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The reaction between carbon atoms (C(3P)) and acetylene has been studied by a reduced dimensionality
approach, restricted to the initial addition channels, in the energy range between 5 and 70 kJ mol-1. Coupled
cluster calculations with single and double substitution and a non iterative estimate of the triple excitation
(CCSD(T)) have been used to generate the lowest triplet potential energy surface. The flux into two different
reaction channels, leading to linear and cyclic isomers of C3H, has been calculated by solving the time dependent
Schrödinger equation. Results show that linear C3H is preferentially formed, while cyclic C3H is formed only
at the highest energy of the calculations. Furthermore, the adiabatic capture-coupled states approximation
(ACCSA) has been employed to generate rate constants at low temperatures, using the CCSD(T) potential,
giving an improvement on the results obtained by using the long-range part of the potential.

1. Introduction

The importance of fast neutral-neutral reactions, involving
at least one radical, has been recognized in the study of the
evolution of the dense interstellar clouds (ISC).1-3. In the region
of the dense ISCs where molecules exist,2-4 the density is
extremely low (about 10-10000 molecule/cm-3), so that three
body collision are ruled out. These regions are also very cold,
with typical temperatures in the range of 10-50 K. Therefore,
only exothermic reactions without an entrance barrier can
contribute to the chemistry of the dense ISCs.

Recently, the relevance of neutral-neutral reactions has been
pointed out by rate constant measurements5 on the reaction
between carbon atoms and unsaturated hydrocarbons, reporting
very high values of the rate constant at room temperature. Low-
temperature measurements (down to 15K) of the rate constants
for reaction involving several radicals (including C, OH, CN,
and CN)6,7 have been done, showing that these reactions remain
very rapid even at such low temperature, sometimes with an
increase of the rate constants with decreasing temperature. Such
studies have prompted the inclusions of rapid neutral-neutral
reactions in the networks used by astrophysicists in modeling
the evolution of dense ISCs,1,8 showing marked effects on the
calculated abundancies of some species. In general, these
reactions have smaller rate constants than those for ion-
molecule reactions, usually taken as responsible for the chem-
istry of ISCs. However, fast neutral-neutral reactions provide
more direct ways to obtain some complex molecules, for which
several ion-molecule reaction steps would be required. The
importance of neutral-neutral reactions is also enhanced by the
fact that neutral particles are more abundant than the corre-
sponding ions.

Rate constants measurements5,9 have shown that the reaction
between carbon atoms (C(3P)) and unsaturated hydrocarbons
are fast and therefore can be important in the chemistry of dense
ISCs, in particular as a way to synthesize long chain linear
hydrocarbons.10 Since kinetic measurements are carried out by
monitoring the disappearance of the reagents, alternative experi-
ments are needed to identify the products, expecially in the case

of neutral reactions for which, usually, several reaction channels
are possible. Recently molecular beam studies11,12 on C(3P)
reactions have been undertaken, providing a direct identification
of the products of the reactions. The reactive channels corre-
sponding to the elimination of a hydrogen atom have been
investigated, in the energy range of the order of 103K. Even if
the energies are too high to be directly relevant to the chemistry
of the ICSs, those experiments have revealed new information
on the dynamics of this class of reactions. The experimental
results, together with high level ab initio calculations,13,14have
revealed that many reactive routes are accessible even at very
low energies. Stable addition intermediates are involved in those
reactive routes, for which the isomerization processes are often
possible. Furthermore, since radicals are involved, more than
one potential energy surface has to be taken into account to
explain the dynamics of those reactions.

One of the most studied reactions in this class is that between
C(3P) and acetylene, that was found to be very fast at room
temperature.5 In addition, low-temperature measurements have
been performed recently, showing that the rate constant has a
very slight negative dependence on the temperature.9 These
experimental rate constants show a reasonable agreement with
theoretical estimates based on capture theory approximations,5

pointing out that the frequency of a reactive event is almost the
same as the collision frequency. Molecular beams studies11 have
observed C3H as a product of the reaction. Since two different
isomers of C3H, linear and cyclic, have been observed in
different ISCs, the reaction provides a direct way to synthesize
them efficiently.11 Molecular beam experiments at very high
energy15 (≈200 kJ mol-1) have reported the formation of CH
as a product, corresponding to an endothermic channel. Even
if this study is not relevant for the chemistry of the ICSs, the
results emphasize how all the reaction paths accessible at a given
energy cannot be neglected without a detailed dynamical study.
Quantum calculations of rate constants16 have been done by
using different methods. Approximate methods, based on capture
theory, have been used to calculate rate constants at low
temperature, showing a partial agreement with the experimental
results, with a better agreement at lower temperature. The
authors16 have pointed out the inaccuracy of a description of† Part of the special issue “William H. Miller Festschrift”.
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the neutral-neutral reactions based on the long range part of
the potential, which has been successfully applied to ion-
molecule reactions. In a different range of temperature (300-
1000 K), relevant for combustion processes, variational Rice-
Ramsberger-Kassel-Marcus (RRKM) calculations17 have been
performed on the present system, starting from very accurate
ab initio calculations of the stationary points of the lowest triplet
surface. The results are in rather good agreement with the high
tail of the experimental results.9 Those calculations have
identified the bottleneck of the reaction in the addition step.

The aim of the present study on the reaction between a carbon
atom (3P) and acetylene is 2-fold: to calculate reactive cross
sections and branching ratios for the formation of the linear
and cyclic C3H, in the energy range of the molecular beam
experiments11 and to produce rate constants at low temperature
from an accurate ab initio potential. As we have discussed
before, such reactions are quite challenging from the theoretical
point of view. In the following section, we describe the model
we have introduced to reduce the complexity of the calculations.
In section 3, we discuss the calculation of the accurate ab initio
potential energy surface used in the dynamical calculation. The
implementation of the dynamical models used is this work is
described in section 4. The results are reported in section 5,
followed by section 6 where some conclusions about the findings
of the present work are drawn.

