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1. Introduction

The chemistry associated with small, unsaturated,
aliphatic hydrocarbon radicals has significant intel-
lectual interest as well as direct relevance to a host
of combustion processes, catalytic reactions, funda-
mental organic chemistry, and, in certain cases,
planetary and astrochemistry. Unsaturated C2 hy-
drocarbon radicals are key precursors to formation
of aromatic and polyaromatic molecules in both
combustion processes1 and planetary atmospheric
environments.2 These species undergo reactions that
are quite exothermic, and the nature of the reaction
paths, product channels, and kinetics becomes com-
plicated as the intermediates themselves can undergo
subsequent decomposition, isomerization, or reac-
tions. Accurate reaction rate constants as well as
detailed product analysis for radical reactions are
required to realistically interpret and model macro-
scopic hydrocarbon reaction systems and to deter-
mine the factors affecting the efficiency of the hy-
drocarbon growth and abundance of various molecular
and radical species. It is somewhat unfortunate that
the chemical reactions of such unsaturated hydro-
carbon radicals have not been investigated with the
thoroughness that has been so characteristic of
studies of saturated hydrocarbon radical species such
as CH3, but the situation is in flux. This has been
due, in part, to the difficulties in cleanly generating
these radicals and directly monitoring their time-
dependent absolute concentration as is required for
the second-order kinetic studies. During the past 20
years, as a result of significant advances in both ab
initio electronic structure theory and new experi-
mental approaches, an appreciable level of under-
standing of the properties of these species and their
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spectroscopy and electronic structure, as well as their
reactions and kinetics, has become available. A
number of new experimental approaches make it
possible to generate these radicals relatively cleanly
and monitor them directly, and attempts are being
made to analyze complex reaction kinetic data through
detailed kinetic modeling procedures.

As might be predicted for any vibrant research
area, reviews of particular aspects of these systems
have been published.3 There has not been a recent
comprehensive review dealing with the kinetics of
small unsaturated hydrocarbon radicals. In the dis-
cussion that follows, we will emphasize the reaction
kinetics and mechanisms of product formation of C2
unsaturated hydrocarbon radicals. The C2 radical
systems discussed will include ethynyl (C2H), vi-
nylidene (H2CdC), and vinyl (C2H3) radicals. In the
specific area of rate constant determinations, it has
been only relatively recently that convenient sources
and diagnostics of the reactive radical species have
become available. There will be brief discussions of
the thermochemistry and both the production and
detection of these radical species. While the spec-
troscopy of these systems is of direct importance, it
will be discussed only briefly here, particularly as
reviews of some of the earlier work in this area have
appeared.3 In addition, results of the relevant com-
putational studies will be briefly discussed, and
preferred rate coefficients for the radical reactions
discussed here will be presented.

2. Thermochemistry

To understand the reactivity and kinetics of C2
radicals, it is important to have firm and consistent
values for the thermochemistry of these species. An
assessment of the C-H bond energies (DH) of the
hydrocarbons, DH298(HCC-H), DH298(CH2CH-H),
and DH298(CH2C-H), as well as the absolute heats
of formation, ∆fH298(HCC), ∆fH298(CH2CH), and
∆fH298(H2CC), is a difficult task because of the
extreme reactivity of these unsaturated radicals.

Ethylene, CH2dCH2, and acetylene, HCtCH, are
two of the most fundamental unsaturated hydrocar-
bons. Fragmentation of acetylene produces the ethynl
radical, HCtCH (X 1Σg

+) f HCtC (X 2Σ+) + H (2S).
Likewise, dissociation of ethylene generates the vinyl
radical, CH2dCH2 (X̃ 1Ag) f CH2dCH (X̃ 2A′) + H
(2S). In 1990, negative-ion mass spectrometry and
photoelectron spectroscopy were used to determine
the bond energies of both ethylene and acetylene.4 A
flowing afterglow device was used to measure the
enthalpy of deprotonation of the target species,
∆acidH298(HCC-H) and ∆acidH298(CH2CH-H). In sepa-
rate experiments, the electron affinities (EA) of the
ethynyl and vinyl radicals were measured, EA(HCC)
and EA(CH2CH). The bond dissociation enthalpies
were extracted from these data by use of the ther-
modynamic cycles:5

Recently, Ervin and DeTuri6 have reviewed many
of the recent bond energy determinations of ethylene
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∆acidH298(HCC-H) )
DH298(HCC-H) + IE(H) - EA(HCC) +

∫dT [Cp(HCC) - Cp(HCC-) + Cp(H) - Cp(H
+)]

∆acidH298(CH2CH-H) )
DH298(CH2CH-H) + IE(H) - EA(CH2CH) +

∫dT [Cp(CH2CH) - Cp(CH2CH-) + Cp(H) - Cp(H
+)]
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and acetylene. High-resolution photofragment trans-
lational spectroscopy7 yields a value for D0(HCC-H)
) 46 074 ( 8 cm-1 or 131.73 ( 0.02 kcal mol-1. The
derived bond energy of ethylene, D0(CH2CH-H) )
109.2 ( 0.6 kcal mol-1, results from the negative-
ion/acidity cycle4 and is based upon the revised
acidity of ammonia. With the established heats of
formation8 of ∆fH0(CH2CH2) ) 12.5 ( 0.1 kcal mol-1

and ∆fH0(HCCH) ) 54.3 ( 0.2 kcal mol-1, the heats
of formation of the radicals can be ascertained,
∆fH0(CH2CH) ) 72.1 ( 0.7 kcal mol-1 and ∆fH0(HCC)
) 134.6 ( 0.2 kcal mol-1. The corresponding room-
temperature values are DH298(CH2CH-H) ) 110.7
( 0.6 kcal mol-1 and ∆fH298(CH2CH) ) 71.1 ( 0.6
kcal mol-1; DH298(HCC-H) ) 133.3 ( 0.3 kcal mol-1

and ∆fH298(HCC) ) 135.6 ( 0.2 kcal mol-1.
Thermochemical properties of vinylidene can be

extracted from the acidity4 of the vinyl radical,
∆acidH298(CH2CH) ) 329 ( 4 kcal mol-1, while pho-
toelectron spectroscopy9 of the CH2C- ion provides
the value EA(H2CdC) ) 0.490 ( 0.006 eV (11.3 (
0.8 kcal mol-1). The ground state of vinylidene is
H2CdC (X̃ 1A1). These results imply that D0(CH2C-
H) ) 81 ( 4 kcal mol-1 and ∆fH0(H2CdC) ) 102 ( 4
kcal mol-1; DH298(CH2C-H) ) 83 ( 4 kcal mol-1 and
∆fH298(H2CC) ) 102 ( 4 kcal mol-1. Because the
heats of formation of both HCtCH and H2CdC are
known, the energy required for the isomerization of
acetylene to vinylidene is fixed4 at ∆isomerizationE0 ) 47
( 4 kcal mol-1.

3. Ethynyl Radical, HCtC
Early experiments utilized photolysis of bromoacet-

ylene (C2HBr) as the source of C2H radicals. But
bromoacetylene is probably not the optimum precur-
sor of ethynyl radicals. At wavelengths greater than
160 nm, the photolysis of bromoacetylene has been
investigated and is quite complex.10 Electronically
excited Br (42P0

1/2) formed in the primary process may
be quenched, and its subsequent reactions, which will
be dependent upon the pressure and nature of the
third body, may be one of several possible channels
that lead to HBr formation. That, in addition to the
explosive nature of C2HBr, is sufficient motivation
for the use of alternative precursors. Most recent
results have been garnered using C2H2 or CF3C2H,
photolyzed at 193 nm or shorter wavelengths, as the
precursor rather than C2HBr. Advantages of utilizing
the 193-nm photolysis of 3,3,3-trifluoropropyne
(CF3C2H) are formation of ethynyl radicals with
relatively high yields and also the co-formation of
CF3, essentially a benign species that will have less
significant effects (compared to H-atoms formed from
photolysis of C2H2 or halogen (X) atoms from pho-
tolysis of C2HX) on the kinetics and products of C2H
reactions.11

The photolysis of acetylene at 193 nm or shorter
wavelengths as a photolytic source of ethynyl radicals
requires both careful experimentation and interpre-
tation of results. The C2H generated from this radical
source has been shown to have enhanced reactivity
due to mixing of the vibrationally excited ground X
state formed in the photolysis with the lowest-lying
electronically excited A state.12 The A 2Π-X 2Σ+

transition lies in the infrared region, and the exten-
sive vibronic interactions among these two states
have complicated the C2H assignments. Spectroscopic
studies of this radical in the IR have reported a large
number of bands that have been assigned as transi-
tions to mixed vibronic levels of the ground and first
electronically excited states.13 Wodtke and Lee, using
time of flight methods, have determined that up to
16 kcal/mol of translational energy remains in the
C2H fragments. Some of this excess energy may
reside in enhanced vibration of the ethynyl radicals,14

and the role of vibrational excitation in the subse-
quent chemistry is not clear. An additional complica-
tion in the 193-nm photolysis of acetylene is the
formation of triplet vinylidene (H2CdC), which has
been observed as a major primary process in the
vacuum ultraviolet (VUV) photolysis of acetylene.15

Difficulties in obtaining accurate rate constants for
reactions of C2H may have been caused, in part, by
the absence of an identifiable absorption in the visible
and ultraviolet regions of the spectrum, although
significant efforts, albeit unsuccessful, have been
made in that direction.10,16 Only very recently, how-
ever, Fahr17 reported the detection of a broad absorp-
tion, between 235 and 260 nm, attributed to C2H with
a maximum cross section of (7.5 ( 0.9) × 10-19 cm2

molecule-1 at 243.5 nm. The spectra obtained from
the 193-nm photolysis of both C2HCF3 and C2H2 radi-
cal precursors were nearly identical. The UV absorp-
tion feature was assigned to the transitions from the
ground electronic state (X 2Σ+) and also possibly from
coupled ground and lowest electronic (A 2Π) states
to the electronic B (or 3 2A′) state.17 Interestingly, the
observation of CH (A 2Π-X 2Σ) chemiluminescence
from the reaction of C2H with O2 provides another
detection technique that allows for indirect monitor-
ing of the C2H time-resolved concentration.16

The technique has now been proven through its use
by many investigators. In addition, Stephens et al.18

have used an infrared absorption at 3593.684 cm-1,
a transition originating from the ground vibronic
state and a portion of the overall A-X transition, to
directly monitor the concentration of C2H. This
analysis technique is sensitive to excess vibrational
energy in the C2H, and, as noted earlier, the C2H
radicals formed from the photolysis of C2H2 do have
significant excess vibrational energy. However, it has
been shown that total relaxation occurs, under the
usual experimental conditions with sufficient added
He as an inert quencher, in about 1 µs.18

Relative rate constants for the H-atom abstraction
by C2H from several alkanes and cycloalkanes were
reported initially in 1965,19 and with several alkenes
in 1966.20 The values of the abstraction from the
series of alkanes and cycloalkanes were measured
relative to

in what is now considered a classic low-intensity
photolysis-type experiment using the Hg-resonance
line at 253.7 nm as a light source and evaluation of

C2H + O2 f CH(A 2∆) + CO2 (1)

C2H + BrC2H f C4H2 + Br (2)
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the rate constant ratio, k2/k2a, from product forma-
tion. The study involving alkenes utilized a similar
approach.

In a similar low-intensity photolysis experiment,
Cullis et al.21 obtained a series of relative values for
alkanes and several alkynes. Here again, the source
of C2H was the photolysis of bromoacetylene but in
the presence of NO. Though NO was recognized as a
scavenger of the ethynyl radical, the formation of
C4H2 was shown to arise from reaction with the
radical precursor (eq 2) rather than through the
radical combination process,

Bromoacetylene was also used as a precursor to
C2H formation in a microwave flow discharge, fol-
lowed by mass spectrometric analysis of the reactant
and product concentrations.22

3.1. C2H + H2

Measurements of the rate constant of the appar-
ently simple reaction of C2H with H2 (eq 4) have
generated significant controversy and, with that,
improved understanding. Early studies of reaction 4

used a microwave flow discharge of bromoacetylene
to generate C2H radicals.22 H2 was spatially added,
and the measurement of the rate constant for reac-
tion 4, k4, was obtained by a determination of the
temporal profile of the ethynyl under relatively low
pressure conditions extant in the flow discharge. The
value, k4 ) 1.7 × 10-13 cm3 molecule-1 s-1, deter-
mined from this study, was the first such rate
constant measurement and presaged a relatively
intense interest in C2H reactions, leading to a series
of experiments by several groups. The above rate
value was considered to be a lower limit, as the
authors noted that mixing in the reaction chamber
was incomplete.

Other historically early determinations of the rate
constant of this reaction were obtained through
comparison with reaction 5 and the determination
of the ratio of k4/k5. The rate constant for reaction 5,

as will be discussed later, was obtained through the
time-resolved absorption detection of C4H2 product
as monitored in the vacuum ultraviolet, and a value
k5 ) (3.1 ( 0.3) × 10-11 cm3 molecule-1 s-1 was
derived.25 With the measured ratio of k4/k5 ) 4.9 ×
10-3, a value of k4 ) (1.5 ( 0.2) × 10-13 cm3

molecule-1 s-1 was obtained at room temperature. In
subsequent work by Stephens et al.,18 the rate of
appearance of products rather than disappearance
of reactants was followed, and, as noted in that work,
“there is never a necessity for the rate of appearance
of product to be as fast as the rate of disappearance
of reactants because the overall reaction can always

involve an undetected intermediate” or the presence
of side reactions. In yet another experimental ap-
proach, Koshi et al.26 used Lyman-R resonance fluo-
rescence at 121.6 nm of product H-atoms to obtain a
rate constant for reaction of ethynyl with H2, as well
as mass spectrometric detection of C4H2 product
(reaction 5), from which a ratio of k4/k5 ) (3.4 ( 0.2)
× 10-3 at 298 K could be obtained.27 The ratio
increases significantly with the temperature and
reaches (9.5 ( 0.2) × 10-3 at 438 K. Koshi et al.26

note that the production rate of C4H2 and H-atoms
results in the same value for the rate constant;
therefore, the formation of an unseen intermediate
is considered unlikely in this study. Using the most
recent value for k5 and the ratio of k4/k5 ) 4.9 × 10-3

determined in a previous work25 results in a value
of k4 ) 6.4 × 10-13 cm3 molecule-1 s-1, which is in
agreement with an averaged value of most recent
reported room-temperature data18,23,26-30 of k4 )
5.4 × 10-13 cm3 molecule-1 s-1.

