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The isomeric composition of 4Elx (x = 2—6, 8) flame species is analyzed for rich flames fueled by allene,
propyne, cyclopentene, or benzene. Different isomers are identified by their known ionization energies and/
or by comparison of the observed photoionization efficiencies with theoretical simulations based on calculated
ionization energies and FranelkCondon factors. The experiments combine flame-sampling molecular-beam
mass spectrometry with photoionization by tunable vacuum-UV synchrotron radiation. The theoretical
simulations employ the rovibrational properties obtained with B3LYP/6+31G(d,p) density functional theory

and electronic energies obtained from QCISD(T) electronic structure calculations extrapolated to the complete

basis set limit. For €Hs, the comparison reveals the presence of both theGCCCH (-CsHs) and the
HCCCHCCH (-CsH3) isomer. The simulations also suggest a modest amouwytodd-CCHCHCCH-, which

is consistent with a minor signal fors8; that is apparently due twyclo CCHCCCH-. For GHy, contributions
from the CHCCCCH; (1,2,3,4-pentatetraene), QEICHCCH, and CHCCCCH (1,3-pentadiyne) isomers are
evident, as is some contribution from CHCEICH (1,4-pentadiyne) in the cyclopentene and benzene flames.
Signal atm/z = 65 originates mainly from the cyclopentadienyl radical. FaiH§ contributions from
cyclopentadiene, C} €CCHCH,, CH;CHCHCCH, and CHCHCH,CCH are observed. No signal is observed
for CsH; species. Cyclopentene, @EHCHCHCH; (1,3-pentadiene), C¥£CCH,CHjs (2-pentyne), and CH
CHCH,CHCH, (1,4-pentadiene) contribute to the signahadt = 68. Newly derived ionization energies for

i- andn-CsHs (8.20+ 0.05 and 8.3 0.05 eV, respectively), CKLCHCCH (9.22+ 0.05 eV), and Chk
CHCH,CCH (9.95+ 0.05 eV) are within the error bars of the QCISD(T) calculations. The combustion
chemistry of the observedsBy intermediates and the impact on flame chemistry models are discussed.

1. Introduction pressure one-dimensional premixed flames, can be greatly
improved by taking multiple isomeric forms of all intermediates
into account. There are often isomeric forms with quite different
chemistries, and therefore, experimental determinations of

N isomeric compositions are critically needed. To this end a flame-
sampling photoionization mass spectrometer for use with bright,

remains an especially intriguing probléft. It now seems clear ea_sily tunable synchrotron ra_diation has r(_a&_:ently begn desfgned.
that fuel structure has a substantial influence on the relative THiS New apparatus allows isomer-specific detection of many
importance of different reactions in the formation of the first combustion intermediates. For example, it has been used to
aromatic species and higher PAHs. The role ehg@drocarbons |denfufy enols as common intermediates in hydrocarbon com-
in molecular weight growth processes is largely uncertain. The bustion?
recombination ofcyclo-CsHs to form naphthalene has been Combined with high-level electronic structure calculations
widely accepted, while reactions bCsHz and GHs with CH3 this extremely powerful new experimental approach has also
have been postulated as possible routes to benzene forrfigtion. been used to identify different 385, C4Hs, and GHs iso-

Current models for hydrocarbon combustion, which are mersi®!! Besides the expected cyclopropenylidene, a linear
partially based on species concentration measurements in low-CzH, isomer (propargylene) was detected in a fuel-rich cyclo-
pentene flamé? In another paper we showed theE;Hz (CH,-
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zégﬂgﬂeu’r\]‘ﬁ/i?gg Laboratory. In the present work we use flame-sampling photoionization
5 University of Massachusetts. mass spectrometry combined with ab initio electronic structure
#Universitd Bielefeld. calculations to identify 6Hy (x = 2—6, 8) isomers in rich flames
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An improved knowledge of combustion chemistry coupled
with the incorporation of this knowledge in kinetic models
would provide a valuable aid in the development of more
efficient and cleaner combustion processes. The formation o
polycyclic aromatic hydrocarbons (PAHs) and ultimately soot
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fueled by allene, propyne, cyclopentene, and benzene. Each mass LA BN N R R LA RN BENLEN BN LI B B
signal represents contributions from two or more isomers. m/z=63 (C,H,) in o
Identification of different isomers is accomplished by comparing B 'ggﬂjnenjiﬂfne 7]
experimental photoionization efficiency (PIE) spectra with A Cyc?gpenteneﬂame
simulated curves based on calculated adiabatic ionization © g ggﬁ';g::ﬁgfn Z'a"‘e o) < OO 4
energies and FranelCondon factor analysis. ForsBg we also 2 F o o N
used measured photoionization efficiency curves of pure cy- § o)
clopentene and 1,3-pentadiene as guidance. e 65‘ ©

While the lumped signals for4El, isomers have been mapped ”CJ R ncH, O o i
in previous work by molecular-beam mass spectrometry (MBMS) % DA o
with electron ionization, it has not previously been possible to N FCaH, 6)
resolve and identify the isomers. Notably, a number of the .2 :
species detected in this work are not present in current’s [~ -
combustion chemistry models. The known chemistry of the & | 77" o oyelo-CiH, (1)
various G hydrocarbon isomers, and particularly as it relates (oo -eyelo-CH, (2)
to PAH formation, is discussed in detail. Inclusion of all the -0
different observed isomers and their reactions in flame chemistry g, g5 83 84 85 86 87 688 89 90 91

models should greatly improve their predictive capabilities. Photon Energy / eV

A thorough analysis of those flames considered here, includ- Figure 1. Measured photoionization efficiency curves folz = 63
ing mole fraction profiles of each species, is beyond the scope (CsHs) in fuel-rich allene, propyne, cyclopentene, and benzene flames.
of this publication and will be presented in future papers. The second set of cyclopentene flame daty \fas recorded with a
0.025 eV step-width, rather than a 0.05 eV step-width. In addition,
calculated ionization energies of four different isomers are marked.

