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Quantitative identification of isomers of hydrocarbon radicals in flames is critical to understanding soot
formation. Isomers of C4H3 and C4H5 in flames fueled by allene, propyne, cyclopentene, or benzene are
identified by comparison of the observed photoionization efficiencies with theoretical simulations based on
calculated ionization energies and Franck-Condon factors. The experiments combine molecular-beam mass
spectrometry (MBMS) with photoionization by tunable vacuum-ultraviolet synchrotron radiation. The theoretical
simulations employ the rovibrational properties obtained with B3LYP/6-311++G(d,p) density functional theory
and electronic energies obtained from QCISD(T) ab initio calculations extrapolated to the complete basis set
limit. For C4H3, the comparisons reveal the presence of the resonantly stabilized CH2CCCH isomer (i-C4H3).
For C4H5, contributions from the CH2CHCCH2 (i-C4H5) and some combination of the CH3CCCH2 and CH3-
CHCCH isomers are evident. Quantitative concentration estimates for these species are made for allene,
cyclopentene, and benzene flames. Because of low Franck-Condon factors, sensitivity ton-isomers of both
C4H3 and C4H5 is limited. Adiabatic ionization energies, as obtained from fits of the theoretical predictions
to the experimental photoionization efficiency curves, are within the error bars of the QCISD(T) calculations.
For i-C4H3 andi-C4H5, these fitted adiabatic ionization energies are (8.06( 0.05) eV and (7.60( 0.05) eV,
respectively. The good agreement between the fitted and theoretical ionization thresholds suggests that the
corresponding theoretically predicted radical heats of formation (119.1, 76.3, 78.7, and 79.1 kcal/mol at 0 K
for i-C4H3, i-C4H5, CH3CCCH2, and CH3CHCCH, respectively) are also quite accurate.

1. Introduction

An understanding of the mechanisms of soot formation is a
primary focus of current combustion research. Polycyclic
aromatic hydrocarbons (PAHs), many of which themselves pose
serious risks to human health,1,2 are widely considered to be
precursors to soot. The formation of benzene, as the first
aromatic ring, is essential to the PAH growth process and may
be a rate-limiting step in the production of larger PAHs.3-8 The
key proposed pathways to the formation of benzene generally
involve reactions of unsaturated hydrocarbon radicals, with
resonantly stabilized radicals playing a particularly prominent
role. There is considerable uncertainty as to the relative
importance of various pathways involving different radicals. The
recombination of propargyl radicals (C3H3) appears to provide
the dominant pathway in most flames.8 However, a number of
other pathways may also be of importance. For example, there
has been a longstanding debate regarding the possible impor-
tance of even-carbon pathways involving the reaction of C4H3

and C4H5 radicals with acetylene (C2H2).3,4,9-11

There are often multiple isomeric forms of the hydrocarbon
radicals involved in the proposed benzene formation pathways,
with these different isomers generally having quite different
chemistries. In this paper, we identify isomers of C4H3 and C4H5

in fuel-rich allene, propyne, cyclopentene, and benzene low-
pressure laminar flames. Then-isomers of these radicals
(•CHdCHsCtCH and •CHdCHsCHdCH2) are not reso-
nantly stabilized and are less stable by about 12 kcal mol-1

than the corresponding resonantly stabilizedi-isomers
(CH2dC•sCtCH T CH2dCdCd•CH and •CH2sCHdCd
CH2 T CH2dCHs•CdCH2).4 On the other hand, additions of
the n-isomers to acetylene have been thought to have lower-
energy barriers than those for the corresponding additions to
the i-isomers; the former also have simpler paths to cyclic
species than the latter.4,11

For n-C4H3, recent calculations12 have predicted that the
concentrations ofn-C4H3 are simply too small forn-C4H3 +
C2H2 to yield an effective benzene formation pathway. Also,
the addition barrier fori-C4H3 may not be as large as was
predicted in earlier theoretical work,13 suggesting that thei-C4H3

+ C2H2 reaction could be more important than previously
thought.11 For C4H5, the situation with regard to then- and
i-isomers is completely analogous. However, in this case, there
are three additional resonantly stabilized isomers: 1-methyl-
allenyl (CH3s•CdCdCH2 T CH3sCtCs•CH2), CH3CHCCH
(CH3s•CHsCtCH T CH3sCHdCd•CH), andcyclic-C4H5

(-CH2s•CHsCHdCH- T -CH2sCHdCHs•CH-). All

* Corresponding authors. N.H.: Email nhansen@sandia.gov; tel. 925-
294-6272; fax 925-294-2276. S.J.K.: Email sjk@anl.gov; tel. 630-252-3596;
fax 630-252-9292. F.Q.: Email fqi@ustc.edu.cn; tel. 0086-551-3602125;
fax 0086-551-5141078.

† Sandia National Laboratories.
‡ Cornell University.
§ University of Science and Technology of China.
| University of Massachusetts.
⊥ Current address: Chemistry Division, Argonne National Laboratory,

Argonne, IL, 60439.

3670 J. Phys. Chem. A2006,110,3670-3678

10.1021/jp056769l CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/17/2006



five could conceivably play a role in the cyclization process
and are expected to be readily formed in flames. The 1-methyl-
allenyl is predicted to be more stable thani-C4H5 by 2.4 kcal
mol-1. Reactions of H atoms with C4H2, C4H3, C4H4, and 1,3-
butadiene in rich flames are likely to drive the relative
concentrations ofn- and i-radicals close to equilibrium.

