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ABSTRACT
We carry out quasi-classical trajectory caculations for the C + CH+ → C+2 + H reaction on
an ad hoc computed high-level ab initio potential energy surface. Thermal rate coefficients
at the temperatures of relevance in cold interstellar clouds are derived and compared with
the assumed, temperature-independent estimates publicly available in kinetic databases KIDA
and UDfA. For a temperature of 10 K the database value overestimates by a factor of two the
one obtained by us (thus improperly enhancing the destruction route of CH+ in astrochemical
kinetic models) which is seen to double in the temperature range 5–300 Kwith a sharp increase
in the first 50 K. The computed values are fitted via the popular Arrhenius–Kooij formula and
best-fitting parameters α = 1.32 × 10−9 cm3s−1, β = 0.10 and γ = 2.19 K to be included in
the online mentioned databases are provided. Further investigation shows that the temperature
dependence of the thermal rate coefficient better conforms to the recently proposed so-called
‘deformed Arrhenius’ law by Aquilanti and Mundim.
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1 INTRODUCTION

The chemical evolution of interstellar clouds can be predicted
over time using kinetic models based on estimates of the reac-
tion rates between the hundreds of involved species. In recent
years, online repositories such as the KInetic Database for As-
trochemistry KIDA (Wakelam et al. 2012) accessible at http:
//kida.obs.u-bordeaux1.fr/ or the UMIST (University of
Manchester Institute of Science and Technology) Database for As-
trochemistry UDfA (Woodall et al. 2007; McElroy et al. 2013) ac-
cessible at http://udfa.ajmarkwick.net/, have become popu-
lar for storing and making publicly available kinetic parameters of
thousands of reactions for inclusion in the above mentioned models.
Many of the ion-molecule reactions in these databases are modeled
by means of simple capture theories whereby the translational en-
ergy of reactants must only surpass a long-range centrifugal barrier
for reaction to occur. However, the resulting estimates might be in-
appropriate and as a matter of fact, especially when experimental
information is missing, their accuracy has to be assessed against the
results of a rigorous, dynamics-based treatment.

Among the simplest and most important processes occurring
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in the interstellar medium are neutral-ion and neutral-neutral atom-
diatom (A + BC) bimolecular reactions involving carbon and hy-
drogen atoms (Solomon & Klemperer 1972; Herbst 2001). In order
to ground the available information on these processes on rigorous
theoretical treatments, in the last fifteen years several studies ei-
ther based on quasi-classical trajectory (QCT) or quantum-reactive-
scattering (QRS) techniques have appeared on three-atom systems
such as CH2 (see Bussery-Honvault et al. (2001); Lin et al. (2004);
Balucani et al. (2004, 2005); Defazio et al. (2009); Joseph et al.
(2011); Sun et al. (2013); Wu et al. (2014) for reaction C + H2),
CH+2 (see Herraez-Aguilar et al. (2014) and Zanchet et al. (2013)
for reaction C+ + H2 and Stoecklin & Halvick (2005); Warmbier
& Schneider (2011); Bovino et al. (2015) for reaction CH+ + H),
and C2H (see Boggio-Pasqua et al. (1998); Tang et al. (2001b,a);
Yang et al. (2011) for reaction C + CH). On the contrary, little atten-
tion has received the positively charged variant of the latter system,
C2H+, for which the lowest-energy atom-diatom reaction channel
is the exoergic one

C (3P0) + CH+ (X1
Σ
+)→ C+2 (X4

Σ
−
g ) + H (2S1/2) . (1)

Besides being a prototype model for the formation of the carbon-
carbon chemical bond, Reaction 1 involves two astrophysically
relevant species: the ubiquitous throughout the interstellar space
methylidyne cation CH+ (firstly discovered in the diffuse interstel-
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lar medium in 1941 (Douglas & Herzberg 1941)) and the dicarbon
cation C+2 (detected by the mass-spectroscopic sampling in comets
Halley (Krankowsky et al. 1986) and Giacobini-Zinner (Coplan
et al. 1987)), which is incorporated in ion-molecule reactions for
the production of hydrocarbons in interstellar clouds (Winnewisser
1981).