2. Experimental Section
The experiment is carried out in a low-pressure premixed present in large concentrations. Benzene flames are interesting
flame apparatus at the chemical dynamics beamline at thefor at least two reasons. Benzene is the simplest aromatic
Advanced Light Source (ALS) at the Lawrence Berkeley hydrocarbon and is thus the prototype for aromatic combustion,
National Laboratory. The technique of molecular-beam time- and since aromatics make up a substantial fraction of most real
of-flight photoionization mass spectrometry is fully described fuels the oxidation of benzene is of fundamental interest.
elsewheré. In general, photoionization has become a major Furthermore, although the rate-limiting step in PAH and soot
technique for research in the physical sciences. Single-photonformation is believed to be the formation of benzene, most of
ionization usually occurs in the vacuum-UV region and is the the molecular weight growth process happens after benzene
most general and cleanest photoionization metfdé. formation. Thus, by starting with benzene, we can look at the
The experiment consists of a low-pressure flame chamber, achemistry leading to higher molecular weight species.
differentially pumped flame-sampling system, and a time-of-  Allene and propyne flames have not been studied before; for
flight mass spectrometer (TOFMS). Flame gases are sampledthe cyclopentene and benzene flames, different conditions from
through the 0.20 mm orifice of a quartz sampling cone on the the limited number of previous studiés'® are chosen, suf-
flow axis of a flat-flame burner operated at typical pressures of ficiently below the sooting limit to avoid deposition on the
30 torr. Translation of the burner toward or away from the quartz sampling probe. The following conditions are used:
sampling cone allows mass spectra to be taken at any desired e allene or propyne/oxygen/40.8% argon flames with a fuel/
position within the flame. A skimmer of 2.0 mm aperture placed oxygen equivalence ratig (fuel/oxygen ratio relative to a
23 mm downstream on the axis of the expanded{10rr) jet stoichiometric mixture)= 1.80 at a pressure of 25.0 torr and a
forms a molecular beam that passes into the differentially cold-flow reagent velocity of 48.2 cm/s;
pumped (108 torr) ionization region, where it is crossed by « cyclopentene/oxygen/25% argon flame with an fuel/oxygen
tunable vacuum-UV light. The resulting photoions are separated equivalence ratigp = 2.00 at a pressure of 37.6 torr and a cold-
by using pulsed-extraction time-of-flight mass spectrometry and flow reagent velocity of 54.7 cm/s;
detected with a multichannel plate (MCP). A multiscaler records  « benzene/oxygen/38.5% argon flame with a fuel/oxygen
TOF mass spectra in 15 008 channels of 2 ns width. equivalence ratigp = 1.66 at a pressure of 35.0 torr and a cold-
The flame apparatus uses tunable undulator radiation, energy{flow reagent velocity of 29.2 cm/s.
selected § a 3 moff-plane Eagle monochromator. A rare gas To determine photoionization efficiencies (PIE), the ion
filter removes contributions from higher undulator harmonics, signals at a givem/z ratio are obtained by integration of the
and an energy resolution of either 25 or 40 meV full width at accumulated ion counts per channel over a 60 ns time interval
half-maximum (fwhm), measured from the observed width of centered about the mass peak, from which the baseline contribu-
autoionizing resonances i@ 1°is employed. The photon flux  tion, obtained from the signal between peaks, is subtracted. This
passing through the ionization region is measured with a silicon approach permits integration over the entire temporal profile
photodiode calibrated at the National Institute of Standards andof each mass peak, while avoiding overlapping contributions
Technology (NIST) for quantum efficiency (electron/photon) from adjacent mass peaks. The baseline-corrected ion signals
in the energy range from 8 to 15 eV. are corrected for the contributions IC and?H isotopomers
In the present experiments, allene, propyne, cyclopentene,and finally are normalized by the photon flux.
and benzene were used as fuels. Fuel-rich allene and propyne Observed PIE spectra are shown in Figure$ for the GHy
flames are of particular interest as both molecules are potential(x = 3—6, 8) species from each of the flames. The data are
precursors for gHs radicals, thus enhancing the importance of taken at 3.5 and 3.25 mm distance from the burner for the allene
the propargyl recombination process to form benZéi@yclo- (propyne) and cyclopentene flames, respectively. At the chosen
pentene flames are of interest because the cyclopentadienypositions, a simultaneous measurement of the PIE curves of most
radical, a possible precursor of benzene and naphth&feise,  Cs species is possible. For the benzene flamig,= 63 and 64
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Figure 2. Observed photoionization efficiency curves fofz = 64
(CsHy) in fuel-rich allene, propyne, cyclopentene, and benzene flames.
The region between 8.5 and 9.25 eV is shown enlarged for the allene
and cyclopentene flames. In addition, the known and/or calculated
ionization energies of four different isomers are marked.
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Figure 3. Observed photoionization efficiency curves fofz = 65
(CsHs). The ionization energy of the most stalagclo-CsHs (cyclo-
pentadienyl) radical at 8.41 eV is marked as is the ionization energy
of the linear CHCCHCHCHiradical at 7.88 eV. The signal is dominated
by the cyclopentadienyl radical although some small signal below its
threshold of 8.41 eV is detected. The ionization energies of the linear
isomers are beyond the photon energy range.

data are taken at 4.5 mm distance from the burner, whike

Hansen et al.
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Figure 4. (a) Measured photoionization efficiency curves folz =

66 (GHes) in the energy range from 8.0 to 10.5 eV in fuel-rich allene,
propyne, cyclopentene, and benzene flames. We note that the signal,
especially in the cyclopentene flame, is dominated by the contribution
of 1,3-cyclopentadiene. The subtraction of th = 66 signal in the
cyclopentene flame from the signal in the allene and propyne flame
yields the signal which is shown in (b). See text for details. In addition,
the calculated and/or known ionization energies of likely isomers are
indicated.

sections can be made on the basis of known cross sections for
molecules with similar functional groups. Such estimates should

yield absolute concentrations that are accurate to within about
a factor of 2.

3. Computational Methodology

= 65 and 66 PIE curves are measured at 5.5 mm. Although the The geometries and rovibrational properties of various neutral
number densities of the species differ in each flame, the PIEsand cationic isomers of 4Elx (x = 2—6, 8) are obtained with

of Figures 5 have been vertically scaled for ease of
comparison. The observed PIE curves for different flames look
nearly identical, and therefore the isomeric composition of the
flames is qualitatively similar, while there still might be
guantitative differences.

In principle, it is possible to determine absolute mole fractions
of every single isomer in each flame. However, often the
electronic transition moments for the photoionization of single
isomers are not known, and therefore analysis based on Franck
Condon factors does not immediately yield an estimate of the
relative concentration of all different isomers. A direct deter-
mination of isomeric composition will require knowledge of

density functional theory employing the Becke-3 Eeéang—

Parr (B3LYP) hybrid functiondf and the 6-313+G(d,p) basis
set?! These density functional evaluations, which are performed
with Gaussian03 quantum chemical softw&employ unre-
stricted spin wave functions for all open-shell species and spin-
restricted wave functions for all singlets. The geometrical
structures, harmonic vibrational frequencies, and rotational
constants for each of the species are provided in the Supporting
Information. For GH4, CsHg, and GHg the neutral isomers are
generally presumed to be singlets and the cations are generally
presumed to be doublet radicals. FeHg and GHs the neutral
isomers are generally presumed to be doublet radicals, while

the respective cross sections for photoionization of each isomer .for the cations both singlet and triplet species are considered.
Reasonable estimations for absolute photoionization crossFor GH, both singlet and triplet states are considered for the
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T v T T T T T 1T rrrr? TABLE 1: Heats of Formation of Different C sH, isomers
(a) m/z=68 (C,H,) in AAA AH® (0 K) (kcal molY)
—{F—Allene Flame i H
sF O Propyne Flame - species QCISD(T) Q1 diag
S & Cyclopentene Flame CH,CHCH,CHCH, o cycloC(CCH)CCH- 174.0 0.014
-~ ——pure Cyclopentene !
51 “hue 15 pentadiene : 8 3CHCCCCH 175.0 0.025
S : A CH,CCCC 187.7 0.022
S CHCCCHCH,: A cycloCCHCCCH- 216.1 0.031
= LA cycloCCCHCHG- 223.8 0.047
» A -

S Cyc"’}_’l’ ‘;"te"e 2Q1 diagnostic parameter according to Lee et al. (25).>Q0.02
I " ! indicates significant multireference character to the wave function.
c =
§e) H>S Z<H
€| CHCHCHCHCH, | ==, al. is evaluated® A value of greater than 0.02 for Q1 indicates
& i : the presence of significant multireference character to the wave

function, with the uncertainties in the energy estimates increas-
ing as Q1 increases beyond 0.02. Heats of formation are
calculated by consideringdénd CH, as reference species; i.e.,
the heats of formation are obtained via the consideration of
decomposition reactions producing &dsing H as a chemical
balance and the experimental heats of formation foamtl CH,

The simulations of photoionization efficiency spectra based
~ on Franck-Condon factors employ the force-constant matrixes,
unscaled frequencies, and normal mode displacements calculated
at the B3LYP/6-31++G(d,p) level for the ground states of
the neutral and cationic isomers considered here. No contribu-
tions from excited states of the ions are taken into account. The
evaluation of overlap integrals is carried out in the harmonic
approximation, accounting for Duschinsky rotation. Multidi-

(b) after subtraction of the 1,3-pentadiene signal
m/z=68 (C,H,) in

—/\— Cyclopentene Flame
—— pure Cyclopentene

CH,CHCH,CHCH,

CH,CCCH,CH,

Photoionization Efficiency / a.u.

