
Dynamics of the O(3P) + C2H4 Reaction: Identification of Five Primary Product Channels
(Vinoxy, Acetyl, Methyl, Methylene, and Ketene) and Branching Ratios by the Crossed
Molecular Beam Technique with Soft Electron Ionization

Piergiorgio Casavecchia,* Giovanni Capozza, Enrico Segoloni, Francesca Leonori,
Nadia Balucani, and Gian Gualberto Volpi
Dipartimento di Chimica, UniVersità di Perugia, 06123 Perugia, Italy
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The crossed molecular beam scattering technique with soft electron ionization (EI) is used to disentangle the
complex dynamics of the polyatomic O(3P) + C2H4 reaction, which is of great relevance in combustion and
atmospheric chemistry. Exploiting the newly developed capability of attaining universal product detection by
using soft EI, at a collision energy of 54.0 kJ mol-1, five different primary products have been identified,
which correspond to the five exoergic competing channels leading to CH2CHO(vinoxy)+ H, CH3CO(acetyl)
+ H, CH3(methyl) + HCO(formyl), CH2(methylene)+ HCHO(formaldehyde), and CH2CO(ketene)+ H2.
From laboratory product angular and velocity distributions, center-of-mass product angular and translational
energy distributions and the relative branching ratios for each channel have been obtained, affording an
unprecedented characterization of this important reaction.

I. Introduction

Gas-phase chemical reactions relevant in areas of practical
interestsfrom combustion science to terrestrial/planetary at-
mospheres and interstellar cloudsscommonly encompass poly-
atomic molecules/radicals and usually involve several product
channels. Three basic goals are to determine (a) the nature of
the primary products, (b) the dynamics of their formation, and
(c) their relative yield (branching ratios). The most suitable
technique to tackle this challenge is the crossed molecular beam
(CMB) scattering technique with velocity analysis, based on
electron-ionization (EI) mass-spectrometric (MS) detection.1-3

In fact, EI is a universal detection method because every species
can be ionized at the electron energies (60-200 eV) normally
used in MS instruments. For this reason, the EI-MS technique
has been extensively used in CMB investigations;1-3 unfortu-
nately, when applied to studies of polyatomic reactions, the
method is plagued by the problem of the dissociative ionization
of reactants, products, and background gases.3 To reduce this
problem, the technique of soft ionization by tunable low-energy
electrons has recently been implemented in CMB experiments,4,5

following the example of the soft photoionization (PI) technique
via VUV tunable radiation from third-generation synchrotrons.6-10

The use of soft EI is much simpler than that of soft PI and
offers the possibility of determining branching ratios because
absolute EI cross sections are often known or reliably
estimated.3,9-11 Soft EI was not applied in CMB experiments
in the past for reasons associated with the signal-to-noise ratio
because EI cross sections drop drastically with decreasing
electron energy. Very recently, however, we have successfully
demonstrated its feasibility in CMB studies of the O(3P)+ C2H2

reaction, where the two competing pathways leading to HCCO
+ H and CH2 + CO formation were readily characterized.4

In this letter, we report on a detailed CMB investigation of
the reaction between ground-state oxygen atoms O(3P) and
ethylene, which is of great relevance in combustion and
atmospheric chemistry.12,13The reaction of O(3P) with ethylene
is significantly more complex than that with acetylene. The
following five exoergic reactions have been considered as
possible primary channels:

Over the last 50 years, many research groups have investi-
gated the kinetics of reaction 1 by employing a variety of
experimental techniques under different conditions.13-24 Al-
though its overall rate constant has been well established,20,21

the identity of the primary products and their relative branching
ratios has been the subject of considerable controversy21,22

(Table 1). However, knowledge of these entities is of primary
importance for modeling combustion systems as well as
atmospheric and outer-space chemistry. Very recently, the
rovibrational energy distribution of the HCO product has been* Corresponding author. E-mail: piero@dyn.unipg.it.

