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A fuel-rich, nonsooting, premixed laminar cyclopentene flame (φ ) 2.0) at 37.6 Torr (50 mbar) is investigated
by flame-sampling photoionization molecular-beam mass spectrometry utilizing vacuum-ultraviolet synchrotron
radiation. Mole fractions as a function of distance from the burner are measured for 49 intermediates with
ion masses ranging from 2 (H2) to 106 (C8H10), providing a broad database for flame modeling studies. The
isomeric composition is resolved for most species, and the identification of several C4Hx, C7H6, and C7H8

isomers is discussed in detail. The presence of C5H5CCH/C5H4CCH2 and cycloheptatriene is revealed by
comparisons between flame-sampled photoionization efficiency data and theoretical simulations, based on
calculated ionization energies and Franck-Condon factors. This insight suggests a new potential molecular-
weight growth mechanism that is characterized by C5-C7 ring enlargement reactions.

1. Introduction

The formation of polycyclic aromatic hydrocarbons (PAHs)
and soot is one of the most challenging chemical issues in
combustion science today. The interest in this subject stems
mostly from the fact that serious environmental concerns and
health risks are associated with pollutant emissions from
combustion devices.1-4 Present understanding of the complex
chemistry involved in PAH and soot formation is still incom-
plete. However, for any pollution control strategy involving
prediction of the products of molecular-weight growth, a
fundamental, molecular-level understanding of PAH and soot
formation and of the associated combustion chemistry is crucial.

A prominent focus in combustion chemistry research is the
production of the “first aromatic ring” species, including benzene
and naphthalene, as this may be the rate-limiting step in the
formation of larger PAHs and soot.5-7 Earlier studies have
revealed that the recombination of propargyl radicals (C3H3)
appears to provide the dominant pathway to benzene (or phenyl
+ H) in most flames.5,7,8However, a number of other pathways
may also be of importance, depending on the chemical structure
of the fuel.6,9-12 A recent review paper by McEnally et al.
discusses the underlying chemistry and provides numerous
references.13 Several potential reaction sequences forming two-
ring aromatic hydrocarbons such as indene and naphthalene and/
or their respective indenyl and naphthyl radicals from nonaro-
matic precursors have been discussed in the literature.14-17 In

general, it is believed that resonantly stabilized radicals often
accumulate to high concentrations and play a crucial role in
aromatics formation.

Comparison of experimental data to models employing
detailed chemical kinetics is essential for determining important
chemical pathways in combustion and for understanding pol-
lutant formation in combustion systems.18,19Due to the lack of
knowledge about their detailed chemistry, most C5 combustion
intermediates are absent from current flame chemistry models.
A notable exception is the resonance-stabilized cyclo-C5H5

(cyclopentadienyl) radical. Several specific routes have been
proposed for converting cyclopentadienyl to aromatic
species.14-17,20,21 The radical-radical reaction of cyclo-C5H5

with CH3 is supposed to be partially responsible for benzene
formation, the reaction of cyclo-C5H5 with acetylene is a
potential source for benzyl radicals in many fuel-rich flames,
and the cyclo-C5H5 self-recombination is a possible pathway
to naphthalene. As a consequence, cyclopentadienyl is believed
to be an important intermediate supporting the growth of higher
hydrocarbons, PAH, and soot in rich flames. The importance
of other C5 species in the growth of higher hydrocarbons in
combustion is at this point rather unclear. Nevertheless, Pope
and Miller suggested thati-C5H3 could react with CH3 to form
benzene, fulvene, or phenyl+ H.21

This paper is part of our ongoing study of combustion
chemistry and molecular weight growth by flame-sampling
molecular beam photoionization mass spectrometry employing
vacuum-ultraviolet (vacuum-UV) synchrotron radiation.22 In
some of our previous work, the combustion chemistry of rich
flames fueled by propane, allene, and propyne was described.23,24

Furthermore, several nonsooting fuel-rich flames, including fuel-
rich allene, propyne, and cyclopentene flames, were used to
identify C3H2, C4H3, C4H5, and C5Hx (x ) 3-8) isomers.25-27
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In view of the potential importance of C5 species, the present
study is concerned with cyclopentene combustion chemistry
under fuel-rich conditions. The fuel cyclopentene is attractive
for studies because the abstraction of hydrogen atoms forms
several key flame intermediates in high concentrations, including
the cyclopentadienyl and cyclopentenyl radicals. Thus, in this
flame the importance of C5 intermediates is enhanced compared
to C3 species. Furthermore, studying a fuel-rich cyclopentene
flame is of particular interest as it closes the gap between small
hydrocarbons and the larger, more complex hydrocarbons that
constitute all liquid combustion fuels.

Nevertheless, investigations of the combustion chemistry of
cyclopentene are scarce. McEnally and Pfefferle used non-
premixed methane/air flames doped with cyclopentene to study
hydrocarbon growth processes.28 Lamprecht et al.29 employed
electron ionization (EI) mass spectrometry to study cyclopentene
flames with different stoichiometries. Modeling efforts were
undertaken later by Lindstedt and Rizos14 and recently by
Kamphus et al.30

This study is concerned with the initial steps of aromatic ring
formation in a laminar premixed cyclopentene flame:

(a) To assist in flame chemistry modeling, experimental mole
fraction profiles of 49 species with masses ranging from 2 (H2)
to 106 (C8H10) are determined. The thorough analysis of the
flame data provides profiles of single-ring aromatic species and
their C3, C4, and C5 precursors. This study complements the
existing database for a particular cyclopentene flame29 with
isomer specific information. The isomeric compositions are
resolved for most intermediates; for example, the isomers of
C4H4, C4H6, and C4H8 are identified.

(b) The presence of C5H5CCH/C5H4CCH2 and cyclohep-
tatriene is confirmed by comparison of photoionization ef-
ficiency measurements with simulations based on calculated
ionization energies and Franck-Condon factors. The existence
of C5H5CCH/C5H4CCH2 and cycloheptatriene points toward
C5-C7 ring enlargement reactions31 as potential new pathways
in molecular-weight growth mechanisms.

2. Experiment

The experiment is carried out in the low-pressure premixed
flame apparatus at the Chemical Dynamics Beamline at the
Advanced Light Source (ALS) at the Lawrence Berkeley
National Laboratory. The technique of flame-sampling molec-
ular-beam photoionization time-of-flight (TOF) mass spectrom-
etry is fully described elsewhere.22

In the present experiment, the investigated flame is a
cyclopentene/oxygen/25% argon flame with a fuel/oxygen
equivalence ratioφ ) 2.0 at a pressure of 37.6 Torr (50 mbar)
and a cold-flow reagent velocity of 54.7 cm/s. The flame is
shielded by an Ar shroud gas, and cyclopentene from Sigma-
Aldrich (96%) is used without further purification.