HH . mensional overlap integrals are evaluated according to recursion
uﬁncyd‘”’f”‘e"e relations?2” The calculations are carried out using a program
M H : developed by Winter, Zwier, and LehmafinThe resulting
T Franck—Condon_ factors, including hot bands arisin_g from
800 825 850 875 900 925 950 975 10.00 1025 10.50 thermal population at the assumed temperature, are integrated
Photon Energy / eV and convolved with a Gaussian response function corresponding
Figure 5. (a) Observed photoionization efficiency curves folz = to the measured experimental photon energy resolution of 40

68 (GHs) in fuel-rich allene, propyne, cyclopentene, and benzene meV (fwhm).

flames. The calculated and/or known ionization energies of seveial C

isomers are indicated. In addition, measured photoionization efficiency 4. Results and Discussion
curves for purdrans1,3-pentadiene and cyclopentene are shown as

solid lines. (b) The residual photoionization efficiency curverat = In this paper, different gH, (x = 2—6, 8) isomers in fuel-
68 (GHs) in the cyclopentene flame after subtraction of tfans-1,3- rich flames are identified by their ionization energies, by
pentadiene contribution. . LT - .
comparison of observed photoionization efficiency curves with
neutral species, while doublet states are considered for thesimulated curves based on Frargkondon factor analysis, or
cations unless the ground state of the neutral is a triplet, in which by comparison with measured photoionization efficiency curves
case a quartet state is also considered. The symmetry of theof pure substances. This part of the paper is organized as
electronic states considered is generally taken to be that choserfollows: In the first section, we summarize the calculated
by the SCF procedure in Gaussian03. However, fosg@QELCC thermodynamic properties of several species considered in this
and related species, bothands radical states are considered. paper. Then, the experimental photoionization efficiency curves
Higher-level energiesEn., for the various species are are compared with simulations based on a Frarcéndon
obtained from the basis set extrapolation of quadratic config- factor analysis. Finally, the impact on flame chemistry models
uration interaction calculations (QCISD(T)) employing Dun- is discussed.
ning’s correlation-consistent triple- and quadrupleasis setd? 4.1. Calculated Thermodynamic Properties.CsH,. For
as described in ref 10. These higher-level evaluations arecompleteness, differents8, isomers are included, although
performed with the MOLPR®& quantum chemistry software  experimental evidence in the form of a weak signal is only found
and include the B3LYP/6-31+G(d,p) harmonic zero-point  in the cyclopentene flame. Calculated heats of formation for
energy corrections. With this level of theory one expects the five different GH, isomers are summarized in Table 1.
predicted heats of formation and ionization energies to be According to the present electronic structure calculations, the
accurate to within~1 or 2 kcal/mol. For some of the larger most stable H, isomer is the three-membereyclo C(CCH)-
open-shell species wit@i; optimal geometries, the higher-level CCH—, while the linearPrCHCCCCH and CHCCCC species
energies are instead obtained for related higher-symmetryare less stable by 1 and 14 kcal/mol, respectively. Related prior
geometries (i.e., inCs symmetry) and an estimate of the CCSD(T)/cc-pvtz calculations instead suggest that’@idC-
geometry relaxation energy is obtained from smaller basis set CCCH species is the most stable (by 2 kcal/mol) and that CH
QCISD(T) calculations. For the 8 species the predictions CCCC is 13.8 kcal/mol above th#.The heats of formation
of ionization energies employ the extrapolation scheme of ref for two five-membered ring isomers are predicted to be 216.1
16, which replaces the QCISD(T) quadruglevaluations with kcal/mol (ycloCCHCCCH-) and 223.8 kcal/mol dyclo
MP2 ones. For each of the species the Q1 diagnostic of Lee etCCCHCHC-).
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TABLE 2: lonization Energies of Different CsH, Isomers TABLE 5: Heats of Formation of Different C sH4 Isomers
ion  ionization energies/eV AfH® (0 K) (kcal moi)
species state calculated Q1 diag species QCISD(T) literature Q1 diag
CycloC(CCH)CCH- *A' 8.90 0.025 CH,CCCCH 1005 1014 0.013
*CHCCCCH L, 8.39 0.027 CH,CCHCCH 106.0 0.014
CH,CCCC B 9.48 0.038 CH.CCCCH 1087 1114 0.016
cycloCCHCCCH- B 8.51 0.026 CHCCH,CCH 110.2 0.013
> 2N . .
cycloCCCHCHC A 8.85 0.035 cyclopentadienylidene (T) 125.8 1274275 0.018
TABLE 3: Heats of Formation of Different C sH3 Isomers ) 1315 1338 0.028
0 1 aCCSD(T)/cc-pvtz values from ref 32 Averge of G2(MP2,SVP)
) A (0K) (keal .mor ) ) and G2(B3LYP/MP2,SVP) values from ref 3352M(RCC,MP2) from
species QCISD(T) literatute Q1 diag ref 61 converted @ 0 K using B3LYP/6-31%+G** harmonic
i-CsH3 137.2 136.2 0.023 frequencies.
n-CsHsz 138.8 137.0 0.019
cyclo-C(CCH)CHCH- 168.0 167.8 0.016 CsH4. A variety of different GH4 isomers might be expected
‘éyﬁ'ggggc“cc"k i%-g 169.6 (?-(?2157 to play roles in combustion processes, the most obvious one
CH3CCCC (g)) 182.9 0014 being CHCCCCH (1,3-pentadiyne). Other lineagHl; isomers
cycSIOCHCCCHCH— 179.9 179.4 0.051 such as CHCCHCCH, CHCCCCH (1,2,3,4-pentatetraene),

and CHCCHCCH (1,4-pentadiyne) may also be significant in
flames. Calculated heats of formation (0 K) for these isomers
are presented in Table 5 together with the heat of formation of
TABLE 4: lonization Energies of Different CsHs Isomers thecyclo CCHCHCHCH- (cyclopentadienylidene radical). As
can be seen in Table 5, 1,3-pentadiyne is the most stajplge C
isomer. Its calculated heat of formation of 100.5 kcal/mol agrees

a G2M(rcc,MP2) values from ref 30 convertedl @ K values using
B3LYP/6-31H-+G** harmonic vibrational frequencies.

jon ionization energies/eV

species state calculated measured 1 dia . .
. pect " - - Q1 diag well with the previously calculated value of 101.1 kcal/mol from
i-CsHs A1 8.19 8.20+0.05  0.024 Woodcock et af! The CHHCCHCCH is predicted to be 6 kcal/
n-CsHs A, 8.28 8.31+0.05 0.021 N table. The 1.4 tadi . . lculated to b
cycloC(CCH)CHCH- 1A, 6.19 0.014 mol less stable. The 1,4-pentadiyne isomer is calculated to be
cycloCCHCHCCH- A/ 8.21 0.015 less stable than 1,3-pentadiyne by about 10 and 2 kcal/mol less
CHsCCCC 3A; 9.50 0.025 stable than the cumulene-type structure, 1,2,3,4-pentatetraene.
cycloCHCCCHCH- A’ 8.50 0.043 Cyclopentadienylidene is higher in energy than 1,3-pentadiyne

by about 25 kcal/mol.
Calculated ioniz_ation energies, ranging betweer_1 8.4and 9.5 The calculated ionization energies of theHG isomers are
eV, for these €H isomers are shown in Table 2. Signahalz summarized in Table 6. By comparison with available literature
= 62 is detected above an apparent ionization threshold of 8.5, 31es we conclude that our calculations agree with previous