Historically, species concentration measurements in low-
pressure, one-dimensional laminar flames have largely been
made with electron-ionization mass spectrometry (EIMS).
Unfortunately, the limited energy resolution of the ionizing
electrons has precluded the measurement of the isomeric
composition of small hydrocarbon radicals with EIMS. The
superior energy resolution of photoionization mass spectrometry
(PIMS) allows isomer-specific detection of combustion species,
and utilization of bright, easily tunable synchrotron radiation
makes this approach exceptionally powerful. For example, this
method has been used to identify enols as common intermediates
in hydrocarbon combustion.14,15

In the present work, identification of different isomers of C4H3

and C4H5 radicals is accomplished by comparing experimental
photoionization efficiency (PIE) spectra with simulated curves
based on calculated adiabatic ionization energies and Franck-
Condon factor analysis. This approach has been shown to yield
definitive identification of even previously undetected radical
species.16 In addition, mole fractions can be calculated by use
of empirically estimated photoionization cross-sections, which
should be accurate to within a factor of 2 or 3, a level sufficient
for modeling the relevant chemistry.

In the fuel-rich flames considered in this paper,i-C4H3 is
detected above the ionization energy of (8.06( 0.05) eV, which
is in excellent agreement with a computed value of 8.02 eV. A
comparison of the measured photoionization efficiency for C4H5

with the Franck-Condon simulation reveals the presence of the
i-C4H5 isomer as well as the thermodynamically most stable
CH3CCCH2 isomer and/or the CH3CHCCH isomer. The adia-
batic ionization energies are experimentally determined to be
(7.60( 0.05) eV fori-C4H5 and (7.97( 0.05) eV for the CH3-
CCCH2 and CH3CHCCH mixture, which compare well with
calculated ionization energies of 7.55 eV (i-C4H5) and 7.94 eV
(CH3CCCH2 or CH3CHCCH). The predicted lower sensitivity
to n-C4H3 and n-C4H5 isomers limits the present analysis to
determining upper bounds on their concentrations.

2. Experimental Section

The present work is carried out in two low-pressure premixed
flame experiments, one at the Chemical Dynamics Beamline at
the Advanced Light Source (ALS) at the Lawrence Berkeley
National Laboratory and one at the National Synchrotron
Radiation Laboratory (NSRL) at Hefei, China. The technique
of molecular-beam time-of-flight PIMS used in these studies is
fully described elsewhere.17

Both experiments consist of a low-pressure flame chamber,
a differentially pumped flame-sampling system, and a time-of-
flight mass spectrometer (TOFMS). Flame gases are sampled
through the 0.20-mm orifice of a quartz sampling cone on the
flow axis of a flat-flame burner operated at typical pressures of
30 Torr. 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 differen-
tially pumped (10-6 Torr) ionization region, where it is crossed
by tunable vacuum ultraviolet light. The resulting photoions are
collected and analyzed by using pulsed-extraction time-of-flight

mass spectrometry. The machine at the NSRL is equipped with
a reflectron time-of-flight mass spectrometer for ion detection;
at the ALS, a 1.3-m linear time-of-flight mass spectrometer is
employed.

The ALS machine uses tunable undulator radiation, energy-
selected by a 3-m off-plane Eagle monochromator. An energy
resolution of either 25 or 40 meV fwhm (measured from the
observed width of autoionizing resonances in O2)18,19 is
employed in the present ALS experiments. At the NSRL,
synchrotron radiation from an electron storage ring is energy-
selected using a 1-m Seya-Namioka monochromator equipped
with two gratings (2400 lines/mm and 1200 lines/mm) covering
the wavelength range from 30 to 200 nm. The resolving power
(E/∆E) at the NSRL is between 500 and 1000 depending on
the monochromator slit width. A LiF window (1.0-mm thick-
ness) is used to eliminate higher-order radiation of the dispersed
light at the NSRL, whereas a rare gas filter removes contribu-
tions from higher undulator harmonics at the ALS. In both
experiments, the photon flux 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) for photon energies from
7 to 15 eV.

It is no longer in question that fuel structure has a substantial
influence on the relative importance of different reactions
contributing to the formation of the first aromatic species. In
the present experiments, allene, propyne, cyclopentene, and
benzene were used as fuels. Fuel-rich allene and propyne flames
are of particular interest, as both molecules are potential
precursors for C3H3 radicals, thus enhancing the importance of
the propargyl recombination process.8 C5 species, especially
cyclopentadienyl, are proposed as important key species during
the formation and consumption of aromatic compounds; there-
fore, cyclopentene flames are of interest because the cyclopen-
tadienyl radical, a possible precursor of benzene and naphtha-
lene,5,20 is present in large concentrations. Benzene flames are
interesting for at least two reasons. Benzene is the simplest
aromatic hydrocarbon and is thus the prototype for aromatic
combustion. Aromatics make up a substantial fraction of most
real fuels. Thus, the oxidation of benzene is of fundamental
interest but has not been exhaustively studied, probably in part
because of the complexity of C6 combustion. Furthermore,
although the rate-limiting step in PAH and soot formation is
believed to be the formation of benzene, most of the molecular
weight growth process happens after benzene formation. Thus,
by starting with benzene, we can look at the chemistry leading
to higher molecular weight species.

In this experiment, the following flame conditions are used:
•allene or propyne/oxygen/40.8% argon flames with a fuel/

oxygen equivalence ratioφ (fuel/oxygen ratio relative to a
stoichiometric mixture)) 1.80 at a pressure of 25.0 Torr and
a cold-flow reagent velocity of 48.2 cm/s.

