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The fast reaction between C(3P) and C2H2 is thought to be an important process in dense interstellar clouds
as it provides a mechanism for the growth of carbon chains. This feature article describes a complementary
series of recent experimental and theoretical investigations on this reaction. This includes kinetic measurements
of rate constants at low temperatures and crossed molecular beam determinations of integral and differential
cross sections. The theory employs first-principles electronic structure computations and wave packet dynamics
to calculate cross sections and rate constants for forming the linear and cyclic isomers of C3H which can be
formed in the reaction. The rate constant and cross section measurements show that there are no barriers in
the potential surface for the reaction, whereas the differential cross section experiments provide new evidence
for the formation of C3 + H2 products. The theoretical results of overall rate constants and cross sections
agree quite well with the experiments, and it is predicted that the linear isomer of C3H should be formed
preferentially at low temperatures.

I. Introduction
Carbon is the fourth most abundant element in the Universe,

with an abundance of 3× 10-4 relative to that of hydrogen.1 It
occupies a unique position in the periodic table, owing to its
ability to form stable single, double, and triple bonds. This chain-
forming capability of carbon is key to its role not only as the
common element in all of the molecules of life but also as the
architectural backbone of the majority of observed extraterres-
trial molecules. Carbon is present in around three-quarters of
the molecules that have been detected in interstellar space, and
all such molecules having more than five atoms contain carbon.
Moreover, despite the overwhelmingly high abundance of

elemental hydrogen, most of these compounds are highly
unsaturated, containing a high proportion of carbon to hydrogen.

The highest concentrations and richest variety of interstellar
molecules are found in dense interstellar clouds (ISCs). These
clouds correspond to the laboratory equivalent of an ultrahigh
vacuum, with densities of the order of 104 molecules cm-3. They
are also extremely cold by terrestrial standards, with tempera-
tures in the range of 10-50 K. However, owing to their great
size, they may contain typically the equivalent of 10-100 times
the mass of our Sun. The largest confirmed interstellar molecule
is cyano-polyyne HC11N,2 but it is highly probable that much
larger carbon-containing species will be detected.

Astrophysical chemists seek to understand the chemistry that
leads to the observed abundances of molecules in dense ISCs
by constructing reaction networks and performing computer
simulations of the molecular evolution. In recent years, the
importance of reactions between electrically neutral species has
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been recognized,3-7 despite the extremely low temperatures
which prevail in dense ISCs. An issue of key importance is
how larger molecules are assembled and, in particular, how
molecules containing chains of several carbon atoms are
synthesized.

Ground-state carbon atoms, C(3P), have been detected in a
wide variety of astronomical environments and are also par-
ticularly abundant in dense ISCs,8,9 where their abundance is
comparable to that of CO, the second commonest molecule after
H2. Acetylene has also been observed in significant abundance.10

The possibility of the reaction

being important in the interstellar medium was suggested
following a systematic series of kinetic experiments performed
by Husain and co-workers.11 This group found that the rate
constants for C(3P) reacting at room temperature with alkenes
and alkynes were very large, suggesting no barriers in the
potential energy surface for these reactions. A simple capture
theory was applied, based on an assumed linear increase of
polarizability of the reacting molecule with the numberN of
carbon atoms. This theory suggested that the rate constants for
these reactions will depend onN1/3, and experiment confirmed
this prediction (see Figure 1).12 Indeed, forN > 10, the rate
constants become larger than 10-9 cm3 molecule-1 s-1, which
is the same order of magnitude as those found for many ion-
molecule reactions.13 These studies thus suggested that these
reactions of carbon atoms are a mechanism for the efficient
production of longer carbon-chain molecules in the interstellar
medium. In addition, because these reactions are very fast at
room temperature, it was thought likely that they would also
be fast at the typical temperatures of interstellar clouds (∼20
K).

Measurements of rate constants for the reactions of C(3P)
atoms with alkynes and alkenes were performed for lower
temperatures down to 15 K by Sims and co-workers. They first
used an indirect chemiluminescent marker technique14 and then,
very recently, employed for the first time direct vacuum
ultraviolet (VUV) laser-induced fluorescence (LIF) detection
of atomic carbon.15-17 The rate constants for the reaction of
C(3P) with C2H2, C2H4, CH3CHdCH2, CH3CtCH and H2Cd
CdCH2 were measured down to 15 K and found in all cases to
exceed 2× 10-10 cm3 molecule-1 s-1 over the entire range of
temperatures, in some cases exceeding 4× 10-10 cm3 molecule-1

s-1 at the lowest temperatures. These correspond to some of
the most rapid neutral-neutral reactions yet found.

Following these theoretical and experimental studies, the rate
constants of reactions of atomic carbon with various hydrocar-
bon species were included in the chemical reaction networks
used to model interstellar clouds (ISCs).6 These simulations
confirmed that these reactions are of great importance in the
synthesis of larger carbon-containing species, employing suc-
cessive insertion-elimination reactions of the type17

Among these proposed chain-building reactions, the reaction
of C(3P) with C2H2 may be seen as prototypical. It is probably
one of the most important of these reactions from an astrophysi-
cal point of view,18 and yet it is simple enough for application
of first-principles electronic structure and dynamics calculations.
However, despite its relative simplicity, it serves to highlight
the lack of quantitative, and in many cases even qualitative,
knowledge of the reaction products and their associated branch-
ing ratios. Even for this simple reaction, there exist a number
of thermodynamically accessible products:

All recent ab initio calculations19,25-27 agree that the cyclic
c-C3H isomer is more stable than the linear isomer, although
only one study showed that formation of linearl-C3H is slightly
exoergic.19 Both l-C3H andc-C3H have been observed by radio
astronomy in a range of interstellar environments, including both
cold, dense ISCs and warmer translucent clouds.21 C3 has also
been detected both in circumstellar envelopes22-24 and interstel-
lar clouds.24

The kinetic experiments only measured the overall rate
constant for reaction 1 and did not detect the products of this
reaction. Kaiser and co-workers have performed an extensive
series of crossed molecular beam (CMB) experiments at
collision energies of 8.8, 28.0, and 45.0 kJ mol-1 on reaction
1, employing mass spectrometric detection of the C3H prod-
uct.18,19 Although mass spectrometric detection precluded the
ability to distinguish betweenl-C3H andc-C3H directly, from
changes in the angular scattering with collision energy, they
inferred that both of these isomers were formed under the
conditions of their experiments, with the contribution of the
latter, more exothermic channel decreasing at higher collision
energies. However, the collision energies in these experiments
(8.8-45.0 kJ mol-1) were appreciably larger than the average
energy of thermal collisions at temperatures prevailing in typical
dense interstellar clouds, between 0.1 and 0.5 kJ mol-1.

