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ABSTRACT: The crossed molecular beam reactions of dicarbon,
C2(X1Σg+, a3Πu), with propene (C3H6; X1A′) and with the partially
deuterated D3 counterparts (CD3CHCH2, CH3CDCD2) were conducted at collision energies of about 21 kJ mol−1 under single collision
conditions. The experimental data were combined with ab initio and
statistical (RRKM) calculations to reveal the underlying reaction
mechanisms. Both on the singlet and triplet surfaces, the reactions
involve indirect scattering dynamics and are initiated by the addition of
the dicarbon reactant to the carbon−carbon double bond of propene.
These initial addition complexes rearrange via multiple isomerization
steps leading ultimately via atomic hydrogen elimination from the
former methyl and vinyl groups to the formation of 1-vinylpropargyl and
3-vinylpropargyl. Both triplet and singlet methylbutatriene species were
identiﬁed as important reaction intermediates. On the singlet surface,
the unimolecular decomposition of the reaction intermediates was found to be barrier-less, whereas on the triplet surface, tight
exit transition states were involved. In combustion ﬂames, both radicals can undergo a hydrogen-atom assisted isomerization
leading ultimately to the thermodynamically most stable cyclopentadienyl isomer. Alternatively, in a third body process, a
subsequent reaction of 1-vinylpropargyl or 3-vinylpropargyl radicals with the propargyl radical might yield to the formation of
styrene (C6H5C2H3) in an entrance barrier-less reaction under combustion-like conditions. This presents a strong alternative to
the formation of styrene via the reaction of phenyl radicals with ethylene, which is aﬃliated with an entrance barrier of about 10
kJ mol−1.
species in laminar premixed low pressure ﬂames consisting of
the hydrocarbon fuel mixed with oxygen and argon.9,11,12
Chemical kinetic models of those ﬂame results are exploited to
suggest likely reaction mechanisms of how PAHs and ultimately
soot might be formed. Mass growth processes are believed to
start at the molecular level and reach particulate size up to a few
nanometers,9,11,13,14 with the synthesis of the very ﬁrst mono
cyclic structures such as the phenyl radical (C6H5) and benzene
(C6H6) suggested to be the rate-determining step.15,16
These studies suggest further that the chemical evolution of
macroscopic environments such as combustion ﬂames and the

1. INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs), such as pyrene,
benz[a]anthracene, and benzo[k]ﬂuoranthene, are toxic byproducts formed during the incomplete combustion of fossil
and bio fuels and are considered potent atmospheric pollutants
due to their carcinogenic and mutagenic characters.1−3 The
formation mechanisms of these polycyclic aromatic hydrocarbons are of particular interest to the combustion and
astronomical communities due to the critical role of PAHs as
reaction intermediates in soot growth4 and also in the
formation of nanometer sized carbonaceous dust particles in
the outﬂow of circumstellar envelopes such as of IRC+10216.5
In combustion systems, sophisticated ﬂame tests have been the
most popular investigatory technique designed to model
conditions in internal combustion engines.6−10 These studies
utilize mass spectrometry often coupled with single photon
(soft) photoionization to determine the nature of the isomeric
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Figure 1. Distinct C5H5 isomers (bottom) formed via atomic hydrogen loss in the reactions of atomic carbon with distinct C4H6 isomers (top).

evidence that distinct C5H5 isomers can be formed in
bimolecular reactions of ground-state carbon atoms, C(3Pj),
with C4H6 isomers 1,3-butadiene,46 1,2-butadiene,47 and
dimethylacetylene48 on the triplet surface (Figure 1) via
C5H6 intermediates. An alternative pathway to access the
C5H6 surface ultimately leading to the formation of distinct
C5H5 radicals via atomic hydrogen loss might be the
bimolecular reactions of dicarbon molecules, C2, in its
electronic ground (X1Σg+) and ﬁrst excited state (a3Πu) with
propene (C3H6; X1A′). Note that both dicarbon in its singlet
ground state and in its triplet excited state as well as propene
have been detected in hydrocarbon ﬂames49,50 and in the
interstellar medium.51,52 These reactions are expected to form
hydrocarbon radicals, possibly RSFRs, via the dicarbon versus
atomic hydrogen loss pathways as shown, for instance, in the
bimolecular reactions of dicarbon with ethylene and acetylene
yielding the 1,2,3-butatrien-1-yl (i-C4H3; X2A′)53 and butadiynyl (C4H; X2Σ+), respectively.54 Previous studies on the
dicarbon−propene system were limited to the investigation of
the inherent kinetics.55,56 Daugey et al. reported the kinetics
utilizing a continuous supersonic ﬂow reactor in the temperature range of 77 to 296 K, suggesting rate constants in the
order of 10−10 cm3 s−1.56 However, these studies could only
probe the decay kinetics of the dicarbon reactant, but not the
explicit formation of reaction products under single collision
conditions. Therefore, here, we present results of the
dicarbon−propene system under single collision conditions
and compare the reaction products, mechanisms, and chemical
dynamics with the C(3Pj)−C4H6 systems probed earlier.46−48