•cyclopentene/oxygen/25% argon flame with an fuel/oxygen
equivalence ratioφ ) 2.00 at a pressure of 37.6 Torr and a
cold-flow reagent velocity of 54.7 cm/s.

•benzene/oxygen/38.5% argon flame with an fuel/oxygen
equivalence ratioφ ) 1.66 at a pressure of 35.0 Torr and a
cold-flow reagent velocity of 29.2 cm/s.

The sampling cone entrance is positioned within the luminous
flame zone of each flame at the following distances from the
burner face: allene/propyne flame, 4.0 mm; cyclopentene flame,
3.3 mm; benzene flame, 4.5 mm (ALS) and 6.4 mm (NRSL).
At the chosen flame positions, both the C4H3 and C4H5 ion
signals at mass-to-charge ratiosm/z of 51 and 53 appear in the
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time-of-flight spectrum, as displayed in Figure 1 for the allene,
cyclopentene, and benzene flames. The given profiles were taken
at 9.80 eV (allene flame), 10.00 eV (cyclopentene flame), and
9.11 eV (benzene flame), and the mole fractions were derived
according to a method described earlier by Cool et al.21 Because
of the absence of reference photoionization cross-sections for
most radicals, the determination of the absolute concentrations
is somewhat uncertain. Nevertheless, we note that there is
generally little variation in direct photoionization cross-sections
between molecules with similar functional groups, so simple
empirical estimates of the expected cross-sections should yield
absolute concentrations that are accurate to within about a factor
of 2. This level of accuracy is sufficient for many kinetic
modeling purposes. Photoionization cross-sections for C4H3 and
C4H5 are estimated to be 10 Mb near 10 eV, based on known
absolute cross-sections for propargyl (8.8 Mb), vinyl (12 Mb),
and allyl (6.1 Mb).22,23

To yield photoionization efficiencies (PIE), the ion signals
at a given m/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 contribu-
tion, 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
at m/z ) 51 (C4H3) and m/z ) 53 (C4H5) are measured as
functions of photon energy and finally are normalized by the
photon flux, recorded with the NIST-calibrated photodiode.
These flux-normalized ion signals for C4H3 and C4H5 were
corrected for the contributions of13C and2H isotopomers of
C4H2 and C4H4.

Observed PIE spectra are shown in Figures 2 and 3 for the
C4H3 and C4H5 species from each of the flames. Although the
number densities of the C4H3 and C4H5 species differ in each
flame, the PIEs of Figures 2 and 3 have been vertically scaled
for ease of comparison; it can be seen that the shapes of the
PIE curves sampled from different flames are very similar. For
C4H3, the photoionization efficiency rises abruptly near a well-
defined threshold of 8.0 eV and exhibits a second slower
increase near 9.6 eV. Poorly resolved structure, suggestive of

Figure 1. Total C4H3 and C4H5 mole fractions in a fuel-rich allene/
O2/Ar flame (φ ) 1.81), in a fuel-rich cyclopentene/O2/Ar flame (φ )
2.00), and in a fuel-rich benzene/O2/Ar flame (φ ) 1.66) vs distance
from the burner face. The signals were taken at 9.8 eV (allene flame),
10.0 eV (cyclopentene flame), and 9.11 eV (benzene flame). The data
points are connected by lines to clarify their positions.

Figure 2. Measured photoionization efficiency curves form/z ) 51
(C4H3) in fuel-rich allene, propyne, cyclopentene, and benzene flames.
Calculated ionization energies of several C4H3 isomers are marked. See
text for details.

Figure 3. Measured photoionization efficiency curves form/z ) 53
(C4H5) sampled from fuel-rich allene, propyne, cyclopentene, and
benzene flames. Calculated ionization energies of several C4H5 isomers
are marked. See text for details.
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strongly broadened vibrational autoionization resonances, is
observed above 8.25 eV.

The photoionization efficiency of C4H5 shows a small step
near 7.6 eV and a larger one close to 8.0 eV. A gradual rise in
the photoionization efficiency is observed above 8.2 eV.

3. Computational Methodology

The geometries and harmonic vibrational frequencies of
various isomers of the C4H3 and C4H5 radicals and cations were
obtained with density functional theory employing the Becke-
3-Lee-Yang-Parr (B3LYP) hybrid functional24 and the
6-311++G(d,p) basis set.25 These density functional evaluations,
which were performed withGaussian 98and Gaussian 03
quantum chemical software,26 employed unrestricted spin wave
functions for all open-shell species and spin-restricted wave
functions for all singlets.

Higher-level energies,EHL, for these cation and neutral
structures are obtained from the basis set extrapolation of
quadratic configuration interaction calculations (QCISD(T))
employing Dunning’s correlation-consistent triple- and quadru-
ple-ú basis sets,27 as described in ref 16. These higher-level
evaluations were performed with the MOLPRO28 quantum
chemical software and include the B3LYP/6-311++G(d,p)
harmonic zero-point energy corrections. Heats of formation are
calculated by considering H2, CH4, and CO2 as reference species.