2. Dynamics and Modelling of the Reaction

As we have discussed before, the reaction

has been the subject of molecular beams experiments by Kaiser
et al.,11 at collision energies in the range between 8.8 and 45 kJ
mol-1. The center-of-mass angular distribution of the observed
products of the reaction, C3H, shows forward scattering at the
lowest energies while is isotropic at 45 kJ mol-1; the transla-
tional energy distributions are peaked toward zero, and are
extended up to energies that are≈10 kJ mol-1 larger than the
collision energies. The ratio of the observed scattered intensities
shows a decrease of the cross sections with energy consistent
with the behavior predicted by a capture theory approximation.5

The translational energy distributions seem to indicate that
the H atom leaves the collision complex on an almost barrier-
less reaction path, giving a product C3H with a very small
exothermicity while the angular distributions are not consistent
with the formation of a long-lived collision complex. From the
kinematics of the reaction, ab initio calculations13 and com-
parisons with other related systems, the authors11 have rational-
ized the experimental results with the hypothesis of the
competition between two microchannels, one leading to forward
scattering (mechanism (a)) while the other gives the symmetrical
angular distribution (mechanism (b)). Mechanism (a) consists
of the addition of the incoming carbon to the molecule to form
cyclopropenylidene (c-C3H2), followed by the C-H fission
leading to the cyclic C3H. In the other mechanism, (b), the
addition of the carbon atom forms a bent C3H2 (S-trans-
propenediylidene), which undergoes a fast 2,3-hydrogen shift
to give the linear C3H2 (propargylene), finally leading to linear
C3H. Mechanism (a) is direct and is quenched at higher collision
energy, while mechanism (b) acts on a shorter time scale than
the rotational period of the complex and justifies the isotropic
distribution of the products with the symmetry of the linear
intermediate (l-C3H2). Both mechanisms only involve the lowest
triplet surface of C3H2, thus excluding the lowest singlet surface

and two excited triplet surfaces (asymptotically correlated with
the triplet ground state) also accessible in the same energy range.
Ab initio calculations by Ochsenfeld et al.,13 at the coupled
cluster CCSD(T)) level, have reported relative energies of-8.6
kJ mol-1 for the cyclic C3H and-1.5 kJ mol-1 for the linear
C3H with respect to the energy of the reagents, while other
calculations (MultiReference CI,18 CASSCF//ICCI17) have given
a small endothermicity for the formation of the two products,
(4-8 kJ mol-1). The absence of a barrier for the C-H fission
has been verified by CASSCF//ICCI17 calculations, from all the
C3H2 isomers.

From the above description of the reaction, the outcome of
the collision will be determined by the formation of the addition
adduct, C3H2, on the triplet surface.

Given the number of degrees of freedom, it is extremely
difficult to attempt a complete theoretical study of this system.
Some approximations are needed to reduce the problem to a
complexity that can be managed with the current computational
and theoretical resources. The findings of the molecular beams
experiments reported above11 can be a starting point to formulate
a model for the description of the reaction. Therefore, it is
reasonable to assume that the reaction takes place on the ground
triplet surface. It is also assumed that the addition step, leading
to the intermediate C3H2, determines which product will be
formed according to the following scheme:

and that the reaction is direct, i.e., the reaction time is of the
order of the collision time. The final assumption is that the
addition process can described by two coordinates giving the
position of the incoming carbon atom with respect to acetylene
(Figure 1). Thus, the process will be considered vibrationally
adiabatic with respect to all the remaining degrees of freedom
(corresponding to the internal modes of the acetylene molecule).
The approximations introduced allow us to study the reaction
by considering only the entrance channel, up to the formation
of the C3H2 intermediates. The redistribution of the excess
energy into the other modes, including the C-H dissociative
mode, will not be taken into account since they can be
reasonably treated adiabatically in the addition step.

The model, therefore, provides an estimate of the cross section
for the formation of both the linear and cyclic C3H isomers.
The total cross section will be also calculated: in this case the
accuracy will not depend on the assumptions of the model but
rather on the accuracy of the potential energy surface employed.

Figure 1. Polar and Cartesian coordinates used in the study of the
addition of carbon to C2H2. The origin is placed at the C-C midbond
of acetylene

C + C2H2 f (c-C3H2) f H + cyclic C3H

(mechanism (a))

C + C2H2 f (l-C3H2) f H + linear C3H

(mechanism (b))

C(3P) + C2H2 f C3H + H (1)
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3. C3H2 Potential Energy Surface

The C3H2 potential energy surface has three important isomers
(cyclopropenylidene, c-C3H2; propargylene, l-C3H2; and vi-
nylidenecarbene, H2CCC) which have been the subject of several
experimental and theoretical studies, where different properties
of those structures have been investigated (see refs 19 and 20
for a review).

Ab initio calculations have show that the two isomers
cyclopropenylidene (c-C3H2)18,21,22 and vinyldenecarbene21,22

have their most stable structures on the singlet surface, while
propargylene (l-C3H2) has its most stable form on the lowest
triplet surface.18,20-23 The most stable isomer is cycloprope-
nylidene. However, photolysis studies of C3H2

19,24have shown
that the isomerizations among all the above structures are
possible, even at relatively small photon energies. This process
might also be involved in the photodissociation of propyne
(CH3CCH) where the product C3 has the same rotational
distribution that has been observed in photodissociation of allene
(H2CCCH2):25 C3H2 is a product of the primary dissociation of
the two C3H4 isomers and one of its isomers can be the common
intermediate that can justify these results. In the context of this
work, it is worth mentioning that in the photolysis experiment,19

propargylene (l-C3H2) is not converted into the other two
isomers at the lowest photon energies used in the experiments
(<260 kJ mol-1), thus giving a lower estimate for the energy
required for the transition from the triplet surface to the lowest
singlet surface. A recent ab initio calculation20 has treated the
problem of the isomerizations among the most stable C3H2

structures, using high level configuration interaction methods.
The energies of the transition states on the singlet PES and the
minima on the seam of crossing (MSX) between the singlet
and the triplet PES reported in this work seems to indicate that
all the isomerizations are energetically allowed for the reaction
between C(3P) and acetylene.

The reaction between C(3P) and acetylene, on the lowest
triplet surface, has been studied recently using different con-
figuration interaction methods: these include Mo¨ller-Plesset
perturbation theory18 calculations, in which the lowest singlet
state has also been taken into account, coupled cluster with
single and double excitation and a non iterative correction of
the triple excitation (CCSD(T)),13 where minima on the triplet
surfaces have been determined and complete active space self-
consistent field (CASSCF)17 calculations, in which reaction
paths for (1) have been reported. Minima on the triplet surface
have also been determined by a density functional study of
reaction between CH and acetylene.22 In the present study, the
task is to calculate the interaction for the addition of a carbon
atom to acetylene, as a function of the distance and orientation
of the carbon atom with respect to acetylene (see Figure 1) and
then use the reduced dimensionality potential energy surface
for dynamical calculations.