Presently available estimates for the rate coefficient of Reac-
tion 1 are based on the Langevin capture model (Langevin 1905;
Gioumousis & Stevenson 1958; Woon & Herbst 2009; Wakelam
et al. 2010). According to this model, the thermal rate coefficient of
a reaction involving ion-neutral colliding partners is independent of
the temperature and is given by

k = 2πe
√
αD
µ

(2)

where e is the charge of the electron, αD is the dipole polarizabil-
ity (strictly speaking, the polarizability volume in units of cm3)
of the neutral colliding partner and µ is the reduced mass of the
reactants. In 1972, Solomon & Klemperer (1972) estimated for
the rate coefficient of Reaction 1 (as well as for most of the ion-
neutral astrochemical reactions) a value of 1 × 10−9 cm3 s−1. A
more recent estimate of 1.2 × 10−9 cm3 s−1 was given by Prasad
& Huntress (1980) who adopted a dipole-polarizability value for
carbon of 1.64 × 10−24 cm3, which is very near to the most recent
theoretical value of 1.67× 10−24 cm3 (Thierfelder et al. 2008). The
resulting value for the rate coefficient is indeed that one provided
by the above mentioned online databases KIDA and UDfA, which
make use of the popular Arrhenius–Kooij formula (Kooij 1893)
(also known to chemists as modified Arrhenius equation (Laidler
1996))

k (T ) = α(T/300)βe−γ/T (3)

to express the thermal rate coefficient of bimolecular reactions. In
fact, for Reaction 1 both KIDA and UDfA (accessed 2016 April 11)
quote α = 1.2 × 10−9 cm3 s−1 and enforce temperature indepen-
dence by setting β = 0 and γ = 0 K. Such estimate is assumed to be
valid for a temperature range of 10–280 K in KIDA and 10–41000
K in UDfA (with the claim of an estimated accuracy of a factor of
two). In KIDA a second, more recent value of α = 1.14× 10−9 cm3

s−1 for the same temperature range of 10–280 K is also quoted. This
value is worked out from that one already mentioned by taking into
account the branching ratios of the C + CH+ reaction to products
C+2 + H (0.95) and C2 + H+ (0.05) obtained using a semiempiri-
cal model (Chabot et al. 2013) with reactants and products in their
electronic ground states. The second channel, however, if reactants
and products are taken in their electronic ground state as in Chabot
et al. (2013), is endoergic by 0.32 eV. As a consequence, the related
reaction is expected not to occur at the temperatures (around 10 K)
of the cold, dark, quiescent dense interstellar clouds.We shall there-
fore hereinafter consider only the former value of α = 1.2 × 10−9

cm3 s−1.
In this paper we provide accurate thermal rate coefficients

for Reaction 1 by computing the potential energy surface (PES)
governing the various elementary processes of the system and by
integrating the motion equations of the involved nuclei in the Born-
Oppenheimer regime. For that purpose, we make use of the grid-
empoweredmolecular simulator GEMS (Laganà 2005; Laganà et al.
2010; Rampino 2011; Rampino et al. 2012) designed to enable the
coordinated execution of different codes on distributed platforms by
properly selecting compute resources among the high-performance
computing (HPC) and high-throughput computing (HTC) available
ones on the ground of the quality of the service provided (Manuali

et al. 2010; Manuali & Laganà 2014). GEMS is articulated into
four highly interoperable (Rampino et al. 2012; Rossi et al. 2014)
modules:

(i) INTERACTION: to determine the electronic structure by
high-level ab initio methods

(ii) FITTING: to build a functional representation of the potential
energy values

(iii) DYNAMICS: to carry out dynamics calculations
(iv) OBSERVABLES: to perform the statistical averaging of the

dynamical output data to the end of working out an estimate of the
observables

and has been successfully used to study the dynamics and compute
the reactive probabilities, cross sections and rate coefficients of
atom-diatom systems such as H + H2 (Rampino et al. 2012), Li
+ FH (Laganà & Rampino 2014), N + N2 (Rampino et al. 2009a,
2010b) and O + O2 (Rampino et al. 2009b, 2010a).

Accordingly, we start by illustrating the ab initio calcula-
tions of the electronic structure of the molecular system leading
to Reaction 1 performed using standard procedures on an opti-
mized regular space-reduced bond-order (SRBO) mesh (Rampino
2016) of molecular geometries and fitting the computed poten-
tial energy values to the well-known Aguado-Paniagua (AP) func-
tional form (Aguado & Paniagua 1992; Aguado et al. 1998).
Then we discuss the outcomes of extended QCT calculations
carried out on the resulting analytic, single-sheeted PES to the
end of working out the related observables. Computing resources
used for running GEMS included the Distributed Computing In-
frastructure (DCI) machines of EGI (European Grid Infrastruc-
ture, http://www.egi.eu/), the IBM PLX supercomputer of
Cineca (Italy, http://www.cineca.it/it/content/ibm-plx),
the Linux Cluster ‘Herla’ of the INSTM research unit of Peru-
gia (Italy) (Manuali et al. 2014) equipped with NVIDIA GPUs
and the machines of the Supercomputing Center for Education
& Research of the University of Oklahoma at Norman OK (US,
http://www.oscer.ou.edu/resources.php).