By comparison, there are relatively few measure-
ments of k4 over an extended temperature range
where the ethynyl radical is monitored directly. High-
temperature measurements are important in the
mechanism of acetylene pyrolysis and, more gener-
ally, in consideration of an overall hydrocarbon
combustion mechanism. Low-temperature measure-
ments are necessary for describing atmospheres
extant in the solar system where, for example, C2H
is thought to be an active intermediate, particularly
in the carbon-rich atmospheres of the Jovian group
such as on Titan, a moon of Jupiter whose atmo-
spheric temperatures range from 95 to 160 K.24

A number of studies have examined the tempera-
ture dependence of reaction 4 over quite a wide range
of temperature, from 180 to 4000 K. Temperature
effects raise the issue of an activation energy and the
possible role of tunneling, particularly at low tem-
peratures, when H-atom transfer is involved. The
reaction has been studied theoretically by Harding
et al.,31 who included a Wigner tunneling correction
and obtained an activation energy barrier of 4.0 kcal/
mol at the POL-CI level. Herbst32 calculated the rate
coefficient between 10 and 300 K and noted that the
tunneling contribution to the overall rate constant
becomes dominant at the low temperatures relevant
to planetary and interstellar media. More recently,
Peeters et al.30 have performed ab initio calculations
up to the coupled cluster level, including all single
and double excitations plus perturbative corrections
for the triplets, and obtained an adiabatic barrier for
H abstraction of 3.1 kcal/mol.

The rate constant of reaction 4 has been deter-
mined experimentally over a temperature range from
about 180 K through about 4000 K,23,28,29,33 and the
data have been fit30 to a modified Arrhenius expres-
sion over the range from 295 to 700 K:

This expression extrapolates remarkably well from
the low-temperature data at 220 K28 upward to the
highest temperature of 2000 K.32

C2H + RH f C2H2 + R (2a)

C2H + C2H f C4H2 (3)

C2H + H2 f C2H2 + H (4)

C2H + C2H2 f C4H2 + H (5)

k4 ) (3.92 × 10-19)T 2.57(0.30 ×
exp[-(130 ( 140)K/T] cm3 molecule-1 s-1 (I)

2816 Chemical Reviews, 2004, Vol. 104, No. 6 Laufer and Fahr



The rate constant for the reaction of C2H + D2, k4D,
has also been measured. Koshi et al.27 obtained the
ratio of k4D/k5 ) (0.92 ( 0.03) × 10-3 at 298 K,
increasing to (4.2 ( 0.5) × 10-3 at 438 K. The ratio
of the isotope effect decreases from k4D/k4H ) 3.9 at
298 K to 2.3 at 438 K, while Lander et al.34 deter-
mined the ratio to be equal to 1.9. The kinetic isotope
effect has significant theoretical importance, as it is
a sensitive test of the shape of the potential energy
surface for the reaction, the barrier width, and
vibrational factors near the potential minimum. In
addition, the large isotope effect confirms the impor-
tance of tunneling in “simple” hydrogen abstraction
reactions.

An excellent and complete overview of experimen-
tal and theoretical work on this reaction, including
objective comments on the perceived weakness of
some early results, has been published.23 On the basis
of the more recent direct and/or relative rate mea-
surements for reaction 4, we suggest a rate coefficient
of k4 ) (6 ( 1) × 10-13 cm3 molecule-1 s-1 at 298 K
and an Arrhenius rate expression as given by eq (I)
which can be applied over a wide range of tempera-
tures from about 220 to 2000 K.

3.2. C2H + C2H2

The extensive use of C2H2 as the photolytic precur-
sor of the ethynyl radicals necessitated determination
of the rate constant for reaction 5. Cullis et al.21

report a room-temperature value for k5 of the order
of 10-15 cm3 molecule-1 s-1, while Lange and Wag-
ner22 suggest a lower limit close to 5 × 10-11 cm3

molecule-1 s-1 at 320 K. As noted earlier, Laufer and
Bass,25 using the vacuum ultraviolet photochemistry
of C2H2, obtained k5 ) (3.1 ( 0.3) × 10-11 cm3

molecule-1 s-1 at room temperature by monitoring
the appearance of product C4H2 through its absorp-
tion in the vacuum ultraviolet. There are, however,
a host of more recent data for this reaction18,26-29,35-40

that agree with a value of k5 ) 1.3 × 10-10 cm3

molecule-1 s-1 at room temperature.
To resolve the rate constant discrepancy for reac-

tion 5, Stephens et al.18 proposed the formation of
an intermediate, C4H3, that would have a reasonably
long lifetime and dissociate to product C4H2 over
time. Since Laufer and Bass25 observed the formation
of only the diacetylene product, this would account
for the lower limit of the k5 rate constant. Shin and
Michael,35 however, noted that a measurement in-
volving the formation of H-atoms as a probe yields a
rate constant that is in excellent agreement with
those obtained by monitoring the disappearance of
the C2H reactant. They suggested, instead, that the
proposed short-lived intermediate is vibrationally
excited C4H3*. The transient intermediate, with a
lifetime of about 10-11 s to dissociation to vibra-
tionally excited C4H2 + H, is formed via a barrierless
addition process followed by the dissociation. The
formation of an excited C4H3* had been previously
proposed by Homann et al.,36 who considered possible
deactivation to be insignificant under the experimen-
tal conditions of their particular experiment and that
loss of an H-atom was most probable. In addition,
no reaction products of C4H3 had ever been detected.

Interestingly, the value of k5 obtained by Homann
et al.36 at 600 K was 3.7 × 10-11 cm3 molecule-1 s-1,
in agreement with the values published earlier.
There is, at best, a minimal temperature dependence
for reaction 5 at temperatures from about 300 to 1475
K.35 At reduced temperature there is a significant
negative temperature dependence35 that accelerates
with decreasing temperatures which reinforces the
mechanism of initial formation of excited C4H3*
without a barrier. Discrepancies between the results
of various studies of the C2H + C2H2 reaction are an
indication of the inherent complexities associated
with studies of unsaturated hydrocarbon radicals
with low-lying electronic states and reactions which
are highly exothermic. Additional care under clearly
specified physical and chemical conditions is required
in the rate constant measurement.

The presence of complex hydrocarbon molecules in
interstellar and circumstellar clouds is well recog-
nized, but the production mechanisms for these
carbon-rich entities are not apparent. Reaction 5 is
often considered prototypical of the class, especially
with a negative temperature coefficient that would
result in a rapid rate at the low temperatures typical
of the interstellar medium. An ab initio model shows
a surface with no entrance potential barrier but with
a small exit barrier to products, but at energies less
than that of the reactants.42 There have been two
recent joint experimental/theoretical investigations
of this reaction. One, a joint molecular beam experi-
ment coupled with a theoretical approach,43 confirms
the mechanism that the C2H reacts with C2H2 to form
a C4H3 intermediate that can undergo either a low-
barrier cis/trans isomerization or a high-barrier 1,2-
hydrogen shift. The barrier for the 1,2-hydrogen shift,
although high, is still significantly below the total
available energy in the system. The occurrence of the
latter process is supported by the observation of a
minor reaction channel that produces the butadiynyl
radical (HCCCC) and H2. The dominant path, how-
ever, is the loss of an H-atom from the intermediate
parallel to the angular momentum vector formed in
the cis/trans isomerization. A more recent study44 has
obtained a value of k5 ) (1.3 ( 0.1) × 10-10 cm3

molecule-1 s-1, which agrees with the other work
noted above and provides a similar potential energy
surface, i.e., the initial addition is barrier-free, fol-
lowed by an isomerization prior to dissociation.

3.3. C2H + O2

The reaction of C2H with O2 has been extensively
studied due to its importance in combustion reac-
tions. Renlund et al.16 used the reaction of C2H + O2
to form CH(A 2∆) (reaction 1), the emission from
which served as a monitor of C2H processes. The
kinetic parameters in this work were determined at
quite low pressures, and it has been subsequently
shown that the internal excitation available to the
C2H fragment from the photolysis of C2H2 might be
sufficient to initially produce the electronically ex-
cited C2H (A 2Π) state.13 The observed emission,
attributed to CH(A 2∆) product, then might be due
to reaction of the electronically or vibrationally
excited ground state of ethynyl radicals.45
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The variety and complexity that may become
apparent in presumed simple reactions are endemic
to the C2H-O2 system. First, there are a profusion
of possible exothermic reactions46 between O2 and
C2H, many of which have been observed, viz.:

The CH formed in reaction 1c, as mentioned earlier,
has been observed in its A 2∆ state (E0 ) 2.87 eV) as
a minor channel of reaction 1 but a major channel
from the reaction of O(3P) with C2H.53 The CO
product formed from reactions 1a and 1b has been
observed in its ground state via its absorption in the
VUV48 and also in the electronically excited a′ (3Σ+)
state.49 The a′ state of CO lies at 158.3 kcal/mol
(55 353.91 cm-1) above the ground state,50 and the
reaction that leads to its formation (reaction 1a) is,
therefore, slightly endothermic for formation of the
excited state and provides support for the role of C2H-
(A) and/or vibrational excitation in the photolytic
production of nascent C2H.45 Vibrationally excited
CO2 has also been observed via its IR emission,49 and
HCCO product was observed via mass spectroscopy.22

Early rate measurements of reaction 122,48 have
determined k1 ≈ 5 × 10-12 cm3 molecule-1 s-1. These
results have been criticized22 since the employed
methods did not allow for complete mixing in the flow
system and only the rate of production of cold CO(X)
product was measured.48 Such a detection method
would not have been able to observe the role of a long-
lived intermediate, if present. The first rate constant
measurement obtained by probing the C2H concen-
tration directly via its IR absorption was that done
by Stephens et al.,18 who obtained a rate constant
value of k1 ) 4.2 × 10-11 cm3 molecule-1 s-1. The
order of magnitude discrepancy between the two sets
of rate determinations motivated Lander et al.51 to
examine the mechanism in more detail with an aim
to better understand both the discrepancy and the
reaction mechanism. They found “two types” of CO
formation: one is the prompt formation of vibra-
tionally excited CO with a rate that is comparable
to the C2H decay and the higher value of k1, and a
second source via an entirely separate mechanistic
process of slow production of ground-state CO that
presumably involves an unidentified intermediate
with a rate that agrees with the low reported value
of k1

48 and is not equivalent to the rate constant of
k1. The slow rise time of cold CO results, then, from
a coupling of several mechanisms as well as vibra-
tional relaxation. OH was not detected in the C2H +
O2 system directly, but it was detected by Lander51

in the presence of O2 and additional NO2 in the
reaction mix. The result suggested the formation of
OH as a result of the H-atoms in reaction 1b and
their subsequent reaction with the added NO2. HCO
could not be detected in the C2H + O2 system,
indicating that reaction 1b is the most probable
source of CO.

Opansky et al.52 were aware that the photolysis of
C2H2 at 193 nm results in ethynyl radicals with
excess energy, either in high-lying vibrational levels
of the ground state or residing in the A state, or both.
It is recognized that a key aspect of any rate constant
determination is to have the C2H electronically and
vibrationally cold, and so SF6 was added to provide
quenching, resulting in a rate constant value of k1 )
(3.3 ( 0.3) × 10-11 cm3 molecule-1 s-1 at 300 K, which
is in agreement with several recent determina-
tions.38,40,53,54 Over the entire temperature range of
reported measurements from 15 K40 through 700 K,54

there is a very small negative activation energy of
the order of 150/T, which offers some support for the
reaction proceeding through a peroxy intermediate,
HCCOOq, that can continue to form products or
dissociate back to reactants. At elevated tempera-
tures, it is presumed that the fraction of the inter-
mediate adduct that proceeds to product is reduced,
resulting in a negative activation energy.

While the structure and nature of the intermediate
involved in the C2H + O2 reaction have been pro-
posed, neither the exact nature of this intermediate
nor the actual reaction path is known. A theoretical
investigation of the potential energy surface has been
carried out by Sumathi et al.55 using both ab initio
and density functional approaches, where it was
shown that the initial reaction proceeds without a
barrier to form the adduct, HCCOO. A large number
of subsequent isomerization or dissociation pathways
through ring-forming and ring-opening processes lead
to product formation. The dominant channels are
predicted to form HCO + CO and HCCO + O. The
HCO, however, is predicted to have sufficient internal
energy to rapidly decompose to H + CO, in agreement
with experimental observation.51,56

3.4. C2H Reactions with Inorganics
The reaction of C2H with NO has been examined

by several groups, in part, as the reaction might play
a role in air-assisted hydrocarbon combustion.18,23,34,56

As in the reaction with O2, the reaction with NO is
quite rapid, with a room-temperature rate constant
of about 3.6 × 10-11 cm3 molecule-1 s-1, with a
minimal pressure dependence over the rather narrow
range from 265 Pa to 2.7 kPa (2-20 Torr). Over the
temperature range of 295-440 K, an activation
energy of E/R ) -287 kcal/mol was obtained.23 The
mechanistic situation for reaction of C2H with NO is
not terribly different from that with O2. There are
several possible exothermic reaction channels, and
vibrationally excited CO, HCO, HNC, and HCN
products all have been observed by time-resolved
FTIR emission spectroscopy.56 A theoretical effort,
using density functional theory, to calculate the
potential energy surface has been published57 and
indicates that the initial adduct formation occurs in
a barrierless manner, with the nitrogen of the NO
attaching to the C2H to form HCCNO. HCN and CO,
the most energetically favored products, are formed
via isomerization of the HCCNO through a four-
membered ring structuresessentially an association/
fragmentation mechanism.

The single experimental measurement38 of the
reaction of C2H with H2O indicated a relatively rapid

C2H + O2 f CO + HCO, ∆H ) -151 kcal/mol (1a)
f 2CO + H, ∆H ) -136 kcal/mol (1b)

f CH + CO2, ∆H ) -89 kcal/mol (1c)

f C2O + OH, ∆H ) -59 kcal/mol (1d)

f HCCO + O, ∆H ) -35 kcal/mol47 (1e)

2818 Chemical Reviews, 2004, Vol. 104, No. 6 Laufer and Fahr



reaction rate over the temperature range from 295
to 451 K. The reported rate constant, k ) (1.9 ( 0.2)
× 10-11 exp[(-200 ( 30)/T], or 9.7 × 10-12 cm3

molecule-1 s-1 at 298 K, was thought to be too fast
for a direct abstraction process, and the authors of
this work suggested the formation of an addition
complex followed by isomerization and then dissocia-
tion to products. A subsequent theoretical calcula-
tion58 is in rather significant disagreement with the
experimental results. The former suggest a slow rate
constant, indicating that the H abstraction domi-
nates; the theoretical, predicted value of the reaction
rate constant is 1.3 × 10-15 cm3 molecule-1 s-1, and
the authors consider possible errors in the calcula-
tion. The large discrepancies between the reported
experimental and computational studies warrant
additional investigations of this reaction.