In the next sections, the results obtained by ab initio
calculations and the interpolation to generate a PES appropriate
for scattering calculations are described.

3.1. Ab Initio Calculations. Electronic structure calculation
in this section have been carried out using the coupled cluster
theory with single and double excitations and a noniterative
contributions of triple excitations (CCSD(T)). The Gaussian9826

set of programs has been used to carry out calculations of
geometry optimizations (minima and saddle points) and fre-
quency calculations, in order to classify stationary points and
evaluate zero point energies (z.p.e), using the CCSD(T)
implementation.27 CCSD(T) calculations have already been done
on this system and the method is able to correct the spin

contamination of the UHF solution that affects other quantum
chemistry methods.13,23 The energies of stationary points
reported below include the contribution of zero point energies
in the harmonic approximation; the zero of the energy scale is
defined at the energy of the reagents (corrected for the z.p.e).
The basis set used is the correlation consistent polarized valence
double-ú (cc-pVDZ) basis.28

The minima of the lowest triplet state of C3H2 that are relevant
to this study are shown in Figure 2. Cyclopropenylidene (c-
C3H2) has no symmetry (C1) and an energy of-186.8 kJ mol-1

with respect to the reagents, in good agreement with other values
reported in the literature (-213.013 and -189.5 kJ mol-1 17).
Geometries are very close (i.e., bond distances within 0.01 Å
and bond angles within 1°) to those found previously,13,17,18with
the exception of C-H bonds that are larger by less than 0.02
Å; frequencies are very close to those found in previous CCSD-
(T) calculations,13 using a triple-ú polarization basis set.

Propargylene (l-C3H2) is the most stable isomer on the triplet
surface, with an energy of-353.2 kJ mol-1 (to be compared
with -385.413 and-351.017). The geometry hasC2 symmetry,
in agreement with experiments29 and ab initio calculations at
different level of theory, from DFT20 to CCSD(T)13,20 and
quadratic configuration interaction with single and double
excitations and perturbational treatment of triple excitations
(QISD(T)).23 Bond lengths and angles obtained in this study
are in good agreement with the QISD(T) calculations.23 Other
calculations reportCs geometries,17,18but the energy difference
between the two geometries is very low because of the
nonrigidity of propargylene. The lowest frequency found in this
study is 248 cm-1 (incidentally very close to the experimental
value, 249 cm-1 19), clearly showing this feature of the molecule.
Other frequencies agree rather well with those found previously
with CCSD(T) methods.13

The last structure reported in Figure 2,S-trans-propene-
diylidene (t-C3H2), hasCs symmetry and an energy of-125.2
kJ mol-1 (compared to-134.613 and-121.317). Reaction path
calculations17 have shown thatt-C3H2 is the common intermedi-
ate along the path leading to c-C3H2 and l-C3H2. Despite a very
low frequency, geometrical parameters agree very well with
earlier results, in particular with CCSD(T) calculations.13

Frequencies found in this calculations are similar to those
reported in previous CCSD(T)13 calculations.

Two saddle points, probably the most important in the
addition process on the triplet surface, have been localized by
geometry optimization and are shown in Figure 3. Geometries
and frequencies are reported in Table 1. The first saddle point,
sp1, separates c-C3H2 from the linear C3H2; its energy is-131.9
kJ mol-1 with respect to the reagents, 54.7 kJ mol-1 higher
than c-C3H2. The energy value much lower than zero clearly

Figure 2. C3H2 minima, obtained by CCSD(T)/cc-pVDZ calculations.
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shows that the insertion of the (3P) atom into the triple bond of
acetylene is energetically allowed at any collision energy. This
result has already been reported in CASSCF calculations,17

where the saddle point for the ring opening has been found with
energy of-130.5 kJ mol-1 (59.0 kJ mol-1 from c-C3H2) and a
geometry quite similar to the one obtained in the present study,
apart from a marked difference in one dihedral angle (φ (H2-
C3-C2-C1) ) 83.1°17 compared withφ (H2-C3-C2-C1)
) 35.7°). Frequencies are also in general agreement, with two
exceptions (559 and 944 cm-1 17 instead of 743 and 792 cm-1)
The second saddle point, sp2, is the transition state for the 1-2
hydrogen transfer, connectingt-C3H2 with the linear isomer.
The energy is-125.4 kJ mol-1, just 0.1 kJ mol-1 higher that
t-C3H2: the result indicates that this process should be very fast.
Previous CASSCF results have given an energy of-111.3 kJ
mol-1, giving a barrier of 10 kJ mol-1 with respect to t-C3H2.
Geometries differ by less than 0.02 Å in bond distances and a
few degrees in bond angles (the larger disagreement is 5.1°,
found for R(C1-C2-C3)). Frequencies are also very close,
apart from the imaginary frequency (395 cm-1 13 compared to
185 cm-1)

Figure 4 shows the energy diagram for the addition process.
Energies of the products are taken from ref 13 and have been
reported to underline the relation between exit channels and
C3H2 intermediates formed in the addition process, together with
the lack of exit barriers. The simplified picture shown in the
diagram only reports what could be considered as the most
important intermediates and saddle points in the reaction of
carbon (3P) to acetylene on the lowest triplet surface. Another
intermediate (not taken into account in this study), vinyldene-
carbene (H2CCCH), has been found along another pathway that
leads to linear C3H. However, CASSCF calculations17 have
found a saddle point with a rather high energy (-40 kJ mol-1)
along the path for the formation of H2CCC. The path is
accessible at any energy but its contribution should be less
important considering the wide range of impact parameters
involved in the reaction and the small impact parameter required

to reach this saddle point (≈ 2 Å17). On the other hand, Figure
4 reports more straightforward paths for the formation of linear
C3H, passing through the linear intermediate l-C3H2.

