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Three-dimensional time-dependent quantum wave packet calculation was carried out to study the dynamics
of the C+ CH reaction on the 2A′ potential energy surface. The energy dependence of the calculated total
reaction probabilities exhibits no long-lived resonance despite the presence of a deep well, a feature similar
to that on the 1A2 surface. The effect of initial vibrational and rotational excitation of the reagent on reactivity
is investigated, and the reaction rate constants and integral cross sections are calculated and compared with
quasiclassical trajectory results. This study shows that results of the quantum calculation are generally in
good agreement with the QCT results and the difference is relatively small. The analysis of stereodynamics
indicates that the C+ CH reaction could occur within a wide range of the attack angle. The C side of the
product CH (molecule or radical) is the slight favorite side for the reactive attack.

I. Introduction

Many experimental studies have shown that the ethynyl
radical C2H, is an important reaction intermediate in interstellar
space and planetary atmospheres as well as in various chemical
processes in the laboratory, such as combustion, discharges, and
photolyses.1 It has been found that C2H is one of the most
abundant polyatomic species in carbon-rich stars and interstellar
clouds2 and an important intermediate in hydrocarbon combus-
tion.3 The C2H is also the product of some reactions such as C2

+ CH4,4 H + C2H2,5 and the photodissociation of acetylene.6

The reaction C+ CH + M may also be a way to produce C2H
in the presence of grains. Furthermore, C2H also plays an
important role in the formation and the destruction of carbon
chain molecules CnH (with n ) 2-6),7 which have been
detected, in the interstellar medium. The ethynyl radical is also
unique from a viewpoint of molecular structure because it is
the simplest organic triatomic molecule involving a triple C-C
bond and has a low-lying electronic state. Therefore, the studies
of C2H are of great interest to both chemist and astrophysicists.
There have been extensive spectroscopic studies of C2H and
its isotopic species using a variety of techniques, including
ESR,8-10 LMR,11,12 microwave and millimeter-wave spectros-
copy,13-15 matrix isolation IR spectroscopy,16-19 color center
laser spectroscopy,20-22 diode laser spectroscopy,23-26 and FTIR
emission spectroscopy.27,28At the same time, these experimental
studies have been accompanied by extensive theoretical work,29-33

mutually promoting the development of the understanding of
the spectroscopy of C2H.

However, experimental work concerning the kinetics of the
title reaction is very sparse. Most of the theoretical calculations
from the first self-consistent field (SCF) study by Barsuhn34

were mainly devoted to interpreting the observed spectra and
were thus limited to the A2∏ - X2∑+ system. To understand

the details of the formation and destruction of C2H, one must
study relevant reaction kinetics and dynamics. To this end, ab
initio calculation on ground and the lowest excited states of
ethynyl radical to determine potential energy surface (PES) of
the C2H f C2 + H reaction and the corresponding transition
dipole moments is necessary. In recent years, A series of high-
level ab initio studies of the X and A states of CCH by
Peyerimhoff and co-workers35-37 have been performed. More
recently, Rayez and co-workers38,39 presented their the results
of a CASSCF (complete active space self-consistent field) study
of some parts of the 18 lowest adiabatic PES involved in the
reaction C+ CH f C2H f C2 + H and build an analytical
representation of the three lowest ones which corresponding to
the states X2∑+ and A2∏ of C2H. The goal of the present work
is to investigate the dynamical behavior of the C+ CH reaction
so as to understand the formation and destruction pathway of
C2H in the interstellar medium. At present, time-dependent
quantum wave approach has emerged as a powerful computa-
tional tool for studying quantum reaction dynamics of triatomic
and tetratomic40-43 systems. However, most time-dependent
quantum wave calculations have been carried out only for
“direct” reaction for which converged results can be obtained
within a relatively short propagation time. In this paper, three-
dimensional time-dependent quantum wave packet method is
employed to study the kinetics and the dynamics of this reaction
on the 2A′ surface. This paper is organized as follow. In section
2, theory and method are briefly described. In section 3, the
calculation results are given and discussion of those results are
also included. In section 4, conclusions are given.