interstellar medium and the inherent formation of PAHs and
dust can be best understood in terms of successive bimolecular
reactions6,9,10,17−21 often involving resonantly stabilized free
radicals (RSFRs) and aromatic radicals (ARs).4−14,22 In RSFRs
such as propargyl (C3H3; X2B1),23−26 1,2,3-butatrien-1-yl (iC 4 H 3 ; X 2 A′), 1 2 , 2 7 , 2 8 and cyclopentadienyl (C 5 H 5 ;
X2E1″),12,27−30 the unpaired electron is delocalized and spread
out over two or more sites in the molecule. This results in a
number of resonant electronic structures of comparable
importance. Owing to the delocalization, resonantly stabilized
free hydrocarbon radicals are, similar to ARs such as phenyl
(C6H5; X2A1),6 more stable than ordinary radicals. Consequently, RSFRs and ARs can reach high concentrations in
ﬂames. These high concentrations make them important
reactants to be involved in the formation of PAHs.16,26,31,32
Among these radicals, the C5H5 potential energy surface
(PES), including cyclopentadienyl and its acyclic isomers,33−35
has received considerable attention since the recombination of
two cyclopentadienyl radicals (C5H5) and possibly the reaction
of cyclopentadienyl with cyclopentadiene (C5H6) might
eventually produce naphthalene and indene.30,36,37 The
formation of PAH containing ﬁve- and six-member rings is of
particular interest29,38,39 since these compounds play an
important role in reaction mechanisms governing the mass
growth of higher PAHs, soot, and even fullerenes40,41 in
combustion ﬂames.42,43 Simple PAH species with ﬁvemembered rings including indene, ﬂuorene, 1H-benz[f]indene,
and 1H-benz[e]indene, are abundant in ﬂames and may be
involved in further PAH growth producing nonplanar bowlshaped structures, which are possible precursors of fullerenes.
Indene is the simplest PAH molecule with a ﬁve-membered
ring, and the chemical reactions, which can potentially lead to
its formation in combustion ﬂames, include, for instance,
reactions of phenyl radicals with methylacetylene/allene.44,45
Sophisticated crossed molecular beam experiments combined
with electronic structure calculations provided compelling

2. EXPERIMENTAL METHODS
The experiments were conducted under single collision
conditions utilizing a universal crossed molecular beam
machine.57,58 Brieﬂy, a pulsed supersonic dicarbon beam,
C2(X1Σg+, a3Πu), was generated by laser ablation of graphite
at 266 nm. The rotating and translating graphite rod was
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routine was used to ﬁt the experimental data.61,62 This iterative
method initially assumes an angular ﬂux distribution, T(θ), and
the translational energy ﬂux distribution, P(ET) in the center-ofmass system. Laboratory TOF spectra and the laboratory
angular distributions (LABs) were then calculated from the
T(θ) and P(ET) functions accounting for the velocity and
angular spread of each beam. Best ﬁts were obtained by
iteratively reﬁning the adjustable parameters in the center-ofmass system within the experimental error limits of such as
peak velocity, speed ratio, and error bars in the LAB
distribution.
The dicarbon beam was also characterized spectroscopically
in situ via laser-induced ﬂuorescence (LIF) to probe the rovibrational distribution of the singlet (X1Σg+) and triplet (a3Πu)
states.58,63 Brieﬂy, rotational temperatures (Trot) were measured
for the ﬁrst and second vibrational levels of the ﬁrst excited
electronic state, a3Πu, via the Swan band transition (d3Πg−
a3Πu). The values reported for v = 0 and v = 1 were Trot = 240
± 30 K and 190 ± 30 K with fractions of 0.67 ± 0.05 in v = 0
and 0.33 ± 0.05 in v = 1. The singlet state was probed via the
Mulliken excitation (D1Σu+−X1Σg+). At v = 0 at fractions of
0.83 ± 0.1, the rotational distribution was bimodal; rotational
temperatures were derived to be Trot = 200 K (population
fraction 0.44 ± 0.05) and Trot = 1000 K (population fraction
0.39 ± 0.05). At v = 1 at fractions of 0.17 ± 0.04, a bimodal
rotational distribution was also observed giving Trot = 200 K
(0.06 ± 0.02) and Trot = 1,000 K (0.11 ± 0.02). These results
clearly show the existence of singlet as well as triplet states in
our dicarbon beam.

ablated by focusing 10−15 mJ per pulse of the output of a
Spectra-Physics Quanta-Ray Pro 270 Nd:YAG laser operating
at 30 Hz and seeding the ablated species in neon carrier gas
(99.9999%, Specialty Gases). The latter was introduced via a
Proch-Trickl pulsed valve operating at repetition rates of 60 Hz
with amplitudes of −350 V to −400 V and opening times of 80
μs. A neon gas backing pressure of 4 atm resulted in a pressure
of about 4 × 10−4 Torr in the primary source chamber. The
molecular beam passed a skimmer and a four-slot chopper
wheel, which selected a segment of the pulsed dicarbon beam
of a well-deﬁned peak velocity (vp) and speed ratio (S) (Table
1). The segment of the pulsed dicarbon beam then crossed a
Table 1. Peak Velocities (vp), Speed Ratio (S), Collision
Energy (Ec), and Center-of-Mass Angles (ΘCM) of the
Dicarbon, Propene, and Partially Deuterated Propene
Molecular Beams
beam

vp (ms−1)

S

Ec (kJ mol−1)