eV, suggesting the presence of the five-membecgdio experimental data to within 0.1 eV. The observed threshold near
CCHCCCH-. However, the signal is quite weak, and hence, g7 ov is most likely due to the GECCCH (1,2,3,4-
contributions from other isomers can not be ruled out. pentatetraene) isomer, although at this point a contribution from
CsHs. Energies of 25 different isomers ofsi; have been  the cyclic five-membered ring cyclopentadienylidene (calculated
calculated earlier by Mebel et & who found that the linear  jonization energy= 8.67 eV) cannot be ruled out. The increase
H,CCCCCH (-CsHgz) and HCCCHCCHIf-CsH3) forms are the  in photoionization efficiency near 9.25 eV is most likely due
most stable ones with heats of formation (0 K) of 136.2 and to the presence of the GECHCCH isomer. The calculated
137.0 kcal/mol, respectively. ionization energy of 9.24 eV fits the observation as shown in
The results of our QCISD(T) calculations of 137.2 and 138.8 Figure 2. The calculated value of 9.47 eWs(symmetry) for
kcal/mol fori-CsHs andn-CsHg, respectively, agree well with  the most stable &4 isomer, 1,3-pentadiyne, fits the observed
these values. In addition, heats of formation of several other sharp rise near 9.5 eV. The relatively high ionization threshold
isomers are calculated, including the linear £L&CC, the of 10.3 eV for 1,4-pentadiyne may make it difficult to detect
cycloC(CCH)CHCH-, and the two most stable five-membered above the background from the other isomers. Furthermore,

rings, cycloCCHCHCCH- [cyclo-CsH3 (1)] and cycloCHC- since it is less stable than the other linear isomers, it is unlikely
CCHCH- [cyclo-CsH3 (2)]. These data are summarized in Table to be present in high concentrations.
3. CsHs. The most stable §Hs isomer is thecyclo-CsHs radical

Calculated adiabatic ionization energies for severghC (cyclopentadienyl) which is known to be a common combustion
isomers are summarized in Table 4. As can be seen in Figureintermediate in rich flames and a potential precursor for benzene
1, the ionization energies of 8.19 and 8.28 eV for itH&H; and naphthalene.” In addition, several linear 4Els isomers
andn-CsH3 isomers, respectively, are both close to the observed are conceivable. The calculated heats of formation are sum-
ionization threshold. For the next most stable linear isomeg: CH marized in Table 7 and compared with literature data. A large
CCCC, which lies 31 kcal/mol above the most stable form (cf., number of other isomers were considered by Moskaleva ét al.,
Table 3), we calculate an ionization energy of 9.50 eV. The but these isomers are all significantly less stable and so are
resonantly stabilizedyclo-C(CCH)CHCH-, lying 30 kcal/mol unlikely to be relevant. The most stable linear isomer is the
above the ground state, has a calculated ionization energy ofresonantly stabilized CHCCHCHGHwhich is less stable than
6.19 eV. Because no signal is observed below 8.2 eV, a cyclopentadienyl by 30 kcal/mol. Two other five-membered
contribution from this isomer is ruled out. We also considered rings,cycloCH,CHCHCCH- andcyclo-CH,CHCHCHC-, are
the presence of the two most stable five-membered rings. Thecalculated to be higher in energy than the cyclopentadienyl
calculated ionization energies faycloCCHCHCCH- and isomer by 34 kcal/mol. Heats of formation for three additional
cycloCHCCCHCH- are 8.21 and 8.50 eV. linear isomers are calculated to be between 109.9 and 115.6
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TABLE 6: lonization Energies of Different CsH4 Isomers
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ionization energies/eV

ion
species state calculated measured literature Q1 diag
CH;CCCCH 2A" 9.47 9.50+ 0.05 9.514+ 0.020 0.025
CH,CCHCCH 2A" 9.24 9.22+ 0.05 0.028
CH,CCCCH ’Bs 8.76 8.76+ 0.05 8.67+ 0.02¢ 0.023
CHCCH,CCH 2B, 10.32 10.28+ 0.08 10.27+ 0.02 0.016
cyclopentadienylidene “B, (T) 8.67 0.016
(S)8.42
2 Ref 40.° Ref 36.¢ Ref 62.
TABLE 7: Heats of Formation of Different C sHs Isomers
A¢H° (0 K) (kcal mol)
species QCISD(T) literature Q1 diag
cycloCHCHCHCHCH- 65.5 65.44+1.0265.94+ 1.0 67.1¢66.3°69.9' 0.014
CHCCHCHCH (trans) 95.3 99.590.8 0.019
(cis) 95.6 0.019
CH,CHCCCH 98.4 0.022
cyclo-CH,CHCHCCH- 98.5 0.014
cyclo-CH,CHCHCHG- 99.1 104.0 0.014
CH,CCCCH; 109.9 0.014
CH;CHCCCH 113.3 0.013
CH,CCHCCH, 115.6 0.018

a Experimental value from ref 63.Experimental value from ref 64 convertex@ K using B3LYP/6-31%-+G** harmonic vibrational frequencies.
¢ G2(MP2) values from ref 63! G2M(RCC,MP2) values from ref 58 Experimental value from ref 43 converteml@ K using B3LYP/6-31%+G**
harmonic vibrational frequencies.

TABLE 8: lonization Energies of Different CsHs Isomers

ion ionization energies/eV
species state calculated measured literature Q1 diag

cycloCHCHCHCHCH- 3B, 8.40 8.40+ 0.05 8.4% 0.010
A, 8.66 0.017
CHCCHCHCH (trans) A 7.82 7.88 0.018
(cis) .y 7.89 0.019
CH,CHCCCH A 7.74 0.022
cycloCH,CHCHCCH- SA" 8.17 0.015
cycloCH,CHCHCHC- SA" 8.63 0.024
cycloCH,CHCHCHC- A 8.34 0.025
CH,CCCCH; A 7.37 0.021
CH;CHCCCH A 7.73 0.023
CH,CCHCCH A 7.09 0.019

2 Ref 32.° Ref 43.

kcal/mol and, therefore, about 45 kcal/mol less stable than TABLE 9: Heats of Formation of Different C sHe Isomers
cyclopentadienyl. AH® (0 K) (kcal mol)

The calculated ionization energies for all theHg isomers species QCISD(T) literature Q1 diag
_cor_13|d_ered here are provided in Table 8. The c_alculated 1,3-cyclopentadiene 358 35.B7.0 0011
ionization energy of 8.40 eV faryclo-CsHs (cyclopentadienyl) 36.2
agrees well with the literature value of 8.41%\and fits the 36.9¢36.1¢39.ZF
observed PIE curve, which is in shown in Figure 3. Obviously, CH;CCCHCH 62.2 0.012
the signal is dominated by the cyclopentadieny! radical, although ¢YcloC(CH)CHCHCH— 633 0.012

; ) o e "’ CH,CHCHCCH (cis) 63.7 65D 0.012
some weak signal is seen below its ionization threshold. This ™ ang) 641 652 0.012
signal is most likely due to the presence of a linear isomer, CH;C(CH,)CCH 64.0 652 0.012
although we were not able to measure the ionization threshold, CI—FCI;!CHCCI-& (trans) gg-‘? 881123

P cis . .
which is below 8 ev. . o CH,CHCH,CCH 68.8 0.012

CsHe. The GHg isomer most likely to be present in significant  ch,cHcccH, 725 0.014
amounts in fuel-rich flames is certainly 1,3-cyclopentadiene. cycloC(CH,)CH,C(CHy)— 80.8 0.012
The heat of formation (0 K) of 1,3-cyclopentadiene is calculated CYC:Og(gC"IzC)ﬁEZCC?Hz— 2421'; 8-8%
to 35.8 kcal/mol at the QCISD(T) ievel of theory, which is in  YCIoC(CHICHC(CHy)— : :

X ; ; o cyclo-C(CHCH;)CHCH 90.2 0.012
agreement with previous literature valis3® In addition, the cyclo-C(CHs) CHCHCH- 95.4 0.013
heats of formation for another 13 isomers are calculated and cycloCH,CH,CH,CC— 115.3 0.014

are Summar'zed_ n Tab_le 9. B_y far the most Stable ISOmer 1S a Experimental values from ref 34 convertexlG K using B3LYP/
1,3-cyclopentadiene, with all linear structures being higher in 6-311++G** harmonic vibrational frequencie8 G2(MP2,SVP) value
energy by at least 28 kcal/mol. The second most stable ring from ref 33.cG2 values from ref 35 with different bond additivity
structure is the four-memberegcloC(CH) CHCHCH— (me- corrections.