A potential energy surface for the addition process has been
calculated as a function of the coordinates R andθ, describing
distance and orientation of the approaching carbon atom with
respect to acetylene (Figure 1): the origin of the coordinate
system is placed in the C-C mid bond of acetylene. The other
seven degrees of freedom have been optimized. The partially
spin restricted coupled cluster method (RCCSD(T)),30,31 imple-
mented in the quantum chemistry package Molpro,32 has been
employed, with the cc-pVDZ28 basis set. Ab initio calculations
showed that the optimization at small values ofθ could be
restricted toCs geometries, thus saving two degrees of freedom
in the optimization, while for larger values of the angle (θ g
45°) all the implicit degrees of freedom have to be optimized
(C1 geometries), since, for instance, the energy difference
between c-C3H2(Cs) and c-C3H2(C1) is larger than 20 kJ mol-1.
The grid is composed of 14 angles, chosen according to the
features of the surface, for which a variable number of points,
between 25 and 50, have been calculated. Zero point energies
have not been included, as it would have been too demanding
in computational resources; however, their effect on the interac-
tion energies can be considered negligible. Estimates on the
stationary points described above give an error on the interaction
energies smaller than 10 kJ mol-1.

The short-range part of the potential, obtained from the fitting
procedure described in the following section, is shown in Figure
5. The figure reports the interaction energy between carbon and
acetylene as a function of the position of the carbon atom with
respect to the acetylene C-C mid bond. The surface has a quite
complicated topology, there are other minima and saddle points
apart from those reported in Figure 4. Two paths for the reaction
are visible on the figure. The first path, alongx ) 0 Å, passes
through c-C3H2 (its well is located aroundx ) 0.2 Å, y ) 1.1
Å) and reaches l-C3H2 (aroundx ) 0 Å, y ) 0.2 Å) after passing
the ring opening saddle point. This describes the insertion of
the carbon atom in the acetylene triple bond. The second path,
duplicated by symmetry, leads to l-C3H2 (at x ) 2 Å, y ) 0.2
Å) after passingt-C3H2 (shallow well aroundx ) 1.5 Å, y )
1.1 Å) and the saddle point for the hydrogen tranfer. The scheme
of Figure 4 is therefore included in the surface, but the dynamics
will be strongly dependent on all the features on the surface
before reaching the two valleys.

The surface has been extended in the asymptotic region by
the following long-range interaction potential:16,33

where the coefficients C6 and∆1 can be expressed in term of
polarizabilities and ionization potentials of C and C2H2. The
values used areC6 ) 43.05 eV Å6 and ∆1 ) 0.15616 The
matching between theab initio potentialand the asymptotic
interaction (eq 2) has been done using the matching function34

and the potential is given by

whereVcalc is the fit of the ab inito potential. The functionfmatch

guarantees the continuity of potential and its first derivative.

Figure 3. Saddle points for the insertion path (sp1) and the hydrogen
transfer process (sp2), obtained from CCSD(T)/cc-pVDZ calculations.

TABLE 1: Geometries and Frequencies (cm-1) of the Saddle
Points for the Insertion Path (sp1) and Hydrogen Transfer
Path (sp2), Calculated by Using the CCSD(T) Method.

geometry frequencies/cm-1

sp1 r(H1-C1) ) 1.085 Å
r(H2-C3) ) 1.099 Å

253.3 337.4

r(C1-C2) ) 1.296 Å
r(C2-C3) ) 1.439 Å

743.3 792.1

R(H1-C1-C2) ) 178.5°
R(H2-C3-C2) ) 139.0°

1087.0 1626.5

R(C1-C2-C3) ) 92.9°
φ(H1-C1-C2-C3) ) -168.8°

3201.1 3381.9

φ(H2-C3-C2-C1) ) 35.7° 705.1i

sp2 r(H1-C1) ) 1.142 Å
r(H2-C3) ) 1.094 Å

405.8 533.5

r(C1-C2) ) 1.347 Å
r(C1-C3) ) 1.395 Å

745.5 961.5

R(H1-C1-C3) ) 121.1°
R(H2-C3-C1) ) 132.6°

1106.2 1527.5

R(C2-C1-C3) ) 151.0° 2825.4 3262.0
184.6i

Vasym(R,θ) -
C6

R6
[1 + ∆1 + 2∆1P2(cosθ)] (2)

fmatch(R) ) {1 R < R*
exp(-(R - R*) 2/2σ2) R g R*

(3)

V(R,θ) ) Vasym(R,θ) + fmatch(R) * (Vcalc(R,θ) - Vasym(R,θ))
(4)
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The value of σ, independent from the angleθ, has been
determined from the condition of switching to the asymptotic
form atR ) 9 Å and the starting point of the function has been
chosen atR* ) 6 Å.

3.2. Potential Fitting. A numerical representation of the
PES has been obtained using the distributed approximating
functional (DAF) method,35,36 which is able to produce a
smooth and accurate fit of the input points. This method
generates a local fit of the surface,Vapp for each pointR for

which the potential is evaluated

where{φj} is a truncated basis set centered onR and{aj} are
the expansion coefficients, to be determined from the least-
squares condition in which a non negative weight function for
the input data, centered onR, is introduced. Alternatively, it is

Figure 4. Energy diagram for reaction 1 obtained in this work: energies of the product (dashed lines) are taken from ref 13.

Figure 5. Potential energy surface (interaction region) as a function of Cartesian coordinates (see Figure 1). Contour levels in kJ mol-1, distances
in angstroms.

Vapp(R′;R) ) ∑
j

aj(R)φj(R′;R) (5)
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possible to define an inner product on the grid

and if the basis set is orthonormal with respect to the inner
product, the coefficients{aj (R)} take the simple form

whereVgrid is the set of input points. The value of the DAF fit
on the pointR is given by

This procedure is repeated for all the points to be fitted.
In this work, the DAF fit has been generated as in ref 36: a

basis set is defined and then orthonormalized by carrying out
the Gram-Schmidt procedure. The basis set chosen is given
by

and the weight function has been defined as

The basis set is composed by powers 0e n e 6 and 0e m e
6, with the additional conditionn + m e 6. Angleθ has been
mapped onto cosθ2 to take implicity into account the symmetry
of the potential. Monodimensional fits for each angle have been
done to create a regular grid of points inR in order to have a
sufficent number of input data close to the point for which the
DAF fit is evaluated. The variancesσR and σθ in the weight
function (9) have been taken as the square of the maximum
steps alongRand cos2θ. Given the high number of input points

and the fact that eqs 6-7 have to be evaluated for each point,
large amounts of computing time have been saved by defining
a cutoff region around each point to be fitted: with a Gaussian
weight function only a relatively small region around the point
x had to be evaluated to achieve the highest numerical accuracy.

Figure 6 reports the surface obtained by interpolation.
Particularly interesting are the barriers in the region betweenR
) 2.2-4 Å, for small angles, since they could account for the
inelastic scattering. In such case, the total reactive cross section
determined from the difference between the total cross section
and the inelastic cross section would be a very good estimate.