II. Theory and Calculation

A. Potential Energy Surface.To study the dynamics of the
C + CH reaction, Rayez39 and co-workers recently performed
ab initio calculation for this reaction using a full valence
complete active space (FVCAS) wave functions at the contracted
multireference configuration interaction (MRCI) level. The
analytical representation of the three lowest PESs which
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correspond to the states X2∑+ and A2∏ of C2H are given by
double many-body expansion. These three surfaces belong to
the2A′ and2A′′ symmetry species and are denoted in this paper
as 12A′, 22A′, and 12A′′. These PESs connect the reactants
CH(X 2∏) + C(3Pg) to the products C2(X1∑g

+, a3∏u) + H(2S)
via the X 2∑+ and A 2∏ states of C2H. Figure 1a displays
equipotential energy contours of the 2A′ surface for CC and
CH stretching in linear C2H. Figure 1b displays the polar plots
of equipotential energy contours of the 2A′ surface for a C atom
moving around a CH diatomic where the radius in angstroms
is the separation of C atom from the mass center of the CH
diatomic and this CH distance being set to the equilibrium one
in the corresponding electronic state of the C2H molecule.
Although, the 2A′ surface displays a large potential well for
the linear configurations C-C-H and the well is quite
widespread with respect to the bending coordinate. One can still
note the existence of an entrance barrier along the C+ CH
approach in the adiabatic X1∑+ state which corresponds to the
12A′ electronic state in that region of the nuclear coordinate
space.39 The height of this energy barrier is about 0.63 eV for
a collinear approach of C toward CH and decrease as the
C-C-H angle becomes smaller. Finally, the barrier disappears
for a C-C-H angle around 80°. This barrier is due to an
avoided crossing with an upper electronic state. Details about
this energy barrier are given in ref 39.

B. Quantum Wave Packet Calculation.In the present work,
a full three-dimensional quantum wave packet approach is
employed to perform scattering calculation on the 2A′ PES.39

The Hamiltonian expressed in the reactant Jacobi coordinate
for a given total angular momentumJ can be written as

wherer andR are the vibrational and the translational vectors,
µr andµR are two corresponding reduced masses, andJ and j
respectively represent the total angular momentum operator and
the rotational angular momentum operator of CH. The diatomic
reference Hamiltonianh(r) is defined as

whereVr is the diatomic reference potential.
The time-dependent wave function satisfying the Schrodinger

equationip (∂/∂t) Ψ(t) ) HΨ(t) is expanded in terms of the
BF (body-fixed) translational-rovibrational basis defined using
the reactant Jacobi coordinates as44

wheren is the translational basis label, (V0, j0, K0) denotes the
initial rovibrational state, andε is the parity of the system
defined asε ) (-1)j+L with L being the orbital angular
momentum quantum number. The definition of various basis
function can be found elsewhere44

The split-operator method45 is employed to carry out the wave
packet propagation

where the reference HamiltonianH0 is defined as

and the effective potential operatorU is defined as

The matrix version for the expansion coefficient of vectorF is
then given by

Where the operator e-iU∆ is further split as

whereVrot is diagonal in the angular momentum basis repre-
sentation andV is diagonal in coordinate representation. The
time-dependent wave function is absorbed at the edges of the
grid to avoid boundary reflection.46 Finally, the initial state-
selected total (final state-summed) reaction probability are
obtained through the flux calculation

where r is the vibrational coordinate andµr is the reduced mass

Figure 1. (a) Contour plot of the 22A′ PES for the stretch of the CC
and CH bonds in linear. (b) Contour plot of the 22A′ PES for a C atom
moving around a CH molecule that lies along theX axis with the C
end on the negative part of this axis and the center of the bond fixed
at the origin. The CH distance has been fixed to 2.046 a0. In this figure,
energies are given in Hartree (Eh), distance in Bohr (a0).
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of CH. The stationary wave functionΨiE
+ is obtained through a

Fourier transform as described in Ref 44.
C. Integral Cross Section.After the reaction probabilities

Pi
J(E) defined in eq 9 have been calculated for all the fixed

angular momentumJ, the reaction cross section for a specific
initial state could be evaluated by summing the reaction
probabilities over all of the partial waves (total angular
momentumJ)

wherekV0j0 is the wavenumber corresponding to the initial state
at fixed collision energyE. In practice, reaction probabilities at
only a limited number of total angular momentum values ofJ
need to be explicitly calculated, and probabilities for missing
values ofJ are obtained through interpolation.