ΘCM

CH3CHCH2
C2
CH3CDCD2
CD3CHCH2

833 ± 15
1440 ± 32
815 ± 20
815 ± 20

11.0 ± 0.3
2.7 ± 0.7
7.8 ± 1.0
7.8 ± 1.0

21.1 ± 0.8
21.4 ± 0.9
21.4 ± 0.9

45.4 ± 1.1
46.7 ± 1.2
46.7 ± 1.2

pulsed propene (C3H6, 99+%, Sigma-Aldrich) beam perpendicularly in the interaction region. The pulsed propene beam was
generated by a pulsed valve operated at a backing pressure of
550 Torr and 60 Hz thus producing a pressure of about 2 ×
10−4 Torr in the secondary source chamber. A photo diode
mounted on top of the chopper wheel provided the time zero
of the experiments. Partially deuterated isotopologues of
propene, i.e., D3-propenes CD3CHCH2 and CH3CDCD2
(99+ D%, C/D/N Isotopes Inc.), were used to elucidate the
position of the atomic hydrogen loss, i.e., from the methyl
versus vinyl group, and, hence, to extract the nature of the
product isomers formed. Note that the primary beam contains
carbon atoms and tricarbon molecules as well. The tricarbon
(C3) does not interfere with the ion counts of the dicarbon−
propene system. Previous test experiments showed that
tricarbon reacts with propene only at collision energies larger
than about 40 kJmol−1, which is much higher than the present
collision energy of 21 kJ mol−1. Reactive scattering signal from
the reaction of atomic carbon with propene does not interfere
in the mass range from 65 (C5H5+) to m/z = 63 (C5H3+) either.
However, the presence of carbon atoms does hinder the
potential detection of the methyl loss pathway; please refer to
section 4.1 for a full discussion. The ablation source and the
relative intensities of atomic carbon, dicarbon, and tricarbon
have been characterized extensively.59
The neutral reaction products were analyzed by a triply
diﬀerentially pumped rotatable mass spectrometer operated in
the time-of-ﬂight mode. Here, the neutral products are ionized
by electron impact (80 eV, 2.0 mA), pass a quadrupole mass
ﬁlter, and reach a Daly type ion detector operated at −22.5
kV.60 The quadrupole mass spectrometer (Extrel QC 150)
operated at 2.1 MHz and passed ions with the desired mass-tocharge, m/z, value. The signal from the photomultiplier tube
passes a discriminator (Advanced Research Instruments, Model
F-100TD, 1.6 mV) and is then fed into a Stanford Research
System SR430 multichannel scaler to record the time-of-ﬂight
(TOF) spectra.57 These TOF spectra were recorded at multiple
angles in the lab frame and then integrated to obtain the
angular distribution of the product(s). A forward-convolution

3. COMPUTATIONAL METHODS
Geometries of various species involved in the C2(1Σg+/3Πu) +
C3H6 reactions, including the reactants, C5H6 intermediates,
transition states, and products, were optimized at the hybrid
density functional B3LYP level of theory with the 6-311G(d,p)
basis set.64,65 Vibrational frequencies and zero-point vibrational
energy (ZPE) were obtained using the same B3LYP/6311G(d,p) approach. The optimized geometries of all species
were then used in single-point coupled cluster CCSD(T)
calculations66−69 (restricted open-shell RHF-RCCSD(T) for
open-shell species) with Dunning’s correlation-consistent ccpVDZ, cc-pVTZ, and cc-pVQZ basis sets.70 The T1 diagnostics
values for calculated species appeared not to exceed 0.02,
indicating that their wave functions do not exhibit a strong
multireference character, and so the CCSD(T) approach
should produce reliable energetics. Note that the T1
diagnostics is a measure of the magnitude of the singlet
amplitudes in the coupled-cluster expansion of the wave
function.71 The CCSD(T) total energies were extrapolated to
the complete basis set (CBS) limit by ﬁtting the following
equation:72
Etot(x) = Etot(∞) + Be−Cx

where x is the cardinal number of the basis set (2, 3, and 4) and
Etot(∞) is the CCSD(T)/CBS total energy. On the triplet
surface, the CCSD(T)/cc-pVQZ calculations were performed
only for the reactants, products, and the most critical transition
states; otherwise, the CBS extrapolation was carried out using
the CCSD(T)/cc-pVDZ and CCSD(T)/cc-pVTZ energies
only with the following expression72
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Etot(∞) = (Etot(cc − pVTZ) − Etot(cc − pVDZ)
× 2.53 /3.53)/(1 − 2.53 /3.53)

The diﬀerences between relative energies obtained from the
three- and two-point extrapolation schemes are normally small,
within 1−2 kJmol−1, but may reach 7 kJ mol−1 for some exit
transition states and about 10 kJ mol−1 for radical products.
The GAUSSIAN 0973 and MOLPRO 201074 programs were
used for the ab initio calculations.
Rate constants k(E) were computed using RRKM
theory,75−77 where the internal energy E was taken as a sum
of the energy of chemical activation in the C2(1Σg+/3Πu) +
C3H6 reactions and a collision energy, assuming that a
dominant fraction of the latter is converted to the internal
vibrational energy. The harmonic approximation was used to
calculate the total number and density of states. For the
reaction channels that do not exhibit exit barriers, such as H
atom eliminations from various C5H6 intermediates occurring
by a cleavage of single C−H bonds, we applied the
microcanonical variational transition state theory77 (VTST)
and computed variational transition states, so that the
individual microcanonical rate constants were minimized
along the reaction paths of the barrierless single-bond cleavage
processes. Product branching ratios were evaluated by solving
ﬁrst-order kinetic equations for unimolecular reactions within
the steady-state approximation, according to the kinetics
schemes based on the ab initio potential energy diagrams.
The rate constants for the barrierless C2(1Σg+/3Πu) additions to
propene were not considered in the present treatment, as our
main goal was to evaluate product branching ratios for various
dissociation channels leading to product formation independent of the total rate constant in the entrance channel.