thylene-cyclobutene), which is actually the third most stable

CsHe isomer overall. The heats of formation for five different 84 kcal/mol which is about 50 kcal/mol higher than the 1,3-
three-membered rings are also calculated to be between 80 andyclopentadiene. The heat of formation of a cyclopentyne
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TABLE 10: lonization Energies of Different CsHg Isomers

ion ionization energies/eV
species state calculated measured literature Q1 diag
1,3-cyclopentadiene A, 8.58 8.57+ 0.05 8.57+ 0.01 0.013
CH;CCCHCH 2N 9.01 9.00+ 0.05 9.00+ 0.0 0.015
cyclo-C(CH,) CHCHCH— 2A" 8.89 0.030
CH;CHCHCCH (cis) 2A" 9.11 9.11+ 0.05 9.114 0.0 0.020
(trans) 2A" 9.10 9.05+ 0.05 9.05+ 0.0 0.018
CHs;C(CH,)CCH 2A" 9.25 9.25+ 0.02¢ 0.023
CH,CHCHCCH (trans) 2A" 8.78 8.88+ 0.0Z 0.027
(cis) 2p" 8.76 0.025
CH,CHCH,CCH 2A" 9.87 9.95+ 0.05 0.032
CH;CHCCCH 2A 8.72 0.027
2 Ref 44.° Ref 45.¢ Ref 36.
TABLE 11: Heats of Formation of Different CsHg Isomers of 13.7 kcal/mol is lower by at least 10 kcal/mol than those of
AHO (0 K) (kcal mol) all other isomers. For example, the heat of formation of the

1,3-pentadiene (C#£HCHCHCH;) isomer is calculated to be

Species QCISD(T) literatute Q1 diag 23.5 kcal/mol. Again, some four-membered rings are consid-
cyclopentene 13.7 140 0.010 ered: the calculated heats of formation for tlgclo
CH,CHC(CH)CH, 23.2 23.5£02 0.011 C(CHs)CHCH,CH,— andcyclo-C(CH,)CH,CH,CH,— isomers
CH,CHCHCHCH; (trans) 235 23.2 0. 0.011 ; -

(CIS) 24.8 25.0k 0.2 0.011 are 33.3 and 344 kcaI/mOI, reSpeCthely, which makeS them 20
CH,CHCH,CHCH;, (gauche)  30.0  30.Z 0.3 0.011 kcal/mol higher in energy than the cyclopentene isomer. The

(cis) 30.2 0.011 calculated heats of formation are in good agreement with the
CyC|O-C(CH3)CHCHzCH2— 33.3 g - 0.010 experimenta| data.
gyﬁalgg(cc,_';é)ﬁl*ZCHZCHz_ gg:é gg:gi 8:? 31. 8:818 Calculated ionization energies are in the range of 8.6 to 10.0
CH.CC(CH)2 353  35.9+0.1¢ 0.011 eV. The lowest ionization energy calculated for the different
CH3;CHCCHCH; 36.7 36.8£0.% 0.011 CsHg isomers is that for 1,3-pentadiene at 8.65 eV (Table 12),
CHCCH(CH). 38.0 37.6£0.5 0.010 which matches the observed threshold as shown in Figure 5a.
CFE%?S';'ZCHCC"’Z (gauche) 3:388é4 38.60.% 06001111 As will be discussed in section 4.2, Figure 5a compares observed
CH3CH,CH,CCH (trans) 392  39.30.% 0.011 photoionization efflmenqy curves in the allene (propyne) ;_md

(gauche) 39.2 0.010 cyclopentene flames with PIE curves of pure 1,3-pentadiene

) and cyclopentene. Figure 5b compares the residual PIE curve
2The 298 K values from the literature have been converted to 0 K . : ;
using the B3LYP/6-312+G* harmonic vibrational frequencies. in the cyclopentene flame after subtraction of the 1,3-pentadiene

b Experimental values from ref 66 Experimental values from ref 67. contribution. A sharp increase in photoionization efficiency can

d Experimental values from ref 34. be observed near 9.0 eV, the ionization threshold of cyclopen-
tene.

structure ¢yclo-CH,CH,CH,CC—) is calculated to be 115.3 A remarkable consistency is observed between calculated

kcal/mol. With such high heats of formation these last six ring ionization energies and known literature values. The only two

species are unlikely to be present in flames. exceptions are the GG&HCCHCH; and the CHCH,CHCCH,

The calculated ionization energies are summarized in Table isomers. Both these species contairr@©=C moieties. The
10 and compared with literature values, when available. In transition from the neutral species to the ion causes a significant
general, the agreement between our calculations and thetorsional rotation about these=<C=C bonds. However, if we
literature values is remarkable. The only exception is for the constrain the symmetry of the ion to l&& (like the neutral
CH,CHCHCCH, isomer, where theory predicts an ionization ground state), our calculations yield an IE of 9.26 eV for the
energy of 8.79 eV, while the experimentally observed value is CH;CH,CHCCH, isomer, which is in good agreement with the
8.88+ 0.02 eV. Comparison of the calculated values with the experimental value of 9.25 e%.
PIE curves in Figure 4a suggests that the observed threshold 4.2 |dentification of the Isomers and Franck-Condon
near 8.6 eV reflects the presence of 1,3-cyclopentadiene in thoseviodeling of the Photoionization Efficiency SpectraThrough-
flames. Contributions from other isomers are difficult to identify. out this paper the isomers are identified in different ways.
Figure 4b illustrates the residual photoionization efficiency \whenever possible we compare observed photoionization ef-
curves in the allene and propyne flames, obtained by subtractingficiency curves with calculated and/or known ionization energies
the m/z = 66 signal in the cyclopentene flame. The details of and known photoionization efficiency curves of pure substances.
this residual PIE curve are discussed together with the Franck However, isomers were identified for the most part by compar-
Condon simulations in section 4.2. ing observed photoionization efficiency spectra with simulated
CsH7. The signal atwz = 67 appears to be entirely caused photoionization efficiency curves based on FranGondon
by 13C isotopomers ofiVz = 66. Therefore, €H; isomers are  factor analysis. The photoionization efficiency spectra of
considered to be present at levels near or beneath the thresholdifferent G isomers are simulated using a calculated Franck
of detection and are not further considered in this paper. Condon envelope as a fitting function to estimate the adiabatic
CsHg. A number of GHg isomers may play a role in ionization energies of those isomers from the experimental data.
combustion chemistry. Calculated heats of formation and A similar strategy was previously employed to derive the
ionization energies for the most likely s8s isomers are  ionization energies of 1, (triplet propargylene}? C4Hs and
summarized in Tables 11 and 12. C4Hs radicalst! and HONG? from flame measurements. The
Cyclopentene is the most stablgHg isomer and a known  simulations presented here are for an assumed temperature of
combustion intermediate. Its calculated heat of formation (0 K) 300 K. The temperatures in the sampled regions of the flames
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TABLE 12: lonization Energies of Different CsHg Isomers

ion ionization energies/eV
species state calculated measured literature Q1 diag
cyclopentene 2N’ 9.04 9.00+ 0.05 9.01+ 0.0 0.022
CH,CHC(CH,)CH;s 2A" 8.90 8.85+ 0.02 0.025
CH,CHCHCHCH; (trans) 2N 8.63 8.60+ 0.05 8.59+ 0.02 0.024
(cis) 2A" 8.65 8.62+ 0.02 0.020
CH,CHCH,CHCH, (gauche) 2A 9.17 9.62+ 0.02 0.013
(cis) 2A 9.60 0.013
cyclo-C(CHs)CHCH,CH,— 2A 8.94 0.016
cyclo-C(CH,)CH,CH,CH,— 2N 9.16 9.19+ 0.02 0.018
CH;CCCH,CHjz 2N 9.44 9.444+ 0.02 0.019
CH,CC(CH), B 8.86 8.95+ 0.02 0.020
CH3;CHCCHCH; 2A 8.88 9.13+ 0.02 0.025
CHCCH(CH), A 10.00 10.05+ 0.02 0.024
CH;CH,CHCCH: (gauche) 2A 8.84 9.25+ 0.02 0.021
(cis) 2A 8.83 0.020
CH3CH,CH,CCH (trans) 2A 10.04 10.10+ 0.02 0.028
(gauche) 2A 10.04 0.028