The paper is organized as follows: In Section 2 the construc-
tion of the PES for Reaction 1 is described by making reference to
the modules INTERACTION and FITTING. In the same section a
graphical inspection is also carried out to the end of singling out
possible features of dynamical relevance. In Section 3 the dynamics
calculations are described by making reference to the modules DY-
NAMICS and OBSERVABLES and the temperature dependence of
the thermal rate coefficient of Reaction 1 is analyzed. In Section 4
some conclusions and considerations for future work are drawn.

2 INTERACTION AND FITTING

2.1 Ab initio calculations

The electronic structure of diatomics CH+ and C+2 was previously
investigated in Green et al. (1972); Petrongolo et al. (1981); Krae-
mer & Roos (1987); Watts & Bartlett (1992); Shi et al. (2013) and
the spectroscopic properties of the related ground-states 1Σ+ and
4Σ−g , respectively, were determined. C2H+ was studied in Krishnan
et al. (1981) and Koch & Frenking (1990). Its minimum-energy
configuration was found to be collinear (ĈCH = 180◦) with elec-
tronic ground state 3Π. Data resulting from the most recent of these
calculations are reported in Table 1. In our calculations, that we
discuss more extensively in Pacifici et al. (2016), ground-state elec-
tronic energies of CH+, C+2 and triplet C2H+ were obtained by
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Figure 1. Scheme of the internal coordinates used to describe the reactive
channel C + CH+ → C+2 + H.

second-order multi-reference perturbation theory (MRPT) in the
‘partially contracted’ PC-NEVPT2 approach (Angeli et al. 2002,
2007) using complete-active-space self-consistent-field (CASSCF)
reference wavefunctions as implemented in the MOLPRO pack-
age version 2010.1 (Werner et al. 2010). Following the work on the
ground- and excited-state potential energy curves of theC2 molecule
by Angeli et al. (2012), we adopt here the atomic-natural-orbital
relativistic-correlation-consistent (ANO-RCC) basis set (Widmark
et al. 1990; Roos et al. 2004) and the Douglas-Kroll-Hess Hamilto-
nian (Hess 1986) to properly account for scalar relativistic effects.
The full 2s and 2p valence space was used to define the CASSCF
wavefunctions. Results on the equilibrium properties of the con-
sidered diatoms and triatom are reported in Table 1 and show to
agree with previous calculations and available experimental data.
According to the computed ab initio values, Reaction 1 is exoergic
by 1.65 eV.

To the purpose of building a functional representation of the
PES for Reaction 1, a set of ab initio energies at several relevant
molecular geometries have to be computed. Configuration-space
sampling (i.e., the choice of these geometries) was accomplished
according to the space-reduced bond-order (SRBO) grid approach
of Rampino (2016). In the SRBO scheme, use is made of oppor-
tunely defined diatomic bond-order (BO) variables (Garcia & La-
ganà 1985a,b)

n = e−βBO (r−re) (4)

with r being the diatom internuclear distance and re its equilibrium
value. SRBO variables are obtained by fixing two boundary rmin
and rmax values and relaxing βBO so as to reach a desired ratio f
between the sampled attractive (e−βBO (rmax−re) < n < 1) and repul-
sive (1 < n < e−βBO (rmin−re)) regions of the diatom configuration
space (see also Rampino & Laganà 2012). Reasonable boundary
values can be obtained via a Morse modeling of the diatom po-
tential through parameters Vfact and Vthrs (set here to 1.0 and 0.01,
respectively) for which the reader is referred to Rampino (2016).
The diatom configuration space is then conveniently sampled by a
uniform grid in BO variables which is denoted by (Nr, Na) with Nr
and Na being the number of points in the repulsive and attractive re-
gions, respectively, resulting in a space ratio parameter f = Na/Nr.
The associated SRBO grid consists of Nr + Na + 1 total number
of points, the added one accounting for the equilibrium geometry
which is neither attractive nor repulsive.