The simulations of photoionization efficiency spectra based
on Franck-Condon factors employ the force-constant matrices,
unscaled frequencies, and normal mode displacements calculated
at the B3LYP/6-311++G(d,p) level for the neutral and the
cation of the isomers considered here. The evaluation of overlap
integrals is carried out in the harmonic approximation, account-
ing for Duschinsky rotation. Multidimensional overlap integrals
are evaluated according to recursion relations.29,30The calcula-
tions are carried out using a program developed by Winter,
Zwier, and Lehmann.31 The resulting Franck-Condon factors,
including hot bands arising from thermal population at the
assumed temperature, are integrated and convolved with a
Gaussian response function corresponding to the measured
experimental photon energy resolution of 40 meV (fwhm).

4. Results and Discussion

4.1. Calculated Thermodynamic Properties.C4H3. There
have been numerous theoretical efforts to characterize the
isomers of C4H3.12,32-35 In agreement with chemical experience,
the acyclici-C4H3 andn-C4H3 radicals are found to be the most
stable isomers. In the highest-level calculations,n-C4H3 is found
to be higher in energy by 11.8 kcal mol-1 relative to thei-C4H3

isomer.35 These calculations, together with the multireference
configuration interaction calculations from ref 12, effectively
refute the lower isomeric difference predicted by the quantum
Monte Carlo calculations of ref 36. Calculated heats of formation
(0 K) of various neutral isomers of C4H3 are shown in Table 1
and compared to literature values. The acyclic vinylethynyl
radical (H2CdCHsCtC•) is found to be less stable, as are the
cyclic radicals derived from cyclobutadiene (cyclic-C4H3) or exo-
methylene cyclopropene (-C(CH)CHCH-).32

Calculated ionization energies (IE) for several C4H3 isomers
are summarized in Table 2. An IE of 8.02 eV is obtained for
i-C4H3, a value close to our observation, as shown in Figure 2.
For n-C4H3, the results are rather complex. First, there are two
forms forn-C4H3, the (E)-n- and the (Z)-n-C4H3. The ion state
for the (E)-form optimizes to a ring with a vertical IE (9.77
eV) substantially larger than the adiabatic IE (8.25 eV), whereas
the (Z)-form optimizes to the CH2CCCH structure (i-form),

again with a large difference between vertical (9.77 eV) and
adiabatic (7.50 eV) ionization energies. The calculated vertical
IE of n-C4H3 is marked in Figure 2 along with calculated
adiabatic ionization energies to form triplet cations: 9.63 eV
(i-3C4H3

+), 9.71 eV [(E)-n-3C4H3
+], and 9.70 eV [(Z)-n-3C4H3

+].
Note that the adiabatic ionization energies calculated for the
cyclic-C4H3 (7.20 eV) and the-C(CH)CHCH- isomers (7.35
eV) are too low to match the observed threshold near 8 eV.
Furthermore, their high heats of formation relative toi-C4H3

suggest that they are unlikely to be present in high concentra-
tions. The ionization energy for the CH2CHCC isomer, which
also has a high heat of formation, is calculated to be 9.91 eV,
and no clear evidence for this isomer is observed.

C4H5. Selected structural C4H5 isomers have been the subject
of previous quantum chemical studies.35,37,38The 1-methylallenyl
(CH3CCCH2) isomer is found to be the lowest-energy point on
the global C4H5 surface. The calculated enthalpies of formation
for all m/z) 53 isomers considered in this paper are summarized
in Table 3. The present calculations are in excellent agreement
with earlier results published by Wheeler et al.35 The second
lowest-energy isomer isi-C4H5 (CH2CHCCH2), which is just

TABLE 1: Heats of Formation of Different C 4H3 Isomers

∆fH° (0 K)
(kcal mol-1)

species HLb literaturec Q1 diag.a

i-C4H3 119.1 119.0 0.021
(E)-n-C4H3 131.1 130.8 0.015
(Z)-n-C4H3 131.2 130.8 0.015
-C(CH)CHCH- 152.0 0.019
CH2CHCC 153.9 0.023
cyclic-C4H3 155.4 0.026

a Q1 diagnostic.b Present higher-level calculated 0 K heat of
formation in kcal mol-1. c ref 35.

TABLE 2: Ionization Energies of Different C 4H3 Isomers

ionization energies/eV

species
ion
state calculated measured Q1 diag.a

i-C4H3
1A1 8.02 8.06( 0.05 0.025
3A2 9.63 0.034

(E)-n-C4H3
1A1 9.77 (v) 0.030

8.25 (a) 0.026
3A′′ 9.71 0.031

(Z)-n-C4H3
1A1 9.77 (v) 0.029

7.50 (a) 0.034
3A′′ 9.70 0.031

-C(CH)CHCH- 1A′ 7.35 0.026
cyclic-C4H3

1A′ 7.20 0.026
CH2CHCC 1A 9.91 0.026

a Q1 diagnostic.

TABLE 3: Heats of Formation of Mass 53 Isomers

∆fH° (0 K)
(kcal mol-1)

species HLb literaturec Q1 diag.a

CH3CCCH2 76.3 0.020
i-C4H5 78.7 78.4 0.023
CH3CHCCH 79.1 0.020
cyclic-C4H5 80.4 0.011
(E)-n-C4H5 89.0 89.1 0.015
(Z)-n-C4H5 89.6 89.7 0.015
CH2CH2CCH 93.0 0.012
HCCCO 70.3 0.032

a Q1 diagnostic.b Present higher-level calculated 0 K heat of
formation in kcal mol-1. c ref 35.
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2.4 kcal mol-1 less stable than the most stable 1-methylallenyl.
The often-consideredn-C4H5 (CH2CHCHCH) in its (E) and (Z)
forms lies∼13 kcal mol-1 above the most stable CH3CCCH2.
Because it is also possible that anm/z ) 53 signal arises from
C3HO isomers, we also considered the HCCCO radical. Its
calculated heat of formation is included in Table 3.