Flame gases are sampled through the∼0.2 mm orifice of a
quartz sampling cone on the flow axis of a flat-flame burner.
Translation of the burner toward or away from the quartz
sampling cone allows mass spectra to be taken at any desired
position within the flame. A skimmer of 2.0 mm aperture placed
23 mm downstream on the axis of the expanded (10-4 Torr) jet
forms a molecular beam that passes into the differentially
pumped (10-6 Torr) ionization region, where it is crossed by
tunable vacuum-ultraviolet light. The resulting photoions are
separated by using pulsed-extraction time-of-flight mass spec-
trometry and detected with a multichannel plate. A multiscaler
records the TOF mass spectra.

The ALS delivers tunable undulator radiation which is energy-
selected by a 3 moff-plane Eagle monochromator. A rare-gas
filter removes contributions from higher undulator harmonics,
and an energy resolution of either 25 or 40 meV fwhm (full
width at half-maximum, measured from the observed width of
autoionizing resonances in O2)32,33 is employed. The photon
current passing through the ionization region is measured with
a silicon photodiode calibrated at the National Institute of
Standards and Technology (NIST) for quantum efficiency
(electron/photon) in the energy range from 8 to 17 eV.

To determine burner profiles and photoionization efficiencies
(PIE), ion signals at a givenm/z ratio are obtained by integration
of the accumulated ion counts per channel over a 60 ns time
interval centered about the mass peak, from which the baseline
contribution, obtained from the signal between peaks, is
subtracted. This approach permits integration over the entire
temporal profile of each mass peak, while avoiding overlapping
contributions from adjacent mass peaks. The baseline-corrected
ion signals are corrected for the contributions of13C, 2H, and
18O isotopomers and finally are normalized by the photon
current.

3. Species Identification

The power of the ALS flame experiment lies in the ability to
easily tune the energy of the ionizing photons. This allows us
to obtain data which show the signal taken at a particular
position in the flame as a function of mass and photon energy.
The so-called photoionization efficiency (PIE) spectrum for a
given mass is a valuable tool for determining the isomeric
composition of combustion intermediates.22,25-27,34-36 Isomeric
species have in general very different chemical behaviors, and
therefore, experimental determinations of isomeric compositions
are critically needed.

In this paper we show how different C4H4, C4H6, and C4H8

isomers are identified by comparing flame-sampled photoion-
ization efficiency curves with cold-flow PIE spectra of the pure
substances. This work and that reported previously26,27provide
successful identification of most C4Hx and C5Hx isomers in the
fuel-rich cyclopentene flame.

We also identify various C7H6 and C7H8 isomers by compar-
ing the experimental PIE spectra with theoretical simulations
based on calculated ionization energies and Franck-Condon
factors. Theoretical simulations analogous to those reported in
ref 27 are employed. In particular, rovibrational properties are
obtained from B3LYP/6-311++G** 37,38 density functional
calculations using the Gaussian 98 software39 and unrestricted
spin wavefunctions. Theoretical ionization energies and heats
of formation are obtained from an approximation to QCISD-
(T)/6-311++G(3df,2pd) energies given by E[QCISD(T)/6-
311G**] + E[MP2/6-311++G(3df,2pd)]- E[MP2/6-311G**],
with these energies being obtained with the MOLPRO quantum
chemistry package40 and employing spin-restricted wavefunc-
tions. The heats of formation determinations employ CH4 and
H2 as reference species.

3.1. Identification of C4H4, C4H6, and C4H8 (C3H4O)
Isomers. Figure 1 summarizes the identification of different
C4H4, C4H6, and C4H8 (or C3H4O) isomers. Flame-sampled
photoionization efficiency curves are compared with photoion-
ization efficiencies measured in a cold-flow of the pure
substance in Ar. Panel a shows the flame-sampled photoion-
ization efficiency data form/z ) 52 and the cold-flow PIE
spectrum of CH2CHCCH (vinylacetylene). The near-equivalence
of the two datasets is remarkable. Vinylacetylene is easily
identified by broad autoionization features at 9.63, 9.88, and
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10.13 eV in the PIE spectrum.41 The signal below the ionization
energy (IE ) 9.58 eV) of vinylacetylene42 is attributed to
CH2CCCH2 (1,2,3-butatriene), which is identified by its ioniza-
tion energy.43

In Figure 1b the flame-sampled photoionization efficiency
spectrum form/z ) 54 is compared with photoionization
efficiencies measured for CH2CHCHCH2 (1,3-butadiene),
CHCCH2CH3, and CH3CCCH3 (1- and 2-butyne). A weighted
sum of the 1,3-butadiene and the 1-butyne photoionization

efficiencies can explain the flame-sampled spectra. 2-Butyne
appears to be absent from this cyclopentene flame, as does 1,2-
butadiene which has an ionization energy of 9.23 eV.44

Identification of the species present atm/z ) 56 is harder to
accomplish. We clearly identify CH2CHCH2CH3 and CH3-
CHCHCH3 (1- and 2-butene) by comparing the flame-sampled
photoionization efficiency curve with cold-flow photoionization
spectra of those two isomers as shown in Figure 1c. Possible
contributions from CH3C(CH3)CH2 (isobutene), which has an
ionization energy of 9.22 eV,45 cannot be ruled out completely
since the corresponding cold-flow PIE spectrum has not been
measured. Nevertheless, the good agreement between 9.1 and
9.5 eV of the flame-sampled data and the cold-flow data of
2-butene suggests that a conceivable contribution of isobutene
would be negligible. Signal below 9.13 eV, the ionization energy
of 2-butene,46 is attributed to the presence of methylketene, as
identified by the observed ionization threshold of 8.95 eV.47

The additional signal above 10.11 eV is probably due to the
presence of 2-propenal, an isomeric form of methylketene.48

3.2. Identification of C7H6 Isomers. The photoionization
efficiency curve form/z ) 90 in this cyclopentene flame is
shown in Figure 2a. The spectrum is recorded at∼4 mm
distance above the burner where the mole fraction profile of
C7H6 peaks. A threshold near 8.2 eV can be clearly seen. The
identification of C7H6 isomers is based on a comparison between
the flame-sampled PIE curve and theoretical simulations based
on calculated ionization energies and Franck-Condon factors.
Ionization energies and heats of formation of several isomers
of C7H6 are calculated and summarized in Table 1. We exclude
any linear and branched structures to reduce the considerable
computational effort because it seems unlikely that the dominant
C7H6 species are linear. Mole fraction profiles of typical linear
flame species such as C6H2 and C8H2 are expected to peak after
the fuel is consumed completely, and thus, they reach their
maximum mole fractions at greater distances from the burner
surface than the C7H6 species. The present burner profile for
C7H6 (see below) shows an overlap with those for potential
cyclic C5 and C6 precursor molecules. For this reason, ring
structures seem to be more likely candidates to be present at
this particular position in the cyclopentene flame.

