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Scope

This project is concerned with the kinetics and mechanisms of aromatics oxidation and the
growth process to polycyclic aromatic hydrocarbons (PAH) of increasing size, soot and
fullerenes formation in flames. The overall objective of the experimental aromatics oxidation
work is to extend the set of available data by measuring concentration profiles for decomposition
intermediates such as phenyl, cyclopentadienyl, phenoxy or indenyl radicals which could not be
measured with molecular-beam mass spectrometry to permit further refinement and testing of
benzene oxidation mechanisms. The focus includes PAH radicals which are thought to play a
major role in the soot formation process while their concentrations are in many cases too low to
permit measurement with conventional mass spectrometry. The radical species measurements are
used in critical testing and improvement of a kinetic model describing benzene oxidation and
PAH growth. Thermodynamic property data of selected species are determined computationally,
for instance using density functional theory (DFT). Potential energy surfaces are explored in
order to identify additional reaction pathways. The ultimate goal is to understand the conversion
of high molecular weight compounds to nascent soot particles, to assess the roles of planar and
curved PAH and relationships between soot and fullerenes formation. The specific aims are to
characterize both the high molecular weight compounds involved in the nucleation of soot
particles and the structure of soot including internal nanoscale features indicative of
contributions of planar and/or curved PAH to particle inception.

Recent Progress

A) Experimental

Experimental work assessing PAH reaction pathways has been finished. Mole fraction profiles
of PAH radicals and the corresponding parent molecules were determined using nozzle beam
sampling followed by radical scavenging reactions with dimethyl disulfide. Scavening products,
i.e., methylthio compounds (R-SCH3) and stable PAH were analysed by gas chromatography



coupled with mass spectrometry (GC-MS). PAH isomers including specific radical sites were
unambiguously identified using authentic standards, commercially available or synthesized in the
present work. Two benzene/oxygen/argon flames (30% argon, cold gas velocity v= 50 cm s, 20
torr) which were nearly sooting or slightly sooting with equivalence ratios of ¢= 1.8 and 2.0,
respectively, were investigated. All PAH profiles in the ¢= 2.0 flame were shifted by * 2 mm
towards the burned gases compared to the ¢= 1.8 flame. No increase of peak mole fractions was
observed for one- and two-ring aromatics while an at least 2-fold increase was found for larger
PAH. Experimental uncertainties were assessed by means of control experiments using
equipment developed and built by Homann and coworkers, including combustion chamber,
sampling and scavenging equipment. Shape and location of all measured compounds were very
similar in both experiments while peak mole fractions were mostly lower in the control
experiments. The results of the comparison ranged from a nearly perfect match such as for
indene to =~ 2 — 5-fold discrepancies. Larger discrepancies, observed in a few cases such as for 5-
ethynylacenaphthylene, were attributed to possible experimental errors, e.g., incomplete peak
separation in the GC analysis. As a general trend, partial equilibrium of (8) PAH + H S PAHe +
H, is more and more closely approached with increasing size of the molecule. The experimental
2-naphthyl : phenyl mole fraction ratio was found to exceed the partial equilibrium value.
Therefore, decomposition of PAH radicals forming butadiyne, e.g., the reverse of reaction (10)
phenyl + C4H, S 2-naphthyl is suggested as contributing to the consumption of some PAH
radicals. Thermodynamic considerations were found to be important but not sufficient for a
complete understanding of PAH formation and consumption. Background, data, their analysis
and conclusion are reported below.

Introduction

Improved prevention of combustion-generated pollution requires better understanding of both
the formation and destruction of pollutants and their precursors in flames. There is increasing
evidence that polycyclic aromatic hydrocarbons (PAH) are key intermediates in the inception
and growth of soot which is a major fraction of atmospheric aerosols [1,2]. The hazardous health
effects of atmospheric aerosols [3-5] might partially be related to their association with PAH [6],
some of which are mutagenic [7]. Fuel-rich combustion is also of significant interest in material
synthesis. For instance, it is a well-established process for carbon black production [8] and is
suitable for synthesis of fullerenes [9-14] and carbon nanostructures such as nanotubes [15-20].

The qualitative and quantitative understanding of combustion processes in general and of the
growth of PAH, soot and fullerenic structures in particular, requires experimental and theoretical
approaches. The availability of reliable experimental concentrations of reactants, intermediates
and products in well-defined experimental setups such as well-stirred or plug-flow reactors [21-
26], premixed flames [27-50] and shock tubes [51-57] is essential for meaningful assessment of
chemical reaction pathways responsible for the combustion process by means of detailed kinetic
networks. For instance, concentration profiles for stable species including PAH were measured
in premixed low-pressure and atmospheric-pressure flames using a large range of aliphathic and
aromatic fuels such as methane [27-29], ethane [29], ethylene [30-34], acetylene [30,35-38],
propene [36,39], propane [37], 1,3-butadiene [40], cyclopentene [41], benzene [42-49] and
naphthalene [50]. Modeling using detailed reaction networks has been used for the description of
the formation of PAH of increasing size and has greatly contributed to the understanding of fuel-
rich combustion over the last two decades [24,29,33,34,54,58-63]. Detailed modeling of soot
formation has been attempted with some success using reaction schemes consisting of PAH



growth, soot-particle inception, surface growth, coagulation and soot oxidation [63-69].
Nevertheless, significant uncertainties persist in the quantitative understanding of PAH and soot
oxidation [70], the relative contribution of acetylene and PAH to surface growth [31,71-72] and
particularly, the details of particle inception. Experimental data of species in the mass range
covering nascent soot particles are difficult to obtain and therefore very scarce. No definitive
description of the transition from PAH to soot has been achieved and quantitative assessment of
the competition between reaction pathways leading to soot and fullerenic material still needs to
be addressed [73]. Also, the contribution of polyacetylenes to soot formation [1,2] has not been
entirely ruled out [74]. The combination of different experimental techniques such as molecular
beam sampling coupled to mass spectrometry (MBMS) [35,36,38-42,45,49], probe sampling
with subsequent chromatographic analysis [21,24-27,29-33,37,44,47,48], optical techniques
[28,32,36,38,39,46] and electron microscopy [18] provide valuable information concerning the
main pathways of particle growth in fuel-rich hydrocarbon combustion. However, these
techniques are of limited or no use for the determination of PAH radicals, which are expected to
play a key role in the growth of molecules of increasing size. In most of the reaction schemes
considered for PAH growth, such as the largely used hydrogen-abstraction/acetylene-addition
mechanism [64], formation of radicals via hydrogen abstraction from the parent molecules is
thought to be the initial activation step followed by reaction with, e.g., acetylene or other PAH.
The position of the radical site determines the direction of the growth process while the number
of possible sites increases with molecule size. MBMS allowed for the determination of
concentration profiles of some PAH radicals [42], but, due to the similarity of their ionization
potentials, only concentration profiles of sums of the different isomers could be measured.

Finally, significant progress was achieved by Homann and coworkers [43,50,75-77] with the
development and use of a radical scavenging technique, consisting of nozzle beam sampling
followed by reaction with the radical scavenger dimethyl disulfide (DMDS). This technique
combines the freezing of the flame gas composition by molecular beam-type sampling with rapid
stabilization of radicals by the scavenger, which is injected into the sample stream. The resulting
scavenging products, together with stable compounds present in the sampled gases were then
analyzed by chromatographic techniques. This method has been successfully applied to premixed
low-pressure methane [77], acetylene [43,76,77], ethylene [77], 1-3-butadiene [77], benzene [43]
and naphthalene [50] flames. A large range of species including stable PAH containing up to
seven condensed aromatic rings and PAH radicals with one and two aromatic rings, i.e., indenyl,
1- and 2-naphthyl were unambiguously identified and the corresponding concentration profiles
measured [50].