Calculated ionization energies for several C4H5 isomers and
the HCCCO radical are summarized in Table 4. An IE of 7.55
eV is obtained fori-C4H5, a value close to the observed
threshold, as shown in Figure 3. The second threshold in the
PIE curve near 8.0 eV matches ionization energies of 7.94 and
7.95 eV, respectively, calculated for the CH3CCCH2 and CH3-
CHCCH isomers, in good agreement with literature values.39

The results are more complex forn-C4H5. Here again, there
are two forms to consider: the (E)-n- and the (Z)-n-C4H5. The
cations optimize to the CH2CCCH structure (i-form), with a
large difference between vertical (9.27 and 9.28 eV) and
adiabatic (7.08 and 7.10 eV) ionization energies.

The ionization energy for thecyclic-C4H5 isomer (cyclo-
butadienyl radical) is calculated to be 7.25 eV, a value below
the observed threshold. The calculated ionization energy of 7.50
eV for CH2CH2CCH is close to the observed threshold (Figure
3), and it could be formed easily by addition through H+ CH2d
CHsCCH, but its high heat of formation relative toi-C4H5

argues against its prominence. For HCCCO, the situation is more
complex. The HCCCO+ ion is linear, compared to a bent
structure in the radical ground state. The adiabatic and vertical
ionization energies are calculated to be 7.36 and 8.19 eV,
respectively, suggesting a small Franck-Condon overlap be-
tween the neutral and cation ground states. The simulation shows
a gradual rise in photoionization efficiency throughout the 7.5-
8.5 eV range, which does not match the observed structure.

4.2. Franck-Condon Modeling of the Photoionization
Efficiency Spectra.The photoionization efficiency spectra of
C4H3 and C4H5 are simulated using a calculated Franck-Condon
envelope as a fitting function to estimate the adiabatic ionization
energies of C4H3 and C4H5 isomers from the experimental data.
A similar strategy was previously employed to derive the
ionization energies of C3H2 (triplet propargylene) and HONO
from flame measurements.16,40 The simulations presented here
are for an assumed temperature of 300 K. The temperatures in
the sampled regions of the flames 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
temperature.41 In addition, photoionization efficiency curves of
stable species, sampled at similar flame temperatures, agree well
with room-temperature measurements.14

C4H3. Thei-C4H3 and the less stablen-C4H3 isomers are most
likely to contribute to them/z ) 51 signal. The calculated IE
of 8.02 eV fori-C4H3 closely matches the observed threshold.
The simulated photoionization efficiency fori-C4H3 at 300 K
is shown as a solid line in Figure 4, together with the observed
PIE spectra. With the exception of the autoionization structure
suggested by the data, the simulation follows the general trend
of the PIE curve above threshold. An adiabatic ionization energy
of 8.06 eV best reproduces the stepped increase at threshold.
Systematic uncertainties are estimated to be(0.05 eV, including
ionization induced by the electric field between the repeller and
extractor of the TOFMS, photon energy calibration error, and
the use of the harmonic approximation in the Franck-Condon
simulations. The adiabatic ionization energy ofi-C4H3 is
therefore reported as (8.06( 0.05) eV.

For n-C4H3, it is difficult to treat the transition from the
neutral to thecyclic- or i-C4H3

+ cation accurately because of
the difference between vertical and adiabatic ionization energies.
A PIE that rises slowly above a poorly defined threshold might
be expected for this situation, in contrast to the sharp step seen
at threshold near 8.0 eV. However, the small increase in ion
signal (i.e., in photoionization efficiency) for photon energies
above 9.7 eV might be due ton-C4H3; the calculated IE to form
n-3C4H3

+ is 9.7 eV (cf. Table 2). On the other hand, this increase
in the observed signal can also be taken as evidence for the
formation of i-3C4H3

+ ions. The simulated photoionization
efficiency for thei-C4H3 f i-3C4H3

+ process is shown in Figure
4 as a dashed line together with the already described curve for
the formation of the singlet ion. The calculated ionization energy
of 9.63 eV is used, and we note that both processes could
describe the observed PIE curve.

C4H5. The i-C4H5 isomer can clearly be identified by its
threshold in the PIE spectra near 7.6 eV. The calculated IE of
7.55 eV matches the observed threshold as shown in Figure 3.
The simulated photoionization efficiency fori-C4H5 at 300 K

TABLE 4: Ionization Energies of Mass 53 Isomers

ionization energies/eV

species
ion
state calculated literaturea measured Q1 diag.b

CH3CCCH2
1A′ 7.94 7.95 7.97( 0.05 0.015
3A 9.74 0.026

i-C4H5
1A′ 7.55 7.60( 0.05 0.019
3A′′ 10.29 0.029

CH3CHCCH 1A′ 7.95 7.97 7.97( 0.05 0.020
3A 10.20 0.030

cyclic-C4H5
1A′ 7.25 0.012
3B2 9.99 0.023

(E)-n-C4H5
1A′ 7.10 (a) 0.019

9.28 (v) 0.028
3A′′ 9.18 0.030

(Z)-n-C4H5
1A′ 7.08 (a) 0.019

9.27 (v) 0.029
3A′′ 9.18 0.031

CH2CH2CCH 1A′ 7.50 0.011
HCCCO 1Σg 7.36 (a) 0.020

8.19 (v) 0.025

a ref 39. b Q1 diagnostic.
Figure 4. Comparison of the measured photoionization efficiency curve
for m/z ) 51 (C4H3) with a calculated Franck-Condon envelope for
the i-C4H3 isomer (solid line). The observed threshold near 8 eV is the
best fit with an IE of (8.06( 0.05) eV for thei-C4H3 isomer. No clear
evidence for then-C4H3 isomer is found. The dashed line indicates a
Franck-Condon simulation for thei-C4H3 f i-3C4H3