The five-membered ring molecule C5H4CCH2 is the most
stable isomer with a calculated heat of formation (0 K) of 86.8
kcal/mol. Just slightly higher in energy are the three isomers of
C5H5CCH. Their heats of formation range from 89.2 to 96.3
kcal/mol (see Table 1). The bicyclic species -C6H4-CH2- and
-C5H4-CHCH- are also included in Table 1 as possible C7H6

isomers. The calculated heat of formation of bicyclic -C6H4-
CH2- (93.2 kcal/mol) is comparable to those for the C5H5CCH
isomers. Meanwhile, the bicyclic -C5H4-CHCH- is less stable
than the bicyclic -C6H4-CH2- by about 15 kcal/mol. A
comparable heat of formation of 98.4 kcal/mol is calculated for
the seven-membered ring structure cyclo-C7H6 (-CHCHCH-
CHCHCHC-). Possible three- and four-membered ring structures
are not considered since they are not likely to be present at
high concentrations at the elevated flame temperatures.

We further consider possible contributions from radical
species. The six-membered ring structures of the C6H5-CH and
C6H4-CH2 type radicals are higher in energy than the five-
membered ring molecules: The heats of formation of the triplet
ground states are calculated to be∼112 kcal/mol, and according
to our calculations, the singlet-triplet splittings for those radicals
are about 5-25 kcal/mol.

The presence of the bicyclic species, the six-membered ring
radicals, and the cyclo-C7H6 species in the cyclopentene flame

Figure 1. (a) Comparison of the flame-sampled PIE curve form/z )
52 and the PIE spectrum of vinylacetylene. Species atm/z ) 52 are
identified as 1,2,3-butatriene and vinylacetylene. (b) Comparison of
the flame-sampled PIE curve form/z ) 54 and the PIE spectra of 1,3-
butadiene and 1- and 2-butynes. The presence of 1,3-butadiene and
1-butyne is confirmed, while 2-butyne seems to be absent. (c)
Comparison of the flame-sampled PIE curve form/z ) 56 with PIE
spectra for 1- and 2-butenes. The presence of 1- and 2-butenes is
revealed; signal below 9.1 and above 10.1 eV might be attributed to
the presence of CH3CHCO and CH2CHCHO isomers.
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can be excluded by comparing the calculated ionization energies
with the observed threshold in the PIE spectra (Figure 2a). The
calculated adiabatic ionization energy of 8.75 eV for bicyclic-
C6H4-CH2- is well above the observed threshold near 8.2 eV,
while the calculated adiabatic ionization energies of the C6H5-
CH, C6H4-CH2, and cyclo-C7H6 isomers are well below the
observed threshold. Furthermore, those radical species and
bicyclic-C5H4-CHCH- are less stable by about∼20 kcal/mol
compared to the most stable -CHCHCHCHC(CdCH2)- isomer
and are therefore probably not abundant in high concentrations.

The calculated ionization energies of 8.20 eV for
-CHCHCHCHC(CdCH2)- and 8.23 eV for -CH2CHCHCHC-
(CtCH)- agree within the experimental and computational error
limits with the observed threshold near 8.2 eV. In a photoelec-
tron spectroscopy study, Mu¨ller et al. determined a slightly
higher ionization threshold for -CHCHCHCHC(CdCH2)- of
8.29 eV.49 The -CHCHCH2CHC(CtCH)- and -CHCHCHCHCH-

(CtCH)- isomers may contribute to the observed PIE curve
above their ionization energies of 8.46 and 8.65 eV, respectively.

To determine the isomeric composition of the C7H6 species,
the photoionization efficiency spectrum is simulated on the basis
of a Franck-Condon factor analysis analogous to the ones
described earlier.25-27,50 The calculations are carried out using
a program developed by Winter et al.51,52The resulting Franck-
Condon factors, including hot bands arising from thermal
population at the assumed temperature of 300 K, are integrated
and convolved with a Gaussian response function corresponding
to the measured experimental photon energy resolution of 40
meV (fwhm). The results are also shown in Figure 2a.

The Franck-Condon factor analysis reveals that the
-CHCHCHCHC(CdCH2)- and the -CH2CHCHCHC(CtCH)-
forms are hard to distinguish. The calculated near-threshold
photoionization efficiency curves for both species look similar
and fit the observed data between 8.2 and 8.7 eV quite well.
An ionization energy of 8.23( 0.05 eV was determined for
either the -CHCHCHCHC(CdCH2)- or possibly the -CH2-
CHCHCHC(CtCH)- isomer. However, the calculations suggest
that we can rule out the presence of the -CHCHCH2CHC(Ct
CH)- and -CHCHCHCHCH(CtCH)- isomers.

From the chemical point of view, the C7H6 isomers in the
environment of the fuel-rich cyclopentene flame are likely
formed by the C5H5 (cyclopentadienyl)+ C2H2 (acetylene)a
C7H6 + H reaction. This reaction has been studied theoretically
by Fascella et al.,31 who showed that the initial radical C5H5-
CHdCH adduct can lose a hydrogen atom in an endothermic
reaction to form the stable -CHCHCHCHCH(CtCH)- product.
However, no experimental evidence exists for the presence of
this specific C7H6 isomer in the fuel-rich cyclopentene flame.
In a second pathway, the initial C5H5-CHdCH adduct can
undergo an exothermic 1,3-hydrogen shift reaction to recover
the stability of the parent C5H5 ring and to form the resonantly
stabilized C5H4CHCH2 radical, as shown in eq 1. It seems
plausible that the C5H4CCH2 isomer is subsequently formed by
hydrogen loss or abstraction.

Possible pathways forming the -CH2CHCHCHC(CtCH)-
isomer are less obvious. However, in the H-atom-rich environ-

Figure 2. Comparison between flame-sampled PIE curve for (a)m/z
) 90 (C7H6) and (b)m/z ) 92 (C7H8) with the PIE spectra simulated
on the basis of a Franck-Condon factor analysis and the cold-flow
PIE spectrum of toluene. Calculated ionization energies of some isomers
are indicated. (a) The cyclic species -CHCHCHCHC(CdCH2)- or
-CH2CHCHCHCH(CtCH)- are identified by their ionization thresholds
and the Franck-Condon factor analysis. Contributions from -CHCHCH2-
CHC(CtCH)- and -CHCHCHCHCH(CtCH)- can be ruled out. (b)
The Franck-Condon factor analysis reveals that the experimental PIE
curve between 8.2 and 8.8 eV can be explained by the presence of the
cycloheptatriene. Signal above 8.8 eV is dominated by toluene. The
PIE spectrum of toluene is shifted vertically to compensate for
contributions from other isomers near 8.8 eV.