2 Ref 36.° Ref 46.

are considerably higher than 300 K, but significant cooling
occurs in the expansion through the sampling nozzle. Rotational
temperatures of NO sampled from similar flames have been
measured to be between 300 and 400 K with little sensitivity
to the initial sampling temperatuf&ln addition, photoionization
efficiency curves of stable species, sampled at similar flame
temperatures, agree well with room-temperature measureffients.
CsHs. The observed photoionization efficiency ofsH
(Figure 1) can be well fit between 8.1 and 8.4 eV by a weighted
sum of the 300 K FranckCondon simulations for the two most
stable GHs isomers. The fit is shown in Figure 6a. The
simulation fori-CsHz (H,CCCCCH) presented as a dotted line
is based on an adiabatic ionization energy of 8.20 eV. The
simulation shows small contributions from hot bands below the Y
adiabatic ionization energy of 8.20 eV, a stepped increase near P I s
the threshold, and a nearly constant photoionization efficiency QT
above the ionization energy. L LA
The calculated spectrum farCsH3 closely resembles the | (b) m/z=83 (CH,) in

L] ' L] l L] l L] I L] I L] I L] U L] I L) l L)
(a) m/z=63 (C,H,) in
—{— Allene Flame
O Propyne Flame
A Cyclopentene Flame
V¥ Cyclopentene Flame
Q Benzene Flame

Photoionization Efficiency / a.u.

observed PIE curve below 8.3 eV but fails to explain the second 5 | —T—Allene Flame
step visible in the experimental PIE curve at this energy. This & } 2 Propyne Flame

. . . . = Cyclopentene Flame
step arises frqm a contribution of the(_:5H3 isomer (_HCC(_:H- § & Cyclopentene Flame
CCH), which is shown as a dashed line. In this simulation the @ [T O Benzene Flame
ionization energy oh-CsHs is fixed at 8.31 eV. The simulated &
photoionization efficiency curve is similar to the one for the “é
i-CsHs isomer. Contributions from hot bands are visible below %
the assumed ionization energy of 8.31 eV, a stepped increase

near the threshold resembles the step in the observed PIE curve-,g
and for energies above 8.31 eV, the calculated photoionization © : :
efficiency stays nearly constant. For both isomers, the uncer- & L
tainty in the adiabatic ionization energies is estimated to be s )
+0.05 eV, and therefore the ionization energies-@sH; and

.
e’

i-CsHs are reported as 8.2& 0.05 and 8.31+ 0.05 eV, v .:. T T T T T T
respectively. Assuming equal absolute photoionization cross 81 82 83 84 85 86 87 88 89 90 91

sections for both thé and then-CsHs isomers at 8.6 eV, the Photon Energy / eV

best simulation is for am-CsH3/i-CsH3 ratio of about 3:1. Figure 6. (a) Comparison of the observed photoionization efficiency
An even better fit can be obtained when a contribution is curves for GHs as shown in Figure 1 with a simulation based on a

included from thecyclo CCHCHCCH- form, the most stable Franck_—Condon factor analys_is. Contributions from both _of_ the most

five-membered ring. Its simulated photoionization efficienc stable isomersy- (dashed) and CoHs (dotted), are clearly visible. (b)

. 9. p S - Y A better fit, explaining the slowly rising photoionization efficiency curve
spectrum is shown as a short-dashed line in Figure 6b. Thejn the region from 8.4 to 9.1 eV, can be achieved by taking into account
inclusion of such a contribution may explain the observed slow contributions from theyclo CCHCHCCH- isomer (short-dashed).
increase in photoionization efficiency between 8.4 and 9.1 eV.

Again assuming equal absolute photoionization cross sectionswith an apparent threshold of 8.5 eV. Our calculations (Table
for all three isomers at 8.6 eV, the best simulation is for a 2) suggest the presenceayfcloCCHCCCH- which can easily
n-CsHa/i-CsHs/cyclo CCHCHCCH- ratio of 9:3:1. be formed by H abstraction fromyclo CCHCHCCH-.

The possible presence of thgclo CCHCHCCH- isomer is The Franck-Condon simulation for theycloCHCCCHCH-
consistent with a (weak) signal observednaz = 62 (GHy) isomer, which is not shown, exhibits a sharp rise near the
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— T T T T T T T mined#! This ratio is expected to depend on distance from the
burner, reflecting differing chemistries of these isomers.

For all three isomers, the uncertainties in the adiabatic
ionization energies are estimated to-b@.05 eV, and therefore
the ionization energies of GI@CCCH,, CH,CCHCCH, and
CH3CCCCH are reported as 8.260.05, 9.22+ 0.05, and 9.50
=+ 0.05 eV, respectively.

The presence or absence of the CHGCBH isomer (1,4-
pentadiyne) in the flames studied in this paper is difficult to
ascertain. Careful comparisons of the photoionization efficien-
cies obtained for allene and propyne flames with those obtained
for cyclopentene and benzene flames reveal small differences

- : near 10.3 eV. A small increase in photoionization efficiency is
B A observed in the latter flames. The observed “threshold” of these

: ' differences matches the literature value (10:27.02 eV¥®
and calculated ionization energy (10.32 eV) for CHGCEH.

The full simulation shown in Figure 7 for the 16:Q0.5 eV
range includes a contribution from this isomer based on an

g ! ionization energy of 10.28 eV. The simulation in this range also
curves for GH4 as shown in Figure 2 with FranelCondon-factor- “ . - .
based simulations. The region between 8.5 and 9.25 eV can be nicelyassumes a bagkground Ilnea_r increase with photon e”ergy
fit by contributions from the CLCCCCH isomer. Two other isomers, (rom the other isomers. The simulated curve fits the experi-
CH,CCHCCH and CHCCCCH, can be clearly identified. Some mental data quite nicely, with the improved agreement sugges-
contribution from the CHCCKCCH isomer may be visible above its  tive of the presence of 1,4-pentadiyne in the cyclopentene and
ionization energy of 10.3 eV. benzene flames.

m/z=64 (C.H,)in
—{1—Allene Flame CHCCH,CCH £
——Allene Flame * 10
O Propyne Flame
= A Cyclopentene Flame
<] Cyclopentene Flame * 10
Q Benzene Flame
— Simulations

Photoionization Efficiency / a.u.