For the two two-body CH+ and C+2 terms of the potential, ab
initio energies were computed on a 10-point (3, 6) SRBO grid in
coordinates rCH and rCC, respectively (see a scheme in Fig. 1 of
the coordinates used to model the reactive channel under study).
As to the three-body term, though focus in this paper is on reaction
channel CA + CBH+→ CAC+B + H (where subscripts A and B have
been used to distinguish the two carbon atoms) we also accounted
for the alternative one CA + HC+B→ CAH+ + CB. To model the first
of these two channels, use was made of the above defined SRBO
grids for rCBH and rCACB plus an angular grid for ĈACBH ranging
from 180◦ to 60◦ in steps of 30◦ (for a total of 10 × 10 × 5 = 500
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Figure 2. Two-dimensional representation of the PES for the C + CH+ →
C+2 + H reactive channel at fixed angle ĈACBH = 120◦. Black circles/black
mesh: computed ab initio energies. Gray mesh: fitted PES. The energy zero
is set to the bottom of the reactant valley.

points). To model the second channel, use was made of analogous
SRBO grids for rHCB and rCAH plus an angular grid for ĈAHCB
ranging from 180◦ to 60◦ in steps of 30◦ (for a total number of
points of 10×(10+1)

2 × 5 = 275 because of the symmetry specific to
this channel).

2.2 Potential energy surface

The final PES including both reactive channels was built via an AP
global fit to the resulting three-body set of 775 points plus the two
two-body sets of 10 points each. The AP fit was carried out using
the GFIT3C program (Aguado et al. 1998) employing a 6th-degree
polynomial fit for the two-body terms and a 7th-degree polynomial
fit for the three-body term. For illustrative purposes we show in Fig.
2 the set of calculated ab initio points (black circles and mesh) at
fixed angle ĈACBH = 120◦ and the fitted PES (gray mesh) for the
C + CH+ → C+2 + H reactive channel. As apparent from the figure,
the distribution of the computed ab initio points indicates a fair
coverage of the molecular geometry space by the SRBO grid used
for the calculations, with a denser concentration in the high-gradient
regions of the potential. The figure also shows the smoothness of the
fitted PES and the occurrence of a deep well in the strong interaction
region.

The equilibrium properties of the diatomic and triatomic frag-
ments as resulting from the fitted PES (SRBO-AP) are given in
Table 1. As apparent from the table, the fitted PES reproduces fairly
well the data resulting from the present ab initio calculations and
those from previous theoretical and experimental works, providing
an exoergicity for Reaction 1 of 1.64 eV.

Isoenergetic contours of the collinear (ĈACBH = 180◦) chan-
nel for Reaction 1 are shown in Fig. 3 in order to support the analysis
of the structural properties of the reactive process. In the figure, the
entry channel for Reaction 1 is located in the bottom right area of the
plot (low values of the reactant-diatom bond length rCBH, high val-
ues of the distance between the colliding carbon and the bound one
rCACB ). The collinear reaction proceeds barrierless towards a deep
well (more than 6.7 eV from the bottom of the reactant channel) in
the strong interaction region at short distances in the bottom left area
of the plot. The exoergic product channel is reached in the top left
area of the plot. The long-range regions of the fitted PES connect
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Table 1. Equilibrium distances re and dissociation energies De of CH+,
C+2 and C2H+ as resulting from the fitted SRBO-AP PES, from the present
ab initio calculations (NEVPT2), and from previous theoretical (Calc.) and
experimental (Expt.) works.

CH+ (X1Σ+)

re /Å De /eV
SRBO-AP 1.13 4.08
NEVPT2 1.13 4.08

Calc. (Green et al. 1972) 1.13 4.11
Expt. (Huber & Herzberg 1979) 1.13 4.25

C+2 (X4Σ−g )

re /Å De /eV
SRBO-AP 1.42 5.72
NEVPT2 1.41 5.73

Calc. (Shi et al. 2013) 1.41 5.71
Expt. (Maier & Rösslein 1988) 1.40
Expt. (Huber & Herzberg 1979) 1.30 5.4

C2H+ (X3Π, ĈACBH = 180◦)

rCC
e /Å rCH

e /Å De /eV
SRBO-AP 1.28 1.08 10.79
NEVPT2 1.26 1.08 10.94

Calc. (Koch & Frenking 1990) 1.27 1.09
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Figure 3. Isoenergetic contours (from −6.5 to 2 eV in steps of 0.5 eV) of
the SRBO-AP PES for the collinear reaction channel C + CH+ → C+2 + H.
Energy zero set to the bottom of the reactant valley.

smoothly to the short-range without exhibiting spurious structures.
Contours for bent approaches show a similar behavior though with
a decreasing well depth reaching −5.6 eV at ĈACBH = 60◦.