3.5. C2H Reactions with Saturated Hydrocarbon
Molecules

Some of the earliest measurements of ethynyl
reactivity were those of its room-temperature reac-
tions with the saturated hydrocarbons CH4 and
C2H6.16,21,59 As in other work, Laufer59 neither ob-
served nor monitored the C2H radical directly but
only measured the formation of the product C2H2
through its intense VUV absorption, from which it
was determined that

k6(CH4) ) (1.2 ( 0.2) × 10-12 cm3 molecule-1 s-1 and
k6(C2H6) ) (6.5 ( 0.4) × 10-12 cm3 molecule-1 s-1,
with no detectable pressure dependence over the
range 2.7-93 kPa (20-700 Torr) of added helium.

Subsequently, Lander et al.34 re-investigated these
reactions by monitoring the IR absorption of the C2H
reactant and arrived at values that were faster by a
factor of about 2 in the case of CH4 and a factor of 5
in the case of C2H6. In the latter reaction, a weak
pressure dependence was noted, but the rationale for
this observation is not clear, as the reaction is

presumably a simple abstraction for which a pressure
dependence is not anticipated. The factor of 2, it was
noted, may simply result from combined experimen-
tal errors, as results from the same laboratory
disagreed by about 30%, a most interesting observa-
tion that offers some evidence of both the difficulties
and the almost obsessive care required in performing
these experiments. Opansky and Leone,28 using
transient IR absorption spectroscopy, studied the
reaction of C2H with C2H6 over the temperature
range from 150 to 360 K and found neither a pressure
nor a significant temperature dependence for this
reaction, but they determined that k6(C2H6) ) (3.5
( 0.3) × 10-11 exp[(2.9 ( 16)/T] cm3 molecule-1 s-1

[(3.5 ( 0.3) × 10-11 cm3 molecule-1 s-1 at 298 K], in
agreement with Lander’s result. Surprisingly how-
ever, an abstraction reaction might be expected to
exhibit a positive temperature dependence, as the
initial abstraction process usually has a barrier. A
significant isotope effect typical for abstraction reac-
tions with both deuterated species vis-à-vis the
hydrogenated species of about 2.5 for methane39 vs
2.2 for ethane59 was observed. There have been no
theoretical calculations that could provide some
insight into this dichotomy.

Reactions of C2H with RH ) C3H8, i-C4H10, n-C4H10,
and neo-C5H12, over the temperature range from 155
to 360 K, have been examined60 by monitoring the
ethynyl concentration directly. The rate constants,
at 298 K, are listed in Table 1. There are no other
direct measurements with which these results could
be compared, although there are some extant relative
values.19,61 As in other C2H “abstraction” reactions,
these also exhibit a negative temperature depen-
dence, and the question of a mechanism for these
processes remains. Hoobler60 refers to a paper by
Sims,62 who observed similar behavior in reactions
of CN with saturated hydrocarbons. To account for
the observed temperature trends, the latter proposed
the formation of a transient van der Waals complex
that permits the reactant to “find” a favorable
orientation for abstraction of the H-atom. As before,

Table 1. C2H Radical Reactions and Preferred Rate Constant Parameters, Based upon Available Reported
Studies

reaction A (or k)a T/K n E/R

C2H + H2 f C2H2 + H (5.6 ( 1) × 10-13 220-2000 2.57 ( 0.30 -(130 ( 140)
C2H + C2H2 f C4H2 + H (1.3 ( 0.1) × 10-10 298
C2H + O2 f products (3.3 ( 0.3) × 10-11 298
C2H + NO f products 3.6 × 10-11 298
C2H + CH4 f products (2.2 ( 0.3) × 10-12 298
C2H +C2H4 f products (1.4( 0.4) × 10-10 296
C2H + C2H6 f products (3.5 ( 0.3) × 10-11 150-360 (2.9 ( 16)b

C2H + C3H6 f products (2.4 ( 0.6) × 10-10 296
C2H + 1-C4H8 f products (2.6 ( 0.6) × 10-10 296
C2H + C3H8 f products 7.9 × 10-11 298
C2H + i-C4H10 f products 9.6 × 10-11 298
C2H + n-C4H10 f products 1.2 × 10-10 298
C2H + neo-C5H12 f products 1.1 × 10-10 298
C2H +HCCCH3 f products 1.8 × 10-10 298
C2H +H2CCCH2 f products (2.0 ( 0.5) × 10-10 296

(3.0 (1) × 10-10 10-100
a Rate constants are in units of cm3 molecule-1 s-1, using the modified Arrhenius form AT n exp[-E/RT)]. b The given error is

16 out of T, where T is between 153 and 357 K. As a percentage of T, the error is approximately 5-10%. The error is based upon
the slope of the higher and lower temperature data taken independently. When all the data are included, the slope is nearly
zero.28b

C2H + RH f C2H2 + R (6)
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theoretical input is necessary for a complete under-
standing of these mechanisms.

3.6. C2H Reactions with Unsaturated
Hydrocarbons

C2H + H2CdCHR. For the reaction of C2H + C2H4,
a very rapid rate constant which is almost of colli-
sional frequency34 of k ) 1.3 × 10-10 cm3 molecule-1

s-1 has been determined. Because of the rapid rate,
the mechanism is presumed to be that of addition
rather than an abstraction of the strong ethylenic
H-atom with its attendant activation energy. Chasta-
ing et al.40 studied the reactions between C2H and
both ethylene and propylene at temperatures as low
as 15 K and observed no pressure dependence but a
slight negative temperature dependence on the rate
that was, in both cases, about 1 × 10-10-2 × 10-10

cm3 molecule-1 s-1. The rapid reaction rate is in
agreement with a mechanism involving addition to
the π-orbital system of the alkene. More recently, the
rates of C2H reactions with C2H4, C3H6, and 1-butene
have been obtained at 103 and 296 K.63 Here again,
the reaction rate constants are quite fast, (1.4 ( 0.4),
(2.4 ( 0.6), and (2.6 ( 0.6) × 10-10 cm3 molecule-1

s-1, respectively, at 296 K and again with a slight
negative temperature dependence that reduces the
rate constants by about 20% at 296 K as compared
to the values at 103 K. These findings again reinforce
a mechanism that involves initial formation of a
transient addition complex through capture on a
long-range attractive potential energy surface40 fol-
lowed by rapid H-atom elimination.

C2H + H2CdCdCH2. The reaction between C2H
and allene (H2CdCdCH2) has been examined in a
number of studies over the temperature range from
298 K through 63 K.64-66 The techniques used to
achieve the desired low temperatures differ in these
works, but the measured rate values are very similar.
The reported reaction rate constant at 298 K is (2.0
( 0.5) × 10-10 cm3 molecule-1 s-1 and increases by
about a factor of 2 at 63 K, again in agreement with
an addition/elimination mechanism. Over the range
of 10-100 K, a temperature-independent value of (3
( 1) × 10-10 cm3 molecule-1 s-1 has been recom-
mended.65

C2H + RCtCR′. The reaction of C2H with acety-
lene has been discussed above. As noted previously,
reactions of ethynyl with unsaturated hydrocarbons
are considered as primary candidates for formation
of carbon-rich species in interstellar and exo-plane-
tary space. As a result, reactions of C2H with several
alkynes, in addition to acetylene, have also been
examined at low temperatures. Early studies of the
reactions of C2H with other unsaturated hydrocar-
bons showed remarkable prescience when compared
to more recent results. Tarr et al.20 fully anticipated
that the mechanism would involve, in part, the
abstraction of an allylic hydrogen from a series of
propenes, butenes, and pentenes and all the reactions
would have similar rates of abstraction, except from
propene because its hydrogens are primary and
would have stronger bonding to the carbon. In fact,
the observation was that the rate increases with the

length of the carbon chain. Another portion of the
overall reaction is the initial addition of the ethynyl
to the double bond followed by dissociation to prod-
ucts. The measured rate constants are all in conso-
nance with rates for reactions with olefins,64-66

generally very fast and of the order of collision rates.
Values of the rate constant for reaction of C2H with

propyne (HCCCH3) at various temperatures are 1.8
× 10-10 cm3 molecule-1 s-1 at 296 K,65,66 2.4 × 10-10

cm3 molecule-1 s-1 at 155 K,66 2.7 × 10-10 cm3

molecule-1 s-1 at 103 K,62 and 2.9 × 10-10 cm3

molecule-1 s-1 at 63 K.65 The reaction mechanism is
expected to be similar to that which has been
discussed earlier.43 The most probable reaction paths
have been predicted using coupled-cluster and den-
sity functional levels of theory.67 The reaction is very
complex, involving, again, a barrierless entrance
channel and numerous rearrangements of the initial
adduct with the possible formation of seven different
C5H4 isomeric products, including ethynylallene (HC2-
CHdCdCH2) which is formed by the most direct path
and involves loss of an H-atom. However, this is not
the major product (at least in the case of the reaction
of C2D with CH3CCH); rather it is methyldiacetylene
(CH3CdCC2D), which represents 70-90% of the
product.68

In general, the kinetics of the C2H reactions, except
for a limited number of reactions, are not very well
established. Table 1 lists the C2H reactions discussed
here. Our preferred rate parameters are also listed
in the table which are based on the current knowl-
edge of these reactions.

4. Vinylidene Radicals, R2CdC:
Vinylidenes (R2CdC:) have been implicated as

intermediates in organic reactions for an extended
period of time.69,70 The singlet hydrogenated vinyl-
idene (H2CdC) that has been reported to be formed
from the reaction of C2 with acetone by a 1,1-
abstraction does not react further but can rearrange
to acetylene in about 10-10 s.71 Vinylidene was also
a postulated intermediate in the vacuum ultraviolet
photolysis of CH2CD2,72 which led to the formation
of both H2 and D2 but no HD. The resulting vi-
nylidene radical, either H2CC or D2CC, was assumed
to rearrange to form acetylene. Laufer in 198073

observed a relatively long-lived transient absorption
following the vacuum ultraviolet flash photolysis of
C2H2 and tentatively assigned the observed absorp-
tion lines in the 138-157 nm region to an electroni-
cally excited triplet H2CdC. A similar absorption was
observed from the photolysis of ketene (CH2CO)
whose final products would also be C2H2, arising from
the combination reaction of two CH2 radicals. The
difference in the two spectra was the temporal history
of the transient absorption: that from the direct
photolysis of acetylene was present at the shortest
times and that from the ketene showed an increase
with time. The assignment was confirmed through
the distribution of isotopic acetylenes, determined
mass spectrometrically, formed in a 1:1 mixture of
CD2 and CH2.74 An independent mass spectrometric
experiment confirmed the existence of a neutral
triplet vinylidene moiety with a lifetime in excess of
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0.4 µs75 that has a barrier to isomerization to
acetylene on the triplet surface calculated to be about
48 kcal/mol.76

There have been a host of theoretical studies on
the very fundamental issue of whether vinylidene
actually exists as a bound molecule, i.e., does it
represent a minimum on a potential energy surface,
what is its lifetime, and what is the barrier to
isomerization? With respect to the former, calcula-
tions have finally agreed that vinylidene does exist,77

and that would certainly agree with previous spec-
troscopic results73 and the photoelectron spectroscopy
results of Ervin et al.,9 who observed the ground
X(1A1) state as well as the a(3B2) and b(3A2) states
and determined a lower bound to the singlet lifetime
of τ > 0.027 ps and an overall lifetime of 0.2 ps. The
singlet lifetime has been calculated to be less than 1
ps,78 with a barrier to isomerization of about 1.5 kcal/
mol79 on the singlet surface.

In addition to the photolysis of ethylene noted
above, vinylidene has been suggested as an interme-
diate in several pyrolysis systems.80-83 Several of
these interpretations have been questioned through
a study of induction periods in the pyrolysis of
acetylene84 and on kinetic arguments.85 The induction
period, it was believed, was not associated with a
vinylidene whose lifetime was estimated to be 3.5 µs
by a Coulomb explosion determination.86 In the
Coulomb explosion, however, the identity of the
vinylidene state (whether singlet or triplet) could not
be determined. The lifetime, however, is more com-
mensurate with the triplet. Alternatively, a theoreti-
cal approach to acetylene oxidation in shock tubes
suggested that vinylidene does play a critical primary
role in these processes,87 which is contrary to Ben-
son’s view85 of the irrelevance of vinylidene in C2H2

chemistry. Singlet vinylidene also has been invoked
as a primary reactant in the high-temperature oxida-
tion of several unsaturated hydrocarbons,88 and a
rate constant for its reaction with O2 of 1.6 × 10-11

cm3 molecule-1 s-1 has been estimated. The reaction
products are assumed to be two HCO radicals, which
differs from the triplet vinylidene reaction with O2

(see below). Further, with a singlet lifetime of less
than 1 ps, it is difficult to conjure a reaction of the
singlet other than quenching, which has a rate
constant that is not significantly larger and closer
to a collisional value than that reported above.

However, there have been only a few “direct”
kinetic measurements involving vinylidene. The life-
time of the singlet is very short before isomerization,
and the singlet is unlikely to be involved in chemical
reaction. Several measurements involving the triplet
excited state have been reported. The first involved
the quenching of both protio and deuterio (deuter-
ated) triplets by He and C2H2,89 with values of kH-He
) (1.3 ( 0.3) × 10-14 cm3 molecule-1 s-1 and kD-He )
(2.4 ( 0.4) × 10-15 cm3 molecule-1 s-1 (for the deuterio
analogue). The large isotope effect, 5.4, suggests that
collisionally induced quenching occurs through a
C-H mode. An upper limit to quenching of the
hydrogenated species by acetylene has been esti-
mated89 as k ) 3.5 × 10-13 cm3 molecule-1 s-1.

Spectroscopic confirmations of the presence of
triplet vinylidene subsequent to the vacuum UV
photolysis of C2H4 and C2H2 have been obtained.90

In the case of acetylene photolysis, the temporal
profile of the transient species suggests that vibra-
tionally relaxed triplet H2CC is a primary product of
the photolysis, as noted above. In the photolysis of
C2H4, however, the relaxed triplet is not a primary
product but is instead formed through an indetermi-
nate secondary process. The reaction of H2CC with
the C2H4, expressed as the sum of quenching and re-
action, has a rate constant of 1.4 × 10-11 cm3 mole-
cule-1 s-1, while that for D2CC with C2D4 is an order
of magnitude slower, 1.4 × 10-12 cm3 molecule-1 s-1.