850 875 9.00 925 950 975 10.00 1025 10.50
Photon Energy / eV

Figure 7. Comparison of the observed photoionization efficiency

Lo . ) CsHs. As can be seen in Figure 3, the observed photoion-
calculated ionization energy of 8.5 eV and is not helpful in ,ation efficiency curves in the fuel-rich allene, propyne,

interprgting the observed photoionization efficiency. The full cyclopentene, and benzene flames look qualitatively the same.
simulation does not account for the broad peaks seen at 8.5g¢era| isomers exist, but it is reasonable to assume that the
and 8.7 eV, which are probably poorly resolved autoionization y, — g5 signal in the cyclopentene flame is largely due to the
resonances. presence of the cyclopentadienyl radiaaldlo-CsHs). Therefore,

CsHs. The observed photoionization efficiency ofst the photoionization efficiency curve in the fuel-rich cyclopentene
(Figure 2) can be well fit between 8.75 and 10.0 eV by a flame is a particularly good estimate for the shape of the PIE
weighted sum of the 300 K FraneiCondon simulations for curve of the cyclopentadienyl radical. Thgclo-CsHs (cyclo-
the three most stables8, isomers. The fit is shown in Figure  pentadienyl) radical is then clearly identified in all four flames
7. The region near the observed threshold at 8.7 eV can be nicelynoth by the shape of the observed PIE curves and by the
reproduced by contributions from the cumulene-type>CH  observed ionization energy near the literature value of 8.4%eV.
CCCCH, isomer, assuming an adiabatic ionization energy of The increase in photoionization efficiency above 9.6 eV is
8.76 eV. The simulation shows a slow increase in photoion- probably due to excited states of the ion. Some additional signal,
ization efficiency between 8.75 and 9.25 eV. resulting from a linear €Hs isomer, is observed. Experimental

However, the calculated spectrum for gECCCH alone limitations did not allow the determination of such a low
fails to explain the first sharp step visible in the experimental ionization energy, but in a similar experiment by Qi et al., at
PIE curve at 9.25 eV. This step may be fit by a contribution the University of Science at Technology of China (USTC) in
from the CHCCHCCH isomer, which is shown as a dashed Hefei, China!?an ionization energy near 7.8 eV was determined,
line. For this contribution the adiabatic ionization energy is fixed most likely due to either the resonantly stabilized CHCCH-
at 9.22 eV, a value in near perfect agreement with the presentCHCH, or the CHCHCCCH isomer??
QCISD(T) theoretical predictions (Table 6). The simulated  CgHg. The identification of different gHg isomers is largely
photoionization efficiency curve shows a stepped increase nearbased on the FranekCondon factor analysis. Figure 4a shows
the threshold that resembles the step in the observed PIE curvethat the observed threshold near 8.6 eV is due to the presence
For energies above 9.25 eV, the calculated photoionization of the most stable isomer, 1,3-cyclopentadiene, with an ioniza-
efficiency slowly increases, including a small step near 9.5 eV. tion energy of 8.57 eV** We infer that them/z = 66 signal in

The sharp increase in photoionization efficiency which is the cyclopentene flame is largely dominated by 1,3-cyclopen-
observed near 9.5 eV for all of the flames is certainly due to tadiene. Thewz = 66 signals between 8.6 and 9.0 eV are then
the presence of the most stable {3€CCH (1,3-pentadiyne)  hormalized, and the reference signal from the cyclopentene
isomer. For the simulated PIE curve shown as a dotted line in flame is subtracted from the signals in the allene and propyne
Figure 7 an ionization energy of 9.50 eV was assumed, a valueflames. This subtraction results in the residual photoionization
identical with literature and calculated valféghe simulation, ~ €fficiency curves shown in Figure 4b. Another threshold is
which shows a sharp step in photoionization efficiency near clearly visible near 9.0 eV.
9.5 eV and a smaller step near 9.75 eV, is limited by not taking  The Franck-Condon factor simulation for 1,3-cyclopenta-
into account JahnTeller splitting for the ground state of the  diene isomer nicely reproduces the observed photoionization
cation. Nonetheless qualitative agreement between theory andefficiency curve for cyclopentadiene in the 8.8.0 eV region,
experiment is achieved between 9.5 and 10.0 eV. Again, as illustrated in Figure 8. For the simulations an ionization
absolute photoionization cross sections for all isomers are notenergy of 8.57 eV was assumed, which is identical with
known, but, using estimated values, a ratio for CECCH,/ literaturé* and the present quantum chemical calculations as
CH,CCHCCH/CHCCCCH of approximately 1:5:20 is deter- summarized in Table 10.
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Figure 8. Comparison of the observed photoionization efficiency
curves form/z = 66 (GHe) in fuel-rich flames with FranckCondon-
factor-based simulations for the cyclopentadiene isomer. An excellent
match between the observed data and the calculations is achieved for
photon energies in the range from 8.5 to 9.0 eV.

Figure 9 summarizes our attempts to fit the residual photo-
ionization efficiency curve shown in Figure 4b. The simulation
for the CHBCCCHCH, isomer shown in Figure 9a is based on
an ionization energy of 9.00 e¥.The simulated photoionization
efficiency curve reproduces the observed threshold near 9.0 eV,

Photoionization Efficiency / a.u

but in general it fails to explain the characteristics of the Poscsmas ﬂ.mpm.—, e —
observed PIE curve. Figure 9b shows a comparison of the (c) m/z =66 (C,H,) - after Subtraction
observed residual PIE curve with a Frarc&ondon-factor- I —— Allene Flame |

O Propyne Flame

based simulation for the GHCHCCH isomer. The simulation
—— FCF Simulation cycl. -C(CH,)CHCHCH_-

is based on ionization energies of 9.05 and 9.11 eV for the trans
and cis isomers, respectively, and assumes a Boltzmann
distribution of these isomers at an elevated flame temperature
of 2000 K. Both values agree with known values from the
literatureé?®> and the present quantum chemical calculations (Table
10). The simulation for this species, Figure 9b, provides a greatly
improved reproduction of the observed residual photoionization
efficiency curve between 9.1 and 10.0 eV. However, we notice
that the simulation fails to explain the small ion signal near 9.0
eV. Last, but not least, Figure 9c shows the FranCkndon

s} Ugo

Photoionization Efficiency / a.u.

factor simulation for thecycloC(CH,)CHCHCH,— isomer , ~ 8o i : : : : :
based on the calculated ionization energy of 8.89 eV. The shape 800 825 850 875 9.00 9.25 950 9.75 10.00 10.25 10.50
of the calculated photoionization efficiency curve looks similar Photon Energy / eV

to the one shown in Figure 9b, but the calculated ionization Figure 9. (a) Comparison of the residual photoionization efficiency
energy does not match our observations. Therefore, in accordsignal as shown in Figure 4b with Frane€ondon-factor-based
with expectations, we can rule out the existence of the four- iimmaﬁonls'foirfhetr?bcr?(ldecw izo(r)ne\r/. ghtefsilmlfationlshoms thr?t
P it can explain the threshold near 9.0 eV but fails to explain the shape
;Paen:;t;eredcyCIOC(cHZ)CHCHCHZ species in any of the of the c_ufve for ph(_)tor_1 en_ergies' Iarger th_an 9.1 QV. (p)pComparisonF())f
’ . . the residual photoionization efficiency signal with simulations for a
In summary, besides the most stable 1,3-cyclopentadiene,Wemixture of thecis'trans CHsCHCHCCH isomers. The simulations fail
have clearly identified the presence of the {&8CHCH and to match the low-energy region near 9.0 eV but fit the data nicely up
the cis/trans CH;CHCHCCH isomers. Figure 10 summarizes to 9.9 eV. (c) Comparison of the residual photoionization efficiency
the overall fit of the simulated PIE curves to the observed signal with a simulation for theyclo-C(CH,) CHCHCH— isomer. The
residual PIE curve. The fit is based on contributions from the fit fails to match the observed photoionization efficiency curves.
CH3CCCHCH; isomer (dashed), from a mixture afs- and CHCH,CCH/CH,CCCHCH, ratio was determined to be 8:3:
trans CH;CHCHCCH isomers (dotted), and from the &H 2.5:1. Again, this ratio may vary with burner position if the
CHCH,CCH isomer (short-dashed). The latter contribution helps different isomers undergo differing chemistries.
to reproduce the observed increase near 10.0 eV. The simulation CsHg. Different GHg isomers in fuel-rich allene, propyne,
for CH,CHCH,CCH is based on an ionization energy of 9.95 and cyclopentene flames were identified by their ionization
eV, a value slightly larger than the calculated value of 9.88 energies and by comparison of the observed photoionization
eV. No evidence was found for the branchedsCKCH,)CCH, efficiency curves with measured PIE curves of pure, standard
the CHCHCH,CCH isomer, or the CECHCCCH, isomers. substances. No FranelCondon-factor-based simulations were
With the use of the estimated absolute photoionization cross needed. As can be seen in Figure 5a, the observed threshold in
sections, the 1,3-cyclopentadierigtrans CHsCHCHCCH/CH- the photoionization efficiency curves is near 8.6 eV, a value
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Figure 10. Overall fit of the residual photoionization efficiency curve
for m/z = 66 with calculations based on a FrargRondon factor
analysis. Contributions from GJ@CCHCH, a mixture ofcigtrans
CH;CHCHCCH, and CHCHCH,CCH are considered.