In the present work, an experimental setup previously used for the investigation of low-
pressure premixed flat flames by means of MBMS [40,42,78] was modified for the use of
nozzle-beam sampling coupled to radical scavenging by DMDS [79]. Radical scavenging by
DMDS was used for the investigation of two nearly sooting [42] and sooting [42,44] low-
pressure benzene/oxygen/argon flames, previously studied by means of MBMS [42] and, in the
latter case also by probe sampling with subsequent chromatographic analysis [44,81]. These two
conditions were selected in order to assess changes in the flame structure occurring at the onset
of soot formation and therefore to gain additional understanding of the corresponding reaction
pathways. Operation of the mass spectrometer as a mass filter allowing for measurement of mass
ranges instead of specific molecular masses in the MBMS study of both benzene flames
investigated in the present work revealed a shift of the mass distribution to higher masses with
increasing height above the burner and between the nearly sooting and the sooting flame [42,81].



The species assessed by this approach were believed to consist of polycyclic material but
identification of specific compound was not possible. The goal of the present work was to extend
the inventory of concentration profiles along the flame axis of stable and radical compounds,
particularly PAH, formed under nearly sooting and sooting conditions. In several studies, kinetic
models were tested using the nearly sooting benzene/oxygen/argon flame (¢=1.8, 10% argon)
[61,62,82-84]. The extension of the available experimental data to larger PAH and their radicals
is expected to contribute to the improvement of detailed kinetic models and allow for the
description of PAH and, ultimately, soot growth consistent with physical and chemical reality.

The development of kinetic models is widely based on the comparison of model predictions
with experimental data sets. In the case of disagreement, thermodynamic and kinetic property
data are checked for incompleteness or errors and the model modified in order to achieve
computed species concentrations closer to the experimental values. However, in the development
of kinetic models based on consistent high quality thermodynamic and kinetic property data, the
uncertainty of experimental data should be taken into consideration. For instance, temperature
measurements in combustion environments are challenging and the variation of the temperature
profile used as input for the modeling of premixed flames has been found to have a significant
impact on model predictions [85]. The use of kinetic models is usually based on the assumption
of ideal experimental conditions such as perfect mixing, plug flow or unidimensional flames. In
most cases, some deviation from these assumptions is inherent even to the best experimental
equipment. For example, radial variation of temperature and species concentrations has been
observed in unidimensional flat flames [86]. In the present work, in addition to the use of
modified equipment initially built for MBMS studies [40,42,78], the experimental setup
developed for radical scavenging with DMDS by Homann and co-workers [43,50,75-77], was
transferred to our laboratory and also served for the investigation of the nearly sooting benzene
flame. This unique opportunity allowed for the comparison of structures of a selected flame
measured independently with two different setups but using the same sampling technique. All
samples were analyzed using the same state-of-the chromatographic methods allowing for the
identification of a large number of PAH including isomers [87-89]. If commercially not
available, standard compounds necessary for the unambiguous identification of some PAH or the
scavenging products, were synthesized by means of methods developed in the laboratory of a
subset of the authors [90-92].

Details of the experimental setup developed in our laboratory, sample preparation and analysis
and methods for the synthesis of standard compounds are given below. Results are presented and
discussed in the context of PAH growth and soot formation. Data obtained by means of both
setups using radical scavenging are compared with concentration profiles, if available, measured
previously using MBMS [42]. This approach allows for the assessment of uncertainties inherent
to one specific technique. In addition, it allows the validity of the calibration procedure used
previously for large species such as PAH [42] to be checked.



Experimental Setup
Combustion Chamber and Sampling

Premixed flat flames were stabilized at 20 torr on a water-cooled drilled copper burner, 71 mm
in diameter. A schematic of the experimental setup is given in Fig. 1 while flame conditions are
listed in Table I. The flames were sampled by a water-cooled 40°-90° hybrid quartz probe with a
0.7 mm orifice and expanded rapidly into a near vacuum environment (=10 torr) forming a
nozzle beam. Under these conditions,
the mean free path for collisions is more
than 1 meter. Therefore, bimolecular
collisions are negligible and radicals
stay in the gas stream without reaction
subsequent to sampling. The vacuum
was maintained by two 6’ diffusion G
pumps. The system was the built from a ~
previous MBMS  [40,42,78] by = Q.

removing the skimmer and third vacuum B ® 75mm O
stage. The flame gases are finally frozen C
upon impacting the “cold trap”, which

consists of two concentric cones, with F
the outside one opened to let the gases

in. The trap was held at liquid nitrogen (T
temperature, i.e., at 77 K. The cooling is
ensured by liquid nitrogen passing
through coils welded to the sides and the
top of the trap. Scavenger, i.e., dimethyl
disulfide, was added through a
“scavenger fe_ed dQUthUt"’ a Y-inch Fig. 1 Experimental setup, burner and scavenging system:
tube formed in a circle and perforated A Cooling coils, B Vacuum chamber, C Quartz probe,
with 14 equally spaced 0.5 mm holes at D Burner, E Burner chamber, F Ignitor

a 45 ° angle upward from the center

(Fig. 1). This “scavenger feed doughnut” evenly distributed dimethyl disulfide across the
surfaces of the cold trap and radicals sampled from the flame were stabilized via the following
reaction: (1) Re + CH3SSCH3; — R-SCH3; + CH3Se

In addition to the thiomethyl products of the scavenging reactions (R-SCHjs), all but the lightest
flame gases (such as H,, CO, O,) are collected in the cold trap. Therefore other species,
particularly PAH such as the parent

molecules of the scavenged radicals, _Table I Experimental conditions

%

are available for subsequent analysis. Flame | EQuivalence | Dilution | Pressure | Cold gas velo-
Dimethyl  disulfide, liquid at ratio (9) | (%Ar) | (torr) | city (cms™)
standard conditions, was vaporized 'Ségfiirg 18 30 20 50

by exposing it to the vacuum system T
through the feed doughnut. Critical | (slightly | 2° 30 20 50
flow was maintained across the holes | sooting)
of the feed doughnut, so the flow
could be calibrated and controlled by
the upstream pressure. The flow of scavenger was set at 3 x 10" molecules per second,




compared to the total flow of flame gases through the probe of approximately 2 x 10'° molecules
per second. Using similar sampling setup and conditions, Hausmann et al. [43] showed that
increasing the dimethyl disulfide flow did not affect the concentration of thiomethyl products.
Therefore, it is believed that radical species present in the sampling stream reacted nearly
quantitatively with the scavenger.

In the present work, the possibility of analytical artifacts due to hydrogen displacement
reactions of the thiomethyl radical (CH3Se) remaining after the initial scavenging reaction (1)
was ruled out:

(2) R-H + CH3Se —» R-SCH3 + H

Perdeuterated naphthalene (C10Dg) was mixed with the scavenger and fed to the cold trap while
sampling a flame as described above. Though large amounts of C;oDg were found in the resulting
sample, no C10D;SCH3 was identified. In agreement with thermodynamic calculations reported
by Hausmann and Homann [93], it was therefore concluded that all thiomethyl species present
stem from radicals collected in the flame. The flow through the probe, necessary for the
conversion of the sample composition to mole fractions, was determined experimentally by
measuring the rate of pressure increase in the isolated vacuum chamber downstream of the
probe.