These molecular beam experiments were complemented by
high-quality ab initio calculations of intermediates and products
of the reaction.19 The calculations suggested that bothl-C3H
andc-C3H should be formed in exothermic reactions, withc-C3H
having a slightly lower energy thanl-C3H. Several other ab initio
calculations have also been performed25-28 on this reaction and
a schematic diagram of intermediate and product energetics is
shown in Figure 2. Furthermore, a recent wave packet calcula-
tion was carried out on the dynamics of the reaction using a
potential energy surface expressed in reduced dimensions and
obtained from ab initio calculations.28 This computation gave

Figure 1. Experimental (circles) and theoretical (straight line) rate
constants for the reaction of C(3P) with alkynes CNH2N-2 plotted against
N1/3.12

C(3P) + C2H2 f products (1)

C + CnHm f Cn+1Hm-1 + H

C(3P) + C2H2(X
1Σ+) f [C3H2]

† f l-C3H(X2Π) + H

(2S) ∆H0
0) -1.5 kJ mol-1 18,19 (2a)

f c-C3H(X2B2) + H(2S) ∆H0
0) -8.6 kJ mol-1 18,19 (2b)

f C3(
1Σ+) + H2 ∆H0

0) -104.6 kJ mol-1 20 (2c)
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cross sections and rate constants for forming bothl-C3H and
c-C3H and is discussed in more detail in this paper.

The development of an all-pulsed CMB experiment29,30with
variable beam intersection angle and LIF detection of the H
atom product allowed integral cross sections to be determined
for reactions such as (2a) and (2b) down to very low relative
translational energies (0.4 kJ mol-1 corresponding to the mean
energy of a thermal distribution at 30 K).30 The results of these
experiments are discussed in detail in this article. Noticeably,
the energy dependence of the integral cross sections for H
production was found to be in excellent agreement with the
temperature dependence of the rate constants for removal of
C(3P) atoms in the reaction of C(3P) with methylacetylene and
allene.15 The agreement is less good for the reaction of C(3P)
with acetylene,30 and possible reasons for this are discussed here.

A very recent kinetic study at room temperature determined
both the overall rate constant for reaction 1 (following the decay
of C atoms) and the branching ratio for H-atom production (by
atomic resonance fluorescence at 121.6 nm (Lyman-R)).31 An
upper limit for H production,kH/ktotal)0.53( 0.04 was derived.
This result, although obtained in a flow system, indicates that
another channel, presumably, on energetic grounds, that leading
to C3(X1Σg

+) + H2, is contributing to the C(3P)+ C2H2 reaction
(see eq 2c). (The H-abstraction pathway leading to CH+ C2H
is strongly endoergic (∆H0

0 ∼ 120 kJ mol-1) and is open only
at high collision energies;32 therefore, it is not considered here.)

A new molecular beam study that measured angular and
velocity distributions for the reaction of a beam containing C(3P)
and C(1D) with C2H2 has also been reported,33,34 and this also
gave strong evidence for the formation of the C3 + H2 products.
This work is also discussed later in this article.

For all of these reasons, the C(3P) + C2H2 reaction has been
chosen for intensive study in a complementary and collaborative
series of experimental and theoretical studies that are brought
together in this feature article. In section II, new rate constants
measured in Birmingham for temperatures down to 15 K are
described and compared with theory and other measurements.
Section III presents the results of molecular beam experiments
from Bordeaux on the energy dependence of the integral cross
sections for the reactions of C(3P) with C2H2 and C2D2. In
section IV, product angular and velocity distributions derived
from molecular beam experiments performed in Perugia are
reported. They provide strong evidence for the importance of
the formation of C3 + H2. Calculations carried out in London
are described in section V in which emphasis is placed on using

first-principles electronic structure and dynamics methods to
predict cross sections and rate constants for forming both linear
and cyclic C3H. Comparisons are made with some of the
experimental results described in the earlier sections. In section
VI, the conclusions from the various studies are made and the
implications of the results for understanding the role of the C(3P)
+ C2H2 reaction in the interstellar medium are discussed.

II. Low Temperature Rate Constant Measurements

II.1. Experimental Method. The rate constants for the
reactions of C(3P) atoms with C2H2 have been measured in the
Birmingham CRESU (Cine´tique de Re´action en Ecoulement
Supersonique Uniforme) apparatus14-17,35at temperatures down
to 15 K. In a CRESU apparatus, low temperatures are achieved
by isentropic expansion of a gas mixture, consisting predomi-
nantly (typically>99%) of a carrier gas (He, Ar, or N2) through
an axisymmetric, convergent-divergent, Laval nozzle. A su-
personic flow of gas is generated in which the Mach number,
the temperature, the total pressure of the gas, and the mole
fractions of the components of the mixture are uniform along
the flow. In all of the experiments referred to here, a small
concentration of C3O2 was included in the flow, and C(3P) atoms
were generated by pulsed laser photolysis of this precursor at
193 nm, using an excimer laser operating on ArF.14-17 The
output from this laser was directed through the gas reservoir
and Laval nozzle and along the axis of the gas flow.

The kinetic decays of the C(3P) atomic concentration were
monitored directly using resonant vacuum-ultraviolet laser-
induced fluorescence (VUV-LIF), that is, with both excitation
and observation of the fluorescence on the (2s22p3s3PJ - 2s2-
2p2 3PJ) transition of atomic carbon. Pulses of VUV laser
radiation were generated using four-wave mixing in Xe. The
method is described in some detail elsewhere.16 Briefly, dye
laser radiation was tuned to 255.94 nm in order to excite Xe in
a two-photon transition to its 5p56p[21/2, 2] state. A second
pulsed dye laser could be tuned through the wavelength range
between 560 and 565 nm to generate VUV radiation between
165.9 and 165.4 nm. LIF spectra of the (2s22p3s3PJ - 2s22p2

3PJ) transition in atomic carbon were recorded and confirmed
that spin-orbit relaxation within the electronic ground state was
achieved on a time-scale which was short relative to that for
the reaction,16 so that the rate constants that are measured
correspond to those for entirely thermalized conditions.