Figure 2. Time-of-ﬂight data recorded at m/z = 63 in the reaction of
dicarbon with propene at various laboratory angles at a collision
energy of 21.1 kJ mol−1. The circles represent the experimental data,
and the solid line represents the ﬁt.

the range of m/z = 65 to 63, as tricarbon does not react with
unsaturated hydrocarbons at collision energies as low as 40 kJ
mol−1.79 We can now integrate the TOF spectra to derive the
LABs of the C5H5 product(s). This angular distribution is
shown in Figure 3 and peaks close to the center-of-mass angle

4. RESULTS
4.1. Laboratory Data. Reactive scattering signal from the
reaction of dicarbon (C2; 24 amu) with propene (C3H6; 42
amu) was observed at mass-to-charge, m/z, between 65
(C5H5+) and m/z = 63 (C5H3+). At all masses, the TOF
spectra overlapped after scaling; this ﬁnding indicates that ions
at lower mass-to-charge ratios result from dissociative
ionization of the C5H5 neutral product in the electron impact
ionizer, and that only the dicarbon versus atomic hydrogen
pathway is open. Note that the signal-to-noise was better for
the ions at m/z = 64 and m/z = 63; hence the signal was
recorded at the ion with the best signal-to-noise, i.e., m/z = 63
(Figure 2). We also attempted to probe the methyl loss
pathway at m/z = 51 (C4H3+); a strong signal was observed at
m/z = 51 and data recorded from 34° to 66° in 2.5° steps.
However, ﬁtting this data revealed that the signal largely
resulted from reaction of ground state carbon atoms, which are
also present in the primary beam,59 with propene (C3H6)
forming C4H5 (53 amu); the latter can undergo dissociative
ionization in the electron impact ionizer. Thus, if the C4H3 plus
CH3 product channel is present in the title reaction, it is
masked by the dissociative ionization product from the reaction
of ground state carbon atoms with propene. Since the reaction
dynamics of the atomic carbon−propene system were reported
earlier, the reader is referred to the original literature,78 and the
successive sections only focus on the reaction of dicarbon with
propene. Note that besides atomic carbon and dicarbon, the
primary beam also contains tricarbon molecules. However,
tricarbon does not interfere with the reactive scattering signal in

Figure 3. LAB of product signal at m/z = 63. C.M. designates the
center-of-mass angle. Filled circles and 1σ error bars represent the
experimental data, and the solid line represents the calculated
distribution.

of 45.4° ± 1.1° (Table 1). The overall shape depicts a nearly
forward−backward symmetric distribution extending at least
40° in the scattering plane deﬁned by both beams. In summary,
the interpretation of the TOF data suggests the existence of the
dicarbon versus hydrogen atom exchange channel along with
the formation of C5H5 isomer(s) at the collision energy of 21.1
± 0.8 kJ mol−1 (Table 1) under single collision conditions.
Having identiﬁed the atomic hydrogen loss, it is important to
elucidate whether this hydrogen atom is ejected from the vinyl
or from the methyl group in propene. To determine the
position of hydrogen loss, we therefore conducted experiments
with partially deuterated D3-propenes (CH 3 CDCD 2 ,
CD3CHCH2). This also assists to determine the branching
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ratio of diﬀerent hydrogen loss channels and the identiﬁcation
of the product isomers. Here, in the reaction with CH3CDCD2
and CD3CHCH2, the hydrogen atom can be only lost from the
methyl and vinyl groups, respectively. Figure 4 shows the TOF

Figure 4. Time-of-ﬂight data for the atomic hydrogen loss pathway in
the reactions of dicarbon with partially deuterated propenes, (a)
CH3CDCD2 and (b) CD3CHCH2 monitored at m/z = 68 (C5H2D3+)
at the center-of-mass angle.

spectra recorded at the center-of-mass angle for CH3CDCD2
and CD3CHCH2 recorded at m/z = 68 for the atomic
hydrogen loss channel (C5D3H2+). These raw data alone clearly
indicate two distinct atomic hydrogen loss pathways from the
methyl and from the vinyl group. Integrated signals from
reactions of dicarbon with CH3CDCD2 and CD3CHCH2
indicate branching ratios of the atomic hydrogen loss from
the methyl versus the vinyl position of 75 ± 10% and 25 ±
10%, respectively.
4.2. Center-of-Mass Functions. After compiling the
laboratory data, we are now turning our attention to the
center-of-mass functions: the translational (P(ET)) and angular
(T(θ)) center-of-mass distributions. The laboratory data can be
ﬁt with a single channel of the mass combination of 65 amu
(C5H5) and 1 amu (H). Figure 5 depicts the center-of-mass
translational energy (top) and angular (bottom) distributions
forming the C5H5 radical(s) and hydrogen atom. The P(ET)
distribution depicts a relatively broad distribution maximum
starting from zero translational energy up to 20 kJ mol−1. This
ﬁnding suggests that at least one reaction channel involves a
tight exit transition state and hence a signiﬁcant exit barrier of
this order of magnitude. Second, for those products formed
without internal excitation, the maximum translation energy of
the P(ET) distribution, Emax, presents the sum of the collision
energy plus the reaction exoergicity. Therefore, Emax can be
utilized to extract the reaction energy. For the Emax value of 220
± 40 kJ mol−1, the reaction is determined to be exoergic by 200
± 40 kJ mol−1 after subtracting the nominal collision energy.
Finally, the averaged fraction of available energy released into
the translational degrees of freedom of the products is
approximately 29 ± 5%;80 this fraction has been calculated
for the energetics on the triplet surface and the formation of
product p2. Further, the center-of-mass angular distribution is
forward−backward symmetric with respect to 90° and is
distributed over the complete angular range from 0° to 180°.
The intensity over the complete scattering range suggests that
the dicarbon−propene system involves indirect scattering
dynamics via the formation of bound C 5 H 6 reaction
intermediate(s);81 further, the forward−backward symmetry
suggests that decomposing C5H6 reaction intermediate(s)
is(are) long-lived, i.e., longer than the rotational period of the
C 5 H 6 molecule. 80 In principle, the forward−backward
symmetry can also be the result of a “symmetric” reaction