TABLE 1: Ionization Energies and Heats of Formation of
Five- and Six-Membered Ring C7H6 Isomers

ionization energy (eV)

species calc lit.
∆fH0(0K)
(kcal/mol) ref

-CHCHCHCHC(CdCH2)- 8.20 8.29, 8.88 86.8 49,72
-CH2CHCHCHC(CtCH)- 8.23 89.2
-CHCHCH2CHC(CtCH)- 8.46 90.2
-CHCHCHCHCH(CtCH)- 8.65 96.3
cyclo-C7H6

(-CHCHCHCHCHCHC-)
7.53 98.4

bicyclic-C6H4-CH2- 8.75 8.82 93.2 73,74
bicyclic-C5H4-CHCH- 8.49 8.41 108.9 49
3-C6H5(CH)- 7.41 111.9
1-C6H5(CH)- 7.22 116.3
3-CCHCHCHCHC(CH2)- 7.41 112.4
1-CCHCHCHCHC(CH2)- 7.01 121.6
3-CHCHCCHCHC(CH2)- 7.34 112.4
1-CHCHCCHCHC(CH2)- 6.91 122.4
3-CHCCHCHCHC(CH2)- 7.37 114.0
1-CHCCHCHCHC(CH2)- 6.22 140.3
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ment of a fuel-rich flame it is conceivable that hydrogen atom
migration around the cyclopentadiene ring takes place and
converts the initial -CHCHCHCHCH(CtCH)- isomer into the
most stable -CH2CHCHCHC(CtCH)- tautomeric species:

The C7H6 isomers are important intermediates in the forma-
tion of aromatic species in the fuel-rich cyclopentene flame.
C7H6 might react with acetylene to ultimately form indene, or
H-atom addition might open a new route to a five-membered
ring C7H7 radical species which undergoes isomerization to form
the resonantly stabilized cycloheptatrienyl or benzyl radicals:31

Both radical species, cycloheptatrienyl and benzyl, are quite
stable and thus they are good precursor candidates for forming
multiring structures, including indene and naphthalene.15,16,31

3.3. Identification of C7H8 Isomers. The photoionization
efficiency curve form/z) 92 is shown in Figure 2b. A threshold
near 8.2 eV is obvious. As for C7H6, the identification of the
C7H8 isomers is based on a comparison between the flame-
sampled PIE curve and models based on calculated ionization
energies and Franck-Condon factors. C7H6 is identified to be
either the C5H4CCH2 or one of the C5H5CCH isomers. Thus,
similar C7H8 isomers of the C5H7CCH, C5H6CCH2, or C5H5-
CHCH2 type are conceivable. The calculated ionization energies
and heats of formation of several isomers of C7H8 are sum-
marized in Table 2. For the same reasons mentioned above, we
again exclude any linear and branched structures.

Toluene and cycloheptatriene are clearly the most stable
isomers with calculated heats of formation (0 K) of 16.8 and
48.7 kcal/mol. Just slightly higher in energy than cyclohep-
tatriene are the three isomers of C5H5CHCH2. Heats of formation
for -C(CHdCH2)CH2CHCHCH-, -C(CHdCH2)CHCH2CHCH-,
and -CH(CHdCH2)CHCHCHCH- are calculated to be 49.2,
50.1, and 55.7 kcal/mol, respectively. All other five-membered
ring structures, including the C5H6CCH2 and C5H7CCH species,
are less stable. The calculated heats of formation range from
65.1 kcal/mol for -C(CdCH2)CHCHCH2CH2- to 71.4 kcal/mol
for -CH(CtCH)CH2CH2CHCH.

The calculated ionization energies (Table 2) of -C(CHd
CH2)CH2CHCHCH- (7.92 eV) and -C(CdCH2)CHCHCH2CH2-
(8.07 eV) are below the observed threshold in the photoion-

ization efficiency spectra (Figure 2b); therefore the presence of
those isomers can be ruled out immediately. Other isomers might
be hard to detect; for example, the ionization energies of -CH2-
CH(CtCH)CH2CHCH- (9.19 eV) and -CH(CtCH)CH2CH2-
CHCH- (9.08 eV) are above the ionization threshold of toluene.
The photoionization efficiency spectrum of toluene is shown
in Figure 2b, which is shifted vertically to compensate for
contributions from other isomers below 8.8 eV. The comparison
between the flame-sampled PIE curve and the cold-flow PIE
spectrum of toluene indicates that, above 8.8 eV, the signal is
dominated by toluene. Thus, the possible presence of those two
C5H7CCH isomers can largely be ruled out.

The observed threshold near 8.2 eV can be explained by either
the -C(CHdCH2)CHCH2CHCH- or the cycloheptatriene iso-
mers, as the observed and calculated ionization energies agree
perfectly. A comparison between the observed photoionization
efficiency curve and the calculated ionization energies of -CH-
(CHdCH2)CHCHCHCH- (8.45 eV) and -C(CtCH)CH2CH2-
CH2CH- (8.65 eV) might suggest the presence of those two
isomers (Figure 2b).

The Franck-Condon factor analysis reveals that the cyclo-
heptatriene and the -C(CHdCH2)CHCH2CHCH- isomers are
difficult to distinguish. The calculated near-threshold photo-
ionization efficiency curves for both species look similar and
fit the observed data between 8.2 and 8.8 eV satisfactorily.
Figure 2b shows the comparison between a calculated PIE curve
for cycloheptatriene with the experimental data, and good
agreement is obvious. A similar fit can be achieved by
considering the five-membered -C(CHdCH2)CHCH2CHCH-
ring species. However, from the chemical point of view, it is
puzzling why the -C(CHdCH2)CHCH2CHCH- isomer should
be the only detectable five-membered C7H8 species. We
therefore conclude that signal above the observed threshold of
8.22 eV is due to the presence of cycloheptatriene.

Possible formation pathways of toluene, including reactions
of methyl radicals with either phenyl or benzene, and the
reaction of the resonantly stabilized CH3CCCH2 (1-methylal-
lenyl) radicals with H2CCH (propargyl) radicals are known and
have been discussed in the recent models:30

Information about the combustion chemistry of cycloheptatriene
is scarce, and formation pathways of cycloheptatriene are less
obvious. The reaction between benzene and methylene is a
potential direct route leading to cycloheptatriene. It can also be
formed by isomerization of C7H8 isomers, including toluene or
five-membered ring species, similar to the reactions discussed
in eq 3.31 A bimolecular reaction between cycloheptatrienyl and
atomic hydrogen would also result in the formation of cyclo-
heptatriene. The reverse reaction is a potential destruction
pathway of cycloheptatriene, as is the isomerization to the more
stable toluene.