D. Rate Constant Calculation. The rate constants are
calculated using the uniform version47 of J-shifting approxima-
tion.48 By assuming a Maxwell-Boltzmann distribution over
the translational energy, the initial state-specific thermal rate
constant in the uniformJ-shifting scheme is given

The shifting constant is defined by48

wherek is the Boltzmann constant,T is temperature, andQJi is
a partition-like function defined as

whereJi is a reference angular momentum which divides total
angular momentum into different ranges.48 TheQJ is similarly
defined as

where PJ is the reaction probability for a total angular
momentumJ from a given initial state.

For the C(3Pg) + CH(X2∏) reaction on the 12A′ surface,
C(3P) consists of one spin state in the lowest3P0 state, three in
the 3P1 level which is 16.4 cm-1 higher in energy, and five in
the 3P2 level which is 43.5 cm-1 above the3P0 level. The
CH(2∏) consists of two spin states in the lowest2∏1/2 level
and two in the2∏3/2 level which is 27.95 cm-1 higher in energy.
Therefore an extra temperature-dependent factor, which accounts
for the electronic degeneracies in the title reaction on the reactive
12A′ surface has been included in the rate constant calculation.
The factor is given as

This factor goes asymptotically to1/18 at high temperature and
to unity at low temperature.

E. Stereodynamics Calculation.To obtain the information
about the dependence of the total reaction probabilities on the

direction of the initial angular momentumj with respect to the
relative velocity between reactants for the C+ CH reaction, it
is required to transform the scattering matrix SJ calculated in
its |jΩ〉 helicity representation of Jaccobi coordinate in body-
fixed frame49 to the stereo-directed (SD) representation. The
transformation between helicity representation and the SD
representation scattering matrices read50

whereν is the reagent’s steric quantum number andjmax is the
maximum valuej can take considering all open channels at a
given total energy. Unprimed and primed quantities refer to
entrance and exit channels, respectively. The transformation
coefficientGj,ν

jmax,Ω is given by ref 50

The range of the steric quantum number50 ν is

Physically,ν is a natural discretization of the attack angleθ,
which is formed by the Jacobi vectorsR andr (the latter vector
pointing from C to H, withθ ) 0 corresponding to the collinear
CHC arrangement andθ ) 180 corresponding to the collinear
CCH arrangement). Therefore, the correspondence between the
steric quantum number and the attack angleθ is

Accordingly, jmax - Ω is the number of slices in which theθ
range (0e θ e π) can be divided by the uncertainty principle.50

For the caseJ ) 0, considered in this paper,Ω ) Ω′ ) 0, so
that there is no need for summing overΩ andΩ′. One has

that conveniently defines a zero total angular momentum steric
effects.51

III. Results and Discussion

The numerical parameters for the wave packet propagation
are given as follows: the grid inR extends from 0.5 to 7.5
bohr and inr from 0.6 to 8 bohr. The number of the grid points
in R and r are 100 and 80, respectively. A total of 100 sine
functions are used to expand wave function on the translational
axis. The maximum value of the rotational quantum number
for the angular basis set is 89. The initial wave packet is located
at 8 bohr with a narrow width of 0.1 bohr in theR coordinate
in order to converge in a sufficient range of energy. The long-
range potential is cut off simply by multiplying the PES with a
smooth cutoff function, because we are interested in only the
final state-summed total reaction probabilities. The smaller grid
is used to obtain the total reaction probabilities without any
significant loss of accuracy. The time step is chosen as 2.5 au,
and the total propagating time is 25 000 au which can results
in convergence of the total reaction probabilities. The longer
propagation time does not lead to visibly different results. This
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shows that the calculated results converge with respect to the
size of the grid points and the wave propagation time.

A. Reaction Probabilities. Total reaction probabilities as a
function of collision energy from the ground state of CH are
calculated and shown in Figure 2a. It can be seen that for the
C + CH reaction on the present 2A′ surface, the threshold
energy is slightly about 0.6eV. The reaction probability initially
exhibits a classic-like sharp increase above the threshold energy
and then gradually levels off with further increase of the collision
energy. It is important to note that the probability curve is
relatively smooth, implying that the reaction does not involve
long-lived resonance states despite the presence of a deep well
on the PES. In this respect, the present reaction is somewhat
similar to that of the O(1D) + H2 reaction43 which also has a
deep well on the PES but no potential barrier along the reaction
path. However, the reaction mechanism of the two reactions is
different, the present reaction is mainly collinear as will be
discussed later in the paper, whereas the O(1D) + H2 reaction
proceeds primarily through insertion. The energy dependence

of the total reaction probability of C+ CH on the present 2A′
surface is similar to that on the 1A′ surface52 despite the
existence of a barrier in the entrance valley on the 2A′ PES.
Because no long-lived resonance is present, it is possible to
give a more precise estimate of the lifetime of the CCH molecule
by the time when the wave packet enters the potential well and
when it exits in the well. Further work concerning this issue is
being carried out in proceeding studies.