Figure 5. Center-of-mass translational energy ﬂux distribution (upper)
and angular distribution (lower) for the hydrogen atom loss channel in
the dicarbon-propene reaction leading to C5H5 products. Hatched
areas indicate the acceptable upper and lower error limits of the ﬁts,
and the solid red line deﬁnes the best-ﬁt function.

intermediate. In the latter case, the probability of the leaving
hydrogen atom from the decomposing complex is equal at θ
and π−θ. Finally, the maximum at 90° in the center-of-mass
angular distribution depicts geometrical constraints of the
decomposing complex (“sideways scattering”). Here, the
distribution suggests that the atomic hydrogen is lost
preferentially perpendicularly to the plane of the decomposing
complex almost parallel to the total angular momentum
vector.80

5. DISCUSSION
Before combining the experimental data with the computational results, let us brieﬂy summarize the experimental results
(R1−R5).
(R1) The laboratory data and TOF spectra suggest the
existence of a dicarbon versus atomic hydrogen replacement
mechanism leading to the formation of C5H5 isomer(s). The
hydrogen atom can be lost from the methyl and/or vinyl group.
No evidence for molecular hydrogen loss was found. A methyl
elimination pathway could not be detected due to the
experimental diﬃculties, in particular, the strong yield of the
C4H3+ product of dissociative ionization of C4H5, which is the
primary product of the reaction of propene with carbon atoms
abundant in the beam.
(R2) To elucidate whether the hydrogen atom is lost from
the vinyl or from the methyl group in propene, experiments
with partially deuterated D3-propenes (CH 3 CDCD 2 ,
CD3CHCH2) were conducted. These studies demonstrated
that two distinct atomic hydrogen loss pathways from the
11787
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Figure 6. PESs calculated at the CCSD(T)/CBS level: (a) For the C2(X1Σg+) + C3H6 reaction, based on three-point CBS extrapolation from
CCSD(T)/cc-pVDZ, CCSD(T)/cc-pVTZ, and CCSD(T)/cc-pVQZ total energies. (b) For the C2(a3Πu) + C3H6 reaction. Bold numbers are
obtained based on the three-point CBS extrapolation and plain numbers, based on two-point CBS extrapolation from CCSD(T)/cc-pVDZ and
CCSD(T)/cc-pVTZ total energies. H atoms from the methyl group are highlighted in green. Geometries of distinct exit transition states are
displayed in panel c.
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Table 2. Product Branching Ratios (%) in the C2(1Σg+/3Πu) + C3H6 Reaction Calculated at Various Collision Energies (kJ/mol)
(a) C2(1Σg+)
collision energy

0.0

8.4

16.7

21.0

25.1

33.5

41.8

C5H5 + H CH2CCCHCH2 p1 total
p1 from s2
p1 from s8
p1 from s6a
t-CHCCHCHCH2 p2 total
p2 from s8
p2 from s6
CH2CCCCH3 p3
c-C5H5 p5
CHCCCHCH3 p6
C4H3 + CH3 i-C4H3 total
i-C4H3from s2
i-C4H3 from s7
n-C4H3
CH3CCH + CCH2
CH3CCH + C2H2
CH3CHCCC + H2
CH3CCCCH + H2
C4H2 + CH4
(b) C2(3Πu)

44.96
41.20
1.35
2.41
13.51
8.15
5.36
1.46
7.04
1.00
27.07
26.48
0.59
1.17
2.85
0.73
0.12
0.09
0.00

44.98
41.33
1.38
2.28
13.08
8.09
5.00
1.61
6.41
1.13
27.70
27.14
0.56
1.28
2.80
0.77
0.14
0.09
0.00

44.98
41.41
1.41
2.15
12.66
8.01
4.65
1.76
5.85
1.26
28.29
27.75
0.54
1.39
2.75
0.80
0.16
0.10
0.00

44.83
41.31
1.43
2.09
12.48
7.97
4.51
1.85
5.57
1.35
28.66
28.14
0.53
1.44
2.73
0.83
0.16
0.10
0.00

44.71
41.22
1.45
2.05
12.32
7.96
4.36
1.91
5.37
1.41
28.95
28.44
0.52
1.46
2.72
0.84
0.17
0.10
0.00

44.42
41.01
1.48
1.94
12.03
7.90
4.14
2.05
4.95
1.57
29.60
29.10
0.50
1.49
2.68
0.89
0.19
0.11
0.00