4. Dynamics: Theory

As we have seen before, several detailed aspects of the
reaction between carbon and acetylene can be studied by
reducing it to the addition process, i.e., by taking into account
only the entrance reaction channel. The inelastic process itself
involves too many degrees of freedom to be treated exactly. A
reasonable approximation is to treat the vibrational degrees of
freedom of acetylene adiabatically, assuming that the vibrational
quantum numbers will be conserved in the first step of the
reaction and can be described in the harmonic approximation.
Thus, the dynamics of the addition process will be determined
by the motion on a potential energy surface labeled with the
set {n} of vibrational quantum numbers of the molecules,
V{n}(R,θ). We can assume that the vibrational modes of the
molecule will be inaccessible at the scattering energy of the
calculations so that only the adiabatic potential corresponding
to the ground state of the molecule will be taken into account,
so that we can putV{0}(R,θ) ) V(R,θ). Therefore, the Hamil-
tonian for the addition process, in the body fixed frame37 with
the Z axis along the atom-molecule vector, is given by

whereµ is the reduced mass of the relative motion between the

Figure 6. Potential energy surface as a function of polar coordinates (Figure 1). Contour levels in kJ mol-1, distances in angstroms, angles in
degrees.

〈ê|η〉 ) ∑
grid

w(R′;R)ê*(R′;R)η(R′;R) (6)

aj(R) ) 〈Vgrid|φj〉 (7)

VDAF(R) ) Vapp(R;R) (8)

f(R′,cosθ′;R,cosθ) ) (R′ - R)n (cos2 θ′ - cos2 θ)m (9)

w(R′,cosθ′;R,cosθ) )

exp[-
(R′ - R)2

2σR
2

-
(cos2 θ′ - cos2 θ)2

2σθ
2 ] (10)

H ) -p2

2µR
∂

2

∂R2
R + Beĵ

2 + p2

2µR2
|Ĵ - ĵ |2 + V(R,θ) (11)
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two particles,j is the rotational angular momentum operator of
the molecule,J is the total angular momentum operator and,R
and θ are the coordinates introduced in Figure 1. Another
approximation has been made on the rotational constant of the
molecule, that has been set to its value at the equilibrium
configurationBe, instead of taking the “adiabatic” value. Given
the large number of values of the total angular momentum that
contributes to the reaction, the Centrifugal Sudden approxima-
tion (CSA)37,38 has been applied as follows:

whereΩ is the projection of both the molecular and the total
angular momentum on the body-fixedZ axis. In the equation
above, Coriolis terms that couple states with differentΩ have
been neglected, therefore the projection quantum numberΩ will
be conserved.

The final Hamiltonian is equivalent to the Capture Theory
(CT) Hamiltonian39 for the reaction of an atom with a linear
molecule: however, in this case the potentialV(R,θ) is a more
accurate adiabatic potential instead of the asymptotic interaction
usually employed in CT calculations.

The scattering problem has been solved in the framework of
time dependent (TD) quantum mechanics by solving the time
dependent Schro¨dinger equation

that allows us to specify the initial state of the target (the
rotational state of the molecule in this case) to calculate reaction
probabilities for a range of energies with one calculation and
to impose boundary conditions far from the asymptotic region
utilizing the flux method.

The Hamiltonian has been evaluated by discrete variable
representation (DVR)40 on a two-dimensional grid given by the
direct product of an equally spaced grid of distancesR
(corresponding to a sine function basis set) and an angular grid
in θ, given by Gauss-Legendre quadrature points. Such a basis
set allows a very efficient multiplication of the wavevectors by
the Hamiltonian matrix. This feature is very important since
this operation is repeated several times for each time step in
the short iterative Lanczos propagations (SIL)41,42employed in
this study: therefore, the computational effort basically depends
on the efficiency of this matrix multiplication. The matrix ele-
ments of the different terms in the Hamiltonian (eq 11) in this
DVR basis have been reported previously (see, e.g., refs 43 and
44). The initial wave function is given by the product of a pure
rotational state of the molecule and a Gaussian wave packet:

with

whereR0 is the starting point of the wave packet andδ controls
both the diffusion of the wave packet on the coordinate space
and the width of the energy distribution. The latter is centered
around the valueE0 ) h2k0

2/2µ. Yj,Ω is a spherical harmonic
describing the initial rotational state of the molecule.

The flux method has been used to calculate reaction and
inelastic probabilities. The flux operatorF̂, across the surface
g(x) ) 0, can be defined as

whereD̂ is a “velocity” operator and the flux has been written
so that the total flux throughg ) 0 can be written as a volume
integral.45 Given the Hamiltonian in eq 11 and the volume
elementdV ) R2 sin θdθdRdφ, from the conservation of the
probability density and the Gauss' theorem, the components of
the velocity operator alongR andθ, DR andDθ, are given by

By using these equations, it is possible to calculate the flux
across any arbitrary surfaceg. The first derivatives necessary
for flux calculations are easily implemented when using a DVR
basis set, for which analytical first derivatives have been
reported.43,46

The energy dependence of the flux47,48 is obtained from the
time independent scattering wave function,48

the square of the coefficienta(E) is the weight of the energy
component in the initial wave packet. It is determined from the
overlap between the Gaussian wave packet and the asymptotic
eigenfunction of the Hamiltonian corresponding to an incoming
wave. The coefficient can be efficiently calculated by using the
spherical Bessel functionjl(kR) where the integerl is determined
by approximating the asymptotic centrifugal term49 as follows:

wherej is the initial rotational quantum number of the molecule.
It has been noted50 that such a small inaccuracy in the order of
the spherical Bessel function leads only to small effect on the
S matrix. Furthermore, using a approximate eigenfunction of
the asymptotic potential drastically reduces the dimension of
the radial grid, allowing to treat largeJ values almost in the
same fashion asJ ) 0. Finally, we have

where jj is obtained from the spherical Bessel of orderl by
imposing the normalization to the energy. Scattering prob-
abilities as a function of the energy are obtained by48

where the sum over the final statesf runs over the states
accessible from the dividing surface. The cross section for the
process will be given by

wherekj is the modulus of the wave vector, given bykj ) [2µ-
(E - Ej)](1/2)/p.