+ process.
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is shown in Figure 5, together with the observed PIE spectra.
The simulation follows the observed curve perfectly above the
threshold to a photon energy of∼8 eV. An adiabatic ionization
energy of 7.60 eV best reproduces the observed curve. Again,
systematic uncertainties are estimated to be(0.05 eV, and
therefore, we report the adiabatic ionization energy ofi-C4H5

as (7.60( 0.05) eV. The threshold near 8.0 eV may arise from
the CH3CCCH2 and CH3CHCCH isomers, with calculated IEs
in this region. Both isomers yield similar simulated PIE curves.
Either isomer could be fit individually to the observed PIE
spectra; however, because the heats of formation for these
isomers are separated by just 2.8 kcal mol-1, the presence of
both isomers is expected, and therefore, the simulated PIE curve
is a sum of contributions for both species. An ionization energy
of 7.97 eV (for both species) best fits the data, which is in good
agreement with calculated and measured IEs for CH3CCCH2

and CH3CHCCH.39

In the best fit, the signal level from the CH3CCCH2 isomer
at 8.25 eV is approximately twice the signal level of thei-C4H5

and CH3CHCCH isomers. A direct determination of isomeric
composition will require knowledge of the respective cross-
sections for photoionization of each isomer. Assuming equal
photoionization cross-sections for all three isomers, the observed
concentrations are close to thermal equilibrium at the elevated
temperatures in the low-pressure flames. At a typical flame
temperature of 1700 K, one expects equilibrium ratios of CH3-
CCCH2/i-C4H5/CH3CHCCH/n-C4H5 ) 1/0.49/0.44/0.02.

The increase of the photoionization efficiency above 8.2 eV
shown in Figures 3 and 5 cannot be explained by our current
model. This may be partially attributable to limitations of the
harmonic approximation, which become more important for
photon energies well above the threshold. The formation of
excited triplet states of the ions can be ruled out, as our
calculations indicate (Table 4) that those states do not contribute
at photon energies below 9.74 eV. At thermal equilibrium, one
would expect a considerable amount ofcyclic-C4H5, but the
Franck-Condon overlap between the ground-state neutral and
the cation is small. The simulations forcyclic-C4H5 show a PIE
curve rising slowly above the calculated ionization energy as
shown in Figure 6. Then-C4H5 radical is not a likely candidate

to explain the increase in photoionization efficiency. First,
because of its thermodynamic instability compared to CH3-
CCCH2, it is less likely to be present in high concentrations.
Second, the poor Franck-Condon overlap between the neutral
and the ion makes it hard to detect by photoionization mass
spectrometry. Franck-Condon simulations were performed for
the HCCCO radical, but they also failed to explain the PIE curve
above 8.25 eV.

4.3. Literature Flame Data and Combustion Chemistry.
Both C4H3 and C4H5 have been observed previously in numer-
ous flames, but their identities have been uncertain.3,42-53

Previous flame sampling molecular beam mass spectrometry
measurements of C4H3 and C4H5, using electron ionization, are
summarized in Table 5. Measurements are only included when
appearance energies were determined. Estimating cross-sections
for electron ionization requires knowledge of the ionization
energies; the apparent ionization thresholds used to determine
the mole fractions in the literature experiments are also given
in Table 5. The apparent ionization thresholds in the electron
ionization experiments are typically determined by linear
extrapolation of the observed ion signals down to the baseline,
and naturally depend on the electron energy resolution and the
signal-to-noise ratio. In most cases, the apparent thresholds do
not suffice for determining isomeric composition. Nevertheless,
comparison of the present photoionization measurements with
the lower-resolution electron ionization measurements can
highlight common broad features of the ionization efficiency
spectra.

C4H3. The first measurement of C4H3 was in aφ ) 2.4 C2H2

flame by Westmoreland. It displayed an apparent ionization
threshold of (8.6( 0.7) eV by electron ionization,42,54 which
this work shows to be consistent withi-C4H3. Analysis of the
acetylene flame showed that the reactions C4H3 + C2H2 f
phenyl and/or C4H5 + C2H2 f benzene+ H and/or 2C3H3 f
products could potentially account for all of the rate of mass
78 formation, where the C4H3 and C4H5 isomers were left
unidentified.3

For C4H3, other electron-ionization measurements show
apparent thresholds near 9.4 eV, which are substantially higher
than thei-C4H3 ionization energy. The further exception was
the fuel-rich benzene flame of Bittner,52 where an apparent
threshold of (10.3( 0.3) eV was reported. The only C4H3

Figure 5. Simulated photoionization Franck-Condon envelopes for
the i-C4H5 and the CH3CCCH2 and CH3CHCCH isomers are compared
with the experimental result. The observed photoionization efficiency
curve below 8 eV can be explained byi-C4H5. Signal above 8 eV is
most likely due to contributions of three different isomers:i-C4H5,
CH3CCCH2 and CH3CHCCH.