O(3P) + C2H4 f H + CH2CHO ∆H° ) -71 kJ mol-1

(1a)

f H + CH3CO ∆H° ) -114 kJ mol-1

(1b)

f H2 + CH2CO ∆H° ) -356 kJ mol-1

(1c)

f CH3 + HCO ∆H° ) -113 kJ mol-1

(1d)

f CH2 + HCHO ∆H° ) -29 kJ mol-1

(1e)
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determined by laser-induced fluorescence in a flow system,23

and the infrared chemiluminescence of some primary and
secondary products has also been measured in flow at room
temperature.24 The O(3P)+ C2H4 reaction has also been tackled
by the CMB technique. In the early 1980s, two different CMB
studies16 at a collision energy ofEc ≈ 25 kJ mol-1 were able
to characterize only channel 1a. Channel 1b leading to CH3CO
(an isomer of CH2CHO) could not be disentangled. Channels
1c-1e could not be detected because, besides the unfavorable
kinematics, the expected ion signal from their products coincides
with major background peaks and/or with peaks coming from
the dissociative ionization of the most intense CH2CHO product
and of the elastically scattered C2H4 reagent. Only the problem
connected with channel 1d was partially overcome in a later
CMB study22 by using isotopically labeled18O, which permitted
the detection of the HC18O product atm/z) 31 and 30 (C18O+),
and then an estimate of the branching ratio of cross sections,σ,
was obtained. The derived value ofσ1d/(σ1d + σ1a) ) 0.71 (
0.26 is somewhat larger than previous kinetic estimates (at 300
K), which range from 0.44 to 0.55 (Table 1).25

In the present work, by coupling an improved CMB instru-
ment with a tunable ionizer (7-100 eV) and exploiting soft EI,
we have been able to avoid most of the above complications.
From detailed measurements of angular and velocity distribu-
tions at selectedm/z values, it has been possible to identify as
primary products the vinoxy, acetyl, methyl, and methylene
radicals and the ketene molecule and hence to characterize the
reaction dynamics of all five competing channels (1a-1e) and
determine their branching ratios.

II. Experimental Method and Results

Product angular,N(Θ), and TOF,N(Θ, t), distributions were
measured at different energies of the ionizing electrons using
supersonic beams of O(3P) and C2H4 with peak velocities of
2739 and 808 m s-1, respectively. A new configuration of the
CMB apparatus, with an intersection angle of the two beams
of 135°, allowed us higher TOF resolution, which was essential
to disentangle the different contributions to eachm/zsignal. The
resulting Ec was 54.0 kJ mol-1. The basics of the CMB
apparatus and atomic oxygen beam source have been described
elsewhere.26 The N(Θ) at m/z ) 15 measured with 17 eV
electron energy (the value required to suppress the interfering
contributions atm/z) 15, as CH3+ and13CH2

+, from elastically
scattered C2H4 because the appearance energy AE of these ions
from C2H4 is 17 and 18 eV, respectively) is shown in Figure 1
together with the velocity vector (Newton) diagram of the
experiment. At 17 eV, them/z ) 15 signal, besides that from
the CH3 product of channel (1d), partially originates from CH2-
CHO/CH3CO via dissociative ionization, but the various
contributions to them/z ) 15 signal can be easily separated by
performing velocity distribution measurements at selected
laboratory angles by the TOF method. (See below.) Figure 2

shows exemplary TOF spectra recorded atm/z ) 42, 15, and
14 for the laboratory angleΘ ) 34°. It should be noted that
the vinoxy product could not be detected via the highly unstable
parent CH2CHO+ ion (m/z ) 43) but only via the daughter ion
(m/z ) 42) (Figure 3). As derived from the data analysis26 and
clearly shown in Figure 2, the TOF spectra carry the fingerprints
of all five reaction channels. Specifically, them/z ) 42 TOF
spectrum exhibits (i) a dominant peak due to the fragmentation
of CH2CHO+ (channel 1a), (ii) a faster peak, appearing as a
shoulder on the main peak, which is unambiguously attributed,
on the basis of the total energy and linear momentum conserva-
tion, to the ketene product from channel 1c, and (iii) a small,
slow component, which peaks at the CM velocity and has been
attributed to the fragmentation of CH3CO+ from channel 1b
with low recoil energy. Them/z ) 15 TOF spectrum exhibits
a fast peak that is unambiguously attributed to CH3 from channel
1d and a slower, more intense peak analogous to the main peak
observed atm/z ) 42, which is due to dissociative ionization
of the vinoxy product (channel 1a). Note that the small
contribution of CH3CO is not visible in the TOF spectrum at
m/z ) 15, presumably because of the different fragmentation
patterns of the internally hot vinoxy and acetyl radicals. The
two reactive channels are characterized, in fact, by a different
exoergicity, and their dynamics appear to differ dramatically.