After passing the dividing lines, the wave packet is absorbed
by a negative imaginary potential, to prevent the reflection from
the boundary of the grid. The absorbing potential used in this

|Ĵ - ĵ |2 ≈ J(J + 1) + ĵ2 - 2Ω2 (12)

ip
∂Ψ
∂t

) HΨ (13)

Ψj,Ω(t)0) ) φ(R)Yj,Ω(θ,0) (14)

φ(R) ) ( 1

πδ2)(1/4)

exp[ -
(R - R0)

2

2δ2 ]exp(-ik0R)Yj,Ω(θ,0)/R

(15)

F̂ ) 1
2 {δ[g(x)]

∂g
∂x

D̂ + D̂δ[g(x)]
∂g
∂x} (16)

DR ) -i
p
µ

∂

∂R
(17)

Dθ ) -i(2BeR

p
+ p

µR) ∂

∂θ
(18)

ΨiE
+ ) 1

a(E)
∫-∞

+∞
dt exp(iEt) Ψi(t) (19)

J(J + 1) + j(j + 1) - 2Ω2 ≈ l(l + 1) (20)

a(E) ) 〈φ(R)| jjl(k)〉 (21)

Pj
J,Ω(E) ) 〈ΨiE

+|F̂|ΨiE
+〉 ) ∑

f

|Sfj|2 (22)

σj(E) )
π

kj
2(2j + 1)

∑
J)0

∑
Ω ) -min(J,j)

min(J,j)

(2J + 1) Pj
J,Ω(E) (23)
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study is given by51

whereA and B depend on the energy and the length of the
absorbing region and their values have been tabulated.51

Since calculations have been carried out for a large number
of values of the total angular momentum, different strategies
to reduce the computational effort have been applied. The
symmetry of the problem reduces the evaluation of angular
integrals and matrix elements in the range [0,π/2]. Furthermore,
the reflection symmetry of the radial kinetic energy operator
has been also exploited, using the method introduced by Chen
and Guo,52 that allows the calculation of the most expensive
term in the Hamiltonian in half of the computing time. Finally,
for low J calculations, the dimension of the grid has been
drastically reduced by placing the wave packet in a region where
inelastic scattering is negligible while the isotropic potential is
still so strong to affect the energy distributiona(E).53 By
propagating backward in time, toward very large distances, the
correcta(E) distribution can be recovered.

Since time dependent scattering calculations at very low
energies are difficult and given that the reaction cross section
increases with decreasing energies, rate constantsk(T), depend-
ent on the temperatureT, could not be calculated using the
present approach. Therefore, we have applied the Adiabatic
Capture Centrifugal Sudden approximation (ACCSA)39 where
the rotational motion is also treated adiabatically. Starting from
the Hamiltonian (eq 11) and imposing the centrifugal sudden
approximation as in eq 12, for a fixed value ofR, the rotational
terms of the Hamiltonian

are diagonalized on a basis set of spherical harmonicsYjΩ. The
eigenvalues obtained from the diagonalization are rotationally
adiabatic curvesεjΩ, that are labeled in order of increasing
energy. Including the effect of the centrifugal term of Hamil-
tonian, the adiabatic curveVj

JΩ can be generated:

The capture theory reaction probabilityPj
JΩ (E) is set equal

to one when the collision energyE is larger than the maximum
value of the potentialVj

JΩ, otherwise is zero. The reaction
cross section, for the given collision energy and rotational state
j, is given by eq 23. The rate constantk(T) is calculated by
weighting the cross sections over the Maxwell-Boltzman
distribution:

whereQrot(T) is the rotational partition function andkB is the
Boltzmann constant.

5. Results of Calculations

5.1. Reactive Cross Section.In this section, the results of
the time dependent calculations will be presented. Reactive cross

sections have been obtained by using the potential energy surface
for reaction between carbon and acetylene shown in Figure 6
and by using the dynamical method described in the section
above.

Flux lines have been put in three different region of the
surface: in the asymptotic region (largeR distances) and in
both microchannels for the reaction, one corresponding to the
insertion of the carbon atom in the triple bond of acetylene and
the other to a sideways addition. At the first flux line, total
reaction probabilities can be obtained from the calculations of
the inelastic probabilities and by subtracting the latter to one.
Flux lines in the inner regions, followed by an absorbing
potential, are placed in potential wells: the flux in a potential
well, therefore, gives the probability for the formation of the
isomer that has its minimum inside the potential well. As we
have discussed before, in our model, the flux for the forma-
tion of a C3H2 isomer is also taken as the reactive flux for the
formation of the C3H isomer that can be formed from the
addition isomer. The sum of the probabilities in the two
microchannels gives an alternative way to calculate total reactive
probabilities, that can be used to test the convergence on these
quantities.

As we have seen in section 3.1, both microchannels lead to
the linear C3H2. However, the mechanism for the insertion of
the carbon atom in the triple bond of acetylene has a saddle
point (sp1) at very low distances: if the effect of the centrifugal
barrier is taken into account, for large values of the totalJ the
saddle point sp1 will be shifted to energies larger than the
collision energy. In such a way, the mechanism for the formation
of the linear isomer by insertion will be blocked, and the cyclic
C3H2 can be formed. This is illustrated schematically in Figure
7, where the minimum energy path for the insertion is shown,
together with the centrifugal potential for a highJ value. The
sum of the two terms gives the effective potentialVJ, that still
has a well-defined well for the cyclic isomer while the saddle
point sp1 has been shifted to positive energies. For a range of
energies of the order of tenths of kelvin, the insertion process
is locked forJ ≈ 70.