Generally, to obtain a reaction cross section and rate constant,
dynamics calculations for total angular momentumJ > 0 are
necessary. We employed the standard CS (centrifugal sudden)
approximation to perform calculation forJ > 0. Figure 2a also
shows the reaction probabilities for total angular momentumJ
) 10 and 50.

To investigate the influence of rovibrational excitation of the
reagent on reaction dynamics, the reaction probabilities have
been calculated from various rovibrationally excited states for
zero total angular momentum (J) 0). Figure 2b shows the
reaction probabilities from several vibrationally excited CH
(j ) 0 andV ) 1, 2, and 3). The result in Figure 2b shows that
vibrational excitation of CH generally does not enhance
reactivity although a small increase in reaction probability near
the threshold energy is observed for theV ) 1 state of CH. In
fact, further increase of CH vibrational excitation toV ) 2 results
in a decrease of the reaction probability at higher collision
energy. This feature is also similar to that observed for this
reaction on the 1A′ surface.52 The reaction probabilities from
different rotational excitation of CH are also calculated, and
the results are shown in Figure 2c. As is shown, the reaction
probabilities are not very sensitive to initial rotational excitation.

B. Rate Constants.Up to date, no experimental rate constants
are available for the C+ CH reaction. Therefore reliable
theoretical calculations of rate constants are highly desirable.
We calculated rate constantsk(T) on the 2A′ surface in the
temperature range of 600-1000 K. By assuming a Maxwell-
Boltzmann distribution over the translational energy, we cal-
culated state-selected rate constant from the ground state of CH
(V ) 0 and j ) 0), and the result is shown in Figure 3. The
calculated rate constant in Figure 3 exhibits a typical exponential
increase with temperature. Also shown in Figure 3 is the QCT
result of Rayez and co-workers.39 The QCT rate constant is in
good agreement with the present quantum result at low
temperatures but is smaller than the present QM result at high
temperatures as shown in Figure 3. It should be noted that the
rate constant from the present quantum wave packet calculation
is not fully the thermal rate because only the ground rovibra-
tional state of the reagent CN is included. However, judging

Figure 2. (a) Reaction probabilities of the C+ CH as a function of
collision energy forJ ) 0 (solid line), 10 (dotted line), and 20 (dash
line) with V ) 0 andj ) 0. (b) Effect of initial vibrational excitation
on total reaction probabilities of the C+ CH reaction as a function of
collision energy forV ) 0 (solid line), 1 (dash line), and 2 (dotted
line) with J ) 0 andj ) 0. (c) Effect of initial rotational excitation on
total reaction probabilities of the C+ CH reaction as a function of
collision energy atj ) 2 (dotted line), 4 (solid line), and 6 (dash line)
with J ) 0 andV ) 0.

Figure 3. State selected rate constantsk in cm3 molecule-1 s-1 as a
function of temperature. (a) QCT calculation results (solid line) and
(b) quantum calculation results (dotted line).
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from the insensitivity of the calculated reaction probability with
respect to rovibrational excitations of CH shown in Figure 2,
the thermal averaging over the rovibrational states of CH should
not have any significant effect on the calculated rate constant.
Therefore, the rate constant from the present quantum calculation
should be very close to the truly thermal rate.

C. Integral Cross Section.We also calculated the integral
cross section from the initial ground state of CH on the 2A′
surface. Figure 4 shows the integral cross section as a function
of collision energy for the C+ CH reaction together with the
QCT result of Rayez and co-workers.39 As shown in Figure 4,
the quantum cross section is slightly smaller than the QCT result
but becomes much larger than the QCT result as the energy
increases. Furthermore, the comparison in Figure 4 shows
different trends in the energy dependence of both results at high
collision energies: the QCT result shows a rather slow increase
in cross section as the energy increases, whereas the quantum
cross section increases rather sharply as the collision increases.
The difference between the QCT and QM results probably is
related to the intersection between the two lowest-lying states
X2∑+ and A 2∏ which make kinetics and dynamics very
complicated and lead to large difference of topological nature
of quantum and quasiclassical behavior near the conical
intersection. Nevertheless, the quantum and QCT cross sections
are in reasonably good agreement.