Chemical Analysis

The cold trap was maintained at liquid nitrogen temperature (77 K), as the sampling of the
continued for 45 min. After extinction of the flame, the system was brought to atmospheric
pressure by adding desiccated nitrogen gas. The cold trap was raised into a sealed glove box and
placed over a glass jar containing a small amount of dichloromethane (DCM) and shielded from
light by aluminum foil. The cooling liquid nitrogen flow was halted and the trap was allowed to
warm. Warmed scavenger and flame compounds dripped from the trap into the jar and were
dissolved in DCM, keeping evaporation and precipitation of flame compounds to a minimum.
After 30 min, the trap was rinsed with DCM in order to collect the remaining substances adhered
to the trap. The volume of the collected sample, including the solvent, totaled ~ 40 mL. An
internal calibration standard consisting of a known volume (50 — 100 uL) of a prepared solution
of perdeuterated PAH, including styrene (CgDg), naphthalene (C10Dsg), acenaphthene (C12D10),
anthracene (Cy14D1p), and pyrene (Ci6D10) was added to the sample. The use of internal standards
allowed for the determination of the total amount of each compound without knowing the sample
volume or injection volume and therefore reduces potential uncertainties. The analysis were
conducted by means of gas chromatography coupled to mass spectrometry (GC-MS) using
Hewlett-Packard (Rockville, MD) HP 5890 Series Il Plus chromatograph in conjunction with a
mass selective detector HP 5972. A 50% cross-linked phenyl-methyl-silicone capillary column
that had a length of 30 m and an inner diameter of 0.25 mm (HP50+, Hewlett-Packard, Inc.) was
used as stationary phase. Helium carrier gas flow was 1.0 mL min™. The injector temperature
was 250 °C and the interface to the detector was maintained at 280 °C. Injection volume was in
all cases 1.0 uL. The temperature program consisted of a hold at 50 °C for 1.5 min, followed by
a linear ramp to 310 °C at 8 °C min™* and a final hold at 310 °C for 5 min.

After analysis of the above described solution consisting of sample and internal standards, two
additional injections were made following the reduction of the sample volume to ~ 3 mL and 0.1
to 0.2 mL, respectively. For this purpose high purity nitrogen was blown over the sample,



evaporation some of the DCM. This approach allows increasing the precision of the chemical
analysis of compounds with concentrations close to the detection limit in the initial sample.

Separately, a standard solution containing 34 PAH as well as the internal standard was
prepared in 5 different dilutions and injected into the GC-MS in triplicate. The molecular ion for
each compound was extracted from the chromatogram, the resulting peak was integrated and
calibration curves were constructed relating peak area to concentration. The resulting expressions
could be used for the determination of absolute amounts of all calibrated compounds present in
the sample collected from the flame. No determination of the sample volume was necessary,
since the quantity of internal standards added was known. The absolute amounts of species
collected from the flame was converted to mole fractions taking into account the flow through
the probe during the collection time and the cold trap collection efficiency, «.

To calculate ¢, a flow of argon and 3% benzene was sent through the burner while the
sampling system was operated as if sampling a flame. Sample treatment and analysis was similar
to that described above but toluene was added as internal standard. Taking into account the flow
through the probe, € was calculated to be 64 + 5%. As an additional test, a sooting flame was
sampled with the cold trap replaced by a large sheet of perforated paper. After 20 min, the paper
exhibited a circular pattern of the soot particles, 60 to 80% of which would have impacted the
cold trap. Since the collection efficiency of benzene was found to be within this range, it was
deduced that ¢ is largely independent of the molecular mass and it was considered to be within
the experimental error to assume that all compounds of interest had the same collection
efficiency as benzene.

In cases where no or insufficient quantities of standards have been available, concentrations
were determined by assuming that the calibration curves were the same as those for a compound
of similar structure. For instance, all four acenaphthyl isomers were synthesized in house and
GC-MS analysis showed their retention times and mass spectrometric fragmentation patterns to
be significantly different. Based on this information, all four acenaphthyl isomers could be
unambiguously identified to be present in samples collected from flames but due to the limited
quantities available for the corresponding 1-, 3-, 4- and 5-methylthioacenaphthylene, the
calibration curve determined for 2-menthylthionaphthalene was used. All species found to be
present, the approach used for identification and calibration are listed in Table Il. In addition,
peak mole fractions in both investigated benzene/oxygen flames, i.e., at equivalence ratio of ¢=
1.8 and 2.0, are provided. Also, peak mole fractions of species measured in the independent
control experiment for the ¢= 1.8 case using the equipment developed and built by the Homann
group are given. Mole fraction profiles and the effect of the variation of the equivalence ratio are
discussed below. Also, in some complex cases such as the identification of 1-, 2-, and 4-pyrenyl,
additional information about the analytical procedure is provided. Details of the synthesis of 1-,
3-, 4- and 5-methylthioacenaphthylene are given. Acenaphthylene has been found to be abundant
in flames, its radicals are therefore key intermediates in the further growth to PAH of increasing
size and, based on our best knowledge, mole fraction profiles of individual acenaphthyl radicals
have not been reported previously.

Syntheses of Authentic Thiomethylacenaphthylenes
The four thiomethylacenaphthylenes necessary for the unambiguous identification of
acenaphthyl radicals, were synthesized in an isomer-specific manner in the laboratory of Prof. L.
T. Scott in the Department of Chemistry at Boston College. The corresponding
haloacenaphthylenes, all of which previously known compounds, were used as starting materials.



Thus, treatment of 1-bromoacenaphthylene [94-96] with sodium thiomethoxide (NaSCHs) in the
dipolar aprotic solvent 1,3-dimethyl-2-imidazolidinone (DMEU) gave 1-
thiomethylacenaphthylene. Analogous treatment of 3-chloroacenaphthylene [97] and 5-
bromoacenaphthylene [98] with sodium thiomethoxide gave 3-thiomethylacenaphthylene and 5-
thiomethylacenaphthylene, respectively.

The yields of these nucleophilic substitution reactions are relatively modest (43 — 56%)
because direct addition of sodium thiomethoxide to the 5-membered ring double bond generates
byproducts containing two thiomethyl groups. The nucleophilic substitution reaction fails
completely on 4-bromoacenaphthylene [99] and gives only the product of sodium thiomethoxide
addition to the 5-membered ring double bond.

To circumvent this complication, an alternative strategy was employed for the preparation of
4-thiomethylacenaphthylene. Thus, 4-bromoacenaphthylene was converted first to 4-
lithioacenaphthylene by bromium/lithium exchange with n-butyllithium in tetrahydrofuran at —78
°C, and the thiomethyl group was then introduced using the electrophilic reagent
dimethyldisulfide [100]. The 1H NMR and mass spectra of all four thiomethylacenaphthylenes
are completely consistent with the structures assigned.

Results

In all, 54 aromatic species including 12 radicals were measured in the present work (Table I1).
Selected compounds which are believed to be essential for the formation of PAH of increasing
size and ultimately of soot, are discussed below. Mole fraction profiles as a function of the height
above the burner (HAB) are given. Uncertainties are assessed by comparison with independent
control experiments conducted using the experimental setup developed and built by the Homann
group [76,77] and in some cases with the MBMS data of Bittner and Howard [42]. In the nearly
sooting benzene flame (¢= 1.8), mole fractions at 0.30, 0.40, 0.50, 0.58, 0.59, 0.67, 0.69, 0.74,
0.80, 0.88, 0.94, 1.00, 1.05 and 1.09 cm from the burner were measured. No PAH could be
identified at higher heights above the burner, at least partially due to PAH consumption by
subsequent growth reactions [61]. Additional data points reported by Benish [79] at HAB= 0.76
and 0.78 cm have been omitted after a careful revisit of all available information. The sooting
benzene flame of ¢= 2.0 has been mainly investigated in order to access the impact of the
equivalence ratio on concentrations of PAH and their radicals. Therefore samples were only
taken at locations where concentrations close to the maxima were expected, i.e., at HAB= 0.76,
0.81, 090, 0.93 and 1.00 cm.