TABLE 1: History of the Branching Ratios, σi/∑σi, for the O(3P) + C2H4 Reaction

product

reference CH2CHO CH3CO CH2CO CH3 CH2

Cvetanovic13 <0.10 0.04
Gutman14 ,0.10 large large
Hunzinger15 0.36( 0.04 0.52-0.58
Kaufman17 0.79( 0.14
Klemm18 0.27( 0.05
Endo19 0.4( 0.1 0.5( 0.1 0.1( 0.05
Temps21 0.50( 0.10 0 0.44( 0.15 0.06( 0.03
Schmoltner22 0.29( 0.11 0.71( 0.26 -
this work 0.27( 0.06 0.01( 0.005 0.13( 0.03 0.43( 0.09 0.16+0/-0.08

Figure 1. Laboratory angular distribution atm/z ) 15 (b) from the
reaction of O(3P) + C2H4 at Ec ) 54.0 kJ mol-1, obtained by using an
electron energy of 17 eV, together with the relative Newton diagram.
Error bars are smaller than the experimental dots. The circles in the
Netwon diagram delimit the maximum speed that the indicated products
can attain on the basis of energy and linear momentum conservation if
all of the available energy goes into product translation. The heavy
solid line is the total angular distribution calculated from the best-fit
product CM translational energy and angular distributions, the separate
contributions from the CH2CHO and CH3 products from channels 1a
and 1d being shown with light continuous and dotted lines, respectively.
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Them/z ) 14 TOF spectrum appears to be more complex with
a fast peak that can correspond only, on the basis of energy
and linear momentum conservation, to CH2 (methylene) forma-
tion from channel 1e, and several other contributions clearly
originating from the fragmentation of vinoxy, acetyl, and ketene

products (channels 1a-1c). A small contribution to the fast peak
arises from the fragmentation of CH3 from channel 1d. (The
appearance energy, AE, of CH2

+ from CH3 is in fact 15.1 eV.27)
We emphasize here that the use of soft EI is particularly crucial
for the detection of CH2 from channel 1e. In fact, because the
AE of CH2

+ from C2H4 is 18.0 eV,27 by using an electron energy
of 17 eV it was possible to remove completely the elastic
contribution due to C2H4, which otherwise would overwhelm
(by a factor∼100) the reactive signal (Figure 4). At the same
time, at 17 eV the background atm/z ) 14 due to dissociative
ionization of residual N2 becomes zero because the AE of N+

from N2 is 24.3 eV.27 Using 17 eV, only some (unavoidable)
dissociative ionization from the CH2CHO, CH3CO, and CH2-
CO products remains, which, however, can be easily disen-
tangled by TOF measurements at differentm/z values (Figure
2).