D. Stereodynamics.The orientational effect of the reagent
CH with respect to the direction of the relative initial velocity
of the system was investigated in this paper using the formula-
tion given in section II.E. Figure 5 displays the dependence of
the total reaction probability on the attack angle. In the present
work, the total energy considered is 0.612 eV and the corre-

sponding maximum value of CH rotationj is 12, which implies
-6 e ν e 6 and 24.54° e θ e 155.36°, whereθ is the attack
angle formed by the Jacobi vectorsR and r with θ ) 0
corresponding to the collinear configuration of C-H-C. Figure
5 shows that the orientation of the reagent CH has a clear effect
on the reaction probability. It is also clear from Figure 5,
however, that the C+ CH reaction would occur within a wide
range of attack angleθ. Because of the existence of the barrier,
the attack angle corresponding to the maximum reaction
probability is close to 118°. Furthermore, when the attack angle
is close to 81°, the reaction probabilities have still a local
maximum on 2A′ surface. When the attack angle is close to
90°, the total reaction probability has a local minimum. It
suggests that the insertion reaction is not a dominant mechanism
for this reaction. The reaction probability also has a local
minimum when the attack angle is close to 52°. Even when the
C atom attacks the H end of the CH molecule, there is still a
finite probability for reaction as shown in Figure 5. The steric
effect on the current 2A′ surface is complicated compared with
that on the 1A′ surface where the attack angle dependence of
reaction probability is relatively smooth.39 The reason probably
originates from the existence of a barrier, which changes the
local feature of PES as shown in Figure 1 and makes stereo-
dynamics more complicated. This indicates that the detailed
feature of the PES can affect dynamical behavior of the C+
CH reaction39 and stereodynamical studies reveal important
feature of the C+ CH reaction. We also investigated the
stereodynamical behavior at different collision energies. It is
found that the attack angles corresponding to the maximized
and minimized probabilities for the C+ CH reaction on the
2A′ surface essentially keep the same valuem whereas the
collision energy changes, and the basic feature of the attack
angle dependence on the total reaction probabilities is extremely
similar, although the values of the maximized and minimized
probabilities change slightly for the correspondent angles. This
is the further evidence that the intrinsic feature of the PES
determines the stereodynamical behavior of the C+ CH reaction
on the 2A′ surface.

IV. Conclusion

In this paper, we have studied the reaction dynamics for the
C + CH reaction on the 22A′ surface using the three-dimensional
quantum wave packet method. It is shown that the reaction does
not involve long-lived resonance despite the presence of a deep
well in the PES. The calculated threshold energy for the reaction
is in close agreement with the result from QCT calculation. The
effect of initial excitation of the reagent on reaction probability
is studied. In general, the reaction is not sensitive to rovibrational
excitation of the reagent, and high vibrational excitation actually
decreases reaction probability. The calculated rate constant is
in good agreement with the QCT result at low temperatures
but increases faster than the QCT rate at high temperatures. A
similar trend is found for the integral cross section. Stereo-
dynamical calculations show that the reaction probability
depends on the attack angleθ and the C side of the CH molecule
is favorable for reactive attack. The reaction occurs at all attack
angles and is not dominated by insertion. The attack angle
corresponding to the maximum of the reaction probability is
close to 118° and is related to the existence of the barrier. When
the C atom attacks at the H end of the CH molecule, the reaction
probability is relatively small but is not zero. Even the head-on
collision between C and the H end of the CH molecule still has
a small probability for reaction. Those studies reveal important
microfeatures of stereodynamics of the C+ CH reaction. When

Figure 4. Integral cross section in Å2 as a function of collision energy
on 22A′ PES. (a) QCT calculation results (solid line) and (b) quantum
calculation results (dotted line).

Figure 5. Probabilities of the C+ CH reaction as a function of the
attack angle atEtot ) 0.612 eV.
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the total energy changes, the stereodynamical behavior does not
change much. The above studies provided a clear, simple, and
intuitive picture of the C+ CH reaction on the 2A′ surface.
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