The H2CC produced from the vacuum ultraviolet
photolysis of dilute mixtures of vinyl chloride (C2H3-
Cl)91 in helium confirmed the above quenching value
for He as (1.07 ( 0.17) × 10-14 cm3 molecule-1 s-1

and that for quenching by C2H3Cl as 3.5 × 10-11 cm3

molecule-1 s-1.
Rates for the collisional quenching of D2CC (a 3B2)

with He, Ar, N2, H2, CO, and CH4 have also been
determined using VUV flash photolysis-kinetic ab-
sorption spectroscopy.92 No evidence of any chemical
reaction was detected. The reported rate constants
for collisional quenching of D2CC (a 3B2) are listed in
Table 2.

The interaction of ground-state triplet O2, however,
with the deuterio vinylidene does lead to a spin-
allowed chemical reaction with the formation of CO
and DCDO in equal amounts,93 with a rate constant
of (1.0 ( 0.25) × 10-13 cm3 molecule-1 s-1. The
suggested mechanism is reaction through O2 addition
across the CdC double bond, forming a cyclic four-

Table 2. Quenching and Reaction Rates of Vinylidene Radicals and Preferred Rate Coefficients

reaction A (or k)a T/K E/R

D2CC [a 3B2] + He f D2CC [X(1A1)] + He (2.0 ( 0.3) × 10-15 298
D2CC [a 3B2] + Ar f D2CC [X(1A1)] + Ar (6.6 ( 0.3) × 10-15 298
D2CC [a 3B2] + N2 f D2CC [X(1A1)] + N2 (8.5 ( 0.2) × 10-15 298
D2CC [a 3B2] + H2 f D2CC [X(1A1)] + H2 (33.8 ( 6.1) × 10-15 298
D2CC [a 3B2] + CO f D2CC[X(1A1)] + CO (28.0 ( 8.0) × 10-15 298
D2CC [a 3B2] + CH4 f D2CC[X(1A1)] + CH4 (28.0 ( 8.0) × 10-15 298
D2CC + O2 f CO + DCDO (1.0 ( 0.25) × 10-13 298
H2CC [a 3B2] + He f H2CC [X(1A1)] + He (1.1 ( 0.3) × 10-14 298
H2CC + H2 f C2H3 + H 2.5 × 10-12 -3150
H2CC + CH4 f C2H3 + CH3 5 × 10-13 -2750
H2CC + C2H6 f C2H3 + C2H5 1.6 × 10-12 -2300
H2CC + C2H4 f C2H3 + C2H3 1.1 × 10-12 -2450

a Rate constants are in units of cm3 molecule-1 s-1, using the modified Arrhenius expression AT n exp[-E/RT)].
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membered C- and O-atom-containing ring which is
then followed by ring-scission.

As a product of the vacuum ultraviolet photolysis
of both ethylene and acetylene, the reactions of triplet
vinylidene with certain hydrocarbons are of interest
in modeling efforts to describe the atmospheres of
several of the planets of the outer solar system, where
the major source of solar radiation is at Lyman-R
(121.6 nm). Estimates of rate constants for a series
of simple H-abstraction reactions by triplet vi-
nylidene, for which experimental data are still not
available, have been obtained using a bond strength-
bond length calculation.94,95 The rate constants are
only for abstraction and do not include other path-
ways that might even lead to the same product. The
triplet vinylidene reactions with H2, CH4, C2H6, and
C2H4 and corresponding predicted rate constants are
listed in Table 2. The calculated results are estimated
to have errors in the activation energy of several kcal/
mol and an inaccuracy in the pre-exponential term
of a factor of 2-3. While these values do not match
either an experimental study or more sophisticated
theoretical predictions, these rate parameter esti-
mates are included as they may be of use in model
estimates in the absence of other information.

5. Vinyl Radical, H2CdCH
The vinyl radical, C2H3, is one of the simplest open-

shell olefinic species. Due to its central role in free
radical chemistry and its relevance to both combus-
tion and planetary atmospheric environments, it has
been the subject of considerable experimental and
theoretical studies. Yet, despite significant efforts,
relatively limited information about the spectroscopy
and reaction kinetics of vinyl radicals is available.
This has been due partly to difficulties involved in
the clean generation and sensitive detection of vinyl
radicals plus the high reactivity of these radicals. In
recent years, however, progress in understanding
some aspects of the gas-phase chemistry and spec-
troscopy of vinyl radicals has been forthcoming.

Absorption due to the vinyl radical has been
observed at selected regions over the entire spectrum.
Knowledge of the spectroscopic properties of radicals
often is essential for direct probing and kinetic
studies of these highly reactive transient species.
Absorption, in the region of 400-530 nm, via the
A 2A′′- X 2A′ electronic transition was identified by
Hunziker et al.,96 and the same electronic transition
was also recently detected using cavity ring-down
(CRD) spectroscopy.97 Fahr et al.,98 using UV-CRD
spectroscopy, identified a diffuse absorption band in
the spectral range 225-238 nm, which was assigned
as the B-X electronic transition. The reported ab-
sorption cross sections vary from 9.2 × 10-18 cm2

molecule-1 at 225 nm to 2.1 × 2 × 10-18 cm-2

molecule-1 at 238 nm.98 Detection and characteriza-
tion of two relatively sharp and intense absorption
features at 164.4 and 168.3 nm have also been
reported by Fahr and Laufer,99 obtained by using
VUV flash photolysis in conjunction with VUV ab-

sorption spectroscopy. The infrared spectroscopy of
the ground-state vinyl radicals has been reported by
Kanamori et al.,100 obtained by using IR-diode laser
absorption measurement in the region of 820-960
cm-1. More recently, the infrared emission spectrum
of vibrationally excited vinyl radical was recorded,
and its fundamental vibrational frequencies and
relative intensities were determined.101

5.1. C2H3 + C2H3

The direct determination of rate constants for
second-order reactions such as the vinyl radical-
radical disproportionation (eq 8) or combination (eq

9) reactions is a difficult measurement, particularly
since an accurate determination of the radical con-
centration is necessary. Alternatively, it might be
thought that an evaluation of the ratio k8/k9 of the
two reactions might be easier, as it “only” requires
accurate product analysis in addition to a convenient
radical source.

5.1.1. Disproportionation/Combination
The study of vinyl radicals has a long and check-

ered history. The products expected from both the
disproportionation and combination reactions of vinyl
radicals were observed in a sodium diffusion flame
experiment using C2H3I102 as the vinyl radical source.
The experiment, however, did not allow the unequivo-
cal identification of the formation mechanism, al-
though the disproportionation/combination reactions
were considered likely. The effort to study vinyl rad-
icals continued with an investigation of the photolysis
of (C2H3)2Hg,103 where it was shown that much of the
products were generated through a chain decomposi-
tion and that the disproportionation/combination
reactions were but chain-terminating steps. MacFad-
den and Currie,104 using flash photolysis of (C2H3)2O
coupled to a time-of-flight mass spectrometer for pro-
duct analysis, determined a bimolecular rate constant
of (5.3 ( 0.5) × 10-12 cm3 molecule-1 s-1 from vinyl
decay. Butadiene was seen as only a minor product;
thus, the vinyl decay rate was thought to be due to
the disproportionation channel. Weir105 produced
vinyl radicals through the CH3-sensitized decomposi-
tion of acryaldehyde (CH2CHCHO), which was fol-
lowed by the decomposition of the intermediate:

The product distribution was determined by gas
chromatography, and k8/k9 was found to be equal to
1.1 at 450 K at 13 kPa (100 Torr). Szirovicza106 used
a similar technique to produce the vinyl radical, i.e.,
the radical-sensitized decomposition (with isopropyl
radicals) of the acrylaldehyde, but the k8/k9 ratio was
found to be 0.02 ( 0.01, in significant disagreement
with the earlier result.

H2CdC + O2 f H2CO + CO (7)

C2H3 + C2H3 f C2H4 + C2H2 (8)

C2H3 + C2H3 + M f

H2CdCHCHdCH2 (1,3-butadiene) + M (9)

CH3 + CH2CHCHO f CH4 + CH2CHCO (10)

CH2CHCO f CH2CH + CO (11)
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Inorganic metal-containing vinyl compounds have
also been widely used as sources of vinyl radicals.
The disproportionation/combination ratio was deter-
mined in a study involving tetravinyl tin, Sn(C2H3)4,
as the radical source.107 Combination and dispropor-
tionation products were formed even in the presence
of O2, which suggests that molecular-type processes
were involved in the photolysis, as the O2 would be
a scavenger of the radicals. If the products so formed
were indeed from molecular elimination, then the
difference between the total yield and that with O2
present could be attributed to reactions of vinyl
radicals. Under these circumstances, a ratio of k8/k9
) 3.70 was deduced. The VUV flash photolysis of
dilute mixtures of (C2H3)2Hg/He has also been used
as a radical source. Using gas chromatographic
product analysis, a value of k8/k9 ) 0.21 ( 0.03 was
derived at 53 kPa (400 Torr) total pressure (primarily
He).108

The photolysis of vinyl iodide also yields vinyl
radicals.109 The low-intensity photolysis, done pri-
marily at 253.7 nm, showed that hydrogen abstrac-
tion by C2H3 can be quite important. Similarly,
Yamashita et al. showed that addition of a radical
scavenger, NO, to the system essentially quenched
the formation of both C2H4 and C4H6, while the
formation of C2H2 was only partially affected. The
different mechanisms, in part, are probably due to
the presence of energetic C2H3 radicals formed in the
initial dissociation. The dissociation of vinyl into C2H2
+ H (reaction 12) is endothermic only by about 35

kcal/mol;46 thus, the initial photon energy (112.7 kcal)
is more than adequate to initiate the dissociation.
The excess of C2H2 over C2H4 has also been noted in
a subsequent study.107 The disproportionation/com-
bination ratio also had a wavelength dependence: the
reaction at higher energy had a value of k8/k9 ) 2.5,
while that at 313 nm had a value of 0.4. The
dissociation of the intermediate vinyl radical and
wavelength dependence of k8/k9 suggest the presence
of excess vibrational energy in the intermediate vinyl
species which could be eliminated by addition of
excess inert quenching gas. Takita et al.110 obtained
a value of about 3 for k8/k9 in a high-energy system
involving the acetylene-photosensitized decomposi-
tion of CH4 at 147 nm, where the vinyl is formed from
the reaction of H + C2H2. Ibuki et al.111 also produced
vinyl from the reverse of reaction 12, where the
H-atom was formed in the Hg6(3P1)-sensitized de-
composition of H2 and where the H2 was maintained
in excess of 80 kPa (600 Torr). A value of k8/k9 ) 0.087
was determined.

The disparity in these earlier results, suggesting
k8/k9 ) 0.02-3.7, is significant and beyond the
experimental uncertainties of each measurement. As
the most recent results indicate and will be discussed
here, it is now evident that pressure has a very
significant effect on the product channels of radical-
radical reactions involving unsaturated systems and
the apparent ratio of combination/disproportionation.

In a series of more recent studies, Fahr et al.112,114

utilized photolysis of methyl vinyl ketone (CH3-

COC2H3) at 193-nm and also 248-nm photolysis of
divinyl ketone and vinyl iodide as vinyl radical
sources112a which are experimentally preferable to
divinyl mercury, as the latter is difficult to handle
and readily decomposes on many metal surfaces. In
comparison, the 193-nm photolysis of methyl vinyl
ketone was found to be a clean source of both C2H3
and CH3 with nearly 1:1 yields. Product studies
following photolysis of this precursor, at 13.3-53.3
kPa (100-400 Torr) pressures, yielded k8/k9 ) 0.31
( 0.06, which is in reasonably good agreement with
previous results from the same laboratory but which
used VUV photolysis of divinyl mercury as the radical
source.108 Within the pressure range of those later
studies, the combination product 1,3-butadiene was
the dominant product, and the ratio k8/k9 had no
detectable pressure dependency.

The vinyl radical self-reaction kinetics and prod-
ucts have also been studied by Thorn et al.,113 at
nominal pressures of about 13.3 Pa (1 Torr), using
direct mass spectrometric detection of vinyl radicals
as well as the reaction products. Under the conditions
of this study only acetylene and ethylene, the dis-
proportionation products, were detected. The com-
bined results of Fahr et al.112,114 at high pressures
and Thorn et al.113 at very low pressure indicate a
very significant pressure effect on product channels
affecting variation of the product distribution with
pressure and thus the apparent ratio of k8/k9. Under
the high-pressure conditions (13.3-53.3 kPa), the
combination reaction yielding 1,3-butadiene is the
dominant process, accounting for about 75% of the
vinyl self-reaction. At very low pressures (13 Pa),
however, the major products of the vinyl self-reac-
tions are ethylene and acetylene instead of 1,3-
butadiene. The combination channel for vinyl radical
self-reaction is highly exothermic (about 116 kcal/
mol). The observed pressure dependence is proposed
to be due to the competition between collisional
stabilization, isomerization, and/or decomposition of
the combination adduct, C4H6*. A low-energy reaction
path involving the isomerization of the initially
formed 1,3-butadiene to cyclobutene followed by a
unimolecular dissociation to C2H2 and C2H4 has been
proposed.113 In contrast to the combination path, the
disproportionation channel distributes its exoergicity
to two fragments: the H donor and the H acceptor.
In general, there is insufficient energy in these
fragments to promote unimolecular processes.

5.1.2. Kinetics of C2H3 + C2H3

The vinyl radical self-reaction kinetics has been
studied directly by Fahr et al.108,112,114 over the
pressure range of 6.7-53.3 kPa (50-400 Torr), using
different radical precursors and detection/analysis
methods. Results of those studies suggest a total rate
constant value of k8 + k9 ) (1.25 ( 0.3) × 10-10 cm3

molecule-1 s-1. Under the pressure conditions of those
studies, the combination channel producing 1,3-
butadiene was identified as the dominant channel,
with a rate coefficient of (0.9 ( 0.2) × 10-10 cm3

molecule-1 s-1.112,114 At the low pressure of 13.3 Pa
(1 Torr), Thorn et al.113 have obtained a total rate
constant of (1.4 ( 0.6) × 10-10 cm3 molecule-1 s-1 for

C2H3* f C2H2 + H (12)
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the vinyl self-reaction which, within the measure-
ment uncertainties, is in good agreement with the
rate constant value determined at higher pressures,
suggesting no pressure effect on the overall rate
constant for vinyl self-reaction. However, as dis-
cussed earlier, the combined results from the two
laboratories indicated a very significant pressure
dependence of the product channels.