3 DYNAMICS AND OBSERVABLES

3.1 Details of dynamical computations

A rigorous treatment of molecular reactive collisions should include
quantum effects. However, the huge number of vibro-rotational
states involved (mainly for the C+2 product molecule) prevents the
use of quantum dynamical methodologies. Therefore, the quasi-
classical trajectory method (Karplus et al. 1965) becomes the
most appropriate technique to study Reaction 1. The term ‘quasi-
classical’ denotes that themolecules are selected before the collision
at discrete internal energy states corresponding to quantum states.
After the collision, a ‘quantization’ of the internal energy is also
enforced on the product molecule. In this work, QCT calculations
were carried out using the program VENUS96 (Hase et al. 1996).

The QCT method assumes that the nuclei involved in a chem-
ical reaction move according to the laws of classical mechanics
on the potential energy surface of the system. By integrating the
Hamilton equations the coordinates and momenta of all nuclei are
calculated at any time during the collision. The integration is car-
ried out until the fragments produced by the collision are sufficiently
separated. Then, the species produced are identified and the channel
(non reactive, reactive or dissociative) is assigned. The result of the
integration is a set of final values for coordinates and momenta of
all the nuclei. By using this information, final properties of the sys-
tem (like, for instance, the internal energies and rotational angular
momenta of the molecules, the (approximate and continuous) rota-
tional and vibrational ‘quantum numbers’ of molecules, the relative
translational energy, the scattering angle) are evaluated.

However, the outcome of a single trajectory is insufficient to
describe the reaction characteristics. To this end, a statistically sig-
nificant sample of trajectories has to be integrated and related out-
comes averaged. In the QCT framework, the reaction cross section
is estimated by:

σ = πb2
max

Nr
N

where N is the total number of trajectories integrated, Nr the num-
ber of reactive trajectories and bmax is the maximum value of the
impact parameter leading to reaction. The error in this estimation is
proportional to N−1/2

r .
Similarly, an estimate of the thermal rate coefficient is given

by the product of the reaction cross section and the average velocity
〈v〉 at the temperature T (Truhlar & Muckerman 1979):

k (T ) = σ〈v〉 =
(
8kBT
πµ

)1/2
πb2

max
Nr
N

where kB and µ represent the Boltzmann’s constant and the reduced
mass of the reactants respectively.

Three blocks of calculations were carried out to determine
separately thermal rate coefficients, state-specific rate coefficients,
and cross sections.

The first block was aimed at calculating the fully thermal rate
coefficient, k (T ). To this purpose, the collision energies were se-
lected according to the Boltzmann distribution at temperature T .
The initial vibro-rotational states were selected also following a
Boltzmann distribution for temperatureT over themanifold of states
supported by the diatomic potential curve. Thermal rate coefficients
were calculated at 56 temperatures in the range from 5 K to 300 K,
with a finer sampling for lower temperatures (steps of 1 K in the
range 5–20 K, 2 K in the range 22–48 K and 10 K in the range 50–
300 K). A total of N = 4× 106 trajectories were integrated for each
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considered temperature, leading to an error on the rate coefficient
lower than 1%.

The second block was aimed at calculating the state-specific
rate coefficients. In this case, the collision energies were also se-
lected according to the Boltzmann distribution at temperature T
while a single initial vibro-rotational state was set. State-specific
rate coefficients where calculated starting from both the ground and
the first excited vibrational state (v = 0 and v = 1) and from both the
ground and the first excited rotational state ( j = 0 and j = 1). The
vibro-rotational energies of the diatomic molecules were computed
by semiclassical quantization of the action using the asymptotes of
the potential energy surface as potential energy curves (Truhlar &
Muckerman 1979). The same temperatures and number of trajecto-
ries used for the calculation of the thermal rates coefficients were
considered in this second block.

