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1. Introduction

The temperature variation of the CH™ + H
reaction rate coefficients: a puzzle finally
understood?y

Rafael A. Jara-Toro, {22 Octavio Roncero (2 ° and Francois Lique (2 *®

CH™* was the first molecular ion identified in the interstellar medium and is found to be ubiquitous in
interstellar clouds. However, its formation and destruction paths are not well understood, especially at
low temperatures. A new theoretical approach based on the canonical variational transition state theory
was used to study the H + CH" reactive collisions. Rate coefficients for formation of C* ions are
calculated as a function of temperature. We considered the participation of a direct path and an indirect
path in which the reactants should overcome an entropic barrier to form a van der Waals complex or
pass through a CH," intermediate complex, respectively. We show that the contribution of both
pathways to the formation of C* has to be taken into account. The new reactive rate coefficients for the
title reaction, complemented by reactive data for CH*/CH,* in the H/H,/He mixture, have been used to
simulate the corresponding kinetics experimentally measured using an Atomic Beam 22 Pole Trap
apparatus at low temperature. A good agreement with the experimental findings was found at 50 K. At a
lower temperature, the model overestimates the formation of C*. This shows that secondary reactions
are not responsible for the weak C* production in the experiments at such temperature. Then, we
discuss the possible impact of non-adiabatic effects in the study of the H + CH* reactive collisions and
we found that such effects can be responsible for the decrease of the H + CH™ rate coefficients at low
temperature. This study offers an explanation for the disagreement between H + CH* theoretical and
experimental rate coefficients which has been going on for 20 years and highlights the need for
performing non-adiabatic studies for this simple chemical reaction.

allowing the C* + H, reaction to be exothermic. Indeed, C* + H,
(v=1,2) » CH' + H quantum state-to-state rate coefficients'>™"”
used in chemical models allow the CH" emission lines observed

The methylidyne cation (CH') was the first molecular ion
identified in the interstellar medium (ISM) in 1941." It is found
to be an abundant ion in interstellar clouds. However, its relatively
high abundance cannot be easily explained. Indeed, CH" is
found to be abundant even in the cold (neutral) ISM> ™ despite
CH' being significantly consumed by the reactions with electrons
and with atomic (H) and molecular hydrogen (H,), the dominant
constituent of the ISM. Its main formation path, through the C" +
H, bimolecular reaction, is found to be endothermic by several
thousands of Kelvins. As a result, the C* + H, reaction occurs only
in UV irradiated regions such as photodissociation regions (PDRs)
where H, is radiatively pumped to excited vibrational states*
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in PDRs to be reproduced well."® For low temperature regions,
where H, is expected to be only in its ground vibrational state,
alternative formation paths (C"'+H — CH' + i; CH+ hv — CH' +
e ;CH, + hv - CH" + H; CH;' + v - CH' + H,; C' + CH —
CH' + C; and C + H;" — CH' + H,) have been explored but their
rate coefficients or probabilities to occur were found to be negli-
gible under cold and diluted conditions that characterized the cold
neutral ISM.”° However, we note that many of these reactions are at
best only poorly known and would deserve more attention.>’

In this context, the destruction of CH" due to H collisions, a
key destruction mechanism of CH' in the ISM, has received
considerable attention on both the experimental and theoreti-
cal sides."®?*'73> Despite such high interest, theoretical works
failed at reproducing the experimental rate coefficients at low
temperatures (below ~ 60 K). The experimental studies carried
out by Federer et al. (1984, 1985),>"** Luca et al. (2005),>* and
Plasil et al. (2011)*® found similar rate coefficients at tempera-
tures above 60 K. All these experimental studies found a reactive
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rate coefficient of the order of 1.2 + 0.5 x 10™° cm® s, in
agreement with the most accurate quantum calculations and in
accordance with Langevin capture theory. However, all the theore-
tical studies, including quantum time independent studies* nor-
mally well suited for such studies, failed at reproducing the
experimental measurement at low temperatures.'>**>"** Surpris-
ingly, the experimental findings suggest a steep fall off of the
reactive rate coefficients with decreasing temperature, even reach-
ing a difference of 2 orders of magnitude with room temperature
measurements, in contradiction with what is expected from simple
capture models.

The most recent experimental results have been obtained
using an Atomic Beam 22 Pole Trap (AB-22PT) apparatus and
cover the 10-100 K temperature range.>>* In the experimental
device, H atoms were produced by a radio frequency (RF)
discharge from H, molecules so that both H and H, coexist
and influence the kinetics in the device. Due to the competition
between reactions of CH" with H atoms, H, molecules and
secondary reactions leading finally to CH;" in the experimental
setup, it was found to be necessary to take into account not only
the diminution of the CH" concentration but also the subse-
quent increase of the C" concentration and the effective num-
ber density of H to obtain a reliable estimation of the rate
coefficients for the title reaction.