Fahr and Laufer112b also examined the deuterium
isotope effect on the combination and disproportion-
ation channels of the vinyl self-reaction. Hydroge-
nated or deuterated vinyl and methyl radicals were
generated from the 193-nm photolysis of protio or
perdeuterated methyl vinyl ketone. On the basis of
product yield measurements, no isotope effect was
observed for the combination reaction, predictably,
since such reaction involves only C-C bond forma-
tion. However, an isotope effect of kH/kD ) 1.2 was
determined for the disproportionation reaction, simi-
lar to that found for saturated hydrocarbon radicals.

The rate constant of the vinyl-vinyl self-reaction
is very fast, about one effective reaction in every two
collisions. The usual argument114 is that reaction of
spin-doublet species, such as vinyl radicals, can lead
to three dissociative triplet states and one bound
singlet, and hence an efficiency of one in four colli-
sions. But vinyl radicals are different because of the
presence of an energetically accessible bound triplet
state of 1,3-butadiene, the 3B1u state 3.2 eV above the
ground state.114 The combination reaction is exother-
mic by 116 kcal/mol (5.03 eV),46 and the triplet state
is both thermochemically and spin accessible via
reaction of two doublets. If the 1,3-butadiene is
formed on the excited triplet surface, spin-induced
quenching to the ground state is possible. The pres-
ence of triplet butadiene has not yet been observed
as a product of the vinyl combination reaction.

5.2. Reactions of C2H3 with Other Hydrocarbon
Radicals

5.2.1. C2H3 + CH3

Fahr et al.112,114 reported the first direct rate
measurement and product studies of the C2H3 + CH3
reaction, employing excimer laser photolysis for
generating the radicals, kinetic absorption spectros-
copy for probing the time profile of the reactants and/
or products, and GC/MS end-product analysis for
identifying and quantifying the final reaction prod-
ucts.

With CH3COC2H3 as a photolytic source of both
methyl and vinyl radicals, an overall rate constant
of k13a + k13b ) (1.5 ( 0.3) × 10-10 cm3 molecule-1 s-1

was determined.114 Analysis of the photolyzed samples,
over a pressure range of 9.3-23.6 kPa, identified
formation of propene, acetylene, and methane, with
propene being the major product. On the basis of the
results of the optical rate measurements and the
product yields, rate constants of k13a ) (0.34 ( 0.07)

× 10-10 cm3 molecule-1 s-1 and k13b ) (1.2 ( 0.3) ×
10-10 cm3 molecule-1 s-1 were derived from these
studies.

The combination reaction 13b is about 101 kcal/
mol46 exothermic, and the large value for k13b is
comparable to that from vinyl-vinyl and possibly
results from the presence of an accessible bound low-
lying triplet of propylene at 98.0 kcal/mol (4.25 eV).116

The kinetics of the C2H3 and CH3 cross-radical
reaction has been studied in two other laboratories,
using different methods for production and/or detec-
tion of methyl and vinyl radicals. At the low pressure
of 0.13 kPa (1 Torr), Thorn et al.,118 using a discharge
flow system coupled to a mass spectrometer, deter-
mined an overall rate constant value of k13 ) k13a +
k13b ) (1.02 ( 0.53) × 10-10 cm3 molecule-1 s-1 by
monitoring the decay of the C2H3 under conditions
of excess CH3. Stoliarov et al.119 employed the 193-
nm photolysis of methyl vinyl ketone to generate the
radicals and time-resolved photoionization mass spec-
trometry for probing the radicals and products. The
overall rate constant for the reaction CH3 + C2H3 was
determined at low pressures of 0.12-0.5 kPa (0.9-
3.7 Torr) over the temperature range of 300-900 K.
The rate constant, k13, was found to be independent
of pressure in the narrow pressure range of this
study, with a slight negative temperature depen-
dence, represented by the expression k13 ) (5.1 ×
10-7)T -1.26 exp(-362/T) that extrapolates to a rate
constant of k13 ) (1.15 ( 0.11) × 10-10 cm3 molecule-1

s-1 at 298 K. Results of rate measurements for
reaction 13, reported from three laboratories, are in
good agreement, and a simple average of the rate
constant values, k13 ) (1.3 ( 0.3) × 10-10 cm3

molecule-1 s-1 at 298 K, can be recommended.
As noted above, in general, radical-radical reac-

tions involving C2H3 radicals are quite exothermic,
and that is manifested either by formation of an
electronically excited combination adduct or in a
pressure effect on the product distribution. The effect
of pressure on the product channels of the C2H3 +
CH3 reaction has recently been studied in the above-
mentioned three laboratories.116-119 A value of C3H6/
C2H6 ) 1.28 has been determined at 298 K by Fahr
et al.117 at about 27 kPa (200 Torr), where the C2H6
arises from the combination of CH3 radicals, used as
a reference reaction. But this ratio was seen to
decrease to 0.75 at about 0.27 kPa (2 Torr).117 At low-
pressure conditions, formation of additional products,
not present at higher pressures, was observed. These
included 1,5-hexadiene, the product of the combina-
tion of allyl (C3H5) radicals, and a number of other
C5 and C6 products. Results of the study offered clear
evidence for the occurrence of the unimolecular
dissociation (eq 13c).117

Rice-Ramsperger-Kassel-Marcus (RRKM) cal-
culations indicated that the major processes for
vibrationally excited propylene (reaction 13b) in He
at low pressures are stabilization and decomposition
via rupture of the allylic C-H bond to form allyl
(C3H5) radicals.117 Product studies of reaction 13,
reported by Thorn et al.118 and Stoliarov et al.,119 at

C2H3 + CH3 f CH4 + C2H2 (13a)

f C3H6 (13b)

C3H6* f C3H5 + H (13c)
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low-pressure conditions also indicated formation of
C3H6, C2H2, and C3H5 as products of the combination
stabilization, disproportionation, and combination-
decomposition channels, respectively. Results ob-
tained by Stoliarov et al.119 at T ) 900 K suggest that
production of allyl radicals becomes the major chan-
nel. The dissociation of propylene formed in reaction
13b to C3H5 (allyl) + H atom (reaction 13c) is
endothermic by 88 kcal/mol,46 but the combination
reaction 13b is exothermic by about 101 kcal/mol,
providing sufficient excitation energy for the dis-
sociation channel (reaction 13c) to occur. The experi-
mentally observed pressure dependence of reaction
13b is a direct manifestation of the pressure depen-
dence of the unimolecular dissociation (reaction 13c).
The unimolecular dissociation has been treated
through a master equation approach and RRKM
theory, which indicates that the C-C bond formed
from the CH3 + C2H3 association is sufficiently strong
to allow the breaking of a C-H bond, to form allyl
or, alternatively, isomerize to cyclopropane.117 Isomer-
ization to cyclopropane is fast but is a minor process.
Alternate third bodies have different quenching ef-
fects, and He is a weak collider, while a strong
collider would have a significant impact upon the
ratio of quenching to bond rupture (reaction 13c).117

Very significant mechanistic and kinetic insight
has emerged from recent detailed combined experi-
mental and theoretical product studies of radical-
radical reactions involving vinyl radicals which will
have an important impact upon our understanding
of the hydrocarbon reaction systems relevant to both
combustion and planetary atmospheric processes.

5.2.2. C2H3 + C2H5

The complexity of the cross-radical reactions of the
C2H3 and C2H5 systems is significantly greater than
that involving the CH3 radical. In the former, the
number of reactions and resulting products include
the self-combination and disproportionation of both
radicals in addition to the combination and dispro-
portionation of the cross-radical reaction, a total of
seven reactions. Added interpretive difficulties are
caused by the two cross-disproportionation reactions
whose products are indistinguishable from the self-
disproportionation reaction of ethyl radicals:

This, in addition to the expected significant pressure
effect on reactions of vinyl radicals, indeed makes this
a complex system. The cross-radical combination
reaction is exothermic by about 99 kcal/mol,46 and

the competition of quenching vs unimolecular dis-
sociation and/or isomerization adds to the interpre-
tive difficulty. There is but a single study, reported
by Fahr and Tardy,120 of the rate coefficient and
products of the ethyl-vinyl cross-radical reaction.
Vinyl and ethyl radicals in this study have been
produced simultaneously through the 193-nm exci-

mer laser photolysis of dilute mixtures of C2H5-
COC2H3/He. By employing time-resolved UV absorp-
tion spectroscopy and analysis of the temporal
absorptions of two radicals at 230 and 235 nm
through kinetic modeling of the reaction system, an
overall rate constant of (9.6 ( 1.3) × 10 -11 cm3

molecule-1 s-1 resulted. Fitting of the experimental
data for the absorption of the two radicals requires
knowledge of the rate constants of each individual
self-reaction. The argument presented previously,
that only monitoring the reactant is necessary for
determination of an accurate rate constant, needs
some modification to include some measure of the
reaction product. The major reaction products, which
were identified and quantified using GC/MS analysis,
consisted of butane, 1-butene, and 1,3-butadiene
which are all formed through the combination reac-
tions C2H5 + C2H5 f n-butane, C2H3 + C2H3 f 1,3-
butadiene, and C2H5 + C2H3 f 1-butene and ethane,
ethylene, and acetylene; the latter three are products
of the disproportionation reactions. Using a compara-
tive rate determination method and the yields of the
combination products and known self-combination
rate constants [k(C2H5 + C2H5) ) 2.0 × 10-11, k(C2H3
+ C2H3) ) 9.3 × 10-11 cm3 molecule-1 s-1], a rate
constant value of k14 ) (6.5 ( 1) × 10-11 cm3

molecule-1 s-1 has been determined for the combina-
tion channel of the reaction C2H5 + C2H3.

The effect of pressure on the product channels of
the cross-radical reaction C2H5 + C2H3 has been
investigated.121 The yield of the cross-combination
product, 1-butene, at various pressures was compared
to the yield of n-butane, the combination product of
the C2H5 + C2H5 reaction. The [C4H8]/[C4H10] ratio
was reduced from ∼1.2 at 113 kPa to ∼0.4 at 13 kPa.
The experimental and simulation results suggest that
the observed pressure dependence of [1-C4H8]/[C4H10]
is due to the decomposition of the chemically acti-
vated combination adduct 1-C4H8*, in which the
weaker allylic C-C bond is broken: H2CdCHCH2-
CH3 f C3H5 + CH3, a mechanism that is similar to
the C2H3 + CH3 reaction. The decomposition of the
intermediate occurs even at moderate pressures (∼27
kPa) and becomes more significant at lower pres-
sures. The additional products from radical-radical
reactions involving allyl, methyl, ethyl, and vinyl
radicals were detected at lower pressures.

5.3. Vinyl Radical Reactions with Atoms

5.3.1. C2H3 + H/D

Vinyl radicals, produced from the reaction of F
atoms with ethylene (reaction 16a, below), have been
reacted with H-atoms at low pressure and compared
to the reaction of H + C2H5.123 The rate constants
for the two reactions were found to be comparable,
(5.0 ( 3.0) × 10-11 cm3 molecule-1 s-1. Acetylene and
hydrogen were the only observed products. With
D-atoms as the reactant, the products were acetylene
and HD.

C2H3 + C2H5 f C2H6 + C2H2 (14a)

f 2C2H4 (14b)

C2H3 + C2H5 f C4H8 (1-butene) (14c)

C2H3 + D f C2H2 + HD (15a)

f C2H3D (15b)
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At the low pressures of these experiments (0.13-0.25
kPa or 1-2 Torr), the combination to produce ethyl-
ene (reaction 15b) was not observed. A value for the
sum of both the combination and disproportionation
of vinyl with H-atoms in the vinyl iodide photolysis
system was obtained by observing the temporal
profile of both the vinyl radical and its dimerization
product, 1,3-butadiene.115 The rate constant, (2.0 (
0.8) × 10-10 cm3 molecule-1 s-1, necessitated model-
ing the mechanism, and the resulting value is in
reasonable agreement (within the error bars) of the
earlier measurement, recognizing that the former
lower value is that of reaction 15a alone. A direct
determination of the rate at low pressure (about 130
Pa or 1 Torr) and temperature (213 K) was obtained
by Monks et al.,123 who formed both reactants simul-
taneously through the F-atom reactions with C2H4,

to yield C2H3 by abstraction and H-atoms from the
displacement reaction that yields C2H3F + H (reac-
tion 16b). The rate constants for the nondeuterated
versions of reactions 15a and 15b were (1.1 ( 0.3) ×
10-10 cm3 molecule-1 s-1 at 298 K and (1.0 ( 0.3) ×
10-10 cm3 molecule-1 s-1 at 213 K, indicating a near-
zero activation energy for the reaction. The overall
reaction is presumed to be two separate but compet-
ing parallel reactions rather than one that involves
a single intermediate that can undergo dissociation
or stabilization. Quantum Rice-Ramsperger-Kassel
(QRRK) calculations support the mechanistic concept
of two competing processes. The mechanism and
branching ratio were ascertained by substitution of
C2D4 as reactant. The assumption is that the mech-
anism, with its rapid rate constant and a concomitant
zero activation energy, is unaffected by isotopic
substitution. Within the relatively large uncertainties
associated with this determination, two product
channels are identified; the combination is found to
be about 0.3 of the total reaction over the entire
temperature range studied (213-298 K) and the
remainder (0.7) due to disproportionation channel
15a. Fahr124 re-investigated the reaction C2H3 + H
using excimer laser photolysis of vinyl iodide in
conjunction with kinetic absorption spectroscopy and
modeling of the reaction system. A detailed error
analysis that accounted for the contribution of the
random and systematic uncertainties was applied to
derive a combined uncertainty. A rate constant value
of (1.8 ( 0.43) × 10-10 cm3 molecule-1 s-1 was
determined, which is in excellent agreement with
much of the earlier work.

Theoretical studies of the C2H3 + H reaction have
shown the presence of three separate barrier-less
reaction channels.125 One might imagine three pos-
sible H-abstraction reactions, but only one is without
a barrier, and that is the abstraction of the CH2
hydrogen cis to the single CH hydrogen. The abstrac-
tion of the CH2 hydrogen trans to the CH hydrogen
has a small barrier, and there is no path at reason-
able energies for abstraction of the single CH hydro-

gen. Two addition channels, one from each side of
the radical center, are also without barrier. The
predicted rate constants show a small increase with
temperature but are in rather good agreement with
existing experimental data, depending upon the
optimization level used in the calculation. The pre-
dicted branching ratios, however, are significantly
lower than those found experimentally but are ad-
justable through modification of the barrier to prod-
uct elimination.