For kinetic measurements, the VUV probe laser was set at
the wavelength of the (2s22p3s3PJ)1 - 2s22p2 3PJ)0) transition
at 165.69 nm, and LIF signals were recorded as the time delay
between the pulses from the photolysis and probe lasers was
systematically varied. The recorded traces of the LIF signal
versus time accurately fitted single exponential decays yielding
pseudo-first-order rate constants (k1st). Second-order rate con-
stants for reaction at a particular temperature were obtained by
measuring values ofk1st, with different concentrations of the
co-reagent added to the flowing gas mixture, and plottingk1st

versus [C2H2]. Examples of first- and second-order kinetic plots
are displayed in Figure 3.

II.2. Experimental Results for Rate Constants. Rate
constantsk1(T) for the reaction of C(3P) atoms with C2H2 at
temperatures between 15 and 295 K have been reported in ref
17. They are displayed in Figure 4 as a function of temperature
(T) on a log-log plot. The variation ofk1(T) with T is slight,
and the rate constants at all temperatures are close to the
collision-determined limit. The data are fitted to the formk(T)
) A(T/298)n, yieldingA ) (2.9( 0.7)× 10-10 cm3 molecule-1

s-1 andn ) (-0.12 ( 0.10), with statistical errors quoted as

Figure 2. Schematic diagram of the intermediate and product energetics
for the formation of linear and cyclic C3H from the C(3P) + C2H2

reaction.
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(2σ, whereσ is the standard error. We have also plotted the
rate constants obtained in previous studies of the reaction of
C(3P) atoms with C2H2. Except for the earlier results which we
obtained using the chemiluminescent marker technique, the
previous data are limited to room temperature. The present
results are in good agreement with those obtained using the
chemiluminescent technique. The parametersA andn found by
fitting both sets of data, according each set equal weighting,
are essentially identical to those given above:A ) (2.9 ( 0.3)
× 10-10 cm3 molecule-1 s-1 andn ) (-0.12( 0.10). Our result
at room temperature is in fair agreement with those of Haider

and Husain36 and Bergeat and Loison.31 There is no apparent
dependence of the CRESU results on the nature of the carrier
gas, confirming that the experiments determine rate constants
for bimolecular reactions between the unsaturated hydrocarbon
and the C(3P) atoms.

The kinetic measurements reported here confirm the earlier
conclusion14 that C(3P) atoms react rapidly with C2H2 at very
low temperatures. This rapidity and the fact that the rate
constants are almost independent of temperature lead to two
important fundamental conclusions. First, there must be no
barrier on the potential energy surfaces leading from reagents
to products for these reactions. This conclusion is confirmed
by the new CMB experiments performed at low collision
energies on the integral cross sections for reactions of C(3P)
atoms with C2H2 and C2D2 described in the next section.
Furthermore, it appears that the rate constants of these reactions
of C(3P) atoms must be essentially independent of the spin-
orbit state of the atom, i.e., ofJ. The spin-orbit states in C(3P)
are closely spaced withJ ) 1 only 16.4 cm-1 (corresponding
to 23.6 K) above the lowestJ ) 0 component andJ ) 2 lying
43.4 cm-1 (corresponding to 62.4 K) aboveJ ) 0. There is a
dramatic change in the relative spin-orbit populations as the
temperature is reduced between 295 K (whereNJ)0:NJ)1:NJ)2

) 1.0:2.77:4.05) and 15 K (whereNJ)0:NJ)1:NJ)2 ) 1.0:0.62:
0.08). Consequently, if the rate constant for reactions of C(3P)
atoms depended appreciably on theJ level, then we should
expect to have observed a similarly strong dependence of the
thermally averaged rate constants on temperature. The experi-
mental kinetic results unfortunately provide no information about
the products of the reaction of C(3P) atoms with C2H2 at low
temperatures.

Experimental data relating to the branching ratios into
channels (2a), (2b), and (2c) are sparse, and no experiments
which can provide such information have been carried out at
temperatures or collision energies appropriate to dense ISCs.

III. Integral Cross Sections Measurements

III.1. Experimental Method. Excitation functions for the
C(3P) + C2H2 and C(3P) + C2D2 reactions have been obtained
with a crossed beam apparatus in Bordeaux. Detailed descrip-
tions of the crossed beam machine29 and of the laser-induced
fluorescence (LIF) detection method of C(3P)15 and H(2S1/2)16

have already been given. Briefly, the atom beam is produced
when seeding laser ablated C-atoms from a graphite rod into a
pulsed, supersonic beam of a carrier gas (Ar, Ne, or He). The
skimmed pulsed C(3P) beam of velocityvC is crossed with a
skimmed pulsed supersonic acetylene beam of velocityvC2H2 at
an intersection angleθ. The relative translational energy,Ec,
of reagents of reduced massµ is tuned by varying the beam
intersection angle betweenθ ) 22.5° and 90° without needing
to change the beam source conditions and hence the laboratory
beam velocities:

and more extended ranges of energies are covered by combining
different sets of laboratory beam velocities. The H or D(2S1/2)
reaction product is probed in the beam crossing region by one-
photon resonant LIF using the (2S1/2 T 2P°J) Lyman-R transition
at 121.567 nm for H (121.534 nm for D) with a pulsed tuneable
laser beam propagating perpendicular to the scattering plane.

III.2. Results for Cross Sections.First attempts to obtain a
reactive signal with C(3P) + C2H2 were not successful, because
of an intense background signal in the spectroscopic detection

Figure 3. Typical experimental data obtained in the CRESU experi-
ment, at a temperature of 54 K in a buffer gas of argon at a density of
5.36× 1016 molecule cm-3. The upper panels show the time-resolved
decay of the C(3P) VUV LIF signal in the presence of 2.31× 1013

molecule cm-3 of C2H2. The smooth curve shows a single-exponential
fit to the data, the residuals being shown in the uppermost panel. The
lower panel is a plot of pseudo-first-order rate constants versus [C2H2],
the gradient of which corresponds to the rate constant for the reaction
of C(3P) with C2H2 at 54 K.