4. Flame Analysis and Experimental Mole Fraction
Profiles

Besides the species identification, the goals of this study are
to assist in kinetic modeling and to help identify the main
decomposition pathways of cyclopentene and the main routes
toward formation of small aromatic hydrocarbons. For these
purposes, mole fraction profiles of 49 key intermediates are

TABLE 2: Ionization Energies and Heats of Formation of
Cyclic C7H8 Isomers

ionization energy (eV)

species calc lit.
∆fH0(0K)
(kcal/mol) ref

C6H5CH3 (toluene) 8.81 8.828 16.8 75
C7H8 (cycloheptatriene) 8.20 8.03, 8.29, 8.20 48.7 76, 77
-C(CHdCH2)CH2CHCHCH- 7.92 49.2
-C(CHdCH2)CHCH2CHCH- 8.20 50.1
-CH(CHdCH2)CHCHCHCH- 8.45 55.7
-C(CdCH2)CHCHCH2CH2- 8.07 65.1
-C(CdCH2)CH2CHCHCH2- 8.69 68.1
-C(CtCH)CH2CH2CH2CH- 8.65 67.1
-CH2CH(CtCH)CH2CHCH- 9.19 70.8
-CH(CtCH)CH2CH2CHCH- 9.08 71.4

C6H5 + CH3 h C6H5CH3 (4)

C6H6 + CH3 a C6H5CH3 + H (5)

C3H3 + C4H5 a C6H5CH3 (6)
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determined and critically compared with previous experimental
and modeling studies.14,29,30

In principle, it is possible to determine absolute mole fractions
of every species, including different isomers, in each flame. A
direct determination of the mole fractions requires knowledge
of the respective cross-sections for photoionization of each
species. For a large number of key combustion intermediates,
absolute photoionization cross-sections have been measured.41,53

Most of the available cross-sections have an uncertainty not
greater than 15%. However, for some species, especially
radicals, the photoionization cross-sections are hard to obtain
experimentally. Nevertheless reasonable estimations for absolute
photoionization cross-sections can be made on the basis of
known cross-sections for molecules with similar functional
groups. To this end, we consider the number of CdC double
and CtC triple bonds, the different ionization energies, and
the photon energies used for the mole fraction determinations.54

The mole fractions are derived according to the method
described by Cool et al.;23 mass discrimination factors and
photoionization cross-sections are taken from refs 41 and 53.
Table 1 of the Supporting Information summarizes the critical
parameters, i.e., mass discrimination factors, photon energies,
and photoionization cross-sections, used for signal quantifica-
tion. Species profiles are shifted by 0.5 mm to compensate for
probe perturbation.

The accuracy of the mole fractions depends on a number of
parameters, among them the quality of the cross-section and
mass discrimination data, accumulation of background gases,
and flame distortion introduced by the sampling probe. There-
fore, the mole fractions for species with well-known cross-
sections have a probable uncertainty of(40%, while for species
with unknown (estimated) photoionization cross-sections the
mole fraction should be correct within a factor of 2-4. This
level of accuracy is sufficient for many kinetic modeling
purposes. When comparing mole fractions from different data
sets, all error sources have to be taken into account.

4.1. Mole Fraction Profiles of Major Flame Species.Figure
3 shows the mole fraction profiles of the major flame species
(H2, H2O, CO, O2, Ar, CO2, and C5H8) in the fuel-rich
cyclopentene flame. H2 and Ar profiles are measured at 16.20
eV, and H2O, CO, O2, and CO2 profiles are measured at 14.35
eV, while the C5H8 profile is recorded at 9.40 eV. The following
corrections and assumptions are applied: For the Ar profile,
contributions from allene and propyne near the burner surface
are neglected and the radial diffusion of Ar atoms from the

shroud gas into the flame is corrected by assuming a constant
Ar signal after it reaches its minimum near 5 mm distance from
the burner. Contributions from C2H4 to them/z ) 28 signal are
subtracted, while contributions from C2H4O isomers (acetalde-
hyde and ethenol) atm/z ) 44 are neglected. The H2O and O2

ion signals are corrected for background contributions. We
assume that 50% of them/z) 18 ion signal at the burner surface
and the remainingm/z) 32 signal in the exhaust gases originate
from background.

Mole fraction profiles for H2, CO, O2, and CO2 are also
determined in a different way by applying target species to Ar
signal ratios at every burner position at 16.20 eV. Calibration
factors for the signal ratios of H2, CO, O2, and CO2 to Ar are
determined from cold gas flows in the range from 15.50 to 17.00
eV. In addition to the above-described corrections to the H2O,
CO, and O2 signals, N2 (IE ) 15.58 eV),55 background
contributions atm/z ) 28 need to be considered in this
procedure. Mole fraction profiles derived in both ways agree
perfectly.

The observed mole fraction profiles are compared against C,
H, and O atom balances, and the maximum discrepancies of
∼2.5% for C and H and∼1.0% for O are well within the
precision of the photoionization measurements. A reasonable
agreement of the major species profiles (H2, H2O, CO, Ar, CO2,
and C5H8) between the current photoionization mass spectro-
metric study and the earlier study by Lamprecht et al.29 is
observed. The newly derived profiles also show good agreement
with earlier modeling results.14,30

According to Kamphus et al.,30 cyclopentene consumption
is dominated by elimination of H2 to form cyclopentadiene:

It is rather unusual for a thermal nonradical reaction to play an
important role in fuel consumption, as radical additions and
abstractions have much lower activation energies. Other sig-
nificant channels for cyclopentene consumption are the reaction
with H-atoms to form cyclopentenyl (cyclo-C5H7) radicals

and the chemically activated H-atom addition/decomposition to
make allyl and ethylene:14

4.2. Mole Fraction Profiles for C1 Species.The experimen-
tally derived mole fraction profiles for CH3 (methyl) and CH4
(methane) are shown in Figure 4a. The CH3 and CH4 mole
fractions peak at 1.6× 10-3 near 3.5 mm from the burner and
4.5 × 10-3 near 3.0 mm, respectively, and both profiles show
long tails going out all the way to 18 mm.

The present CH3 and CH4 mole fractions agree with the
measurements from Lamprecht et al.29 to within a factor of 2.
However, the prior work determined CH3 to be present in higher
concentration than the CH4, an inference which is not reproduced
in the current experiment. Fragmentation distortions of signal
intensities present major difficulties for the quantification of
the earlier EI measurements. These distortions are especially
problematic for low molecular weight radicals that are frag-
mentation products of a variety of flame species. Such distor-
tions provide a likely explanation for the observed differences
in CH3 mole fractions.