5.3.2. C2H3 + O

There has been but a single study of the reaction
of vinyl radical with O-atoms, and it was done at low
pressure122 with mass spectrometric sampling of both
reactant and products. The rate constant was deter-
mined by comparison to the reference reaction of
neopentyl radical with O-atoms. The rate constant
was found to be equal to (5.0 ( 3.0) × 10-11 cm3

molecule-1 cm-1. The mechanism of this highly
exothermic reaction can lead to a variety of products,
several of which have been observed, including CH3

radical and ketene (CH2CO).

The possible reaction leading to C2H2 + OH was
specifically not observed. Although significant energy
is available for dissociation of the products and a
peak at m/e ) 14 (the signature of CH2) was observed,
that was attributed to direct ionization of the molec-
ular products leading to fragments in the ion source
of the mass spectrometer.

5.3.3. C2H3 + C

The mechanism of the C(3P) + C2H3 reaction has
been studied theoretically, and the possible reaction
intermediates have been identified.126 The study
showed the significant complexity of this reaction, as
the initially formed C3H3 has sufficient energy to
either dissociate or isomerize to a wide variety of
C3Hx species. There is no estimate of the rate
constant for this reaction.

5.3.4. C2H3 + N

For some of the outer planets or their moons that
have significant N2-containing atmospheres, the
reaction of N(4S), produced from the interaction of
high-energy solar radiation with N2, with small
hydrocarbon radicals may play important roles in
the overall chemistry. The reaction with vinyl is such
a process, and it has been examined, in detail, at
the low pressure of 0.13 kPa (1 Torr).127 The rate
constant determination required use of modeling,
but the result, (7.7 ( 2.9) × 10-11 cm3 molecule-1 s-1,
is quite comparable to those of other reactions of
N-atoms with hydrocarbon radicals. There are at
least six thermodynamically accessible channels
for the reaction, three of which were deduced from
mass spectral peaks. The observed products and

F + C2H4 f C2H3 + HF (16a)

f C2H3F + H (16b)

C2H3 + O f CH3 + CO (17a)

f CH2CO + H (17b)
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the respective branching ratios are

5.4. Reactions of C2H3 with Inorganic Radicals

A theoretical study of the potential energy surface
and hence mechanism of the reaction of vinyl with
OH radicals has been reported.128 Apparently, eight
products may be obtained through the various reac-
tion channels that involve association as well as
dissociation processes and isomerizations.

5.5. Reactions with Inorganic Molecules

5.5.1. C2H3 + H2

It is interesting that the reaction between vinyl
radicals and molecular H2, which might be of real
importance in combustion and has been suggested
to be a major source of low-molecular-weight hydro-
carbons in planetary atmospheric systems, was not
experimentally investigated until recently. An initial
estimate129 of reaction 19 that was based upon a
large, but entirely assumed, high-temperature mech-

anism and associated kinetic arguments suggested
a rate constant at 298 K might be about 4.7 × 10-17

cm3 molecule-1 s-1 or, expressed with its temperature
dependence, (1.3 × 10-11) exp(-3725/T) cm3 molecule-1

s-1. In a subsequent article, Weissman and Benson130

used transition-state theory to arrive at a value for
the rate constant of either 9.0 × 10-19 or 5.5 × 10-19

cm3 molecule-1 s-1 at 298 K, depending upon the
structure of the transition state, either linear or bent
at 135°. Expressed with the respective temperature
dependence, the values are (5 × 10-15)(T/298)0.7 exp-
(-2570/T) for the linear case and (3.24 × 10-14)(T/
298)0.7 exp(-3300/T) cm3 molecule-1 s-1 for the bent
transition state.

Callear and Smith studied the addition of H-atoms
to C2H2 and, in the process, estimated the rate of eq
19 as 1 × 10-17 cm3 molecule-1 s-1 at 298 K, within
a factor of 3.131a In subsequent work,131b a value of
2.6 × 10-17 cm3 molecule-1 s-1 at 298 K was esti-
mated from a relative rate measurement involving
product formation in the mercury-photosensitized
formation of H-atoms and their reaction with C2H2.
This work is clearly not a direct measurement of eq
19 and, as noted by the authors, it is a very complex
system.

There is little doubt that a direct experimental
measurement of a rate constant is preferable to one
that is a semiempirical estimate based upon a model.
However, in the absence of direct measurements, and
as noted previously, estimates can be useful for
modeling purposes. Such semiempirical methods
include the bond strength-bond length (BSBL)132

modification of the bond energy-bond order (BE-
BO)133 approach. The former seems to be preferable

for those cases that involve H-atom abstraction and
seems to provide reasonable estimates of activation
energies. Using the BSBL approach, an estimate of
k19 ) (1.7 × 10-12) exp(-4250/T) cm3 molecule-1 s-1

was obtained,94 which is significantly lower than the
other estimates noted earlier.

A more direct measurement of reaction 19 was
done by Fahr et al.,134 who formed the vinyl radicals
from the photolysis of either divinyl mercury or
methyl vinyl ketone in the presence of an atmosphere
of H2. The formation of 1,3-butadiene, the combina-
tion product of the vinyl radicals, was probed spec-
troscopically. The system is complex and required a
model including the disproportionation and combina-
tion reactions of C2H3 plus several possible reactions
of C2H3 with H-atoms produced in reaction 19. As in
any modeling process, a choice of rate constants for
the competing and known reactions must be made,
and the results are dependent upon those choices.
The fitting calculations yielded k19 ) (3 ( 2) × 10-20

cm3 molecule-1 s-1. Methyl vinyl ketone was also used
as the radical precursor for gas chromatographic
product studies and comparative rate determination.
Here, the competing reactions involved CH3 radicals
that formed CH4 via abstraction from H2 as well as
C2H6 from its self-combination. The results with H2
were compared to those obtained with He, as only
CH4 or C2H4 would increase in the presence of H2.
The results showed that k19 ≈ 1 × 10-20 cm3

molecule-1 s-1, which does provide some support for
the value obtained by the more direct absorption
spectroscopy measurement.

At the same time as the experiments on the rate
constant were in process, Mebel et al. were carrying
out an independent ab initio study of the potential
energy surface of reaction 19.135 The work utilized
various theoretical methods including density func-
tional theory (DFT). The reaction was shown to
proceed solely through a hydrogen-abstraction pro-
cess with no transition state, corresponding to inser-
tion followed by dissociation. An activation energy
of 10.4 kcal/mol was obtained. Variational transition-
state theory (VTST) with tunneling corrections was
used to obtain a temperature-dependent rate con-
stant of (3.68 × 10-20)(T 2.48) exp(-3587/T) cm3

molecule-1 s-1, or 3 × 10-19 cm3 molecule-1 s-1 at 298
K. Without tunneling, a value of 8 × 10-20 cm3

molecule-1 s-1 at 298 K was obtained. The agreement
between the experimental data of Fahr et al.134 and
the theoretical result is quite reasonable, considering
that the two efforts were done totally independently.

More recently, Knyazev et al.136 remeasured k19 at
low pressures of about 0.13-0.7 kPa (1-4 Torr) over
a temperature range of 500-950 K using the 193-
nm photolysis of vinyl bromide as the radical source,
followed by photoionization mass spectrometric prob-
ing of the vinyl radicals. The analysis method re-
quired measurements at relatively low pressures, and
the only loss mechanisms considered were reaction
19 and also possible loss of reactive radicals at the
cell wall. The results were expressed as k19 ) [(3.42
( 0.35) × 10-12] exp[(-4179 ( 67)/T] cm3 molecule-1

s-1, or about 3 × 10-18 cm3 molecule-1 s-1 at 298 K,
which is an order of magnitude more rapid than the

N(4S) + C2H3 f CH3CN 0.8 (18a)

f C2H2 + NH 0.16 (18b)

f CH2CN + H 0.04 (18c)

C2H3 + H2 f C2H4 + H (19)
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calculation by Mebel et al.135 and about 2 orders of
magnitude greater than the experimental measure-
ment noted above. An ab initio calculation done by
Knyazev et al.136 gave frequencies of the transition
state that were quite comparable to those reported
by Mebel et al.135 However, the calculations repro-
duced the experimental values of ref 128 after
adjustment of the two lowest frequencies of the
transition state and the energy barrier for the reac-
tion to optimize the fit. Not surprisingly, the fitted
optimized model agrees with the experimental results
albeit a factor of 2 faster and, over the above
temperature range, is equal to

5.5.2. C2H3 + O2

Despite the importance of the reaction of C2H3 +
O2 to combustion processes, it is surprising that only
a limited number of studies of this reaction have been
reported. The first reported study was by Gutman
et al.,137 who in 1984, in two rather comparable
papers, obtained rate constant and product informa-
tion over a broad temperature regime at the rela-
tively low pressures required when using photoion-
ization mass spectrometry for analysis. HCO and
H2CO were observed as the only products of the
reaction

over the entire temperature range of 300-600 K,
with photolysis of C2H3Br as the radical source. The
mechanism was presumed to proceed through a four-
membered ring of the two O-atoms and the two
carbons that then undergoes internal scission of the
O-O and C-C bonds to form the products. This
mechanism is quite comparable to that proposed
previously for the reaction of C2H with O2.48 The rate
constant was found to be independent of pressure but
with a small negative activation energy and was
expressed as k20 ) [(6.6 ( 1.3) × 10-12] exp[(250 (
100)/RT] cm3 molecule-1 s-1, or about (1.0 ( 0.2) ×
10-11 cm3 molecule-1 s-1 at 298 K.

Kreuger and Weitz studied the vinyl radical kinet-
ics using a diode laser probe for the time-resolved
analysis of the reaction products. In a rather complex
system consisting of the photolysis of C2H3I as the
radical source, the fractional decrease in formation
of C2H4 product in the presence of added O2, HCl,
and C2H6 could be predicted if k20 were known.138 A
value of k20 ) (1.0 ( 0.4) × 10-11 cm3 molecule-1 s-1

was obtained, which is in excellent agreement with
the earlier value.132

In an interesting twist, the value of k20 was used
to positively identify the carrier of a spectrum in the
vacuum ultraviolet as the vinyl radical.98 The decay
of the absorption formed from the photolysis of either
Sn(C2H3)4 or Hg(C2H3)2 in the presence of added O2
was found to have a rate constant of (6.7 ( 2.7) ×
10-12 cm3 molecule-1 s-1 at 298 K, which is in
agreement, within the expressed error limits, of the
Gutman137 value and provided support for the as-

signment of the detected VUV absorption features to
the C2H3 radical. It is interesting that Benson139 was
unable to observe the reaction of vinyl with O2 at 298
K, but that position was subsequently140 modified and
attributed to the large exothermicity of the reaction,
which would permit the energized intermediate to
rapidly decompose, under low-pressure conditions of
the experiments, before collisional quenching could
occur. More recent experiments by Knyazev and
Slagle141 at temperatures up to 1000 K did not
evaluate the nature of the products but did confirm
exactly the earlier rate constant determination and
expressed the rate parameters as k20 ) [(6.92 ( 0.17)
× 10-12] exp[(120 (12)/T] cm3 molecule-1 s-1. The
agreement is remarkable for a kinetics measurement!

The important role of reaction 20 has spawned a
number of theoretical studies aimed at predicting
both the rate constant as a function of temperature
and the products and the mechanism of their forma-
tion. The system is quite complex. Westmoreland142

as well as Bozzelli and Dean143 applied QRRK theory
to calculate rate constants and branching ratios of
certain products over an extended temperature and
pressure range. In both cases, the mechanism for
product formation proceeded through cyclization of
the intermediate vinylperoxy radical (C2H3OO) to a
four-membered ring that dissociates to the H2CO and
HCO products, as noted above. Carpenter144 used a
semiempirical approach in conjunction with ab initio
calculations of the potential energy surface and
suggested that the assumed mechanism involving
formation of a four-membered ring was incorrect,
that the process involves cyclization of the C2H3OO
to a three-membered ring, and that only such a
mechanism would allow a calculated rate constant
that agreed with experiment. A more detailed ab
initio study using DFT and RRKM calculations on
the proposed mechanism was carried out by Mebel
et al.145 The most favorable reaction pathway was
indeed found to be formation of H2CO and HCO
through a three-membered ring with a rate-deter-
mining step that requires migration of one of the O
atoms to a C-C bridging position. At elevated tem-
peratures >900 K, O-atom elimination from the C2H3-
OO is predicted to be a competitive channel. At very
high temperatures the C2H2 + HO2 channel becomes
the second most significant. The calculated total rate
constant for 300-3500 K at 760 Torr N2 is (9.15 ×
10-13)T 0.23 exp(454/T) cm3 molecule-1 s-1.

Using the previous experimental data and the
theoretical predictions of products, Wang et al.146

employed time-resolved Fourier transform IR emis-
sion spectroscopy to clarify the reaction pathways.
The 248-nm photolysis of C2H3Br was used in this
study as the source of nonemitting vibrationally cold
vinyl radicals. In contrast, the 193-nm photolysis of
C2H3Br has been shown to form vibrationally excited
vinyl radicals on which time-resolved Fourier trans-
form emission spectroscopy allows detection of the
vibrational spectrum of the transient.100 This finding
might affect much of the earlier work that used C2H3-
Br as a photolytic source of vinyl radicals. While the
vinyl radicals may not have been vibrationally ex-
cited with photolysis at 248 nm, the energetics

k19 ) (1.57 × 10-20)T 2.56 ×
exp(-2529/T) cm3 molecule-1 s-1

C2H3 + O2 f HCO + H2CO (20)
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strongly suggest that the radical, as formed, has
much internal and/or translational energy. The major
observed product channel is HCO + H2CO and the
second is, interestingly, CH3 + CO2, which is the most
exothermic of the various possibilities. Other prod-
ucts include CO, which may arise from dissociation
of the HCO, and a H2C2O2 + H path. Neither
emission from the C2H3O + O nor the path that
produces HO2 was positively identified, although they
might be of minor import. In all cases the products
arise through the proposed three-membered ring.

5.5.3. C2H3 +HCl
The bond energy of HCl (103 kcal/mol)46 is quite

comparable to that of H2 (104 kcal/mol),46 so the
abstraction reaction to form C2H4 might be expected
to have a comparable rate constant, as the overall
exothermicities are comparable. Such a study was
done, but the rate constant for reaction with HCl is
about 5-7 orders of magnitude larger than that with
H2

138 and is equal to (1.3 ( 0.3) × 10-12 cm3

molecule-1 s-1, and that for DCl is equal to (7.8 (
1.6) × 10-13 cm3 molecule-1 s-1. The isotope effect,
1.7 ( 0.8, is consistent with the idea of an early
transition state for the reaction; i.e., the HCl bond is
not as extended as that of H2 in the transition state,
as suggested by Krueger and Weitz, who did a BSBL
calculation138 of these reactions. Another important
factor for the large discrepancy in kHCl is the larger
electronegativity of the Cl- vs the H-atoms.