44.19
40.89
1.46
1.83
11.57
7.79
3.78
2.20
4.71
1.74
30.27
29.80
0.46
1.46
2.64
0.89
0.22
0.11
0.00

collision energy
from initial adduct
C5H5 + H
CH2CCCHCH2 p1
t-CHCCHCHCH2 p2
c-CHCCHCHCH2
p2′ from i9
p2′ from i11
CH2CCCCH3 p3
c-C5H5 p5
CHCCCHCH3 p6
i-C4H3 + CH3

0.0

8.4

16.7

21.0

25.1

33.5

41.8

i1

i2

i1

i2

i1

i2

i1

i2

i1

i2

i1

i2

i1

i2

23.64

21.62

24.14

21.86

24.39

21.87

24.51

21.87

24.59

21.83

24.66

21.69

24.73

21.55

2.53
26.73
25.29
1.43
1.05
30.10
1.31
14.64

2.68
28.29
26.77
1.52
0.96
31.85
1.20
13.40

2.84
28.39
26.79
1.60
1.18
26.05
1.51
15.89

3.04
30.39
28.67
1.72
1.07
27.88
1.37
14.39

3.10
29.74
27.97
1.77
1.31
22.64
1.73
17.08

3.36
32.21
30.29
1.91
1.18
24.52
1.55
15.31

3.23
30.31
28.47
1.84
1.38
21.06
1.84
17.66

3.52
33.03
31.02
2.01
1.23
22.95
1.64
15.76

3.34
30.77
28.85
1.92
1.45
19.71
1.95
18.20

3.66
33.73
31.63
2.10
1.28
21.61
1.73
16.16

3.56
31.53
29.49
2.04
1.58
17.20
2.24
19.22

3.96
34.99
32.73
2.27
1.39
19.09
1.97
16.91

3.76
32.05
29.90
2.16
1.71
15.10
2.40
20.25

4.22
36.02
33.60
2.42
1.49
16.97
2.09
17.65

methyl and from the vinyl group exist. Branching ratios of the
atomic hydrogen loss from the methyl versus the vinyl position
of 75 ± 10% and 25 ± 10%, respectively, were derived.
(R3) The reaction follows indirect scattering dynamics via
the involvement of C5H6 complexes; the latter are long-lived; at
least one of the intermediates decomposes via hydrogen atom
loss almost parallel to the total angular momentum vector.
(R4) The reaction forming C5H5 plus atomic hydrogen is
exoergic by about 200 ± 40 kJ mol−1.
(R5) At least one channel involves a tight exit transition state
as indicative from the relatively broad distribution maximum of
the center-of-mass translational energy distribution starting
from zero translational energy up to 20 kJ mol−1.
As evident from the complex singlet and triplet PESs (Figure
6), the dicarbon−propene reaction presents a tricky system.
The calculations predict that ﬁve C5H5 reaction products can be
formed (p1−p5). On the basis of the calculations alone, all
isomers are accessible on the singlet surface, but only reaction
pathways to p1, p2, p3, and p5 were located on the triplet
surface. Here, the cyclopentadienyl radical (p5) presents the
thermodynamically most stable C5H5 structure. It is 127 and
141 kJ mol−1 more stable than p2 and p1, respectively, which
can be considered as vinyl-substituted C1 and C3 propargyl
radicals. Isomer p4, formally an ethynyl substituted allyl radical,
is 150 kJ mol−1 less stable than the cyclopentadienyl radial p5.
Note that product p3 is the energetically least stable C5H5