Once the origin of the various ion signals is sorted out, the
relative yield of each product can be derived from the estimated
ionization cross section and the measured total ion yield for a
specific product.3,22 The branching ratios derived in this study
are compared with previous kinetic and CMB estimates in Table
1. We note that CMB and kinetics experiments are relative to
different Ec values; however, the branching ratios are not
expected to exhibit a pronounced energy dependence in the O
+ C2H4 system because even at thermal energies the total
available energy is well above the height of the interconversion
and exit barriers in the potential energy surface (PES). (See
schematic energy diagrams in refs 23, 24, and 28.) Under our
experimental conditions, methyl+ formyl formation is the
dominant channel accounting for 43% of the yield, followed
by vinoxy+ H (27%). This is in line with most kinetic findings
at 300 K. In addition, we have established that methylene+
formaldehyde is formed in a significant fraction, thus cor-
roborating the conclusions of recent kinetic investigations,19,21

and we have disentangled and estimated the contributions of

Figure 2. TOF spectra atΘ ) 34° for the O(3P) + C2H4 reaction at
Ec ) 54.0 kJ mol-1 recorded atm/z ) 42, 15, and 14 using an electron
energy of 17 eV. Open circles are experimental points; heavy solid
lines are the total TOF distributions calculated from the best-fit product
CM translational energy and angular distributions for the contributing
channels. The various contributions (depicted with light solid lines)
are marked with the formula of the corresponding product. Relative
intensities at the TOF highest peak form/z ) 42, 15, and 14 are 1.0,
3.0, and 0.23, respectively.

Figure 3. Electron ionization efficiency curves as a function of electron
energy for the indicatedm/z values recorded atΘ ) 34°. (The lines
through the experimental points are to guide the eye.) Note that there
is no parent CH2CHO+, the very small intensity atm/z ) 43 being due
to 13C2H2O+. The inset shows the efficiency curves form/z ) 15 and
42 from the threshold up to 100 eV. Relative count rates are at the
CM angle using an electron emission current of 1 mA.

Figure 4. TOF spectra for the O(3P) + C2H4 reaction at (top)m/z )
14 and 60 eV electron energy, reflecting C2H4 (detected atm/z ) 14
as CH2

+) elastically scattered from O (slow peak) and undissociated
O2 (fast shoulder) contained in the oxygen beam and (bottom)m/z )
14 and 17 eV electron energy, reflecting only reactive scattering signals
because the elastic contribution has been completely suppressed. (See
text.) Note the relative scale of the two spectra: the reactive signal at
m/z ) 14 (17 eV) is on the order of 1% of the elastic signal atm/z )
14 (60 eV).
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channels 1b and 1c. In particular, the formation of molecular
products CH2CO + H2 has a sizable yield (more than 10%). It
should be noted that the occurrence of channels 1b and 1c was
also qualitatively invoked in the previous CMB study by
Schmoltner et al.22 to explain some features of the TOF spectra,
which looked qualitatively similar to those observed in the
present study. However, because of the lower S/N ratio, limited
data set, and ion fragmentation problems, no definite and
quantitative conclusions could be drawn in the earlier work.22

Notably, our results indicate that intersystem crossing (ISC)
plays an important role in the title reaction because the
occurrence of channels 1b-1d, which account for more than
50% of the reaction yield, can be rationalized only by assuming
that ISC between triplet and singlet PESs takes place.28 In fact,
the variety of observed products arises from competition
between (a) H elimination and C-C bond breaking (leading to
CH2CHO+ H and CH2 + HCHO formation, respectively) from
the diradical adduct on the triplet PES and (b) ISC from the
triplet to the singlet PES followed by H and H2 elimination
and C-C bond cleavage. (See PES in refs 22 and 28). A
complete report on our results relative to all channels, including
the derivation of center-of-mass product angular and translational-
energy distributions, will be given in a future full publication.
More measurements at different collision energies are under
way.

III. Conclusions

We have demonstrated that by exploiting soft EI in CMB
experiments it has become possible to characterize the dynamics
of complex multichannel reactions, such as O+ C2H4, by
identifying all possible competing product channels (i.e., the
so-called universal product detection has been attained) and
determining their branching ratios. Besides affording a deeper
understanding of complex chemical reactions, such as the
important title reaction, the present work has far-reaching
significance because similar studies, thanks to the use of soft
EI, can be readily extended to a large variety of polyatomic
reactions of wide practical interest, from combustion to atmo-
spheric and astrochemistry, such as, for instance, those also
involving C and N atoms with hydrocarbons, and possibly also
to radical-radical polyatomic reactions.
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