While studying the reverse process, Parmar and
Benson140 used the very low pressure pyrolysis
technique and obtained a value for the reaction
between C2H3 and HCl to gain information on ∆Hf-
(C2H3). The rate constant, (5.1 ( 0.9) × 10-13 cm3

molecule-1 s-1, is in quite reasonable agreement with
that obtained by the more direct study.

5.5.4. C2H3 + Cl2
The 193-nm photolysis of vinyl bromide served as

the source of vinyl radicals in a study involving
photoionization mass spectrometry for analysis.147

The thrust of this work was to examine the reactions
of R + Cl2, where R is a series of unsaturated

hydrocarbon radicals, vinyl being one. The reaction
of C2H3 + Cl2 is essentially temperature independent
over the range from 298 to 435 K, and the experi-
mentally determined value is (8.7 × 10-12) exp[(240
( 604)/RT] cm3 molecule-1 s-1. Subsequent work100

has shown that the vinyl radical may be excited, and
this may be cause for concern.

5.6. C2H3 Reactions with Organic Molecules
There have been very few experimental studies of

the reaction between C2H3 and organic species. The
formation of vinyl from the addition of an H-atom
produced from the Hg-photosensitized decomposition
of H2 to C2H2 (reaction 12) and the products of its
subsequent reaction with C3H6 have been exam-
ined.148 It was found that the vinyl adds to propylene
rather than abstracting a H-atom.

BSBL estimates of H-atom abstraction from several
hydrocarbons have been made.94 Again as noted
earlier, while such values do not compare with the
accuracy of an experimental determination, such
estimates are probably useful for modeling when
actual values are not available. The rate constants
for the abstraction from CH4 and C2H6 are respec-
tively (5 × 10-13) exp(-4350/T) and (1.6 × 10-12) exp-
(-3200/T) cm3 molecule-1 s-1. These values, as noted
earlier, have errors in the activation energy term of
several kilocalories per mole and an inaccuracy in
the pre-exponential of a factor of 2-3.

5.6.1. C2H3 + C2H2

The addition of a vinyl radical to acetylene (eq 21)
has been suggested to be a possible route for forma-
tion of the first aromatic ring, an important step in
initiation of soot formation. Only a few rates of vinyl

radical additions have been measured. Callear and
Smith131 produced vinyl radicals from H-atom at-
tachment to acetylene and, through analysis of
complex chain reactions, derived a rate constant of
k21 ≈ 1 × 10-15 cm3 molecule-1 s-1 at 300 K. Fahr
and Stein,149 using the very low pressure (0.13-1.3

Table 3. Vinyl Radical Reactions and Recommended Rate Constant Parameters, Based on the Available
Reported Studies

reaction ka T/K P/kPa

C2H3 + C2H3 f products (1.2 ( 0.3) × 10-10 298
C2H3 + C2H3 +M f C4H6 +M (0.95 ( 0.2) × 10-10 298 >6
C2H3 + C2H3 f C2H4 + C2H2 (0.35 ( 0.1) × 10-10 298 >6
C2H3 + H +M f products (1.8 ( 0.4) × 10-10 298
C2H3 + CH3 f products (1.5 ( 0.3) × 10-10 298
C2H3 + CH3 f C3H6 + M (1.2 ( 0.2) × 10-10 298 >13
C2H3 + CH3 f C2H2 + CH4 (0.3 ( 0.1) × 10-10 298 >13
C2H3 + C2H5 f products (9.6 ( 1.3) × 10-11 298
C2H3 + C2H5 +M f C4H8 +M (6.5 ( 1.0) × 10-11 298 >26
C2H3+ O f products (5.0 ( 3.0) × 10-11 298 0.13
C2H3+ N f products (7.7 ( 3.0) × 10-11 298 0.13
C2H3+ O2 f products (1.0 ( 0.2) × 10-11 298
C2H3 + H2 f products (3.0 ( 2.0) × 10-20 298 100
C2H3 + HCl f products (1.3 ( 0.3) × 10-12 298
C2H3 + DCl f products (7.8 ( 1.6) × 10-13 298
C2H3 + C2H2 f products 2.8 × 10-13 1000 ∼1 × 10-4

C2H3 + C2H4 f products 2.2 × 10-13 298-1000 ∼1 × 10-4

a Rate constants are in units of cm3 molecule-1 s-1, using the modified Arrhenius form AT n exp[-E/RT)].

C2H3 + C2H2 f products (21)
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Pa) pyrolysis (VLPP) method, studied reaction 21
between 1000 and 1330 K. By comparing the product
of the reaction, vinyl acetylene (C4H4), under condi-
tions of the experiment with the product of vinyl
combination,

they derived an Arrhenius expression which de-
pended upon the rate chosen for the vinyl combina-
tion (reaction 9). The analysis required using an
assumed value for vinyl combination reaction of k9
) 3.3 × 10-11 cm3 molecule-1 s-1.

More recently, Knyazev et al.150 studied vinyl
radical reactions with C2H2 (reaction 21) and C2D2
(21d) using laser photolysis-photoionization mass
spectrometry. Rate constants were determined under
pressure conditions of 0.13-0.52 Pa (1-4 Torr) and
from about 600 to 900 K. C4H4 was detected as a
primary product of reaction 21 and C4H3D of reaction
21d. An Arrhenius expression of k21 ) (3.2 × 10-12)
exp(-3025/T) cm3 molecule-1 s-1 was derived from
this study. By using a revised vinyl combination rate
constant of k9 ) 1.3 × 10-11 cm3 molecule-1 s-1, the
VLPP rate data were brought into agreement with
results of this more direct rate measurement.

5.6.2. C2H3 + C2H4

The only experimental study of the C2H3 + C2H4
reaction used the VLPP149 method. The rate constant
for reaction 23 was derived indirectly by comparing
the reaction products C4H6 (eq 23) and C4H4 (eq 22)

produced under low presssure conditions, and using
an assumed vinyl combination rate constant of k22 )
3.3 × 10-11 cm3 molecule-1 s-1, an Arrhenius expres-
sion of (1.05 × 10-12) exp(-1560/T) was derived.
Recommended values of vinyl radical rate constants
are listed in Table 3.

6. Summary/Conclusions
The reactions of the C2 unsaturated hydrocarbon

radicals represent an important field of endeavor,
relevant to a number of macroscopic reaction media,
such as combustion and environmental processes.
The available kinetic data for these reactions have
been discussed here. Surprisingly, relatively little is
known about the reactivities and properties of these
species, particularly as a function of temperature and
pressure. However, advances may be anticipated
since their relatively small size should make them
amenable to theoretical investigation and might also
permit the direct experimental observation and iden-
tification of the reaction intermediates and final
products. Such an independent theoretical/experi-
mental agreement and confluence would be a signifi-
cant advance and would provide the linch-pin for
interpretation and improved understanding of all
unsaturated hydrocarbon radical chemistry.

7. Acknowledgment
The authors want to thank and gratefully acknowl-

edge the insightful thoughts and intelligent as-
sistance on thermochemisty from Professor G. Barney
Ellison, a denizen of the thermochemical world. A.F.
gratefully acknowledges partial support of this work
by DOE’s Office of Basic Energy Sciences.

8. References
(1) Miller, J. A.; Melius, C. F. Combust. Flame 1992, 91, 21 and

references therein.
(2) Moses, J. I.; Bezard, B.; Lellouch, E.; Gladstone, G. R.; Feucht-

gruber, H.; Allen, M. Icarus 2000, 143, 244.
(3) Foster, S. C.; Miller, T. A. J. Phys. Chem. 1989, 93, 5986.
(4) Ervin, K. M.; Gronert, S.; Barlow, S. E.; Gilles, M. K.; Harrison,

A. G.; Bierbaum, V. M.; DePuy, C. H.; Lineberger, W. C.; Ellison,
B. J. J. Am. Chem. Soc. 1990, 112, 5750.

(5) Berkowitz, J.; Ellison, G. B.; Gutman, D. J. Phys. Chem. 1994,
98, 2744.

(6) Ervin, K. M.; DeTuri, V. F. J. Phys. Chem. A 2002, 106, 9947.
(7) Mordaunt, D. H.; Ashfold, M. N. R. J. Chem. Phys. 1994, 101,

2630.
(8) Gurvich, L. V.; Veyts, I. V.; Alcock, C. B.; Iorish, V. S. Thermo-

dynamic Properties of Individual Substances, 4th ed.; Hemi-
sphere: New York, 1991.

(9) Ervin, K. M.; Ho, J.; Lineberger, W. C. J. Chem. Phys. 1989, 91,
5974.

(10) Laufer, A. H. J. Phys. Chem. 1979, 83, 2683.
(11) Howarth, D. F.; Sherwood, A. G. Can. J. Chem. 1973, 51, 1655.
(12) (a) Tasaki, S.; Satyapal, S.; Bersohn, R. Can. J. Chem. 1994,

72, 612. (b) Zhang, J.; Riehn, C. W.; Dulligan, M.; Wittig, C. J.
Chem. Phys. 1995, 103, 6815.

(13) (a) Forney, D.; Jacox, M. E.; Thompson, W. E. J. Mol. Spectrosc.
1995, 170, 178. (b) Jacox, M. E., private communications.

(14) Wodtke, A. M.; Lee, Y. T. J. Phys. Chem. 1985, 89, 4744.
(15) Laufer, A. H. J. Chem. Phys. 1980, 73, 49.
(16) Renlund, A. M.; Shokoohi, F.; Reisler, H.; Wittig, C. Chem. Phys.

Lett. 1981, 84, 293.
(17) Fahr, A. J. Mol. Spectrosc. 2003, 17, 249.
(18) Stephens, J. W.; Hall, J. L.; Solka, H.; Yan, W.-B.; Curl, R. F.;

Glass, G. P. J. Phys. Chem. 1987, 91, 5740.
(19) Tarr, A. M.; Strausz, O. P.; Gunning, H. E. Trans. Faraday Soc.

1965, 61, 1946.
(20) Tarr, A. M.; Strausz, O. P.; Gunning, H. E. Trans. Faraday Soc.

1966, 62, 1221.
(21) Cullis, C. F.; Hucknall, D. J.; Sheperd, J. V. Proc. R. Soc. London

A 1973, 335, 525.
(22) Lange, W.; Wagner, H. Gg. Ber. Bunsen-Ges. Phys. Chem. 1975,

79, 165.
(23) Peeters, J.; Van Look, H.; Ceursters, B. J. Phys. Chem. 1996,

100, 15124.
(24) Yung, Y. L.; Allen, M.; Pinto, J. P. Astrophys. J., Suppl. Ser.

1984, 55, 465.
(25) Laufer, A. H.; Bass, A. M. J. Phys. Chem. 1979, 83, 310.
(26) Koshi, M.; Nishida, N.; Matsui, H. J. Phys. Chem. 1992, 96, 5875.
(27) Koshi, M.; Fukuda, K.; Kamiya, K.; Matsui, H. J. Phys. Chem.

1992, 96, 9839.
(28) (a)Opansky, B. J.; Leone, S. R. J. Phys. Chem. 1996, 100, 19904.

(b) Leone, S. R., private communication.
(29) Farhat, S. K.; Morter, C. L.; Glass, G. P. J. Phys. Chem. 1993,

97, 12789.
(30) Peeters, J.; Ceursters, B.; Nguyen, H. M. T.; Nguyen, M. T. J.

Chem. Phys. 2002, 116, 3700.
(31) Harding, L. B.; Schatz, G. C.; Chiles, R. A. J. Chem. Phys. 1982,

76, 5172.
(32) Herbst, E. Chem. Phys. Lett. 1994, 222, 297.
(33) Kruse, T.; Roth, P. J. Phys. Chem. A 1997, 101, 2138.
(34) Lander, D. R.; Unfried, K. G.; Glass, G. P.; Curl, R. F. J. Phys.

Chem. 1990, 94, 7759.
(35) Shin, K. S.; Michael, J. V. J. Phys. Chem. 1991, 95, 5864.
(36) Brachhold, H.; Alkemade, U.; Homann, K. H. Ber. Bunsen-Ges.

Phys. Chem. 1988, 92, 916.
(37) Pedersen, J. O. P.; Opansky, B. J.; Leone, S. R. J. Phys. Chem.

1993, 97, 6822.
(38) Van Look, H.; Peeters, J. J. Phys. Chem. 1995, 99, 16284.
(39) Opansky, B. J.; Leone, S. R. J. Phys. Chem. 1996, 100, 4888.
(40) Chastaing, D.; James, P. L.; Sims, I. R.; Smith, I. W. M. Faraday

Discuss. 1998, 109, 165.
(41) Lee, S.; Samuels, D. A.; Hoobler, R. J.; Leone, S. R. J. Geophys.

Res. 2000, 105 (E6), 15085.
(42) Herbst, E.; Woon, D. E. Astrophys. J. 1997, 489, 109.

C2H3 + C2H3 f C4H6* f C4H4 + H2, 2H (22)

H2CdCH + H2CdCH2 T

H2CdCH2sCHdCH2* f

H2CdCHsCHdCH2 + H (23)

2830 Chemical Reviews, 2004, Vol. 104, No. 6 Laufer and Fahr



(43) Stahl, F.; von R. Schleyer, P.; Schaefer, H. F., III; Kaiser, R. I.
Planet. Space Sci. 2002, 50, 685.

(44) Ceursters, B.; Nguyen, H. M. T.; Peeters, J.; Nguyen, M. T.
Chem. Phys. 2000, 262, 243.

(45) Shokoohi, F.; Watson, T. A.; Reisler, H.; Kong, F.; Renlund, A.
M.; Wittig, C. J. Phys. Chem. 1986, 90, 5695.

(46) ∆Hf values for C2 unsaturated hydrocarbon radicals are given
in section 2. The remainder of the ∆H’s are from Afeefy, H. Y.;
Liebman, J. F.; Stein, S. F. Neutral Thermochemical Data. In
NIST Chemistry WebBook; Lindstrom, P. J., Mallard, W. G.,
Eds.; National Institute of Standards and Technology: Gaith-
ersburg, MD, March 2003; NIST Standard Reference Database
No 69.