Single-Ring Aromatics

The formation unstable benzene derivatives such as phenyl and phenoxy was found to be
dominant in the early stage of benzene degradation in flames [85]. Stabilization of phenoxy by
reaction with H radicals was found to be the dominant phenol formation pathway in the
benzene/oxygen flame of ¢= 1.8 studied here [85]. Besides hydrogen abstraction with OH,
unimolecular decomposition to cyclopentadiene (CsHg) and CO was the only important phenol
consumption pathway identified [85]. Depending on the equivalence ratio, phenyl can be
oxidized, for instance by reaction with molecular oxygen and decay subsequently by
unimolecular reactions or form substituted one-ring aromatics such as phenylacetylene
(CsHsC,H) and styrene (CsHsC,H3) which are precursors of PAH of increasing size [63,64].

(1) CeHs + O S CgHs0+ O
(2) C6H5O S C5H5 + CO



(3) CeHsO + H hary CeHsOH
(4) CeHsOH S CsHg + CO
(5) CeHs + CoHy, S CeHsCoH + H
(6) Ce¢Hs + CoHy S CgHsCoH3z + H
In the present work, methylthiobenzene (CsHsSCH3), benzylmethylsulfide (C¢HsCH,SCHj3),
phenol, phenylacetylene and styrene were identified unambiguously by means of the match of
retention times and fragmentation patterns of authentic standards. Based on the assumption of
complete conversion of phenyl radicals
after collection, discussed above, the
¢ | amounts of methylthiobenzene and
benzylmethylsulfide were considered to
s \é reflect the quantities of phenyl and
benzyl (CsHsCHy), respectively,
collected from the flame. Benzyl has

0.0005

0.00045

*
0.0003 phenylacetylene

0.00025 *

Mole Fraction

. chat been suggested to contribute to
. % o naphthalene formation via in reaction
with propargyl [34]. Mole fraction
. °a°/| e profiles were established and those of
B I R R/ A R R phenyl, benzyl and phenylacetylene are
Fig. 2 Experimental molgs}?;(f:?;ahrisz)mr;mes in the nearly shown in Fig. 2. The measurement' of
sooting laminar premixed benzene/oxygen/argon flame phenyl by means of the radical
(¢= 1.8, 30% argon, cold gas velocity v= 50 cm s, 20 torr). scavenging technique is of particular
@ : phenvl. B : benzvl (x 10) and 4 : phenvlacetvlene. interest because it allows assessing the

importance of phenyl in benzene
combustion in comparison to its isomers such as fulvene radicals. Fulvene ) was suggested to
play a significant role in benzene formation [101] but the absence of identifiable quantities of
fulvene radicals allows to rule out their contribution to benzene consumption under the
conditions studied in the present work. Comparison with control experiment conducted with the
experimental setup developed and built by the Homann group [76,77] and using a similar
procedure for sample preparation and analysis shows a ~ 2-fold higher peak mole fraction in the
modified MIT equipment [79] while peak location and shape were identical (Table I1). The
MBMS profile measured by Bittner and Howard [42] using the original equipment revealed a
peak mole fraction = 10% higher than the control experiment but is thought to be less precise
than the radical scavenging technique. Comparison of mole fraction profiles of stable single-ring
aromatics, i.e., phenol, styrene and phenylacetylene with the control experiment and MBMS data
[42] showed nearly identical shapes and peak locations and values.



The compared to stable species higher uncertainty of absolute values of the radical species is

10

consistent with the significant challenge of the measurement and therefore not surprising.

The comparison with the ¢= 2.0 flame
does show no significant impact of the

Table 11 Peak mole fractions

equivalence ratio on shape, peak value of Species X (xmtax.l) [42]

. . . maximal contro
single-ring gromatlcs_. No clear trend Was g 1410° 16107 T 5 10°
observed, discrepancies were + 25%, i.e., | Phenol 1310° | 1.210° -
clearly within the expected uncertainty of | Phenylacetylene 4010° |3810° | 4010°

; Styrene 7010° [5010° | 3.210°

the measurement. However, mole fraction Naphthalen 21107 18105 16107
profiles were shifted by ~ 2 mm towards the [ T_naphthyl 5510° [ 1310° | -
burned gases. 2-naphthyl 3.010° | 1.810° -
2-vinylnaphthalene 1.910° [ 1.010° -
. . Biphenyl 8.010° [6.010° -

Two-Ring Aromatics Sum ?B;Hm 8.210° |6.10° | 1.510°
Increasing size of PAH adds as additional | 2-methyInaphthalene 2010° | 1.010° -
challenge the presence of isomers. In the | L-ethynylnaphthalene 1210° [ 20107 -
present work, 1- and 2-naphthyl radicals |2 thynylnaphthalene 3010 | 1.7107 -
. . Biphenylene 1510 1.210 -
could  be distinguished —and  2- I cenaphthylene 1210° 138107 -
methylnaphthalene, 2-vinylnaphthalene, 1- [ Sum CHs 164107 [ 58210° -
and 2-ethynylnaphthalene, 1- and 2- | L-acenaphthyl 22107 | 810" -

. . s 3-acenaphthyl 11107 |[510° -
naphthol were unambiguously identified. In I-acenaphihy| 5107 T -
addition, bot_h phenyl-substituted |5 acenaphthyi 2107 1107 -
naphthalenes, i.e., 1- and 2- | Indene 1710% [1510" | 15107

-5 -6
phenylnaphthalene were measured. Also, é‘emy”y:acenapmy:e”e 12 185 ig 186 -
profiles of naphthalene, an isomer to | BRI 10t T 0 107
diethynylbenzene (not identified), biphenyl ["1-phenyinaphthalene 1.310° | 6.0107 -
which has the same molecular mass as | 2-phenylnaphthalene 22100 | 14107 -
vinylnaphthalenes and indene were obtained Zi‘iﬂf;‘ctz;i”e T -

in the present work. Authentic standards gmc.n. 57105 110510 | 6.010°
were used for the identification and [ Fluoranthene 1210° [4510° -
quantification of all two-ring aromatics, Pyren; — éé 182 4.0 182 -

: _ : Acephenanthrylene .0 10 1.510 -
cited aboye, except 1 na_phthol which has Sum C.gtig 30105 1005 1 30107
been estimated from its fragmentation [y ciopentalcdlpyrene 6010° | 1.210° -
pattern and was calibrated assuming the [ benzo[ghi]fluoranthene | 3.510° | 1.010° -

7 7
same response factor as 2-naphthol. bcilnzo[a]a”thrace”e Ig 186 28 187 -

. . . rysene . . -

Naphthalene, its radlcal_s a_m_d blphenyl benzo[b]fluoranthene 50107 130107 -
have been found to play a significant role in [ benzo[K]fluoranthene 10107 | 50107 :
the formation of larger PAH such as [ benzo[a]pyrene 18107 [3.010° -
acenaphthylene [64] and phenanthrene | indenoll23-cdlpyrene | 8.010° [2010° -
benzo[ghi]perylene 1.0107 |[8.010° -

[102]. 1 and _2-ethynylnaphthal_ene are M naphthol 9010° [ 1210° -
intermediates in  the  formation  of [ 2-naphthol 7510° | 2510° -

phenanthrene and anthracene via the

hydrogen-abstraction/acetylene-addition (HACA) pathway and their mole fraction profiles are
expected to be valuable for the assessment of the contribution of the HACA mechanism by
means of detailed kinetic modeling. Methyl- [34,42] and vinyl- [102] substituted compounds
might contribute to PAH growth under certain conditions. Similar to phenol, 1-, 2-naphthol and
1-, 2-naphthoxy, the latter ones not identified experimentally, are products of the oxidation of



11

naphthalene and 1- and 2-naphthyl and they are thought to decay to indene and indenyl [61]. In a
recent modeling study [62], the previous measurement of mole fraction profiles of 1- and 2-
naphthyl radicals using the radical scavenging technique [79] allowed for the identification of the