isomer among those considered here; it can be derived from
the 1,2,3-butatrien-1-yl radical by replacing the C1 hydrogen
atom by a methyl group. In the case of complex PESs, the very
ﬁrst step is to compare the experimentally derived energetics
(−200 ± 40 kJ mol−1) of the reaction with the calculated data
of the isomers p1 to p5. The energetics of the formation of the
cyclopentadienyl radical p5 do not correlate well with the
experimental ﬁndings depicting deviations of about 160 kJ
mol−1. Therefore, we can conclude that cyclopentadienyl is
likely not the reaction product. On the other hand, the
experimental reaction energy can account within the error
limits for the formation of any of the isomers p1 to p4.
Having identiﬁed p1 to p4 as possible reaction products, we
are attempting to narrow down the choices even further. Recall
that experiments with D3-propenes (CH 3 CDCD 2 ,
CD3CHCH2) indicate that the hydrogen atom can be lost
from the methyl group and from the vinyl group with emission
from the methyl group being dominant (75 ± 10%) over the
vinyl group (25 ± 10%). On the triplet surface, having
eliminated p5 as a reaction product, the computations predict
p1 as the only remaining reaction product formed via atomic
hydrogen loss from the methyl group of the triplet 1methylbutatriene reaction intermediate (i7). The latter can
also fragment via hydrogen atom elimination from the “vinyl”
group yielding p3. Finally, reaction products p2 and p2′, the cis
isomer of p2, are accessible via hydrogen atom loss from “vinyl”
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fractions at most compared to p1. On the other hand, the
energetically more stable product p2 could be the result of a
unimolecular decomposition of s8 and s6, with the latter being
formed from s3 and s5. Since s3 can isomerize to s5 via a
barrier of only 1 kJmol−1, and s3 connects to intermediate s2,
we can propose that the isomerization sequence s2 → s3 → s5
→ s6 might be involved in the formation of p2 via hydrogen
loss from the methyl group along with the s2 → s8 path via
hydrogen loss from the vinyl group.
On the basis of these considerations, we would like to
propose the following reaction mechanisms. On the triplet
surface, the reaction involves indirect scattering dynamics and is
initiated by the addition of the dicarbon reactant to the
carbon−carbon double bond of propene at the C1 and/or C2
carbon atom leading to i1 and/or i2. These intermediates
isomerize to i7 involving cyclization/ring-opening/ring closure
pathways via two reaction sequences: (i) i4 → i7 (ii) i3 → i5
→ i6 → i7. Ultimately, intermediate i7 decomposes via
hydrogen atom emission from the methyl group through a tight
exit transition state ranging 17 kJ mol−1 above the separated
products to form product p1. Recall that the existence of a tight
transition state was predicted based on the center-of-mass
translational energy distribution. Further, the reversed addition
of a hydrogen atom to an sp2 hybridized carbon atom is
expected to occur perpendicularly to the molecular plane of p1
due to maximum orbital overlap. Therefore, this ﬁnding can
also rationalize the experimentally observed sideway scattering
and hence distribution maximum of the center-of-mass angular
distribution at 90°. Besides the hydrogen atom loss from the
methyl group leading to p1, the studies also identiﬁed a second
channel via hydrogen elimination from the former methyl
group forming p2/p2′. Here, intermediate i2 isomerizes to i8.
This reaction intermediate is involved in three reaction
sequences: (i) i8 → i9 → p2′, (ii) i8 → i10 → p2, (iii) i8
→ i11 → p2′ . All exit transition states are tight. In summary,
our studies suggest the formation of two isomers, p1 and p2/
p2′, on the triplet surface via hydrogen atom elimination from
the methyl and vinyl group, respectively, with computed
branching ratios of 23% and 35%, respectively.
On the singlet surface, the reaction is also initiated by a
barrier-less addition of dicarbon, but simultaneously to both
carbon atoms of the carbon−carbon double bond yielding
collision complex s1. The latter isomerizes via ring-opening to
intermediate s2, which then decomposes through a loose exit
transition state via hydrogen atom loss from the methyl group
to form p1. Recall that in related reactions of dicarbon with
acetylene54,59,82 and ethylene,53,83 the center-of-mass translational energy distribution was found to have a broad
distribution maximum similar to the dicarbon−propene system
as observed here. This ﬁnding was interpreted in terms of at
least two reaction mechanisms, one on the triplet and a second
on the singlet surfaces involving tight and loose exit transition
states, respectively. Therefore, the broad distribution maximum
found in the reaction of dicarbon with propene also support the
presence of ground state singlet and excited state triplet
dicarbon reactants. Finally, we would like to stress that
products p2 can be also formed via atomic hydrogen loss
from the methyl and vinyl groups on the singlet surface via the
reaction sequences s2 → s3 → s5 → s6 → p2 and s2 → s8 →
p2, respectively.
Let us now compare RRKM calculated product branching
ratios for the reaction of C2 (X1Σg+/a3Πu) with propene (Table
2) with experimental observations and the proposed mecha-