Time dependent calculations have been carried out for
rotational statej ) 0 of the molecule: given the cold rotational
distribution of molecular beams following the supersonic
expansion, this value should be representative of the experi-
mental conditions of the molecule. Reaction cross section have
been calculated in the energy range 5-70 kJ mol-1, on a radial
grid composed by 400 points at lowJ values, 500 points for
largerJ, starting from 0 Å with a stepsize of 0.01 Å. The angular
grid is composed of 81 Gauss-Legendre quadrature points. The
time step used in the propagation is 1.2× 10-4 fs, with the
Hamiltonian expanded on 60 functions in the SIL propagation:
those two parameters have been chosen to optimize the
computing time and ensure the conservation of the total energy
of the wave packet. The flux line in the insertion pathway has
been put atR ) 1 Å when calculating the formation of the
linear isomer, while for the cyclic structure it has been put atR
) 1.5 Å. The second flux line, for the sideways addition, is
composed of two segments: the first, in the potential valley, is
put at θ ) 240, for R e 2 Å while the second segment
(measuring the tunneling through the barrier) is put atR ) 2 Å
for θ e 240. A two-dimensional absorbing potential is needed
in the latter case: it has been obtained by smoothing theθ
dependent potential (given by eq 24) with a linear function of
R (located in a narrow strip aroundR ) 2 Å where assumes
values between 0 and 1). Calculations have been carried out in
the range of total angular momenta between 0 and 125, with a

V(x) ) - iA exp[- B
(x - x*)] (24)

Hrot ) Beĵ
2 + p2

2µR2
(ĵ2 - 2Ω2) + V(R,θ) (25)

Vj
JΩ ) εjΩ + p2

2µR2
J(J + 1) - Bej(j + 1) (26)

k(T) ) (8kBT

πµ )1/2 1

(kBT)2
∑

j
[(2j + 1) exp[-

Bej(j + 1)

kBT ] ×

∫0

∞
σj(E)E exp[-

E

kbT]] Qrot(T)-1 (27)
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step∆J ) 5. The starting point of the wave packet has been
located atR ) 6.8 Å for low J values,R ) 8.8 Å for higherJ.

Results for the reaction probabilities are shown in Figure 8,
reported as a function of the total angular momentumJ and the
collision energies. Values of probabilities range from 0 to 0.8,
oscillating both with varying the total angular momentum and
the energy in such a way that simple patterns like those

suggested by theJ shifting approximation54 (recently extended
to reaction without a transition state53) are not present. The
dashed line reported on the figure is the maximumJmax

ACCSA that
contributes to the ACCSA cross sectionσj)0, calculated from
the rotational adiabatic curveε0,0 obtained from the rotational
Hamiltonian with the ab initio potential. For capture approxima-
tions, the reaction probabilities below that curve (forJ e

Figure 7. Qualitative picture of the effect of the centrifugal potential: the dashed line is obtained from a cut at fixed angle from the ab initio PES,
the dotted-dashed is the centrifugal potential forJ ) 50, and the solid line is the sum of the two potentials.

Figure 8. Total reaction probability as a function of the total angular momentum and collision energy (in kJ mol-1). The dashed line represents
the limiting J value as a function of the energy calculated by ACCSA, using the ab initio potential.
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Jmax
ACCSA) are equal to one. From the present study, we can see

two kind of discrepancies: the first is in the behavior of the
reaction probabilities that, apart from being a complicated
function of J andE, can also assume rather small values, far
from the unity assumed by the capture approximation. The
second disagreement is in the prediction of the total angular
momenta that contribute to the reaction cross section. The
difference between the ACCSA curveJmax and the boundary
(at high J) of the region where reaction probabilities are dif-
ferent from zero in Figure 8, shows that the number of total
angular momenta contributing to the cross section is larger for
the ACCSA calculations, in the high energy limit, and goes
on the boundary at lower energies. An explanation for this
behavior could be in the breakdown of the rotational adia-
batic approximation, since the curveε0,0 is the lowest adia-
batic curve (therefore, it has the largest number of total momenta
J contributing to the cross section) and that adiabatic ap-
proximations are valid at low energies. According to Figure 8,
for E < 15 kJ mol-1 the adiabatic approximation should be
valid.

The total reaction cross section for the rotational statej ) 0
of the molecule obtained in the present study is reported in
Figure 9, calculated in the energy range 5-70 kJ mol-1. The
other two curves reported in the figure are the ACCSA cross
section (j ) 0) and the cross section calculated by setting the
probability equal to one forJ below the curve limiting the
reaction probabilities different from zero, in Figure 8. The
resulting cross section corresponds to the application of the
capture approximation on an effective potential that includes
the contributions of rotational nonadiabatic transitions to other
adiabatic curvesεj,Ω The cross sections obtained from dynamical
calculations is roughly half of the ACCSA cross sections on
the whole range of energies considered in the calculations: with
this respect, the breakdown of the rotational adiabatic ap-
proximation does not seem to introduce additional differences

between the two cross sections. In this range of energies,
therefore, the ACCSA approximation gives qualitative results,
with the additional feature of providing a theoretical upper limit
to the real cross section.

The results of the application of the model introduced in
section 4 are presented in Figure 10, where the total cross section
is shown again, this time in comparison with the estimated cross
section for the formation of the linear and the cyclic C3H
isomers. It is possible to see more clearly that total and linear
cross sections have several small peaks superimposed on the
quite regular decreasing behavior. Given the complicated
topology of the PES used in the calculation (Figure 6), it seems
reasonable to consider those peaks as broad resonant structures.
It is worth noting that variational RRKM calculations17 give an
estimated lifetime 10 times larger than the rotational period of
the linear C3H2 adduct at room temperature, suggesting the
possibilty for the reaction to behave statistically. However, the
observed angular distributions of the products11 are not in
agreement with this suggestion. Furthermore, Figure 10 shows
that the cross section for the formation of the cyclic C3H is
much smaller that the cross section for the linear isomer, with
the former that increases with energy to reach an almost con-
stant value at the highest energy of the calculations. The
formation of the linear isomer, instead, is the dominant process
at the lowest energy of the calculations. As we have discussed
before, the formation of the linear isomer can follow two
different mechanisms: the insertion to the C-C bond of
acetylene (at low angular momentaJ) and the sideways addi-
tion. Figure 11 reports the contributions due to the two path-
ways for the formation of the linear isomer: the sideways
addition (path 2) gives a slightly decreasing cross section while
the addition to the C-C bond (path 1) is a process fastly
decreasing with the energy. The behavior of the latter is due to
the fact that a limited number of total angular momenta (or,
alternatively, of impact parameters) contribute to the cross

Figure 9. Total reaction cross sections (in Å2) as a function of the energy (in kJ mol-1), obtained from exact two-dimensional dynamics (solid
line), ACCSA (dashed line), and capture approximation on the calculated probabilities in Figure 8 (dotted-dashed line)
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section because of the shift of the saddle point sp1 with
increasingJ (see Figure 7).