0.0003

reaction of phenylacetylene radicals

0.00025 /ﬂaphlhalene

. 2
0.0002 Py

0.00015

MoleFraction

Z-naphthyl * 30
0.0001

* 1-ngphthyl * 30
Ko

0.0000% ]

(CeHsCoH*2) with acetylene to 1-
naphthyl, i.e., (7) CeHsC,H*2 + C,H,
S 1-naphthyl, as a consumption
pathway of two-ring aromatics in the
benzene flame at ¢= 1.8, also studied
here. 1-phenylnaphthalene is a likely
precursor of fluoranthene, containing a
five-membered ring, while hydrogen-
abstraction/acetylene addition of 2-

oo 3 & phenyl_naphthalene leads to .the
. . P - - formatlon of chrysene. Mole fraction
: 5 : L 2 e profiles of naphthalene, 1- and 2-

Distance from the Bumer (cm)
Fig. 3 Experimental mole fraction profiles in the nearly naphthyl_, 1- and Z'Ethynylnaphthalene
sooting laminar premixed benzene/oxygen/argon flame (¢= and 2-vinylnaphthalene in the nearly
1.8, 30% argon, cold gas velocity v=50 cm s, 20 torr). sooting benzene flame of ¢= 1.8 are

@ : naphthalene, B : 1-naphthyl (x 30), @ : 2-naphthyl (x 30). given in Fig. 3 and 4. 1-

ethynylnaphthalene is a potential

precursors of acenaphthylene and — after an additional hydrogen-abstraction/acetylene-addition
sequence — of phenanthrene. Hydrogen-abstraction/acetylene-addition beginning with 2-
ethynylnaphthalene can lead to the formation of phenanthrene or anthracene depending on the
site of hydrogen abstraction. A detailed study of the potential energy surface of 1-naphthyl +
acetylene followed by the determination of kinetic data for different temperatures and pressures

allowing for the quantitative assessment of
the competition between different reaction
channels was conducted recently [103].
The comparison with the control
experiments in the setup provided by the
Homann  group, showed typically
discrepancies between 10% and three-fold.
In all cases, peak mole fractions were
lower in the control experiments. This
observation might be related to a limited
reproducibility of equivalence ratios,
particularly challenging in the case of
liquid fuels but also to different cooling of
the burners. For two species, 1-
ethynylnaphthalene and 1-naphthol, a six
to seven-fold higher peak mole fraction
than in the control experiment was found.
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[
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Fig. 4 Experimental mole fraction profiles in the nearly
sooting laminar premixed benzene/oxygen/argon flame
(= 1.8, 30% argon, cold gas velocity v= 50 cm s, 20
torr). @ : 1-ethynylnaphthalene, B : 2-ethynylnaphthalene,
4 : 2-vinylnaphthalene.

This lack of agreement might be related to retention times very close to those of the
corresponding 2- isomers (only separated by 0.1 min, respectively), overlaps between these
isomers can therefore not be excluded.
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Mole fraction profiles for naphthalene and 1- and 2-naphthyl radicals in the slightly sooting
flame of ¢= 2.0 are given in Fig. 5. Similar to single-ring aromatics, no significant and consistent
impact of the increase of the

0.0004 - -
equivalence ratio on peak mole
naphthalene .
000003 e« . fractions could be observed for
05003 2 aromatic containing two aromatic rings
®e while mole fraction profiles were
0.00025 .
; ¢ shifted by ~ 2 mm towards the burnt
£ oow? gases.
= 0.00015 2-naphthyl ™ 30 .
b Three-Ring PAH
0.0001 - g
e A significant number of PAH
0.00005 containing three condensed rings has
; L mg , , been identified. Isomers such as
! e Distance fram th Bumer cm : **  phenanthrene and anthracene exist and

Fig. 5 Experimental mole fraction profiles in the slightly in addition to condensed  six-

sooting laminar premixed benzene/oxygen/argon flame (¢=2.0, membered rings, also species

30% argon, cold gas velocity v= 50 cm s, 20 torr). @ : containing five-membered and four-

naphthalene, B : 1-naphthyl (x 30), @ : 2-naphthyl (x 30). membered rings, i.e., acenaphthylene
and biphenylene, have been observed. The characteristics of C-H bonds are expected to depend
significantly on the location in the molecule. For instance, the structural environment of the C-1
carbon in acenaphthylene is likely to be different from those of carbon atoms in the system of
condensed hexagons and density functional theory computations showed the energy of homolytic
C-H bond cleavage of phenanthrene to be ~ 2 kcal mole™ smaller at the relatively congested C-4
position than at all other carbons [104].

Fluorene, biphenylene,
acenaphthylene,  phenanthrene  and oo00c
anthracene were identified by means of o | | N
authentic standards. Mole fraction
profiles of the four latter species o000 1 u
measured in the flame at ¢= 1.8 are

acenaphthidenes2

0.00004

shown in Fig. 6. 1- and 5- ; ©©
ethynylacenaphthylene, i.e., two of five  #°** -‘/ pariere

ethynylacetylenes, could be synthesized 000002 | A

and allowed for their unambiguous - L CiEeE

identification and quantification in the B ..

samples collected from the flames. 1- ol N

ethynylacenapthylene is a potential ’ ” Disance rom tre Bume o) : -

precursor of fluoranthene while 5-  Fig. 6 Experimental mole fraction profiles in the nearly
ethynylacenaphthylene can lead to  sooting laminar premixed benzene/oxygen/argon flame (¢=
; 1.8, 30% argon, cold gas velocity v= 50 cm s, 20 torr).

cylcopenta[cd]pyrene via two hydrogen- e ' '
abstraction/acetylene-addition  steps. & : PiPhenylene (x 5), M : acenaphthylene (x 0.5),

L y .. pS. @ : phenanthrene, A : anthracene.
Similar to the competition between the
formation of 1-ethynylnaphthalene and acenaphthylene [62,103], reaction of 5-acenaphthyl with
acetylene is expected to give besides 5-ethynylacenaphthylene pyracylene. However, no
pyracylene could be identified. The stability and therefore its lifetime of pyracylene after its
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synthesis were found to be limited, i.e., composition after sampling after prior analysis can not
be excluded. At the current stage, no definitive conclusion about the presence of pyracylene is
possible. Two additional gas chromatographic peaks, partially co-eluting, of species of a mass
176 amu were identified. Due to their retention times and fragmentation pattern similar to those
of 1- and 5-ethynylacenaphthylene, these peaks are believed to stem from 3- and 4-
ethynylacenaphthylene. One of these compounds was found to be the most abundant
ethynylacenaphthylene isomer with a peak mole fraction approximately twice as high as that of
1-ethynylacenaphthylene.

The scavenging products of all four acenaphthylene radicals were identified by means of
authentic standards synthesized in the present work using the procedure described above. The
quantification of all isomers was conducted based on the chromatographic response factor of 2-
methylthioacenaphthylene and the mole fraction profiles of 1-, 3-, 4- and 5-acenaphthyl were
determined following the procedure, described above (Fig. 7). The radical at the 4-position was
over three times more prevalent than 1- and 5-acenaphthyl and nearly 10 times more abundant
than the C-3 radical. These pronounced differences in the relative abundances of acenaphthyl
radicals do not correlate with thermodynamic property data, discussed below, and are therefore
likely to be kinetically driven.