Figure 6. Simulated photoionization efficiency curve for thecyclic-
C4H5 isomer based on the calculated ionization energy of 7.25 eV. The
small ionization efficiency near the threshold is caused by a small
Franck-Condon overlap between the neutral and the cation.
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species with an ionization energy in that region is the carbene,
CH2CHCC, which is unlikely to be present in substantial
concentrations, based on thermochemical considerations. It
appears likely that he picked up the signal from a13C isotopomer
of diacetylene (IP) 10.17 eV).

In the present work, thei-C4H3 isomer has been specifically
identified as present in fuel-rich allene, propyne, cyclopentene,
and benzene flames. Assuming that them/z ) 51 signal at 10
or 9.8 eV is due solely toi-C4H3, the peak mole fraction is 1.6
× 10-5 in the cyclopentene flame and 8× 10-5 in the fuel-rich
allene flame. In hydrocarbon combustion processes, both thei-
and then-C4H3 isomers can be produced by H addition to
butadiyne and by H abstraction from vinylacetylene (CH2dCHs
CtCH). Perhaps because of the large differences between
vertical and adiabatic ionization energies for then-C4H3 isomer,
no clear evidence forn-C4H3 is found in this work. Nevertheless,
if the small increase in photoionization efficiency above 9.7
eV should be caused byn-C4H3 being ionized to form triplet
n-C4H3

+, an upper bound for then-C4H3 mole fraction can be
estimated. Assuming equal photoionization cross-sections to the
triplet ion for i- andn-C4H3 near 10 eV, about 20% of the signal
would be due ton-C4H3 and 60% of the signal would be due to
the i-C4H3 f i-1C4H3

+ process, while another 20% is due to
the formation ofi-3C4H3

+. The peak mole fractions forn-C4H3

would be estimated to be below 3× 10-6 and 1× 10-5 in the
cyclopentene and allene flames, respectively. This upper bound
on the n-C4H3/i-C4H3 ratio is substantially higher than the
expected ratio at thermal equilibrium (∼0.03 at 1700 K) but
may still be low enough to rule outn-C4H3 as aprincipal
precursor to benzene formation for the flames considered here.
The upper bound could be substantially higher if more of the
steps were due to this species, i.e., if the photoionization cross-
section were smaller.

The estimated mole fractions fori-C4H3 and the upper bounds
for n-C4H3 should be valuable in detailed modeling studies of
the possible importance of the C4H3 + C2H2 reactions as
important benzene formation pathways. In particular, the
reaction ofi-C4H3 plus acetylene deserves testing in chemical
kinetics models. Walch11 and Klippenstein and Miller13 have
shown that this reaction can also yield the phenyl radical (or
o-benzyne+ H) by a pathway that involves no barriers that lie
higher in energy than the entrance-channel addition barrier.
Recent electronic-structure calculations indicate that the barrier
for i-C4H3 addition to acetylene is smaller than previously
thought.13

The participation of thei- andn-C4H3 isomers in cyclization
steps must be weighed against thermal dissociation and hydrogen

abstraction reactions, which may occur rapidly in the high-
temperature reaction zones of premixed flames. In fact,i- and
n-C4H3 isomers share a property with many small unsaturated,
even resonantly stabilized, free hydrocarbon radicals: They have
relatively weak C-H bonds (important exceptions are isomers
of C3H2, C3H3, and C5H3). This property is a result of the fact
that these radicals can dissociate into a stable molecule and a
hydrogen atom, as opposed to two radicals. This elusive
chemistry makes accurate, reliable measurements of their
concentrations extremely important.

C4H5. There are at least five isomers of C4H5 that could be
detectable in the flames studied experimentally in this paper:
cyclic-C4H5, n-C4H5 (CH2CHCHCH), i-C4H5 (CH2CCHCH2),
1-methylallenyl (CH3CCCH2), and a CH3CHCCH isomer. The
least significant of these is probablycyclic-C4H5. It can be
formed either as a minor product at low or intermediate
temperatures in the reaction of vinyl with acetylene or from
the direct isomerization,n-C4H5 f cyclic-C4H5.38,55 At tem-
peratures typical of the reaction zones of premixed flames, the
equilibrium of this isomerization shifts to favorn-C4H5, making
cyclic-C4H5 unstable with respect to isomerization. Conse-
quently, the presence ofcyclic-C4H5 in flames should be limited
to the low-temperature regions. The cooling process that occurs
during the sampling may lead to the quenching of some of the
more highly excitedn-C4H5 into the cyclic species; however,
that does not appear to be the case, since no evidence forcyclic-
C4H5 is found.

Probably because of the large differences between vertical
and adiabatic ionization energies, no clear evidence is found
for the n-C4H5 isomer in the present work. In previous work,
using electron ionization, appearance energies near 9 eV were
measured, except Cole who measured an apparent ionization
energy of (7.7( 0.4) eV in a stoichiometric 1,3-butadiene
flame.49 Bittner measured an ionization threshold of (9.4( 0.3)
eV,52,56and subsequently, Westmoreland measured an ionization
threshold of (8.9( 0.25) eV in a fuel-rich C2H2 flame.42 These
values are consistent with ionization ofn-C4H5 to a triplet state
(Table 4), but no threshold was reported at the ionization energy
to the singlet ion, 7.1 eV.