4.3. Mole Fraction Profiles for C2 Species.Figure 4b shows
the experimentally derived mole fraction profiles for C2H2

Figure 3. Experimental mole fraction profiles for the major species
in the cyclopentene flame: H2, H2O, CO, O2, Ar, CO2, and C5H8.

cyclo-C5H8 a cyclo-C5H6 + H2 (7)

cyclo-C5H8 + H a cyclo-C5H7 + H2 (8)

cyclo-C5H8 + H a C3H5 + C2H4 (9)
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(acetylene), C2H3 (vinyl), and C2H4 (ethylene). The maximum
mole fraction of C2H2 is ∼4.3× 10-2 at 4.0 mm distance from
the burner. The signal from C2H3 peaks near∼7.8 × 10-5 at
3.5 mm above the burner, while the ethylene mole fraction peaks
near∼1.2 × 10-2 at 3.0 mm.

The C2H2 and C2H4 peak mole fractions agree with earlier
measurements of Lamprecht et al.29 to within a factor of 3, while
the C2H3 concentration differs by a factor of 35. The peak mole
fraction of C2H3 is lower in the present study. In addition, the
C2H4 concentration in the earlier study was determined to be
larger than the C2H2 concentration; however, this is not
reproduced here. Good agreement is achieved between the
present experimental C2H2 and C2H4 profiles and the modeled
profiles shown in ref 30.

4.4. Mole Fraction Profiles for C3 Species.Mole fraction
profiles for C3H2, C3H3 (propargyl), C3H4 (allene and propyne),
and C3H5 (allyl) are determined and shown in Figure 5.
Propargyl radicals are key intermediates in most flames fueled
by aliphatic species, as the propargyl-propargyl self-combina-
tion has been found to be the dominant pathway to benzene (or
phenyl+ H). Modeling indicates that this route also dominates
in the fuel-rich cyclopentene flame.14,30 The propargyl mole
fraction peaks at∼3.6 × 10-3 near 3.5 mm above the burner.
The maximum mole fraction is about a factor of 7 larger than
the reported value from Lamprecht et al.29 but is now in better
agreement with previous modeling results.14,30Propargyl radicals
are primarily formed according to reaction 10 as a decomposi-

tion product of cyclopentadienyl radicals and are therefore
present in relatively large concentrations:

C3H2 is by far the lowest-concentration C3 species detected
with a maximum mole fraction of∼7 × 10-5 at 4.0 mm above
the burner. C3H2 was identified as likely being a mixture of the
HCCCH (propargylene) and the cyclo-C3H2 (cycloprope-
nylidene) isomers;25 however, absolute photoionization cross-
sections for both isomers are unknown, and therefore quanti-
tative separation is not undertaken.

The experimental approach allows the determination of mole
fraction profiles for the CH2CCH2 (allene) and CH3CCH
(propyne) isomers independently. The maximum mole fractions
are determined to be 2.4× 10-3 for propyne and 9.5× 10-4

for allene. Both profiles peak near 3.25 mm above the burner.
The sum of the allene and propyne mole fractions matches the
previously reported experimental and modeled value.14,29

The mole fraction profile for the allyl radical peaks at 1.0×
10-3 near 2.75 mm above the burner, in good agreement with
earlier experimental results.29

4.5. Mole Fraction Profiles for C4 Species.Mole fraction
profiles of C4Hx (x ) 2-6, 8) are determined experimentally
and summarized in Figure 6. In detail, C4H2 is identified by its
ionization energy (IE) 10.17 eV)43 as HCCCCH (diacetylene),
and its profile peaks at∼2.9 × 10-3 near 4.0 mm, which is
close to the earlier experimental and modeled results.14,29,30In
an earlier work,26 C4H3 and C4H5 were identified as mainly CH2-
CCCH (i-C4H3) and a mixture of three different C4H5 isomers,
CH2CHCCH2 (i-C4H5), CH3CCCH2 (methylallenyl), and CH3-
CHCCH. Experimental mole fraction profiles for C4H3, and
C4H5 have been given earlier.26 However, the analysis procedure
has been improved, and the newly derived profiles are included
in Figure 6. Maximum mole fractions of∼2 × 10-5 (at 3.5
mm) for C4H3 and∼4 × 10-5 (at 3.0 mm) for C4H5 are derived.
These numbers are an order of magnitude smaller than the
previously published data from Lamprecht et al.29 Both the
electron ionization experiments of Lamprecht et al. and the
current work are based on estimated ionization cross-sections;
thus, both experimental approaches can possibly lead to large
error bars as discussed above. However, the new C4H5 maximum
mole fraction agrees well with previous and current models.14

Figure 4. Experimental mole fraction profiles for (a) CH3 and CH4

and (b) C2H2, C2H3, and C2H4.

Figure 5. Experimental mole fraction profiles for C3H2, C3H3, C3H4

(allene and propyne), and C3H5.

cyclo-C5H5 a linear-C5H5 a C2H2 + C3H3 (10)
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The unambiguous identification of CHCCHCH2 (vinylacety-
lene), CH2CCCH2 (butatriene), CH2CHCHCH2 (1,3-butadiene),
CHCCH2CH3 (1-butyne), CH3CHCHCH3 (2-butene), and CH2-
CHCH2CH3 (1-butene) was described in section 3.1. Viny-
lacetylene and butatriene peak at 3.5 mm above the burner, and
the maximum mole fractions are 1.5× 10-3 and 3.7× 10-4,
respectively. The sum of the mole fractions of vinylacetylene
and butatriene is close to the maximum value reported in the
earlier work.14,29,30 The determined maximum mole fractions
for C4H6 isomers are 2.3× 10-3 for 1,3-butadiene and 1.6×
10-3 for 1-butyne, which is about a factor of 3 larger than
previously reported29 but certainly within the combined error
limits of both experiments. C4H8 isomers are less abundant than
the C4H6 isomers in this cyclopentene flame. Maximum mole
fractions of 6.5× 10-4 for 1-butene and∼4 × 10-5 for 2-butene
are determined. The sum of the C4H8 isomer mole fractions is
in good agreement with the earlier measurements of Lamprecht
et al.29

4.6. Mole Fraction Profiles for C5 Species.Experimentally
determined mole fraction profiles of C5Hx species are shown
in Figure 7. Both thei- and then-C5H3 isomers contribute to
the signal atm/z ) 63.27 The profile of C5H3, which represents
the sum of both isomers, peaks at∼8 × 10-5 near 3.5 mm
above the burner. CH2CCCCH2, CH2CCHCCH, and CHC-
CCCH3 have been clearly identified atm/z ) 64.27 The
contribution from CH2CCCCH2 is close to the detection limit
and therefore neglected. Maximum mole fractions of 1.5× 10-4

for CH3CCCCH and ∼3 × 10-5 for CH2CCHCCH are
determined. The determined C5H4 mole fraction is 1 order of
magnitude smaller than in previous measurements of Lamprecht

et al.,29 and, in addition to the uncertainty reflected in the
combined error of both experiments, it probably indicates the
reduced susceptibility of the photoionization measurements to
fragmentation problems.