The comparison with the control experiments shows a mixed picture for the peak mole
fractions while good agreements for shapes and peak locations were observed in all cases. Good

— to fair agreements, i.e., less than ~ 2-fold

J— —— s anapttny discrepancies, were found for biphenylene,
3-, 4- and 5-acenaphthyl and 1-
ethynylacenaphthylene while between 2-
and 5-fold lower peak mole fractions were

0.0000002
D.o0mm7

g 0.0000008 L 3

| o observed in control experiments for
 J— o ocomeshini acenaphthylene, 1-acenaphthyl,
- . I phenanthrene and anthracene. The compared
4 to the control experiment ~10-fold higher
P ‘;.-—ﬂ-www-f' peak mole fraction of 5-
- - . .. ethynylacenaphthylene might be related to

Disance frem the Sumer () its partial co-elution with

Fig. 7 Experimental mole fraction profiles in the nearly . .
sooting laminar premixed benzene/oxygen/argon flame ethynylacenaphthylene isomers in the gas

(6= 1.8, 30% argon, cold gas velocity v= 50 cm s, 20 chromatographic  analysis. _Therefore, a
torr). @ : l-acenaphthyl, B : 3-acenaphthyl, & : 4- lower peak mole fraction of 5-
acenaphthyl, A : 5-acenaphthyl. ethynylacenaphthylene cannot be excluded.

No phenanthryl and anthracyl radicals could
be identified in the original work [79]. However, analysis of samples collected in the control
experiments showed peaks with molecular masses and fragmentation patterns consistent with the
scavenging patterns of phenanthryl and anthracyl scavenging products. No assignment of peaks
to specific compounds was possible due to the lack of authentic standards and peak mole
fractions of approximately 1.5 to 5 10® were estimated.

Similar to single- and two-ring aromatics, the comparison of mole fraction profiles measured
in the benzene flames at ¢= 1.8 and 2.0 showed a shift of the peak location by ~ 2 mm towards
the postflame zone in the latter case. Different from one- and two-rings containing compounds,
up to two-fold higher peak mole fractions were observed in the slightly sooting (¢= 2.0) in
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comparison to the nearly sooting (¢= 1.8) flames. This finding might indicate the contribution of
three-ring PAH to soot formation.

Four-Ring PAH
All species with the molecular formulas CigHay, i.€., pyrene, fluoranthene, acephenanthrylene,
aceanthrylene and CigH13, i.€., chrysene,
benzo[a]anthracene were identified in
both nearly sooting and slightly sooting
benzene flames. Mole fraction profiles
of all CiHip isomers in the nearly
sooting benzene flame (¢= 1.8) are
shown in Fig. 8. Previous studies of
ethylene combustion with naphthalene
injection in a well-stirred-plug-flow
reactor setup have shown the approach
of equilibrium conditions between
: : - isomers of containing five-membered
R " ©rings such as fluoranthene,
Fig. 8 Experimental mole fraction profiles in the nearly  acephenanthrylene and aceanthrylene or
sooting laminar premixed benzene/oxygen/argon flame (¢= cyclcopenta[cd]pyrene and benzo[ghi]-

0000012

0.00001

0.000008

Maole Fraction

1.8, 30% argon, cold gas velocity v= 50 cm s, 20 torr). . s .
@ : pyrene, B : fluoranthene, @ : acephenanthrylene, ﬂuor_amhene_ [105]. _Thls finding is
A : aceanthrylene. consistent with the evidence of thermal

interconversions  of  aceanthrylene,
acephenanthrylene and fluoranthene [106]. In addition, mole fraction profiles
cyclopenta[def]phenanthrene were measured in both flames.

A group of five small chromatographic peaks followed by three larger ones with
fragmentation patterns consistent with the scavenging products of pyrenyl and fluoranthyl
radicals were identified all within 1 min B
retention time. Consistent with the
compared to pyrene smaller retention time
of fluoranthene and the existence of five

Ao apyrenyl pyremyls

different radical sites in the case of oo o e OF
fluoranthene and three in that of pyrene, the £ o® 0t ot
first group of peaks was assigned to * i
methylthiofluoranthenes,  followed by M
methylthiopyrenes. This assumption was .

confirmed by the use of 5- _ 4

methylthiofluoranthene and 1- - e - 2
methylthiopyrene, synthesized in the present  Fig. 9 Experimental mole fraction profiles in the nearly
work, as authentic standards. The gas sooting laminar premixed benzene/oxygen/argon flame
chromatographic peak of 5-  (¢= 1.8, 30% argon, cold gas velocity v= 50 cm s, 20
methylthiofluoranthene fell within the first - @ : fluoranthyl (total), W - 1-pyrenyl, & - 2-
group by retention time but due to the pyrenyl, 4 - 4-pyrenyl.

similarity of the fragmentation patterns, no unambiguous match with one of the detected species
was possible. Therefore, only the mole fraction profile of the sum of all fluoranthyl radicals was
reported in the present work (Fig. 9). 1-methylthiopyrene matched one of the peaks of the second
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group by retention time and fragmentation pattern and, in consequence, a mole fraction profile of
the 1-pyrenyl radical could be established (Fig. 9).

Attempts to assign the structures of the two remaining methylthiopyrenes from their
fragmentation patterns were unsuccessful but the correlation between polarity and retention time
could be used for identification. In fact, polar compounds should preferentially adhere to the GC
column used in the present work and therefore elute later than less polar compounds of similar
structure. The sulfur atoms of 1-methylthiopyrene and 4-methylthiopyrene, both attached
adjacent to the junction of two six-membered rings, can easily form intramolecular hydrogen
bonds and therefore effectively reduce the polarity of the compounds while no such hydrogen
bond is possible in the case of 2-methylthiopyrene. Similar to the elution order of 1- and 2-
methylthionaphthalene, 2-methylthiopyrene is therefore expected to elute later than its isomers.
Based on this reasoning, mole fraction profiles of 2- and 4-pyrenyl radicals were established
(Fig. 9).

Similar to PAH containing two and three rings, the control experiments showed consistently
smaller peak mole fractions. Discrepancies for stable and radical species ranged from ~ 2.5-fold
in the case of fluoranthene to ~ 3.5-fold for benzo[a]anthracene.

The impact of the increase of the equivalence ratio ¢ from 1.8 to 2.0 was similar to that
observed for PAH containing three condensed rings. Peak mole fractions were ~ 2 to 2.5-fold
while the mole fraction profiles shifted by ~ 2 mm towards to postflame zone.

PAH Containing Five and More Aromatic Rings
PAH containing up six condensed aromatic rings were identified and mole fraction profiles
measured. Consistent with previous work in a sooting benzene/oxygen flame [47], a significant
decrease in abundance was observed with increasing molecule size and therefore no scavenging
products of these large PAH could be
detected after a sampling time of 45 min. At
least two of the identified five aromatic

0.000007

0.000006 4

o oomes o T rings containing species,
. o cyclopenta[cd]pyrene and benzo[a]pyrene
i . joel were found to be mutagenic [7] while
§ oooonos | o m—L benzo[ghi]fluoranthene has been thought to

ooz | " play a role in the formation of fullerenes

o¥ [107]. The detection of

R 4 ] OL10) benzo[a]fluoranthene, benzo[k]fluoranthene

L mmet e e : - and indeno[1,2,3-cd]pyrene illustrates the
: R I “  contribution of PAH to the growth process

Fig. 10 Experimental mole fraction profiles in the nearly to PAH of increasing size  via

s s et Sn S cylodehychogenation [106,109] of reacive
tor). @ : cyclopenta[cd]pyrene, M : benzo[ghi]- dimerization [110]. Mole fraction profiles of
fluoranthene, ® : benzo[ghi]perylene. cyclopenta[cd]pyrene,  benzo[ghi]fluoran-

thene and benzo[ghi]perylene are given in

Fig. 10. Overall and consistent with decreasing concentrations, comparison to the control

experiments showed with molecular size increasing discrepancies of peak mole fractions. The

control experiments showed in most cases ~ 3 to 4 times lower peak values while significant
larger uncertainties were observed for benzo[b]fluoranthene and benzo[k]fluoranthene. No

profiles of these two compounds are therefore provided for the two latter species. However, an
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excellent agreement was found for benzo[ghi]perylene, the largest PAH the largest PAH
measured in the present work, with a ~ 20% higher peak mole fraction in the peak experiment.