Figure 4. Rate constants for the reaction of C(3P) atoms with C2H2 as
a function of temperature plotted on a log-log scale. The filled circles
(b) show the results from the present work with VUV detection, and
the open circles (O) show the results of previous experiments in the
CRESU apparatus using the chemiluminescent marker technique.14

Results of other workers at room temperature are shown as an open
square (0)36 and an open triangle (4).31 The continuous line is a fit to
the CRESU data yielding:k(T) ) 2.9 × 10-10 (T/298)-0.12 cm3

molecule-1 s-1.

Ec ) 1/2µ(vC
2 + vC2H2

2 - 2vC vC2H2

2 cosθ)
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of H at Lyman-R (121.567 nm), which arose from H atoms
generated in the ablation process and cooled by the supersonic
expansion of the carrier gas. By contrast, C(3P) + C2D2

experiments were background free and exhibited very high
signal-to-noise ratio. Doppler profiles of the D atom product
could be recorded by scanning the laser wavelength around the
center of the Lyman-R transition (121.534 nm) at selected
translational energies.30 Three of them are displayed in Figure
5 along with the apparatus function (i.e., the line width of the
Lyman-R laser beam). At the lowest translational energy of 0.39
kJ mol-1, the Doppler profile is almost identical to the apparatus
function. This emphasizes that the out-of-plane velocity vectors
of the recoiling D atoms are distributed narrowly around the
relative velocity, which shows that the total available energy
and hence the reaction exoergicity is very low. Note that the
broadening of the Doppler profile with increasing relative
translational energy remains moderate, even at the highest
energy accessed,Ec ) 23.2 kJ mol-1. Note also that these
narrow Doppler profiles cannot originate from reaction of C(1D)
present as an impurity in the C(3P) beam, because the high
translational energy release given by C(1D) + C2D2 would give
rise to a very broad Doppler profile.

Cross section measurements were performed with the laser
tuned at the maximum of absorption and scanning the beam
intersection angle for different sets of reagent laboratory
velocities. Relative values of the cross sections were obtained
by dividing the averaged signal intensities by the relative
velocities of the reagents. The normalized excitation function
(in arbitrary units) displayed in Figure 6 is well represented by
σ ∝ {Ec}R functionality withR ) -0.71( 0.01.30 The integral
cross-section is monotonically increasing with decreasing kinetic
energy, with no sign of a downward curvature in the low energy
part that could have suggested the existence of a threshold below
the energy range scanned. The C+ C2D2 reaction has clearly
no barrier at all.

C(3P) + C2H2 cross section measurements could be carried
out between 0.38 and 25.5 kJ mol-1 relative translational energy
after strong reduction of the background arising from cold H

atoms in the C beam. These experiments finally establish without
any ambiguity that the H-atom elimination channel has no
potential barrier. An excitation function similar to the one
displayed in Figure 6 was obtained with a slightly more
pronounced slope, characterized byR ) -0.80 ( 0.03.

These cross section measurements have important implica-
tions for the reaction energetics. A somewhat controversial point
is the energies of the reaction product asymptotes with respect
to that of C(3P) + C2H2(X1Σ+).37 This is of astrophysical
significance because a reaction channel can be inhibited by any
slight endoergicity in the physical conditions of cold ISCs. Ab
initio calculations predictc-C3H (X2B2) + H(2S1/2) to be below
l-C3H(X2Π1/2) + H(2S1/2)19,25-27 in energy, but only one study
claims both pathways to be slightly exoergic.19 Analogous
calculations performed with the same basis set as the latter study
on the isotopic variant C+ C2DH f C3D + H reaction give38

The reaction energies for C(3P) + C2D2 can be estimated when
introducing the difference in dissociation energies between
DCC-H (D0 ) 552.0( 0.6 kJ mol-1) and DCC-D (D0 ) 559.3
( 0.6 kJ mol-1)39:

where we emphasize that there are likely to be quite large
uncertainties in these∆H0

0 values. The excitation functions of
C(3P) + C2H2 and C(3P) + C2D2 establish clearly that at least
one channel is without any barrier and hence exoergic in each
case. Comparison of the width of the D atom Doppler profile
of C(3P) + C2D2 at Ec ) 0.39 kJ mol-1 with the width of the
apparatus function in Figure 5c shows very little difference
which also means that the reaction exoergicity is very low,
consistent with the mean value∆H0

0 ) -1.9 kJ mol-1

calculated for reaction 4a.

Figure 5. LIF spectra of D atoms at Lyman-R. Open circles: D atoms
from C(3P) + C2D2 reactive collisions atEc ) 25.5 (a), 8.5 (b), 0.39
kJ mol-1 (c); solid line: apparatus function determined from cold H
atoms in the C-beam and shifted to the D-line position. Spectra are
normalized to unit area. Adapted from ref 30.

Figure 6. Normalized excitation function of the C+ C2D2 reaction.
Experimental conditions:vC ) 810 m s-1 andvC2D2 )700 m s-1: down
triangles (3); vC ) 1080 m s-1 andvC2D2 )700 m s-1: circles (O);vC

) 1080 m s-1 andvC2D2 )870 m s-1 beam: squares (0); vC ) 2180 m
s-1 andvC2D2 )870 m s-1: up triangles (4); dashed line: fit withR )
-0.71 (see text). Adapted from ref 30.