Signal atm/z ) 65 is dominated by the cyclopentadienyl
radical (cyclo-C5H5), although minor contributions of at least
one linear isomer are detectable.27 We believe this linear species
to be the CHCCHCHCH2 isomer, the second most stable isomer,
which is a known isomerization product of cyclopentadienyl.56,57

The determined mole fraction profile for C5H5 peaks at 8.8×
10-4. This value is somewhat smaller than that reported in the
earlier experiment,29 but still agrees within the error limits, and
is also in good agreement with the model from Lindstedt and
Rizos.14

The cyclopentadienyl radical is probably the key reactive C5-
ring species in this cyclopentene flame. Cyclo-C5H5 is reso-
nantly stabilized and therefore able to build to relatively large
concentrations in flames. Its combustion chemistry has been
investigated in great detail, including decomposition reactions
and reactions converting cyclopentadienyl radicals to aromatic
species.17,20,56-60 As shown in reaction 10, the thermal dissocia-
tion and subsequent decomposition of cyclo-C5H5 is a major
source for propargyl, thus initiating molecular-weight growth.

At m/z ) 66 (C5H6) 1,3-cyclopentadiene is identified by its
ionization energy,61 but the presence of linear isomers, such as
CH2CHCCCH3, CH3CHCHCCH, and CH2CHCH2CCH which
are detected in other fuel-rich flames,24,27 cannot be ruled out.
However, because of the close link to the fuel species, we
believe that the signal atm/z ) 66 is dominated by 1,3-
cyclopentadiene; its experimentally determined maximum mole

Figure 6. Experimental mole fraction profiles for (a) C4H2, C4H3, C4H4

(vinylacetylene and butatriene), C4H5 and (b) C4H6 (1,3-butadiene and
1-butyne) and C4H8 (1- and 2-butenes).

Figure 7. Experimental mole fraction profiles for (a) C5H5, C5H6, and
C5H8 (1,3-pentadiene) and (b) C5H3, C5H4 (CH2CCHCCH and CH3-
CCCCH), and C5H7.
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fraction of 1.7× 10-2 near 2.75 mm above the burner is close
to the previously reported value.29

The mole fraction profile of C5H7 is shown in Figure 7b. Its
maximum value is determined to be 1.0× 10-4 near 2.25 mm
above the burner, compared with 2.2× 10-2 in the earlier
measurements.29 Again, it is conceivable that dissociation of
larger molecules, including C5H8 (the fuel), into C5H7 fragments
had resulted in an apparently larger C5H7 concentration in the
earlier electron ionization measurements.

Cyclopentene (the fuel) and linear isomers contribute to the
signal atm/z ) 68.27 The signal is overwhelmingly dominated
by cyclopentene, which makes it impossible to quantitatively
separate mole fraction profiles of linear isomers with ionization
energies above that of cyclopentene.43,62An ionization threshold
of 8.6 eV was observed in the PIE spectrum atm/z ) 68,
suggesting the presence of CH2CHCHCHCH3 (1,3-pentadiene).
The observed flame-sampled photoionization efficiency curve
between 8.6 and 9.0 eV matches the cold-flow PIE spectrum
of 1,3-pentadiene; thus, other isomers with IEs between 8.6 and
9.0 eV are likely to be absent.27 The mole fraction profiles of
cyclopentene and 1,3-pentadiene are shown in Figures 4 and
7a, respectively. For 1,3-pentadiene a maximum mole fraction
of 2.9 × 10-3 near 1.75 mm above the burner is determined.

4.7. Mole Fraction Profiles for C6 Species.The observed
mole fraction profiles for C6Hx (x ) 2, 4-6, 8, 10) are shown
in Figure 8. The linear 1,3,5-hexatriyne (C6H2) and benzyne
(C6H4) are identified by their ionization energies.43,63The 1,3,5-
hexatriyne profile shows a sharp peak at 4.0 mm with a
maximum mole fraction of 5.1× 10-4. The benzyne C6H4 signal
peaks closer to the burner at 3.5 mm with a maximum mole

fraction of∼4 × 10-5. The concentration of the phenyl radical
(C6H5) is just above the detection limit, and the maximum mole
fraction of C6H5 is determined to be 1× 10-5 at 3.5 mm above
the burner. These values can be compared with the previously
published experimental and modeled data.14,29,30In this study,
the C6H2 concentration is determined to be larger by a factor
of 2 than in the previous papers but still within the error limits.
For C6H4 and C6H5 the agreement between the experiments is
rather poor, and the discrepancies may result from inaccuracies
in the estimated absolute photoionization cross-sections and/or
fragmentation in the electron ionization experiment. The mole
fractions of C6H4 and C6H5 are a factor of 5 and 10 smaller
than in the electron ionization experiments.29 However, for C6H5

the determined maximum mole fraction of 1× 10-5 is in accord
with the modeling predicted value of Kamphus et al.30

At least two different C6H6 isomers, fulvene and benzene,
are unambiguously identified by their ionization energies and/
or photoionization efficiency curves.43,64 These C6H6 isomers
peak at 3.0 (fulvene) and 3.25 mm (benzene), and the absolute
mole fraction for fulvene is determined to be∼6 × 10-5, while
the mole fraction for the benzene isomer is determined as 1.3
× 10-3. The C6H6 mole fraction profile in this work agrees
closely with the one from the previous work, and, furthermore,
the maximum mole fraction is comparable to the predicted
value.30

Benzene (and fulvene) formation are dominated by the
propargyl-propargyl self-combination.14,30This reaction leads
to benzene via linear C6 species and fulvene (which is easily
converted to benzene by H-atom-assisted isomerization):8,21

Under the fuel-rich conditions in this cyclopentene flame, the
reaction sequence (12) is also found to be an important path
toward fulvene and benzene:14

This reaction sequence has been proposed by Moskaleva et al.20

as a potential source of benzene at high temperatures.
Other pathways leading to benzene or phenyl+ H (including

n-C4H3/n-C4H5 + C2H2 and C5H3 + CH3 reactions) have been
discussed in the literature;9,12,21,65-67 however, they have been
found to be of little or no importance in this fuel-rich
cyclopentene flame.

Cyclohexadiene and cyclohexene are identified atm/z ) 80
(C6H8) and m/z ) 82 (C6H10) by their respective ionization
energies;43 their mole fractions peak at 1.7× 10-4 for C6H8

and∼5 × 10-5 for C6H10. The C6H8 profile agrees within the
error limits with earlier measurements, while the C6H10 has not
been quantitatively determined previously.