hydrogen atoms of intermediates of i10 as well as i9 and i11,
respectively. On the singlet surface, the situation is even more
complex. A close look at the reaction pathways indicates that
p1, p2, and p4 can be synthesized via hydrogen atom emission
from the former methyl group: intermediates s2 and s8 can
fragment to p1, whereas p2 and p4 can originate from
intermediate s6 and s7, respectively. On the other hand, the
calculations suggest s8 and s2 as potential intermediates in the
formation of p2 and p3, respectively, via hydrogen atom loss
from the former vinyl group. Therefore, the calculations
indicate that on the singlet and triplet surfaces, hydrogen atom
emissions from the methyl and vinyl groups are energetically
accessible.
These considerations suggest that on the triplet surface, p1
represents an accessible reaction product formed via unimolecular decomposition through atomic hydrogen loss from the
methyl group of i7; on the other hand, products p2/p2′ as well
as p3 could originate via atomic hydrogen loss from the former
vinyl group of intermediates i9-i10 and i7, respectively.
Considering the energetics involved in the unimolecular
decomposition of intermediate i7, the signiﬁcantly lower exit
barriers (−213 versus −169 kJmol−1) and favorable energetics
(−231 versus −183 kJmol−1) are expected to prefer the
formation of p1 compared to p3. This conclusion gains full
support from the statistical calculations indicating that
intermediate i7 decomposes preferentially to p1 compared to
p3 with fractions of 23% and 1% of the total product yield,
respectively (Table 2 and the unimolecular decomposition rate
constants of i7 in Table S2 of Supporting Information), i.e., a
preferential hydrogen atom loss from the methyl group. Note
that the formation of p2/p2′, which are accessible from i9 to
i11, can rationalize an atomic hydrogen elimination from the
former vinyl group.
On the singlet surface, the atomic hydrogen loss from the
methyl group can account for the decomposition of
intermediates s7 (p4), s6 (p2), and s2 and/or s8 (p1),
whereas the experimentally detected hydrogen loss from the
vinyl group might be explained via unimolecular decomposition
of s8 to product p2 and s2 to product p3. Can we narrow down
the latter pathways even further? We have to keep in mind that
intermediate s2 can decompose via atomic hydrogen loss from
the methyl and from the vinyl group leading to p1 and p3,
respectively. Based on the energetics of the decomposition, p1
(−221 kJmol−1) should be formed preferentially compared to
p3 (−173 kJmol−1). This conclusion gains full support from
our statistical calculations indicating a preferential formation of
p1 compared to p3 with fractions of 45% and 2%, respectively
(Table 2). Therefore, intermediate s2 loses a hydrogen atom
preferentially from the methyl group yielding p1; note that s2
can also isomerize to s8, which also decomposes to p1 via
hydrogen atom loss from the methyl group or to p2 via
hydrogen loss from the vinyl group. How about other pathways
to the alternative reaction products p2 and p4? Product p4 can
be formed via unimolecular decomposition of s7, with the latter
being formed by isomerization of s1. This process, however,
involves a signiﬁcant barrier of 177 kJ mol−1 for s1 to s7.
Considering s1, our calculations identify a lower barrier of only
60 kJ mol−1 for the isomerization of s1 to s2. Therefore, we can
conclude that s1 isomerizes preferentially to s2 rather than to
s7. Once again, our statistical calculations conﬁrm this
conclusion and suggest that about 99% of s1 isomerize to s2.
Since the formation of s7 is of minor importance, we can
predict that product p4, if present at all, is formed at lower
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nism. At the experimental collision energy of 21 kJmol−1, the
most important products of the reaction in the singlet state
include p1 (45%) mostly produced from s2, i-C4H3 plus CH3
(29%, also mostly from s2), and p2 (12%) formed from s8
(8%) and s6 (4%). On the triplet surface, the branching ratios
slightly depend on which initial adduct, i1 or i2, is produced in
the entrance channel, but, assuming equal probabilities of the
formation of these adducts, the main products are p1 (23%), iC4H3 plus CH3 (17%,) p2′/p2 (35%), and p5 (22%). Note
that according to the statistical picture from the RRKM
calculations, on the singlet surface, p1 and p2 from s6 are
produced by a hydrogen loss from a methyl group (49%), and
p2 from s8 is formed by a vinyl hydrogen atom loss (8%). On
the triplet surface, p1 and p5 are formed by a methyl hydrogen
loss (45%), whereas p2′/p2 are produced a vinyl hydrogen loss
(35%). This means that a statistically behaving reaction on the
singlet PES alone would produce the methyl hydrogen loss to
the vinyl hydrogen loss ratio of 49/8−6.1, while the triplet
reaction alone would produce the methyl to vinyl hydrogen loss
ratio of 45/35−1.3. Finally, we would like to comment on the
cyclopentadienyl radical p5. Experimentally, we have no
conclusive evidence that this isomer is formed in the reaction.
It might be synthesized with some internal energy. However,
the surfaces indicate that the dynamics factors are not favorable
for the formation of p5 as compared to the production of p1 or
p2′/p2 because the pathways to the precursors of p5, s11 and
i12, involve multiple hydrogen shifts; deviations from the
statistical behavior are expected to favor mostly p1 and i-C4H3
plus CH3.

isomerization leading ultimately to the thermodynamically most
stable cyclopentadienyl isomer, which is also considered as a
precursor to indene and naphthalene.36,37,84 Alternatively, in a
third body process, a subsequent reaction of 1-vinylpropargyl or
3-vinylpropargyl radicals with the propargyl radical might yield
to styrene (C6H5C2H3) in an entrance barrier-less reaction. This
presents a strong alternative to the formation of styrene via the
bimolecular reaction of phenyl radicals with ethylene, which is
aﬃliated with an entrance barrier of about 10 kJ mol−1.85
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involved in the reactions (Table S1), and rate constants of
various unimolecular reaction steps calculated using RRKM
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6. CONCLUSION
The crossed molecular beam reactions of dicarbon, C2(X1Σg+,
a3Πu), with propene (C3H6; X1A′) and with the partially
deuterated D3 counterparts (CD3CHCH2, CH3CDCD2) were
conducted at a collision energy of 21 kJ mol−1 under single
collision conditions. The experimental data were combined
with ab initio calculations to reveal the underlying reaction
mechanisms. Both in the triplet and singlet surfaces, the
reactions were found to be indirect via complex formation. On
the triplet surface, the reaction is initiated by the addition of the
dicarbon reactant to the carbon−carbon double bond of
propene at the C1 and/or C2 carbon atom yielding
intermediates i1 and i2, respectively. These intermediates
undergo mainly three isomerization sequences involving key
intermediates i7 and i8. Intermediate i7 fragments via hydrogen
atom loss from the methyl group yielding p1, whereas
intermediate i8 isomerizes to i9-i11, which then lose hydrogen
atom(s) from the vinyl group forming p2/p2′. Therefore,
reactions on the triplet surface yield ultimately two isomers via
hydrogen losses from the methyl and from the vinyl group: 1vinylpropargyl and 3-vinylpropargyl. On the singlet surface, the
reaction is also initiated by a barrier-less addition of dicarbon,
but to both carbon atoms of the carbon−carbon double bond
yielding collision complex s1. The methylbutatriene intermediate (s2) was identiﬁed as the central reaction intermediate
leading to product p1 via hydrogen emission from the methyl
group; also, product p2 can be accessed via multistep
isomerization sequences via hydrogen elimination from the
former methyl and vinyl groups of the propene reactant. In
summary, the title reaction leads to the formation of at least
two distinct C5H5 isomers, i.e., the resonantly stabilized free
radicals: 1-vinylpropargyl and 3-vinylpropargyl. In combustion
ﬂames, both radicals can undergo a hydrogen atom-assisted

■
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