The third block of calculations was aimed at calculating state-
specific cross sections. The same states (v = 0, j = 0), (v = 0, j =
1), (v = 1, j = 0) and (v = 1, j = 1) were considered. Cross
sections were calculated for the mentioned vibro-rotational states in
a collision-energy range from 4.33 × 10−5 to 0.03 eV. In this case,
N = 2 × 106 trajectories were integrated for each collision energy
leading to an error on the reaction cross section lower than 0.5%.

Some details on the selection of parameters for the trajectory
integration follow. As known, the interaction between an ion and
a neutral particle extends to large distances. For this reason, initial
and final distances to start and to end the trajectory integration were
set at 25.0 Å. At this distance the interaction between the fragments
of the related channels is smaller than 3×10−7 eV. Analogously, the
maximum impact parameter was set at 20.0 Å in order to ensure that
all reactive collisions are taken into account. The integration step
was set at 0.05 fs. This value guarantees a total energy conservation
better than 2 × 10−7 eV, even at the lowest considered temperature.

For the sake of comparison, we checked our QCT results
against exact quantum calculations in the energy interval 4.33 ×
10−5–0.03 eV getting a deviation of less than 10% from the quan-
tum average value. The reader is referred to the already quoted
Pacifici et al. (2016) for a more detailed discussion.

3.2 Computed observables

The computed thermal and state-specific rate coefficients are shown
in Fig. 4 as a function of the temperature T . The Langevin-model
KIDA and UDfA value is also represented (horizontal dot-dashed
line). As the figure shows, the computed thermal rate coefficient
increases more than a factor of two (from 0.6 × 10−9 to 1.3 × 10−9

cm3 s−1) in going from T = 5 K to T = 300 K with a pronounced
increase up to 50K. The thermal rate coefficient at 10K is 0.7×10−9

cm3 s−1, about one half of the assumed value in theKIDAandUDfA
databases. As apparent from the figure, the largest contribution to
the value of the thermal rate coefficient is that associated with the
ground (v = 0, j = 0) vibro-rotational state. The figure also shows
that an increase of the excitation of either the vibration or the rotation
of the reactants lowers the value of the rate coefficient.

In order to better understand the microscopic origin of such
effect we calculated also state-specific reactive cross sections
σv, j (Etr) which are shown in Figure 5 for a collision-energy (Etr)
interval 4.33 × 10−5–0.03 eV. As apparent from the figure, cross
sections for the different vibro-rotational blocks tend to decrease
and converge as translational energy increases while they tend to
increase and diverge as translational energy decreases. This con-
firms that, as expected for a barrierless reactive process, the key
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Figure 4. Thermal and state-specific rate coefficient for the reactive process
C + CH+ (v, j)→ C+2 + H plotted as a function of the temperature T . The
temperature-independent capture-model values is also reported (dot-dashed
line).
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Figure 5. State-specific cross sections for reaction C + CH+ (v, j)→ C+2 +
H plotted as a function of the translational energy Etr.

driving factor to reaction is the gradient of the PES while an in-
crease of collision and internal energies reduces reactivity by acting
as antagonist factors.

These findings prompted us to a more detailed analysis of the
possible paths leading to Reaction 1 on the fitted PES. A representa-
tion of the features of the PES useful for rationalizing the outcomes
of dynamics calculations is given in Fig. 6 that shows the minimum
energy path (MEP) plotted as a function of the reaction coordinate η
(i.e., the potential energy at each η value minimized with respect to
all remaining coordinates) defined as η = tan−1(rCBH/rCACB ). Both
the absolute MEP (solid line) and the collinearly (ĈACBH = 180◦)-
restrained one (dot-dashed line) are shown.

As apparent from Fig. 6, the most favorable path to reaction
is the collinear one, with C approaching CH+ from the carbon side
and leading to formation of the linear C2H+ intermediate (first well
at η about 40◦). The collinear path remains the favorable one up to
a value of η of about 50◦, where the absolute minimum-energy path
to products distorts from collinearity and branches symmetrically
to a second well either at ĈACBH = 0◦ or 360◦. This corresponds
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Figure 6. Absolute (solid line) and collinear (dot-dashed line) minimum-
energy path (MEP) for the reactive processes C + CH+→ C+2 + H plotted as
a function of the reaction coordinate η. The energy zero is set to the bottom
of the reactant valley.

to the symmetric rotation of the H atom about the carbon-carbon
diatom leading, after the overcoming of a small barrier (1.04 eV),
to a structurally identical intermediate with the H atom binding the
C colliding atom (second well at η about 60◦).