The effect of the increase of the equivalence ratio ¢ from 1.8 to 2.0 was for some species such
as benzo[a]pyrene, benzo[b]fluoranthene and benzo[k]fluoranthene more pronounced than for
smaller PAH while a similar shift of the profiles ~ 2 mm towards the postflame zone was
observed. However, the more pronounced increase for some species should not be considered as
a definitive conclusion because of the uncertainty of the experimental data assessed by the
control experiments, discussed above.

Oxygenated PAH

In addition to phenol, 1- and 2-naphthol, already discussed, the following oxygenated PAH have
been detected and quantified by means of authentic standards: Dibenzofuran, 1-acenapthenone,
o000 9-fluorenone, phenalenone, benzanthrone
~ and benzo[a]pyrenone. Oxygenated PAH

have been found in size-segregated urban
aerosols [111] and are expected to play a
significant role as intermediates in the
oxidative consumption of PAH [112]. The
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o . availability of data is expected to be of
0 cormrz 1 significant value for the investigation of
- LI oo~ PAH oxidation pathways. Mole fraction
AT o S profiles of 1-acenaphthenone, benzanthrone
e : > and benzo[a]pyrenone measured in the ¢=
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Fig. 11 Experimental mole fraction profiles in the nearly ~ 1-8 benzene _flame are given in Fig. 11.
sooting laminar premixed benzene/ oxygen/argon flame ~ Consistent with the faster consumption of

(¢= 1.8, 30% argon, cold gas velocity v= 50 cm s, 20 oxygen, no benzanthrone and

torr). @ : 1-acenaphthenone, M : benzanthrone (x 5), ®  benzo[a]pyrenone were identified in the

- benzo[a]pyrenone (x 5). flame with ¢= 2.0. However, a ~ 50%

increase of the peak mole fractions was

observed for the smaller oxy-PAH, as well as the ~ 2 mm shift towards the postflame zone,
already seen for all non-oxygenated PAH.

Equilibrium Calculations

The growth of PAH and ultimately to soot and fullerenes is a complex process in which
thermodynamic considerations play a significant role. Many reactions are in a large extent
thermodynamically driven but in addition energetically feasible reaction pathways are required
to allow for the formation of specific products in the available time frame [2]. For instance, the
investigation of thermodynamic driving forces for fullerene formation showed no insuperable
thermodynamic barriers [113] while the use of a complex kinetic model did lead to a 50- to 100-
fold underprediction of the experimental peak of Cg and Cso [61]. That illustrates that
thermodynamics are a necessary but not always sufficient condition. Particularly in the postflame
zone, i.e., at relatively high residence times, partial equilibrium is often reached for individual
reactions and reaction subsystems [114,115].

The formation of PAH of increasing size and ultimately of soot by addition of growth species
such as acetylene or PAH is initiated by the formation of PAH radicals via hydrogen abstraction
with mainly H and OH radicals. The availability in the present work of mole fraction profiles of
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PAH radicals and the corresponding PAH radicals in conjunction with those measured
previously for H, H,, OH and H,O [42] allowed to check in which extent equilibrium has been
reached.

Hydrogen abstraction with H and OH was investigated for naphthalene, acenaphthylene and
pyrene, radical information available for all isomers.

(8) PAH + H & PAHe + H,

(9) PAH + OH 5 PAHe + H,0O
Ratios of the experimental mole fractions between PAH radicals and their parent molecules were
compared with the corresponding equilibrium conditions. Based on the equilibrium constants of
rxn. (8) and (9), PAH radical to PAH ratios can be calculated by means of Xpane/Xpan = Kg x
(Xueo/Xn2) and Xpane/Xpan = Ko x (Xone/XH20). The thermodynamic property needed for the
determination of the equilibrium constants were taken form the literature or calculated by means
of density functional theory followed by vibrational analysis using a procedure described
previously [62,103]. Isodesmic reactions were used for the determination of heats of formation
of radical species.
Experimental radical-parent mole fraction ratios were determined at the locations of maximum
radical concentrations, i.e., at 0.80 cm from the burner for 1- and 2-naphthyl, 1-, 3-, 4- and 5-
acenaphthyl and 0.88 cm for 1-, 2- and 4-pyrenyl. The corresponding equilibrium ratios were
calculated at 1800 K using Xu= 0.00238, Xu2= 0.0727, Xon= 0.0006385 and Xyz0= 0.1659
measured by means of MBMS [42] at 0.86 cm from the burner, the location of maximum PAH
concentration in their study. Both experimental and calculated PAH radical — parent ratios are
given in Table IlI. For all investigated

Table 111 Experimental radical to parent molecule mole radicals, peak concentrations are lower

fraction ratios compared to equilibrium.

H-abstraction | H-abstraction 1 than predicted by the equilibrium.

Radical Xoradical/Xparem with H with OH Equilibrium concentrations determined
[%], 1800 K Xradicall Xparent | Xracical Xparent | Vi@ hydrogen-abstraction with H, i.e.,

[%] [%] rxn. (8), are lower than those obtained

;:::pmy: H; ij-gg gggg based on hydrogen-abstraction with
= Pty 018l e 55 OH (rxn. (9)). An overall trend of
acenaphthyl approaching equilibrium with
3- 0.076 3.06 11.67 increasing size of the molecule can be
acenaphthyl observed but 3-acenaphthyl is a
4- 0.734 2.09 7.66 striking  exception. A  possible
gce”aphthy' 015 78 555 explanation might be related to other
acenaphthyl ' ' ' reactions _mvolved in the growth and
1-pyrenyl 1.32 3.40 12.49 Consumptlon process of PAH. Such
2-pyrenyl 112 2.02 7.46 reactions could be close to (or even
4-pyrenyl 1.81 4.02 14.75 beyond) partial equilibrium and

therefore prohibitive for higher radical
concentrations. For instance, butadiyne (diacetylene, C4H;), the second member of the series of
polyacetylenes, previously discussed as key species in soot formation [1,2], was suggested by
Hausmann and Homann [77] to be a product of PAH decomposition at high temperature. Based
on the benzene ring contraction mechanism of Scott and coworkers [118], they developed a
reaction scheme based on two isomerization reactions starting with 1-naphthyl followed by ring
opening and decomposition to phenyl and butadiyne [77]. In the present work, the mole fraction
ratio of 2-naphthyl to phenyl was calculated based on the assumption of partial equilibrium of
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reaction (10) phenyl + C4H, S 2-naphthyl at 1800 K. Peak mole fractions of phenyl and 1-
naphthyl were taken from this work while a diacetylene mole fraction of 5.64 10 determined by
MBMS at 0.86 cm from the burner surface [42] was used. An experimental 2-naphthyl to phenyl
ratio of 0.0211 was observed compared to 0.0052 based at partial equilibrium. The compared to
equilibrium conditions higher relative 2-naphthyl concentration, indicated a possible 2-naphthyl
consumption via the reverse of reaction (10) and could be at least partially responsible for the
small naphthyl to naphthalene ratios, shown in Table I11.

Five-membered ring containing PAH have been found to isomerize easily [105,106] and the
extent of equilibration between fluoranthene, acephenanthrylene and aceanthrylene have been
checked in the present work. The experimental mole fraction ratios between these three
compounds at 0.80 cm from the burner were found to be =~ 10:5:1. Equilibrium conditions at
1800 K using the thermodynamic property data recently determined by Yu et al. [119] based on
B3LYP/6-31G(d) density functional calculations were found to be equivalent t0 Xsyoranthene :
Xacephenanthrylene - Xaceanthrylene 9.4 © 5.8 © 1, i.e., equilibration between these three isomers is
achieved in the limits of the uncertainties of experimental species concentrations and
temperatures.