(47) ∆Hf(HCCO) ) 41 kcal/mol, from ref 7 in Laufer, A. H.; Lechleider,
R. J. Phys. Chem. 1984, 88, 66.

(48) Laufer, A. H.; Lechleider, R. J. Phys. Chem. 1984, 88, 66.
(49) Renlund, A. M.; Shokoohi, F.; Reisler, H.; Wittig, C. J. Phys.

Chem. 1982, 86, 4165.
(50) Krupenie, P. H. The Band Spectrum of Carbon Monoxide;

National Standards Reference Data Series 5; U.S. National
Bureau of Standards: Washington, DC, 1966.

(51) Lander, D. R.; Unfried, K. G.; Stephens, J. W.; Glass, G. P.; Curl,
R. F. J. Phys. Chem. 1989, 93, 4109.

(52) Opansky, B. J.; Seakins, P. W.; Pedersen, J. O. P.; Leone, S. R.
J. Phys. Chem. 1993, 97, 8583.

(53) Devriendt, K.; Van Look, H.; Ceursters, B.; Peeters, J. Chem.
Phys. Lett. 1996, 261, 450.

(54) Thiesemann, H.; Taatjes, C. A. Chem. Phys. Lett. 1997, 270, 580.
(55) Sumathi, R.; Peeters, J.; Nguyen, M. T. Chem. Phys. Lett. 1998,

287, 109.
(56) Su, H.; Yang, J.; Ding, Y.; Feng, W.; Kong, F. Chem. Phys. Lett.

2000, 326, 73.
(57) Sengupta, D.; Peeters, J.; Nguyen, M. T. Chem. Phys. Lett. 1998,

283, 91.
(58) Ding, Y.; Zhang, X.; Li, Z.; Huang, X.; Sun, C. J. Phys. Chem. A

2001, 105, 8206.
(59) Laufer, A. H. J. Phys. Chem. 1981, 85, 3828.
(60) Hoobler, R. J.; Opansky, B. J.; Leone, S. R. J. Phys. Chem. A

1997, 101, 1338.
(61) Okabe, H. J. Chem. Phys. 1983, 78, 1312.
(62) Sims, I. R.; Queffelec, J. L.; Travers, D.; Rowe, B. R.; Herbert,

L. B.; Karthauser, J.; Smith, I. W. M. Chem. Phys. Lett. 1993,
211, 461.

(63) Vakhtin, A. B.; Heard, D. E.; Smith, I. W. M.; Leone, S. R. Chem.
Phys. Lett. 2001, 348, 21.

(64) Vakhtin, A. B.; Heard, D. E.; Smith, I. W. M.; Leone, S. R. Chem.
Phys. Lett. 2001, 344, 317.

(65) Carty, D.; Le Page, V.; Sims, I. R.; Smith, I. W. M. Chem. Phys.
Lett. 2001, 344, 310.

(66) Hoobler, R. J.; Leone, S. R. J. Phys. Chem. A 1999, 103, 1342.
(67) Stahl, F.; von R. Schleyer, P.; Bettinger, H. F.; Kaiser, R. I.; Lee,

Y. T.; Schaefer, H. F., III. J. Chem. Phys. 2001, 114, 3476.
(68) Kaiser, R. I.; Chiong, C. C.; Asvany, O.; Lee, Y. T.; Stahl, F.;

von R. Schleyer, P.; Schaefer, H. F., III. J. Chem. Phys. 2001,
114, 3488.

(69) Skell, P. S.; Plonka, J. H. J. Am. Chem. Soc. 1970, 92, 5620.
(70) Stang, P. J. Chem. Rev. 1978, 78, 383.
(71) Skell, P. S.; Fagone, F. A.; Klabunde, K. J. J. Am. Chem. Soc.

1972, 94, 7862.
(72) Okabe, H.; McNesby, J. R. J. Chem. Phys. 1962, 36, 601.
(73) Laufer, A. H. J. Chem. Phys. 1980, 73, 49.
(74) Laufer, A. H. J. Chem. Phys. 1982, 76, 945.
(75) Sulzle, D.; Schwarz, H. Chem. Phys. Lett. 1989, 156, 397.
(76) Vacek, G.; Thomas, J. R.; DeLeeuw, B. L.; Yamaguchi, Y.;

Schaefer, H. F., III. J. Chem. Phys. 1993, 98, 4766.
(77) Gallo, M. M.; Hamilton, T. P.; Schaefer, H. F., III. J. Am. Chem.

Soc. 1990, 112, 8714.
(78) Hayes, R. L.; Fattal, E.; Govind, N.; Carter, E. A. J. Am. Chem.

Soc. 2001, 123, 641.
(79) Chang, N.; Shen, M.; Yu, C. J. Chem. Phys. 1997, 106, 3237.
(80) Davison, P.; Frey, H. M.; Walsh, R. Chem. Phys. Lett. 1985, 120,

227.
(81) Duran, R. P.; Amorebieta, V. T.; Colussi, A. J. J. Am. Chem.

Soc. 1987, 109, 3154.
(82) Duran, R. P.; Amorebieta, V. T.; Colussi, A. J. J. Phys. Chem.

1988, 92, 636.
(83) Kiefer, J. H.; Mitchell, K. I.; Kern, R. D.; Yong, J. N. J. Phys.

Chem. 1988, 92, 677.
(84) Xu, X. J.; Pacey, P. D. Phys. Chem. Chem. Phys. 2001, 3, 2836.
(85) Benson, S. W. Int. J. Chem. Kinet. 1992, 24, 217.
(86) Levin, J.; Feldman, H.; Baer, A.; Ben-Hamu, D.; Heber, O.;

Zajfman, D.; Vager, Z. Phys. Rev. Lett. 1998, 81, 3347.
(87) Laskin, A.; Wang, H. Chem. Phys. Lett. 1999, 303, 43.
(88) Wang, H. Int. J. Chem. Kinet. 2001, 33, 698.
(89) Laufer, A. H. Chem. Phys. Lett. 1983, 94, 240.
(90) Laufer, A. H. J. Photochem. 1984, 27, 267.
(91) Fahr, A.; Laufer, A. H. J. Phys. Chem. 1985, 89, 2906.
(92) Fahr, A.; Laufer, A. H. J. Phys. Chem. 1986, 90, 5064.

(93) Fahr, A.; Laufer, A. H. J. Am. Chem. Soc. 1987, 109, 3843.
(94) Laufer, A. H.; Gardner, E. P.; Kwok, T. L.; Yung, Y. L. Icarus

1983, 56, 560.
(95) Laufer, A. H.; Yung, Y. L. J. Phys. Chem. 1983, 87, 181.
(96) Hunziker, H. E.; Kneppe, H.; McLean, A. D.; Siegbahn, P.;

Wendt, H. R. Can. J. Chem. 1983, 61, 993.
(97) Pibel, C. D.; McIlroy, A.; Taatjes, C. A.; Alfred, S.; Patrick, K.;

Halpern, J. B. J. Chem. Phys. 1999, 110, 1841.
(98) Fahr, A.; Hassanzadeh, P.; Atkinson, D. B. Chem. Phys. 1998,

236, 43.
(99) Fahr, A.; Laufer, A. H. J. Phys. Chem. 1988, 92, 7229.

(100) Kanamori, H.; Endo, Y.; Hirota, E. J. Chem. Phys. 1990, 92, 197.
(101) Letendre, L.; Liu, D. K.; Pibel, C. D.; Halpern, J. B.; Dai, H. L.

J. Chem. Phys. 2000, 112, 9209.
(102) Sherwood, A. G.; Gunning, H. E. J. Phys. Chem. 1965, 69, 2323.
(103) Tickner, A. W.; Le Roy, D. J. J. Chem. Phys. 1951, 19, 1247.
(104) MacFadden, K. O.; Currie, C. L. J. Chem. Phys. 1973, 58, 1213.
(105) Weir, N. A. J. Chem. Soc. (London) 1965, 6870.
(106) Szirovicza, L. Int. J. Chem. Kinet. 1985, 17, 117.
(107) Christianson, M.; Price, D.; Whitehead, R. J. Organomet. Chem.

1975, 102, 273.
(108) Fahr, A.; Laufer, A. H. J. Phys. Chem. 1990, 94, 726.
(109) Yamashita, S.; Noguchi, S.; Hayakawa, T. Bull. Chem. Soc. Jpn.

1972, 45, 659.
(110) Takita, S.; Mori, Y.; Tanaka, I. J. Phys. Chem. 1968, 72, 4360.
(111) Ibuki, T.; Takezaki, Y. Bull. Chem. Soc. Jpn. 1975, 48, 769.
(112) (a) Fahr, A.; Braun, W.; Laufer, A. H. J. Phys. Chem. 1993, 97,

1502. (b) Fahr, A.; Laufer, A. H. J. Phys. Chem. 1995, 99, 262.
(113) Thorn, R. P.; Payne, W. A.; Stief, L. J.; Tardy, D. C. J. Phys.

Chem. 1996, 100, 13594.
(114) Fahr, A.; Laufer, A. H.; Klein, R.; Braun, W. J. Phys. Chem. 1991,

95, 3218.
(115) Mosher, O. A.; Flicker, W. M.; Kuppermann, A. Chem. Phys. Lett.

1973, 19, 332.
(116) (a) Flicker, W. M.; Mosher, O. A.; Kuppermann, A. Chem. Phys.

Lett. 1975, 36, 56. (b) Johnson, K. E.; Johnston, D. B.; Lipsky,
S. J. Chem. Phys. 1979, 70, 3844.

(117) Fahr, A.; Laufer, A. H.; Tardy, D. C. J. Phys. Chem. A 1999,
103, 8433.

(118) Thorn, R. P., Jr.; Payne, W. A., Jr.; Chillier, X. D. F.; Stief, L.
J.; Nesbitt, F. L.; Tardy, D. C. Int. J. Chem. Kinet. 2000, 32,
304.

(119) Stoliarov, S. I.; Knyazev, V. D.; Slagle, I. R. J. Phys. Chem. A
2000, 104, 9687.

(120) Fahr, A.; Tardy, D. C. J. Phys. Chem. A 2002, 106, 11135.
(121) Fahr, A.; Tardy, D. C., manuscript in preparation.
(122) Heinemann, P.; Hofmann-Sievert, R.; Hoyermann, K. Proceed-

ings of the 21st International Symposium on Combustion, 1986;
p 865.

(123) Monks, P. S.; Nesbitt, F. L.; Payne, W. A., Jr.; Scanlon, M.; Stief,
L. J.; Shallcross, D. E. J. Phys. Chem. 1995, 99, 17151.

(124) Fahr, A. Int. J. Chem. Kinet. 1995, 27, 769.
(125) (a) Klippenstein, S. J.; Harding, L. B. Phys. Chem. Chem. Phys.

1999, 1, 989. (b) Georgievskii, Y; Klippenstein, S. J. J. Chem.
Phys. 2003, 118, 5442.

(126) Nguyen, T. L.; Mebel, A. M.; Kaiser, R. I. J. Phys. Chem. A 2001,
105, 3284.

(127) Payne, W. A.; Monks, P. S.; Nesbitt, F. L.; Stief, L. J. J. Chem.
Phys. 1996, 104, 9808.

(128) Liu, G. X.; Ding, Y. H.; Li, Z. S.; Huang, X. R.; Sun, C. C. Chem.
J. Chinese U. 2002, 23, 1147.

(129) Benson, S. W.; Haugen, G. R. J. Phys. Chem. 1967, 71, 1735.
(130) Weissman, M. A.; Benson, S. R. J. Phys. Chem. 1988, 92, 4080.
(131) (a) Callear, A. B.; Smith, G. B. Chem. Phys. Lett. 1984, 105, 119.

(b) Callear, A. B.; Smith, G. B. J. Phys. Chem. 1986, 90, 3229.
(132) (a) Berces, T.; Dombi, J. Int. J. Chem. Kinet. 1980, 12, 123. (b)

Berces, T.; Dombi, J. Int. J. Chem. Kinet. 1980, 12, 183.
(133) Johnston, H. S. Gas-Phase Reaction Rate Theory; Ronald Press:

New York, 1966.
(134) Fahr, A.; Monks, P. S.; Stief, L. J.; Laufer, A. H. Icarus 1995,

116, 415.
(135) Mebel, A. M.; Morokuma, K.; Lin, M. C. J. Chem. Phys. 1995,

103, 3440.
(136) Knyazev, V.; Bencsura, A.; Stoliarov, S. I.; Slagle, I. R. J. Phys.

Chem. 1996, 100, 11346.
(137) (a) Park, J. Y.; Heaven, M. C.; Gutman, D. Chem. Phys. Lett.

1984, 104, 469. (b) Slagle, I. R.; Par, J. Y.; Heaven, M. C.;
Gutman, D. J. Am. Chem. Soc. 1984, 106, 4356.

(138) Krueger, H.; Weitz, E. J. Chem. Phys. 1988, 88, 1608.
(139) Reference 8 in Benson, S. W. J. Phys. Chem. 1988, 92, 1531.
(140) Parmar, S. S.; Benson, S. W. J. Phys. Chem. 1988, 92, 2652.
(141) Knyazev, V. D.; Slagle, I. R. J. Phys. Chem. 1995, 99, 2247.
(142) Westmoreland, P. R. Combust. Sci. Technol. 1992, 82, 151.
(143) Bozzelli, J. W.; Dean, A. M. J. Phys. Chem. 1993, 97, 4427.
(144) Carpenter, B. K. J. Phys. Chem. 1995, 99, 9801.

Studies of Unsaturated C2 Hydrocarbon Radicals Chemical Reviews, 2004, Vol. 104, No. 6 2831



(145) Mebel, A. M.; Diau, E. W. G.; Lin, M. C.; Morokuma, K. J. Am.
Chem. Soc. 1996, 118, 9759.

(146) Wang, H.; Wang, B.; He, Y.; Kong, F. J. Chem. Phys. 2001, 115,
1742.

(147) Timonen, R. S.; Russell, J. J.; Sarzynski, D.; Gutman, D. J. Phys.
Chem. 1987, 91, 1873.

(148) Niedzielski, J.; Gawlowski, J.; Makulski, W. React. Kinet. Catal.
Lett. 1981, 18, 271.

(149) Fahr, A.; S. Stein, S. Proceedings of the 22nd International
Symposium on Combustion, The Combustion Institute, Pitts-
burgh, PA, 1988; p 1023.

(150) Knyazev, V.; Stoliarov, S. I.; Slagle, I. R. Proceedings of the 26th
International Symposium on Combustion, 1996; p 513.

CR030039X

2832 Chemical Reviews, 2004, Vol. 104, No. 6 Laufer and Fahr