Thermochemistry and much formation chemistry favori-C4H5.
In high-temperature reaction zones of rich flames,n-C4H5 can
be easily converted to the more stablei-isomer by H-atom-
assisted isomerization.4 i-C4H5 should also be the dominant
abstraction product of 1,3-butadiene+ radical reactions because
of the weaker allylic H at the 2-position compared to the vinylic
H at the 1-position. This hypothesis is supported by the

TABLE 5: Previous Flame Measurements of C4H3 and C4H5 Using Electron-Ionization Molecular Beam Mass Spectrometry

m/z ) 51 (C4H3) m/z ) 53 (C4H5)

flame

apparent
threshold

(eV)

meas.
atz

(mm)

max
mole

fraction

meas.
atz

(mm)

meas.
at

(eV)

apparent
threshold

(eV)

meas.
atz

(mm)

max
mole

fraction

meas.
atz

(mm)

meas.
at

(eV) refs

C2H2

φ ) 2.4, 5.0% Ar
8.6( 0.7 2‚10-5 4.3 10.85 8.9( 0.3 3.2 1.0‚10-5 2.2 10.85 3, 42

C2H4,
φ ) 1.9, 5.0% Ar

9.5( 0.5 8.0 6.7‚10-6 8.1 11.25 not measured 2.9‚10-6 6.8 11.25 44, 45

allene-doped C2H4

φ )1.9, 5.0% Ar
9.3( 0.4 8.0 1.3‚10-4 9.3 11.76 9.0( 0.4 6.0 2.4‚10-5 7.1 11.76 46

propene
φ ) 1.64, 6.71% Ar

9.4( 0.4 5.8 5‚10-5 2.8 10.66 9.1( 0.4 4.6 2‚10-5 4 10.66 47, 53

1,3-butadiene
φ ) 1.0, 60% Ar

not measured 4‚10-6 4.6 7.7( 0.4 2.8‚10-5 3.3 49

benzene
φ ) 1.8, 30% Ar

10.3( 0.3 6.6 2‚10-4 8.4 10.3 9.4( 0.3 7.0 3‚10-5 6.8 10.3 52
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ionization threshold for C4H5 [(7.7 ( 0.4) eV] measured by
Cole57 in a stoichiometric 1,3-butadiene flame.

The overall reactionn-C4H5 + C2H2 f benzene+ H was
proposed as an important cyclization step under combustion
conditions by Cole et al.,57 Weissman and Benson,58,59Frenklach
and co-workers,60,61 and Westmoreland et al.3 This role for
n-C4H5 was given credence in the experiments of Callear and
Smith,62,63who were studying the reaction of H with acetylene
at low temperature and discovered large quantities of benzene
in the products. They proposed that then-C4H5 came from the
sequence

Miller et al.38 have shown theoretically that indeedn-C4H5 is
the dominant product of the C2H3 + C2H2 reaction at low
temperatures, and the above sequence remains a possible source
of benzene in the low-temperature regions of premixed flames.

Miller and Melius4 suggested that the reaction ofi-C4H5 with
acetylene was a plausible cyclization step under certain flame
conditions. This reaction can form fulvene+ H without
undergoing any H-atom transfers or going through any multi-
centered transition states after the initial complex is formed.4,64-66

It deserves more consideration than it has been given to date.
1-Methylallenyl is formed in flames primarily from the

reaction of methyl with propargyl.64-67 As it is simply a methyl-
substituted propargyl radical, it can react with propargyl to form
toluene or benzyl+ H through a sequence of steps analogous
to those by which the propargyl+ propargyl reaction forms
benzene and phenyl+ H.8 Similarly, 1-methylallenyl can react
with itself, leading ultimately toortho-xylene. The CH3CHCCH
isomer is also a methyl-substituted propargyl radical that can
be formed from the CH3 + C3H3 reaction. It is only slightly
less stable thermodynamically thani-C4H5 and 1-methylallenyl.
Although it appears currently to be absent from flame models,
it conceivably could play a role in the cyclization and pre-
cyclization chemistry. The role of all different C4H5 isomers in
cyclization reactions requires further investigation.

5. Conclusions

C4H3 and C4H5 isomers in fuel-rich allene, propyne, cyclo-
pentene, and benzene flames are identified by combining
photoionization mass spectrometry using tunable vacuum-
ultraviolet synchrotron radiation with ab initio-based Franck-
Condon simulations. On the basis of calculated frequencies and
force constants, the Franck-Condon analysis suggests that
mostly i-C4H3 is detected atm/z ) 51 and thati-C4H5, CH3-
CCCH2, and/or CH3CHCCH isomers are present atm/z ) 53.
The small amount ofn-C4H3 together with large differences in
vertical and adiabatic ionization energies may make it difficult
to detectn-C4H3. However, the reaction ofi-C4H3 with acetylene
to form phenyl oro-benzyne should be considered as a possible
cyclization step. The detection ofi-C4H5 suggests that its
reaction with acetylene to form fulvene+ H is a plausible
cyclization step. The role in soot formation of 1-methylallenyl
(CH3CCCH2) and/or the CH3CHCCH isomer, which is currently
absent from flame models, requires further investigation.
Because of low Franck-Condon factors, sensitivity to the less
stablen-C4H5 is limited, and no clear evidence for this isomer
was found in the present flames. The data allowed determination
of the ionization energies ofi-C4H3 [(8.06 ( 0.05) eV], of

i-C4H5 [(7.60 ( 0.05) eV], and (7.97( 0.05) eV for either
CH3CCCH2 and/or CH3CHCCH.
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