Finally, Figure 12 report the calculated branching ratio for
the formation of the cyclic and linear C3H: as we have seen
from Figure 10, the linear isomer is the dominant product of

the reaction. From this figure, we can see that the cyclic C3H
is a negligible fraction of the product for energies less that 20
kJ mol-1, after which it increases to reach approximately the
18% of the linear isomer. Therefore, the model we have applied
to the reaction suggests that the cyclic C3H is only formed at

Figure 10. Reactive cross sections (in Å2) as a function of the collision energy (in kJ mol-1) obtained from exact two-dimensional calculations and
application of the model in section 2: total cross section (solid line), cyclic C3H formation cross section (dotted-dashed line), and linear C3H
formation cross section (dashed line).

Figure 11. Reactive cross section (in Å2) for the formation of the linear C3H, as a function of the energy (in kJ mol-1): the contribution of the
sideways addition (path 1, dashed line) and of the insertion (path 2, dotted-dashed line) are shown, together with the solid cross section for the
formation of the linear isomer (solid line).
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rather high energies and in smaller quantities with respect to
the linear isomer. The latter is almost the exclusive product at
low energies. This result contradicts the interpretation of the
molecular beam experiments,11 discussed in section 2, that
identified the cyclic C3H as the product formed at the lowest
energies, since the existence of the insertion path, mainly
responsible for the outcome of the calculations, has been
excluded in rationalizing the experimental results11 However,
the present results are not able to explain the results of the
molecular beam experiments since the predominance of the
linear C3H at low energies would bring to a backward-forward
symmetry in the angular distribution of the product, due to the
C2 symmetry of propargylene (l-C3H2), while, at higher energies,
the formation of a significant fraction of cyclic C3H would lead
to a nonsymmetrical angular distribution, since the correspond-
ing intermediate (c-C3H2) has no symmetry. Therefore, ad-
ditional theoretical and experimental work is needed to under-
stand the products of the reactions.

5.2. Rate Constants.As we have mentioned before, time
dependent calculations could not be extended to very low
energies, since they are technically very difficult in that energy
range. Therefore, rate constants for the reaction at low temper-
ature have been calculated by applying the adiabatic capture
centrifugal sudden approximation (ACCSA), using the ab initio
potential described in section 3.

The results of the calculations are reported in Figure 13: the
dotted curve is the ACCSA rate constant, showing a rather good
agreement with the fitting of the experimental rate constants9-
(full curve), taking into account a(20% error on the experi-
mental curve. In particular, the slight negative temperature
dependence of the rate constant is very well reproduced by the
calculations. It is worth noting that this kind of agreement comes
from the use of a more realistic PES: the dashed curve is the
ACCSA rate constant calculated by using the asymptotic
potential given by eq 1. As we can see from the figure, this
potential leads to a rate constant with a weak positive depen-
dence on the temperature. Finally, since we have found from

the cross section calculations discussed above that the capture
approximation is not valid for a rather large range of energies,
we have calculated a correction to the ACCSA rate constant
assuming a reaction probability of 0.5 instead of one. This value
represents, approximately, the ratio between capture cross
section and the cross section calculated with the dynamical
method discussed in section 4. The dot-dashed curve in Figure
13 is the corrected version of ACCSA rate constant, which has
a quite good agreement with the experimental fitting over a large
range of temperature.

It is interesting to understand the difference between ACCSA
calculations done on theab inito PES and those that use the
asymptotic interaction: Figure 14 shows some rotational

Figure 12. Branching ratio for the formation of the cyclic and linear C3H, as a function of the energy (in kJ mol-1).

Figure 13. Reaction rate constans as a function of the temperature:
the experimental results[9] (solid line) are compared with the ACCSA
calculations using the ab initio potential (dotted line) and the long-
range interaction (dashed line). Rate constants obtained from ACCSA
calculations on the ab initio potential after applying a probability factor
(dot-dashed line), obtained from results in Figure 9.

Reaction between C(3P) and Acetylene J. Phys. Chem. A, Vol. 105, No. 12, 20012705



adiabatic curves calculated for both potentials, for two values
of j. Marked differences between the same adiabatic curve of
different potentials exists forR e 8. We could also note that,
in the radial range shown in the figure, the adiabatic curves
calculated from the asymptotic potential have the same shape
while the rotational adiabatic curves of the ab inito potential
are quite different between them.

Such differences are reflected in the state selected rate
constantkj(T) reported in Figure 15: the differences among them
are more marked with respect to those reported for the
asymptotic potential.16 We can also note that the state selected
rate constants increase with the temperature over the whole range

of T: therefore, the negative temperature dependence is due to
the change in the statistical weight of the initial rotational state.
Such effect has also been found theoretically for the reaction
between SO+ OH.55

6. Conclusions

The reaction between C(3P) and acetylene, in its electronic
ground state, has been studied by a reduced dimensionality
model restricted to the entrance channel, on the lowest triplet
state. A potential energy surface has been calculated by using
the CCSD(T) method, as a function of two variables describing
the position of the carbon atom with respect to acetylene.

Figure 14. Rotational adiabatic curves (in kJ mol-1) as a function of the distance (in Å), for rotational statesj ) 0 and 2, calculated from the ab
initio PES and the long-range interaction.

Figure 15. ACCSA rate constants for the initial rotational statej as a function of the temperature, calculated from the ab initio potential, reported
for j ) 0, 4, 8, 12. The total (statistically weighted) rate constant is also shown (solid line).
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Calculations of the total reactive cross section have been done
in the energy range between 5 and 70 kJ mol-1, showing that
this quantity has a qualitative trend that is consistent with the
capture theory predictions. However, the detailed features of
the cross sections depends both on the contribution of the
inelastic processes and on the presence of several potential wells
in the interaction, producing broad resonance peaks. A model
for the formation of the linear and cyclic C3H has been
developed, that restricts the study of the reaction to the addi-
tion process, i.e., to the formation of the linear and cyclic
isomers of the stable intermediates C3H2, producing the linear
and cyclic C3H isomers. It is found that the linear C3H is formed
preferentially, over the whole range of energies considered in
the present study. The cyclic isomer of C3H, instead, has an
appreciable formation probability at the highest energies and
gives a very small contribution at the lowest energies. This result
contradicts an interpretation of the molecular beam experi-
ments.11 Clearly, additional theoretical and experimental studies
are needed to understand the products of the reaction.

Rate constants have also been calculated by applying the
ACCSA approximation on the CCSD(T) potential energy sur-
face. Results have shown a good agreement with those obtained
in recent experiments,9 showing that ACCSA can produce quite
reliable results when employed with a more accurate potential
with respect to the usual asymptotic interaction used in capture
theory studies.
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