Conclusions

Radical scavenging with dimethyl disulfide after nozzle beam sampling was confirmed to be a
valuable technique for the measurement of mole fraction profiles of radicals in laminar premixed
low pressure flames. Thiomethyl scavenging products (R-SCH3;) were analyzed quantitatively by
gas-chromatography coupled to mass spectrometry (GC-MS). Authentic standards in most cases
were either available commercially or were synthesized in the present work. Sampling and
trapping efficiencies were assessed and used for the determination of mole fraction profiles.
Radical isomers could be distinguished and individual mole fraction profiles for phenyl, 1-,2-
naphthyl, 1-,3-4-5-acenaphthyl and 1-,2-4-pyrenyl were measured. In addition to radicals,
stable compounds up to benzo[ghi]perylene (C,;2H12) were collected quantitatively and identified
unambiguously by means of GC-MS.

Scattering of the experimental data due to performance characteristics inherent to the
equipment and to random errors was investigated. For this purpose, a nearly sooting premixed
flat benzene/oxygen/argon flame (¢= 1.8, 30% argon, cold gas velocity v= 50 cm s, 20 torr)
was studied in two different experimental setups, one used previously in MBMS studies at MIT
and one developed and built by Homann and coworkers. Mole fraction profile shape and location
of all measured compounds were very similar between the two experiments while peak mole
fractions were mostly lower in the experiments with the equipment from Homann and
coworkers. The results of the comparison ranged from a nearly perfect match for some
compounds such as for indene to ~ 2 — 5-fold discrepancies for some other species. In a few
cases such as 5-ethynylacenaphthylene, larger discrepancies were observed and attributed to
possible experimental errors, particularly, incomplete peak separation in the GC analysis. These
mole fraction profiles are not given in the tabulated form of the data, also available
electronically. This assessment of experimental uncertainty is thought to be essential for kinetic
modeling work because the experimental uncertainty sets the limits for model predictions.

A slightly sooting benzene-oxygen flame (¢= 2.0, 30% argon, cold gas velocity v= 50 cm s™,
20 torr) was investigated in order to assess the impact of increasing equivalence ratio on PAH
formation and consumption. A shift of  2mm towards the postflame zone was observed for all
PAH profiles relative to their position in the ¢= 1.8 benzene-oxygen flame. No increase of peak



mole fractions was observed for one- and two-ring aromatics while an at least 2-fold increase
was found for larger PAH. This observation might indicate a correlation between these larger

PAH and the onset of soot formation.

Thermodynamic considerations were confirmed to play an important role in PAH growth.
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Fig. 12 Experimental and computed 2-naphthyl profiles

in the nearly sooting laminar premixed benzene/oxygen/
argon flame (¢= 1.8, 30% argon, cold gas velocity v= 50
cm s, 20 torr).
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Hydrogen abstraction from PAH by H
radicals rather than by OH was found to be
limiting. As a general trend, partial
equilibrium of (8) PAH + H S PAHe + H,
is approached more and more closely with
increasing size of the molecule. The
experimental 2-naphthyl phenyl mole
fraction ratio was found to exceed the partial
equilibrium value. Therefore, decomposition
of PAH radicals forming butadiyne, such as
by the reverse of reaction (10) phenyl +
C4H, S 2-naphthyl, was suggested to
contribute to the consumption of some PAH

radicals. Fluoranthene, acephenanthrylene and aceanthrylene, expected to interconvert easily due
to the presence of a five-membered ring, were found to have at 0.80 cm from the burner, i.e.,
close to their maxima, mole fraction ratios of ~ 10:5:1. Confirming easy isomerization,
concentration ratios at 1800 K between these three species were calculated to be 9.4 : 5.8 : 1.
Thermodynamic considerations are important but not sufficient for a complete understanding

of PAH formation and consumption.
The absence of connecting pathways
on the potential energy surface or
high activation energies can be
prohibitive for conversions which
are favorable from a thermodynamic
point of view. The use of detailed
kinetic models assisted by the
detailed exploration of potential
energy surfaces of key reactions
followed by the determination of
kinetic data suitable for the
temperature and pressure ranges of

Mele Fraction
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Fig. 13 Experimental and computed phenanthrene profiles in the
nearly sooting laminar premixed benzene/oxygen/argon flame
(6= 1.8, 30% argon, cold gas velocity v= 50 cm s, 20 torr).

interest is thought to be a valuable tool for deeper insight in PAH growth and consumption. The
experimental data provided in this work, particularly mole fraction profiles of individual PAH
radicals, are expected to help the modeling communities in these efforts.
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B) Kinetic Modeling

The predictive capability of a detailed kinetic model was assessed by means of the newly
available experimental data. The kinetic model describing PAH formation up to CzoHio has been
developed over the last decade, partially with the support of the present project. Encouraging
agreements between computed species concentration profiles and experimental flame structures

- were obtained in several benzene,
acetylene, ethylene and methane flames.
Major reaction pathways involved in

- BIN1 (201 - 400 amu)

BIN7 (12801 - 25600 amu)

g ! | PAH formation and depletion [120-123]
S0 have been identified and the dependence
%o.s s —_—— on the type of fuel has been assessed. In
2. BN (1601 - 3200 Lﬁ . parallel, in NSF-funded work [124], the
© . s ant-vwamy _ -~ =] s model was extended to carbonaceous
) / Y - particles with diameters of up to ~70 nm
' e 1 e 2 2 ..., using a discrete sectional technique
Helaht Above the Bumer fem) [125]. In the same NSF-sponsored work,

Fig. 14 Nearly sooting laminar premixed benzene/oxygen/ a consistent set of thermodynamic

argon flame (¢= 1.8, 30% argon, cold gas velocity v= 50 cm

s, 20 torr). Large PAH and soot particles. property data covering all pertinent PAH

and their different radicals has been
generated using B3LYP/6-31G(d) density functional calculations followed by vibrational
analysis. Homodesmic reactions allowed for the determination of heats of formation [119]. The
resulting detailed kinetic mechanism including PAH and soot formation, and using state-of-the-
art thermodynamic property data, has been tested by comparison of its predictions with
experimental data obtained in the present work. Experimental and computed 2-naphthyl
concentration profiles in the laminar premixed benzene/ oxygen/argon flame (¢= 1.8, 30% argon,
cold gas velocity v= 50 cm s, 20 torr) flame are shown in Fig. 12 where corresponding
phenanthrene profiles are given in Fig. 13. Concentration profiles of larger PAH and particles
(Fig. 14) confirm the character of this flame as nearly sooting.

C) Formation of Carbon Nanotubes

In studying the relationship between fullerenes formation
and soot formation, it can be found that the formation of
fullerenic single-walled nanotubes can be competitive with
soot formation if a catalyst is present in the gas phase. In
the present work, iron pentacarbonyl (Fe(CO)s) was used a
catalyst precursor. Liquid at standard conditions, gaseous
Fe(CO)s was added to the fresh gas mixture by means of an
inert carrier gas before reaching the combustion chamber.
Iron-based active catalyst particles such as Fe,Os; are
formed in situ in the flame. After decomposition of the
Fe(CO)s, oxidation and growth to particles of a suitable
size, formation of single-walled carbon nanotubes is

Fig. 15 High-resolution transmission oo ) 8
electron microscopy of bundles of initiated. Collected material was characterized by means of

single-walled carbon nanotubes [126].  Raman spectroscopy and high-resolution transmission
electron microscopy (HRTEM). Details of this work have



been published [126,127]. An example of a HRTEM image showing bundles of single-walled
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carbon nanotubes is given in Fig. 15 [126].

N =

oo

9
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