This feature of the PES rationalizes why the cross section de-
creases not only with translational energy but also with a vibrational
and rotational excitation. In fact, an increase of the internal energy
has the effect of deviating the system from following the straight-
forward collinear MEP driven reactive dynamics.

3.3 A parametrized formulation of the computed rate
coefficients

The clear temperature dependence of the calculated values of the
thermal rate coefficient (shown in Fig. 7 as solid circles in an Arrhe-
nius plot) motivated us to determine the related best-fitting param-
eters of Eq. 3. The obtained values of α, β and γ are given in Table
2 where also χ2 and correlation-coefficient values are reported. As
apparent fromFig. 7, theArrhenius–Kooij best-fitting curve (dashed
line) is essentially good but shows positive deviations in the central
part and negative ones at the external sides, which are more evident
at the lowest considered temperatures.

A more flexible parametrized formulation of the temperature
dependence of the rate coefficient that was recently proposed by
Aquilanti and Mundim is the so-called ‘deformed Arrhenius’ one
(Aquilanti et al. 2010, 2012)

k (T ) = A
[
1 − d

ε

RT

] 1
d (5)

where R is the gas constant and A, d and ε/R parameters to be
determined (Silva et al. 2013; Cavalli et al. 2014; Coutinho et al.
2015). For a comparison, we repeated the non-linear fit using the
Aquilanti–Mundim formula. The resulting best-fitting parameters
A, d and ε/R are given in Table 2. The Aquilanti–Mundim best-
fitting curve is shown as solid line in Fig. 7, where deviations
from the calculated rate-coefficient values are barely perceivable.
The better suitability of the Aquilanti–Mundim law with respect to
the conventional Arrhenius–Kooij formulation is further confirmed
by the χ2 and correlation-coefficient (very close to unity) values
reported in Table 2.
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Figure 7. Arrhenius plot of the QCT thermal rate coefficient (solid circles)
and of the Arrhenius–Kooij (dashed line) andAquilanti–Mundim (solid line)
best-fitting curves.

Table 2. Results of the non-linear fit of the Arrhenius–Kooij and Aquilanti–
Mundim equations to the computed QCT thermal rate coefficients.

Arrhenius–Kooij (Eq. 3)

α /cm3s−1 β γ /K χ2 corr. coeff.
1.32 × 10−9 0.10 2.19 0.0190 0.99628

Aquilanti–Mundim (Eq. 5)

A /cm3s−1 d (ε/R) /K χ2 corr. coeff.
1.34 × 10−9 − 2.73 15.61 0.0001 0.99997

4 CONCLUSIONS AND FUTURE DEVELOPMENTS

In this paper we apply an accurate dynamical treatment to the cal-
culation of the rate coefficients of formation of C+2 from CH+ in
collisions with C by following the consolidated workflow scheme
of GEMS. In this way, after performing high-level ab initio cal-
culations on an SRBO grid of molecular geometries, fitting the
calculated values using a well established fitting procedure and per-
forming QCT dynamical calculations of the rate coefficient it was
found that such quantity increases of more than a factor of two when
the temperature raises from 5 to 300 K.

A comparison of our results with those of model calculations
that are widely employed in astrochemical networks, unveils that
the latter cannot deal with the temperature dependence singled out
by an accurate dynamical treament. At a temperature of 10 K the
so far assumed, temperature-independent value in databases KIDA
and UDfA overestimates by a factor of about two that one computed
by us, thus improperly enhancing the destruction route of CH+ in
astrochemical kinetic models. Moreover, it was also found that the
popular Arrhenius–Kooij formulation of the rate coefficient (for
which best-fitting parameters α, β and γ to be included in KIDA
and UDfA were provided) adopted for this type of reactions might
not be accurate enough to give an acceptable fit in the investigated
range, a better fit being provided by the recently proposedAquilanti–
Mundim formulation.

The most important consideration, however, is the one con-
cerned with the type of averaging made when evaluating observ-
able properties of reactive systems out of the computed probabilities
(either on the impact parameter only (for the cross section) or on
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both the impact parameter and the energy distribution (for the rate
coefficient)). As discussed in the paper, in fact, the sensitivity of
such properties to the parameters controlling the reactive process
varies dramatically and might impact significantly the formulation
of the quantities to be stored in the related databases.

A further consideration on the use of the reported calculations
is the fact that for small molecules it is possible to compare QCT
outcomes with QRS ones (especially again within the GEMS work-
flow) and this is what we are already running in our Laboratories.
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