fulvenallenyl radical is likely. At 450 K and higher, the
experimental room temperature is comparable with the calculated abstraction rate coefficient
(see chapter 4 figure 10) suggesting that the formation of fulvenallenyl radical at combustion
environment is likely.
Studying the OH + fulvenallene reaction at higher temperatures will help investigate the
formation of fulvenallenyl radical. Furthermore, it is also very important to study the self and
cross combination of fulvenallenyl radical and other resonance-stabilized radicals to investigate
the formation of polycyclic aromatic hydrocarbons. Since it is not possible to heat the six-way
cross reaction cell higher than 450 K, due to heating of the optics, higher temperature reactions
will be studied in a wall-free subsonic pulsed fast flow reactor. Figure 1 shows the schematic of
the high temperature subsonic pulsed fast flow reactor. It consists of a quasi-static heated doublewalled gas reservoir at 100 Torr, a rotating chopper, a laval nozzle and a tube connected to the
vacuum pump. The chopper opens for approximately 4-5 ms to provide pulsed flow while the
nozzle regulates the instantaneous mass flow rate. Due to expansion within the nozzle the gas
cools down. The presence of the vertical shock wave at the exit of the nozzle restores the
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temperature of the gas reservoir and maintains the subsonic flow. This fast flow reactor
developed in the laboratory is a prototype that has the temperature range of 300-750 K and
pressure range of 1-10 Torr. The flow velocity for 3-5 milliseconds time is approximately 100
m/s for this set up.

Figure 1. Schematic of high temperature pulsed fast flow reactor
The kinetics experimental set up has a six-way cross arrangement (not shown here) just
right to the room temperature tube of the figure 1. The photolysis laser (Nd:YAG) enters
opposite the flow of the gas and synchronized with the pulsed chopper at 10 Hz to generate
radicals. The probe laser (tunable dye) enters perpendicular to the photolysis laser that monitors
the concentration of the free radicals. Both photolysis and probe lasers enter the reaction
chamber through Brewster angle windows. The photomultiplier tube is placed orthogonal to the
photolysis and probe lasers to collect the fluorescence signal of free radicals. The fluorescence
signal is collected by changing the delay (reaction) time between photolysis and probe lasers
using delay generator. This signal is integrated using a boxcar averager and stored in the
computer for analysis.
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Appendix
The total energy, lowest frequencies, and optimized coordinates for fulvenallene using 631+G(d,p) basis sets.
Total Energy (6-31+G(d)) = -270.268552602 A.U.
Lowest three frequencies = 138.5, 157.8, 376.4 cm-1
Optimized coordinates (6-31+G(d)):
H -0.115060 -0.083823

0.082525

C

-0.142466 -0.055764

1.171253

H

0.814103 -0.083823

1.691882

C

-1.271213

0.008658

1.822935

C

-2.416265

0.074173

2.484031

C

-3.129571

1.300019

2.895859

C

-3.231591

-1.063569

2.954760

C

-4.321818 -0.551464

3.584202

H -2.971212 -2.103525

2.804430

H -5.120268 -1.122724

4.045188

C

-4.258498

0.915717

3.547645

H -2.780750

2.304841

2.694466

H -5.003798

1.575824

3.977944
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Table 1 and Figures 1 to 6 display the results from the 1H and 13C NMR analysis, confirming the
synthesis of fulvenallene.
Table 1. Experimental and calculated 1H shift (top table), coupling constants (middle
table), and 13C shifts (bottom table) of fulvenallene in CDCl3.
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Figure 1. 1H NMR spectrum of the liquid product dissolved in CDCl3.

Selective decoupled 1H NMR spectrum (b); Control 1H NMR spectrum (a) and expanded portion
of the NOESY spectrum (c)

H
H

irradiation

nOe

H

7
6
3

H
6.48

(b)

6.47

6.46

6.45

6.44

6.43

6.42

6.41

5

2

1

H

4

1-CH2

H

6.40

H4/H7

H4/H7

H5/H6

(c)

H5/H6

5.15
5.20
5.25

H1
6.48

6.47

6.46

6.45

6.44

6.43

6.42

6.41

5.30
5.35

6.40

5.40

NOESY
6.45

6.40

(a)

6.5

6.4

6.3

6.2

6.1

6.0

5.9

5.8

5.7

5.6

5.5

5.4

5.3

5.2

Figure 2. (a) Control 1H NMR spectrum, (b) selective decoupled 1H NMR spectrum,
and (c) expanded portion of the NOESY spectrum.
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Figure 3. 13C NMR spectrum of the liquid product dissolved in CDCl3.

Figure 4. Proton coupled 13C NMR spectrum of the liquid product dissolved in CDCl3.
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Figure 5. Two-dimensional gHSQCAD one bond correlation NMR of the fulvenallene
dissolved in CDCl3.

Figure 6. Two-dimensional long-range gHMBCAD correlation NMR of the fulvenallene
dissolved in CDCl3.
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