close to the known threshold @is'transCH,CHCHCHCH;

Hansen et al.

they both have strong-€H bonds, and-CsHz can be formed
by the reaction of singlet or triplet methylene with diacetylene
(reaction paths to-CsHs are less obvious). The latter reactions
are analogous to the ones forming propargyl from acetylene.
The strong C-H bonds are a consequence of lying at the end
of a sequence of linear species, starting withi in this case
and GHg in the case of propargyl, for which removing the
weakest bound hydrogen atom results either in a stable molecule
or a radical with a weak €H bond. The last species in such
sequences are radicals that must either dissociate into a triplet
radical or a carbene, both of which are less stable than an
ordinary molecule. Based on electronic structure calculations
of Mebel et al3° Pope and Miller suggested tha€sH3 could
react with CH to form benzene, fulvene, or phenyl H,5 but
the “energy window” for such a reaction proves to be only about
7 kcal/mol (i.e., the highest rearrangement barrier lies only 7
kcal/mol below the entrance channel, whereas #C+ CsHs
the analogous window is 30 kcal/mo#16:51.53  suggesting that
the reaction may be very slow. Preliminary calculations of the
rate coefficient indicate that this is, in fact, the case, but it is
possible that a more energetically favorable path may ultimately
be found, restoring interest in this reaction.

CsHs. By far the most important of the {Cspecies is the
cyclopentadienyl radicalgyclo-CsHs. This species was first

(1,3-pentadiene), the two different isomers having nearly equal getected in the fuel-rich benzene flame of Bitt#&f3 In most

ionization energie$® Figure 5a shows the photoionization
efficiency curve of purérans-1,3-pentadiene, and it is assumed
thatcis-1,3-pentadiene shows a qualitatively similar photoion-

ization efficiency. The observed curve for the pure substance

is identical with the observed curve in the flames from 8.6
throughout 9.0 eV. An increase in photoionization efficiency

is observed near 9.0 eV, which is absent in the PIE curve of
1,3-pentadiene. However, cyclopentene should be observed

above its threshold of 9.01 e¥.As a reference the PIE curve

current combustion modetyclo-CsHs is formed primarily from
phenyl, GHs, through the sequendée,

of pure cyclopentene is shown in Figure 5, parts a and b, as a followed by the dissociation of phenoxy,

solid line.

Because the photoionization efficiency of 1,3-pentadiene was
measured, we subtracted that signal from the measured PI

curves ofm/z = 68 in the fuel-rich cyclopentene flame. The

resulting residual PIE curve is shown in Figure 5b with a definite

CgHs + O,— CH:O0+ O (R1)

or
CegHs + OH— CH;O+H (R2)
C¢HsO — cyclo-C,H; + CO (R3)

EThe reaction of cyclopentadienyl with itself then becomes a

primary source of naphthalene in rich flames through the
sequence proposed by Melius et®l.,

threshold near 9.0 eV, in perfect agreement with the known
ionization energy of cyclopentene. A comparison of this residual
PIE curve with that of pure cyclopentene indicates the presence
of CH3CCCH,CHjs (2-pentyne) and CHCHCH,CHCH, (1,4-
pentadiene). Using the known absolute photoionization cross
sections [1,3-pentadiene, 6.6 Mb (9.0 eV), 18.8 Mb (10.25 eV); where GgHs is naphthalene.
cyclopentene, 11.6 Mb (10.25 eV 1 Mb (megabarny= 1018 As a consequence, cyclopentadienyl is believed to be an
cn?],*” we calculated the 1,3-pentadiene/cyclopentene ratio. Forimportant intermediate in the growth of higher hydrocarbons,
the allene/propyne flame, a 1:1 ratio was determined, while in PAH, and soot in rich flames. Because it is also formed from
the cyclopentene flame a ratio of 1:4 is determined. For the thermal decomposition of benzyl radi®4ljt should also be
cyclopentene flame we determine the cyclopentene/1-pentyne/important in pyrolysis. Accurate measurements of its concentra-
1,4-pentadiene ratio at the chosen burner position to 12:1:4. tions in low-pressure flame experiments should go a long way
4.3. Combustion Chemistry.CsHs. In its first measurement  in helping to clarify its role. Quantitative cyclopentadienyl
by MBMS with electron ionizationy/z = 63 appeared with an  burner profiles have already been reported in different flames.
ionization threshold of 9.1 eV in the fuel-rich benzene flame For example, it has been shown that the reactiotyofo-CsHs
of Bittner (» = 1.8)18 He speculated that it might be the-H with CHz might be a relevant benzene formation pathtayd
CCCCCH radicali¢CsHs), analogous to propargy! €s), but that reactions R4a and R4b are a main production channel for
the present results show that species to have an ionization energyaphthalene formatiok:55.56
of 8.20 eV. Delfau and Vovelfé and Westmoreland and co- Other G Isomers.Other G species play lesser roles in the
workerg®50 measured §H3 profiles in fuel-rich GH; flames. growth of higher hydrocarbons in combustion, at least according
In the latter work, an ionization threshold was measured as 8.4to current conventional wisdom. In fact, many of the species
+ 0.25 eV. This low resolution does not allow identification of detected in the present experiments do not even appear in
CsHs isomers such as was achieved here. combustion models. However, signals from such species have
The GH3isomers (-CsHz andn-CsH3) share some important  long been observed s8¢ was first observed in 1965 by Homann
properties with propargyl: they are both resonantly stabilized, and Wagne?/ and Delfau and Vovelf and Westmoreland and

cyclo-CH; + cycloC,H; — C;H.C.:H, + H (R4a)

CsHsCsH, — C,oHg + H (R4b)
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co-worker4®50 measured profiles for the species frongHz different intermediates in different flames will be analyzed and
through GHe. published separately. Absolute concentrations for the most
1,3-Cyclopentadiene is thought to be formed in most flames abundant stable intermediates are expected to be within 20% at
from cyclo-CsHs, either by combining with or abstracting a the current state of development of flame-sampling photoion-
hydrogen atom, but we can only speculate about how otger C ization mass spectrometry. Results for radicals and minor species
species detected in our experiments might arise. For example (partially based on estimated cross sections) have a probable
CH3CCCCH is a possible product of the chemically activated uncertainty of a factor of 2. This level of accuracy is sufficient

addition reaction, for many kinetic modeling purposes.
lonization energies have been determined for a number of
C,H, + CH;— CH;CCCCH+H (R5) combustion intermediates for the first time. For the line@gHs

) o ) ) (H2,CCCCCH) andh-(HCCCHCCH) isomers adiabatic ioniza-
This reaction is roughly 10 kcal/mol endothermic, but it could tjon energies of 8.2@: 0.05 and 8.31 0.05 eV are determined,
come into play at high temperatures. The reaction ofsgropargyl respectively. For the C)LCHCCH isomer an ionization energy
with acetylene formsyclo-CsHs at low temperatures; of 9.22+ 0.05 eV was measured, as was an ionization energy

C.H, + C,H, — cycloCHs (R6) of 9.96 £ 0.05 eV for the CHCHCH,CCH isomer.
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