4.8. Oxygenated Species.Mole fraction profiles for HCO/
C2H5 (formyl/ethyl), CH2O (formaldehyde), CH2CO/C3H6 (ketene
and propene), CH3CHO (acetaldehyde), CH2CHOH (ethenol),
and C6H5OH (phenol) are presented in Figure 9. All species
are identified by their characteristic ionization energies. How-
ever, HCO could not be separated from possible contributions
from C2H5 radicals, and, since the ionization energies, photo-
ionization efficiency curves, and masses of ketene and propene
are similar, it is also difficult to separate those species with our
current setup. Therefore, propene may contribute to the given
ketene profile. According to our experiment, the ketene/propene
mole fraction peaks near 4.6× 10-3. Lamprecht et al.
determined the maxiumum concentration of propene to be 1.1

Figure 8. Experimental mole fraction profiles for (a) C6H2, C6H4, and
C6H5 and (b) C6H6 (benzene and fulvene), C6H8, and C6H8.

C3H3 + C3H3 a C6H6 or (C6H5 + H) (11)

CH3 + C5H5 a C5H4CH3 + H a C5H4CH2 (fulvene)+
H + H (12)
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× 10-3, while they did not report the ketene profile.29 The
results, however, suggest that ketene is present in higher
concentration than propene. The present study measures the
maximum mole fractions of formyl (and/or ethyl) as∼4 × 10-5;
of CH2O, 1.3× 10-3; of acetaldehyde, 1.2× 10-4; of ethenol,
∼8 × 10-5; and of phenol,∼2 × 10-5. The maximum mole
fractions for HCO and CH2O differ significantly from the
previous experimental values determined by Lamprecht et al.,29

who reported 1.2× 10-4 for HCO and 4.0× 10-4 for CH2O.
4.9. C7 Species andp-Xylene. Mole fraction profiles for

several C7 species andp-xylene are summarized in Figure 10.
Unfortunately, absolute photoionization cross-sections are un-
known for all of the presented species; therefore an effective
photoionization cross-section of 20 Mb is estimated. We believe
that the presented mole fractions are accurate to within a factor
of 2-4.

Identification of the C7H6 isomer has been discussed in section
3.2. Signal atm/z ) 91 can be due to the presence of benzyl
and/or cycloheptatrienyl radicals. The ionization energies are
reported to be 7.2468 and 6.236 eV,69 respectively, and therefore,
the available photon energy range is not sufficient to observe
ionization thresholds, which are critically needed to identify the
isomers. As discussed above, probably cycloheptatriene and
toluene contribute to the C7H8 signal. The maximum mole
fractions are∼5 × 10-5 for C7H6, ∼1 × 10-5 for C7H7, and
∼8 × 10-5 for C7H8.

We also report the mole fraction profile ofp-xylene here
because one of its likely formation pathways can be considered
as an initial step in aromatic ring formation. CH3CCCH2 (1-
methylallenyl) is a resonantly stabilized methyl-substituted
propargyl radical which may react in a manner analogous to
the propargyl recombination reaction to formp-xylene:

However, atm/z ) 106 (C8H10) many different isomers are
actually conceivable, including ethylbenzene ando-, m-, and
p-xylene. From the observed photoionization efficiency curve,
we identify the presence of thep-xylene by its ionization
energy.70 We rule out the presence of the ortho- and meta-
isomers, but ethylbenzene might contribute to the signal above
its ionization energy of 8.77 eV.71 The maximum mole fraction
for C8H10 is determined to be∼6 × 10-5.

None of the burner profiles of the C7 and C8 species have
been reported in earlier experimental and modeling papers.14,29,30

5. Conclusions

This paper is part of our continuing effort to analyze the
combustion chemistry of cyclopentene in unprecedented detail,
employing flame-sampling molecular beam mass spectrometry.
The analysis of the flame data is thoroughly discussed, and mole
fraction profiles of 49 intermediates are presented with masses
ranging fromm/z ) 2 (H2) to m/z ) 106 (C8H10). These data
are compared with existing combustion chemistry models, and
the results are discussed with regard to the initial steps in fuel
consumption and aromatic ring formation. The presented
information is critically needed to assist ongoing flame modeling
efforts. Mole fraction profiles of several key C5 species,
including C5H5, and other known benzene precursors, including,
C3H3, C3H5, C4H3, and C4H5, are presented. The isomeric
compositions are revealed for most species, including allene/
propyne and fulvene/benzene. In general, the results are in good
agreement with earlier work;29 nevertheless, some discrepancies
for (mainly radical species) are attributed to the use of estimated
photoionization cross-sections in the current study and/or
fragmentation upon electron ionization in the previous study.
The experimental data also compare favorably with the few prior
modeling studies.14,30

We also describe the isomeric composition of C4Hx (x ) 4,
6, 8), C7H6, and C7H8 species. The isomer resolution is achieved
by utilizing easily tunable synchrotron radiation and comparing
flame-sampled photoionization efficiency curves with theoretical
simulations based on calculated ionization energies and Franck-
Condon factors or with cold-flow PIE spectra of the pure
substances. With respect to C4 species, butatriene, vinylacety-
lene, 1,3-butadiene, 1-butyne, and 1- and 2-butenes are unam-
biguously identified in this fuel-rich cyclopentene flame.
Identification of the C5H4CCH2/C5H5CCH isomers and cyclo-
heptatriene and toluene is based on calculated ionization
energies, heats of formation, and Franck-Condon factor
analyses.

The potential importance of the five-membered C7H6 and
seven-membered C7H8 isomers in molecular-weight growth
reactions is discussed. These isomers are of particular interest
as they essentially can be formed by reactions of cyclopenta-
dienyl radicals with acetylene. Subsequent reactions of acetylene
with radicals generated by H addition or H loss from the C7H6

and C7H8 rings are potential pathways leading to indene,31 and
thus, the presence of C5H4CCH2/C5H5CCH and cycloheptatriene

Figure 9. Experimental mole fraction profiles for HCO/C2H5, CH2O,
CH2CO/C3H6, CH3CHO, CH2CHOH, C6H5OH.

Figure 10. Experimental mole fraction profiles for C7H6, C7H7, C7H8,
and C8H10.

CH3CCCH2 + CH3CCCH2 a CH3-C6H4-CH2

(p-xylyl) + H a CH3-C6H4-CH3 (13)
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indicates important pathways toward aromatic species in this
fuel-rich cyclopentene flame. These pathways deserve to be
explored in future flame chemistry models.

Future work on this cyclopentene flame will be concerned
with detailed modeling of the consumption of the fuel, the
formation of the aromatic species, and characterization of the
growth of aromatic species beyond the first ring, that is, the
formation, for example, of indene and naphthalene.
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