C(3P) + C2HD(X1Σ+) f c-C3D(X2B2) + H(2S1/2)

∆H0
0 ) - 9.2 kJ mol-1 (3a)

C(3P) + C2HD(X1Σg
+) f l-C3D(X2Π1/2) + H(2S1/2)

∆H0
0 ) - 0.3 kJ mol-1 (3b)

C(3P) + C2D2(X
1Σg

+) f c-C3D(X2B2) + D(2S1/2)

∆H0
0 ) -1.9 kJ mol-1 (4a)

C(3P) + C2D2(X
1Σg

+) f l-C3D(X2Π1/2) + D(2S1/2)

∆H0
0 ) + 7.0 kJ mol-1 (4b)
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Temperature dependent thermal rate constantsk(T) and kinetic
energy dependent reaction cross sectionsσreac(Ec) can be
compared through the following relationship, assuming that the
reaction cross-section,σreac, is independent of the internal states
of the reagents:

If it is assumed that the functional formσmeasured∝ {Ec}R (in
arbitrary units), determined in the crossed beam experiments,
is representative of the total reaction cross section, then
integration leads tok(T) ∝ Tn, with n ) R + 1/2. This yieldsn
) -0.30( 0.03, which compares reasonably, but not perfectly,
with the value obtained in the CRESU experiments (-0.12(
0.10) discussed in the previous section (see Figure 7).

A possible explanation of the deviation observed could be
that the C(3PJ) reactivity depends on the spin-orbit state,J.
The two experiments are indeed conducted with different relative
J-populations: they are almost constant in the crossed beam
experiments across the entire 0.38-25.5 kJ mol-1 energy range,
whereas they strongly vary in the kinetic measurements between
295 and 15 K.17 However, perfect agreement with the CRESU
results was found in the case of the reactions of C(3P) with
methylacetylene and allene.15 Furthermore, a significant spin-

orbit effect on reactivity would result in a significant departure
from the simplek(T) ∝ Tn functionality experimentally observed,
which also justifies a posteriori the assumption made.

Another factor that could account for the observed deviation
is the occurrence of the H2-elimination channel reaction 2c. If
the branching ratio for H production,F ) (k2a + k2b)/(k2a +
k2b+ k2c), is temperature dependent, it will result in a deviation
between CRESU results, which give the overall reaction rate
constant,kCRESU, and the present results, which yield an estimate
of the rate constant for the H-elimination channel,kcalc. In fact,
the ratio kcalc/kCRESU increases from 0.53 to 0.8 when the
temperature decreases from 295 to 15 K (note that the calculated
rate constant is normalized tokcalc(295 K)) F(295 K)× kCRESU-
(295 K) with F(295 K) ) 0.53).31 This trend is thus consistent
with the above stated hypothesis (see Figure 7).

IV. Differential Cross Sections Measurements

IV.1. Experimental Method. In Perugia, a molecular beam
investigation has been undertaken on the dynamics of C atom
reactions with unsaturated hydrocarbons using continuous
supersonic beams containing both ground-state C(3P) and first
excited-state C(1D). A special feature is that both angular and
velocity distributions have been measured. Reactions studied
include those with acetylene, methylacetylene, and ethylene.34

By studying reactions of C(3P) and C(1D) under the same
experimental conditions, the reaction dynamics of both C(3P)
and C(1D) have been derived, and this has allowed the effect
of electronic excitation on the reaction dynamics to be explored.
Here we focus on the reaction of C atoms with acetylene.

The C(3P,1D) + C2H2 reactions occur over the triplet/singlet
C3H2 potential energy surfaces (PESs; see Figure 8) which
contain several isomers: propynylidene (i.e., propargylene,
HCCCH) is the simplest acetylenic carbene, propadienylidene
is the simplest vinylidene carbene (H2CCC), and cycloprope-
nylidene (c-C3H2) is the smallest cyclic alkyne. These highly
reactive molecules are fundamentally important not only within
the context of organic chemistry but also within the context of
the chemistry of the interstellar medium and hydrocarbon
combustion. Interestingly, not only C3H but also C3 has been
observed in space21-24,40,41(C3 also in comets)21,42and may well
be produced by the above reactions. The PESs depicted in Figure
8 will serve as the basis for discussion of the differential cross
section results (see below).

The experiments were performed using a crossed molecular
beam apparatus which has been described in detail else-

Figure 7. Rate constants for the reaction of C(3P) atoms with C2H2 as
a function of temperature plotted on a log-log scale. The filled circles
(b) show the results from the present work with VUV detection. The
solid line shows the fit to CRESU data. The dashed line shows the
rate constant estimates derived from integral cross sections, and
normalized to CRESU result at 295 K, assuming a branching ratio,F
) (k2a+k2b)/(k2a+k2b+k2c) ) 0.53.

Figure 8. Schematic representation of the singlet and triplet C3H2 potential energy surfaces adapted from refs 19, 20, 25-27, and 43.

kcalc ) (8kBT

πµ )1/2∫0

∞
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where.33,44The collison energy was 29.3 kJ mol-1. Briefly, two
continuous, supersonic beams of the reactants, well collimated
in angle and velocity, are crossed at 90° under single collision
conditions in a large scattering chamber kept below 5× 10-7

mbar. The angular and velocity distributions of the reaction
products are recorded by a triply differentially pumped, ultra-
high-vacuum (10-11 mbar) electron impact ionizer followed by
a quadrupole mass filter. The whole detector unit can be rotated
in the plane of the two beams around their intersection axis.
The velocity of reactants and products is derived by using time-
of-flight (TOF) analysis.

In the present work, intense continuous supersonic beams of
C atoms are produced by means of a rf discharge in a water-
cooled quartz nozzle (φ ) 0.3 mm)33,44which operates at high
rf power (300 W) and relatively high pressure (∼300 mbar) on
dilute (few percent) mixtures of a suitable precursor molecule,
CO2, in He. The C beam had an angular divergence of 2.3°, a
peak velocity of 2585 m s-1, and speed ratio of 7.4. Atomic
carbon is produced mainly in the ground3P state, with also a
significant concentration in the excited1D state (lying 1.26 eV
above the ground state).45 The C beams contain only 2-3% C2

and no detectable C3. The acetylene beam was produced by
expanding neat gas through a resistively heated stainless steel
nozzle (φ ) 0.1 mm) using on-line traps to remove acetone
impurities; the peak velocity and speed ratio were of 834 m
s-1 and 6.4, respectively, and the angular divergence was about
5°.

Product angular distributions were recorded by modulating
the acetylene beam at 160 Hz for background subtraction and
taking at least 4-5 scans at each mass (typical counting times
were 50 s at each angle). Product TOF distributions were
recorded at selected angles using the pseudorandom TOF
technique at 5µs/channel (typical counting times varied from
30 to 90 min depending on signal intensity).

For the physical interpretation of the experimental distribu-
tions, it is necessary to transform the laboratory (LAB)
distributions into the center-of-mass (CM) system,33 where the
CM product flux can be factorized into a product angularT(θ),
and translational energy,P(E′T) distributions. The CM functions
are actually derived by a forward convolution fit of the
laboratory distributions, which are calculated taking into account
the transformation Jacobian and the averaging over the experi-
mental parameters. The procedure is repeated until a satisfactory
fit of the LAB distributions is achieved and the CM functions
so determined are the best-fit functions.

IV.2. Results of Differential Cross Sections.The reactions
C(3P,1D) + C2H2(X1Σ+) with a collision energy of 29.3 kJ mol-1

were investigated by measuring product angular and TOF
distributions at all possible product masses, that ism/e ) 37
(C3H+) and 36 (C3

+). Figure 9 depicts them/e)37 and 36
angular distributions, whereas Figure 10 shows a TOF distribu-
tion for m/e ) 37 and 36 atΘ ) 25°. As can be seen, them/e
) 36 angular distribution is different from that atm/e ) 37,
being significantly wider, and also the TOF spectrum atm/e )
36 is different from that atm/e)37, being somewhat faster. This
indicates that them/e ) 36 signal does not come completely
from dissociative ionization of the C3H product in the ionizer,
as was concluded in an earlier study,19 but it also arises from a
distinct, dynamically different reaction channel. Clearly, them/e
) 37 product corresponds to the H-displacement channel leading
to C3H + H products, and the angular distribution and TOF
data indicate that the C3H product originates from both the C(3P)
and the C(1D) reactions. From the best-fit of them/e ) 37
angular and TOF distributions, the CM product angular and

Figure 9. (Top) Lab angular distributions of products atm/e ) 36
(solid circles) and 37 (open circles) from the reaction C(3P,1D) + C2H2

at Ec ) 29.3 kJ mol-1. Dashed and dotted lines are the calculated
contributions from the3P and 1D reaction, respectively, to the H
elimination channel; the continuous line is the total best-fit to them/e
) 37 data (H channel from C(3P,1D)). (Bottom) Lab angular distribution
of product atm/e ) 36 (solid circles) from the reaction C(3P,1D) +
C2H2 atEc ) 29.3 kJ mol-1. Dashed and dotted lines are the calculated
contributions from the3P and 1D reaction, respectively, to the H
elimination channel, whereas the light, continuous line is the contribu-
tion from the H2 elimination channel from C(3P) reaction; the heavy
continuous line is the total best fit to them/e ) 36 data (H channel
from C(3P,1D) and H2 channel from C(3P)). The corresponding Newton
diagram of the experiment is also shown with the various circles
representing the maximum velocity that the C3H and C3 products from
the indicated3P and1D reactions can attain, assuming that all of the
available energy is channelled into translation.
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translational energy distributions for the H-displacement channel
from C(3P) and C(1D) were derived.34

The P(E′T) distribution for the C(3P) reaction is depicted with
a dashed line in Figure 11b; as can be seen, the distribution
extends to the maximum total available energy and it is not
possible to distinguish whether the linear or cyclic C3H isomer
is formed because of the very small energy difference between
the two isomers (assuming the ab initio energetics of ref 19).
About 43% of the total available energy is channeled into
product translation, which indicates that the C3H radical is
formed with a significant degree of internal excitation. The C3H
CM angular distribution (see dashed line in Figure 11a) is nearly
backward-forward symmetric with some more intensity in the
forward direction, indicating that the reaction is proceeding
through an “osculating complex”, i.e., a complex whose lifetime
is comparable to its rotational period. It is interesting to note
that the angular distribution of the1D reaction leading to C3H
+ H (not shown)34 exhibits a forward-to-backward scattering
ratio much larger than that of the3P reaction, consistent with
an expected singlet complex lifetime much shorter than the
triplet complex lifetime because of the much larger exoergicity
of the 1D reaction.

The wider LAB angular distribution and the faster TOF
distributions atm/e ) 36 indicate that a more exoergic reaction
pathway also contributes to the overall reaction. This must be
the H2 elimination channel leading to C3(X1Σg

+) + H2(X1Σg
+)

formation, which is the only other energetically allowed pathway
(see Figure 8). Hence, three distinct reactive channels contribute
to the m/e ) 36 signal in Figure 9: the C3H + H channel
coming from both the triplet and singlet reactions, with the C3H
product partly cracking in the ionizer, and the C3 + H2 channel.

The C3 CM angular distribution is nearly backward-forward
symmetric (see the solid line in Figure 11a) with only a slight
preference for forward scattering, indicating the intermediacy
of a long-lived complex which just starts to osculate. The
corresponding P(E′T) is shown in Figure 11b (solid line):
interestingly, the extent of the distribution is consistent with
the energetics of the C(3P)+ C2H2 f C3(X1Σg

+) + H2 reaction.
Assuming that the transmission through the quadrupole mass
filter of the m/e ) 36 and 37 ions are the same and that the
ionization cross sections and fragmentation patterns to C2 and
C containing fragments of C3H and C3 are also the same, a
ratio of cross sectionsσ(C3+H2)/[σ(C3+H2)+σ(C3H+H)] of
0.37 is derived.

The only way to rationalize the formation of C3(X1Σg
+) +

H2(X1Σg
+) from the C(3P) + C2H2 reaction, a spin-forbidden

pathway, is to invoke the occurrence of intersystem crossing
from the triplet to the singlet PES. Indeed, a recent, detailed
theoretical study27 on the C3H2 singlet and triplet PESs found
evidence for this between triplet propargylene and singlet cyclo-
propylidene, which offers a solid rationale of the present
experimental results.

Interestingly, these findings are also corroborated by the very
recent kinetic work at room temperature of Bergeat and
Loison.31 The kinetic value of 0.53( 0.04 for the branching
ratio k(C3H + H)/[k(C3 + H2) + k(C3H + H)] compares well

Figure 10. m/e ) 37 (top) and 36 (bottom) product time-of-flight
distributions atΘ ) 25° from the C(3P,1D) + C2H2 reaction atEc )
29.3 kJ mol-1 (line symbols are as for angular distributions atm/e )
37 and 36 in Figure 9).

Figure 11. Best-fit CM product angular (a) and translational energy
(b) distributions for the C3H (dashed line) and C3 (continuous line)
forming channels from the reaction C(3P)+ C2H2 atEc ) 29.3 kJ mol-1.
The total available energy for the C3H + H and C3 + H2 channels is
indicated with an arrow.
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with the value of 0.63 obtained here within the uncertainty
(about (0.10) of our determination. However, the kinetic
branching ratio corresponds to an average collision energy of
about 4 kJ mol-1, significantly lower than that of the present
molecular beam study. Because the branching ratio between H
and H2 elimination is expected to be energy dependent, kinetic
measurements at different temperatures and crossed beam
experiments at different collision energies are desirable. Finally,
intersystem crossing was also invoked to rationalize the forma-
tion of C(3P)+ C2H2 in the photodissociation of singlet C3H2.46

In the previous crossed beam study of this reaction by Kaiser
et al.,18,19 at comparable collision energies, them/e ) 36 and
37 angular and TOF distributions were found to be identical
and this suggested that the C(3P) + C2H2 reaction forms only
C3H + H. However, these pulsed experiments were character-
ized by some uncertainty because of the relatively low signal-
to-noise ratio (S/N) in the determination of the laboratory
angular distributions from measured TOF spectra and because
of the presence of C2 and C3 clusters in the pulsed C beams; in
fact, C2 and C3 are known to react with unsaturated hydrocar-
bons, and elastically scattered C3 at m/e ) 36 may have been
an interference in the identification of all primary reaction
products. In contrast, the observation of the C3 + H2 channel
in our study was easily possible because of the absence of C3

in the C beam and of the high S/N of the experiment (see Figure
9).

The molecular beam results from Perugia suggest the fol-
lowing mechanism for H and H2 formation in the C(3P)+ C2H2

reaction: C(3P) adds to the acetylenicπ-bond leading totrans-
HCCHC/cyclic-C3H2 which isomerize to the more stable triplet
propargylene; the latter can undergo CH bond cleavage tol-C3H
+ H (but c-C3H can also be formed fromc-C3H2 by CH bond
rupture before isomerization) or inter system crossing to singlet
cyclopropenylidene, which in turn can isomerize to singlet
propargylene and/or singlet vinylidene and lead, by (1,3) H2

and/or (1,1)H2 elimination, respectively, to C3(X1Σg
+) + H2

formation. The large exit potential barrier (∼100 kJ mol-1) for

H2 elimination found in the ab initio calculations27 is fully
consistent with the large fraction (56%) of energy that is found
experimentally to be released into product translation.

The direct, unambiguous observation that the molecular
products, C3(X1Σg

+) + H2, can be formed from the C(3P) +
C2H2 reaction indicates that intersystem crossing is facile in
the C3H2 system. It is expected to be highly favored by the
long-lived nature26 of the strongly bound triplet propargylene
intermediate which is deeply embedded in the singlet PES
manifold (see Figure 8). The observation that the C3 + H2

channel is comparable in importance to the C3H + H channel
at the experimental collision energy (the branching ratio is
expected to be collision energy dependent) may have important
consequences in establishing the role of this reaction in the
modeling of interstellar chemistry networks. C3(X1Σg

+) may also
be able to undergo subsequent reactions with other unsaturated
hydrocarbon molecules that, although known to be characterized
by significant activation barriers,47 may occur readily at the high
temperatures (up to 4000 K) of outflows of carbon stars, leading
to the formation of hydrogen deficient hydrocarbon molecules/
radicals.

V. Calculations

V.1. Theoretical Method. A combined electronic structure
and dynamics calculation was carried out on the C(3P) + C2H2

reaction.28 A reduced dimensionality method was used in which
a potential energy surface was constructed in two degrees of
freedom,R andθ, whereR is the length of the vectorR from
the C(3P) atom to the center of mass of C2H2 andθ is the angle
R makes with the C2H2 bond axis. The electronic structure
calculations were done at the CCSD(T) level with a cc-pVDZ
basis set.48 With R andθ held on a grid of fixed positions, the
other degrees of freedom were optimized. The effective potential
obtained in this way for the entrance channel of the reaction is
shown in Figure 12. There are no barriers above the reactant
energy to the formation of both cyclic and linear C3H. Linear

Figure 12. Reduced dimensionality potential energy surface for the C(3P) + C2H2 reaction in terms of the coordinatesR andθ.28 The contours are
in kJ mol-1. The angle of the collision,θ ) 90°, corresponds to the perpendicular insertion of C(3P) between the two C atoms of C2H2, whereas
0° and 180° both correspond to insertion between the C and H atoms.
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C3H can be formed either by insertion between the two C atoms
or between the C and H atoms. Only one electronic potential
surface was considered, and curve-crossing was neglected.

This effective potential surface was used in calculations28

carried out using the wave packet method49 with two degrees
of freedom (R,θ). The method involved performing the wave
packet calculations in the entrance channel to the reaction,
without coordinate transformations and then calculating the
probability for forming the C3H2 intermediate with C3 in either
linear or cyclic geometries. Repetition of the calculations for
different values of the total angular momentumJ using the
coupled-states approximation gave cross sections for forming
these linear or cyclic intermediates which were identified with
the linear or cyclic C3H products. Because the dissociation of
H from C3H2 is a barrier-less process,19 this is thought to be a
valid approximation. The wave packet calculations were done
using the Lanczos propagation method49 with a discrete variable
representation forR and θ.50 After passing the dividing lines
defining the linear or cyclic intermediates, the wave packet is
absorbed by a negative imaginary potential to prevent reflection
from the grid boundary.51

Calculations of total reaction cross sections and rate constants
were also done with the same potential surface by using the
adiabatic capture centrifugal sudden approximation (ACCSA).52

This method does not give branching ratios but does have the
advantage of being most valid in the limit of very low energies
when the wave packet calculations are difficult to converge.
However, back reflection of flux and inelastic effects are not
treated in this technique, which is a disadvantage compared to
the wave packet approach. Thus the ACCSA is expected to give
an upper bound to the reaction cross section. In the past, the
ACCSA has often been applied just with the longer-range terms
of the intermolecular potential,52 but the method can be used
with a more complete potential, which is the case here.

V.2. Results of Calculations.Figure 13 shows the wave
packet calculations of cross sections for forming the linear and
cyclic isomers of C3H. It is seen that the cross section for
forming the linear isomer is by far the largest at lower energies
and only at higher energies does the cross section for forming
the cyclic isomer become significant.

The reason for this effect can be associated with the effective
potentials for forming the linear or cyclic isomers (Figure 14).

It can be seen that, forJ ) 0, there is a minimum in the effective
potential for forming the cyclic isomer, but the barrier between
the cyclic and linear isomers is below the C(3P) + C2H2

asymptotic energy. Therefore, whenJ ) 0, there is nothing to
prevent the linear isomer from being formed. HigherJ values
give a centrifugal energy that raises the cyclic-linear barrier
above the asymptote, and thus, the cyclic isomer becomes
preferred for largerJ values which become important only for
higher collision energies. It should be noted that a qualitative
analysis of the molecular beam results suggested a preference
for production of the cyclic isomer at lower energies.19

Another result from the wave packet calculations is that the
cross section for C(3P) inserting between the two C atoms of
C2H2 is nearly the same as that for insertion in the C-H bonds.
In principle, this prediction could be tested by reacting C2H2

with 13C.
The wave packet calculations are not valid at very low

collision energies, but they do have the advantage that rota-
tionally inelastic effects and back-reflection of reactive flux are
treated explicitly, unlike the capture cross sections.52 The cross
sections for use in calculating rate constants were thus calculated
by noting that the ratio of total cross sections calculated by the
wave packets to those calculated by the ACCSA was close to
a constant over the collision energy range considered and this
constant was used to scale the ACCSA rate constants.28 Figure
15 shows the calculated rate constants and compares with the
latest experimental results described in section II. It can be seen
that the scaled-ACCSA rate constants agree well with experi-
ment, except at very low temperatures. It should be noted that
the leading term of the potential depends onR-6 which gives a
T1/6 dependence of the rate constants at very low temperatures.12

At higher temperatures, the overall rate constant is predicted to
decrease as the temperature increases. This is because the rate
constants, selected in the initial rotational statesj of C2H2,
decrease with an increase inj, and largerj values have a more
significant Boltzmann weighting at higher temperatures.52 These
two opposite effects combine to produce a predicted maximum
in the rate constant as a function of temperature. This maximum
has not yet been observed and might require measurements at
temperatures lower than 15 K.

Figure 16 compares the energy dependence of the computed
total integral reaction cross sections with the experimental

Figure 13. Wave packet calculation of cross sections for forming linear
and cyclic isomers of C3H.

Figure 14. Effective potential (withθ ) 90°) for forming c-C3H and
then l-C3H (dotted line) forJ ) 0. The effective potential forJ ) 50
is shown as an unbroken line and the pure centrifugal potential as a
dashed-dot line.
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results, described in section III, for the C(3P) + C2D2 reaction.
Special attention to the numerical aspects of the wave packet
results has enabled converged cross sections to be obtained for
lower energies than reported previously.28 It can be seen from
Figure 16 that the agreement between theory and experiment is
quite good, and the sharp increase with the cross section as the
energy is decreased is observed. It is interesting to point out
that some ab initio calculations predict that the linear C3D isomer
is not thermodynamically allowed at lower collision energies
for this reaction,19,38 but this does not seem to influence the
energy dependence of the experimentally observed integral cross
sections (see section III.2).

VI. Conclusions

The reaction of C(3P) with acetylene is an important reaction
in dense interstellar clouds. As the potential energy surface is
barrierless, the rate constant is large, even at very low temper-
atures. As products such as C3H can be formed, the reaction is
a first step in the synthesis of larger carbon chain molecules.
Advances in experiment and theory make this a prototype
reaction for detailed study using the latest methods of reaction
dynamics and computation.

This feature article has brought together some of the recent
work that has been done to understand the detailed mechanism
of the reaction. The kinetic experiments performed in Birming-
ham have shown that the reaction rate constant remains large
down to 15 K and is almost temperature independent between
15 and 300 K. The latest theory carried out in London, that
exploits first principles electronic structure calculations and wave
packet dynamics, gives absolute rate constants in quite good
agreement with the experiments except at very low temperatures
where a rise in the rate constant with increasing temperature is
predicted. Molecular beam experiments on the C(3P) + C2H2

and C2D2 reactions performed in Bordeaux give an energy
dependence of the integral cross sections that is in accord with
the kinetic experiments and the wave packet calculations. These
results confirm unequivocally that there is no barrier or effective
barrier in the potential energy surface for the reaction.

There is particular interest in the products of the reaction as
both linear and cyclic C3H can be formed, together with C3 +
H2. Because the two isomers of C3H have been detected with
high abundances in the interstellar medium,21 and in varying
proportions depending on the interstellar source, it is of
particular interest to determine the branching ratio for their
formation. This has not yet been achieved experimentally,
although some mechanistic information has been inferred from
crossed molecular beam differential cross section measurements.
An interesting prediction from the wave packet calculations is
that production of linear C3H is preferred over the cyclic isomer
at lower collision energies. However, this result is based on
several approximations, and a detailed dynamics study that treats
all degrees of freedom from reactants to products on an accurate
potential surface is needed to confirm the prediction. A
particularly novel finding in the crossed molecular beam
experiments, which are described here in section IV, is that the
C3 + H2 product can also be formed. This requires an
intersystem crossing mechanism. This result also has implica-
tions for understanding interstellar chemistry as C3 has been
detected in various astrophysical environments.22-24

It is clear from the work described here on the C(3P) + C2H2

reaction that modern reaction dynamics methods have useful
applications and provide detailed information that cannot be
obtained by other techniques. The experimental results require
detailed theory for their interpretation, using the best electronic
structure and dynamics methods. However, despite the consider-
able amount of work that has been done, there remain many
unanswered questions concerning this prototypical organic
reaction that might have seemed simple at a first consideration.
In particular, a complete understanding of the product branching
ratios of the reaction will only come from the continued
development and application of new techniques in reaction
dynamics, stimulated by the need for detailed data from fields
such as astrophysics.
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