The purpose of this study is to employ a new theoretical
approach that allows understanding the temperature variation
of the experimental rate coefficients in the 10-1000 K range and
to have a better insight into the H + CH" reaction mechanism.
In particular, we found that correctly modeling the kinetics in
the experimental device is important for a full understanding of
the experimental measurements at low temperatures. Addition-
ally, we found that non-adiabatic effects can be crucial for the
theoretical study of the H + CH" reaction. Indeed, by carefully
modeling the kinetics of CH" in the trap and by considering the
possible impact of non-adiabatic effects, we were able to under-
stand the fall off of the H + CH' reaction rate coefficients and
bring an explanation for the disagreement between previous
theoretical and experimental studies of the H + CH' reaction at
low temperatures.

2. Computational methods

We first investigate the reaction paths of the H + CH" collision
using the coupled-cluster approach with single and double excita-
tion (CCSD)** along with the augmented correlation-consistent
polarized valence double zeta basis set (aug-cc-pvDZ).>® We
optimize bond distances, harmonic frequencies, and thermody-
namic parameters along the minimal energy paths. The frequency
analysis was used to discriminate between minima (real frequen-
cies) or the transition state (one imaginary frequency) on the
potential energy surface. For reliable energetics, the energy of
each stationary point was determined with coupled cluster singles
and doubles, with a perturbative treatment of triple excitation
(CCSD(T))***° method and the augmented correlation-consistent
polarized valence triple zeta basis set (aug-cc-pVTZ).>**¢ All
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calculations were performed with the GAUSSIAN (version 16
Rev. C.01) quantum chemistry software package.®” The energetics
of the reaction path was followed from pre-reactive stationary
points considering an increment of 0.2 A until a separation of
~10 A of both reactants.

The capture rate coefficients for the CH" + H reaction path
were calculated using the canonical variational transition state
theory (CVT).*® This approach was chosen because the reaction
bottleneck occurs at a configuration on these paths where the
free energy reaches a maximum at every temperature considered
in this study. For both reaction paths, we used the Rice-
Ramsperger-Kassel-Marcus (RRKM) formalism implemented
in the Mesmer program,*® to obtain microcanonical rate coeffi-
cients for dissociation of the intermediate complexes as well as
for the crossing of the reaction barrier. The canonical rate
coefficients for these processes were calculated by multiplying
the Maxwell-Boltzmann distribution at a given temperature with
the microcanonical rate coefficients at approximately the energy
of the reactants for the nascent CH,™ and CH"- - -H intermedi-
ates on both paths (a loss of 90 cm ™" was considered due to the
conversion of internal energy to kinetic energy). A tunneling
effect was calculated using the Eckhart method.*

In parallel, quasi-classical trajectory (QCT) calculations have
been performed with the classical molecular dynamics with the
quantum transition (MDwQT) program®"**> on the CH," global
potential energy surface of Stoecklin and Halvick.>® See Section
S3 in the ESI} for a more detailed description.

3. Results

3.1. Reaction paths

We found two reaction paths following the minimal energy
coordinates between the reactants (H and CH') and the products
(H, and C"). They are presented in Fig. 1. The first reaction path
(hereafter called an indirect path) considers the formation of the
CH," intermediate (the blue dashed line in Fig. 1), that should,
in principle, dominate the collisional process since being ener-
getically extremely favorable. Additionally, a second reaction
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Fig. 1 Schematic representation of the H + CH™ reaction. The solid black
line refers to the direct path and the dashed blue line refers to the indirect
path. Arrows represent the tunneling through the barriers.
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path (hereafter called a direct path) through a local minimum in
a linear configuration (CH"- - -H, the black line in Fig. 1) was also
found to be energetically possible even at low temperatures. Both
intermediate configurations are connected to quasi iso-energetic
transition states.

3.2. Temperature variation of the rate coefficients

In order to have a better insight into the kinetics in the
experimental device, we perform a theoretical modelling of
the two different reaction paths of the title reaction based on
ab initio calculations.

For the direct path, we found that, to reach the van der
Waals pre-reactive complex (CH'---H), the H has to cross
positive values of the free energy in the short range. This
activation barrier is induced by the repulsive force due to the
collinear approach of both hydrogens and this activation
barrier is leading to a decrease of the rate coefficients with
decreasing temperatures. For the indirect path, for tempera-
tures below 100 K, the free energy is always below the energy of
the reactants so that the capture rate coefficients follow the
Langevin capture rate coefficients.

In Fig. 2, the thermal rate coefficients for the two direct
(kq) and indirect (k;) processes are plotted as a function of
temperature. In Fig. 2, we also include the global calculated rate
coefficients (k;) resulting from the sum of both processes. As
one can see that our thermal rate coefficients resulting from the
sum of both processes are in good agreement with the data
obtained from accurate quantum scattering methods,* except
at very low temperature where our data are lower than the
former one, the deviation being up to a factor ~2 at 10 K.
The deviation between quantum and present rate coefficients
can be explained by the relatively simple approach used in this
work, but also by the high difficulty of converging pure quan-
tum reactive data for such a complex reaction, especially at low
temperatures. The good overall agreement between present and
state of the art calculations is however demonstrating the
relative accuracy of our modeling. For the indirect process that
implies the formation of a stable intermediate complex, we
found that the rate coefficients are quasi-independent of the
temperature up to 300 K. In contrast, for the direct path, the
activation barrier generated by repulsive forces is significant at
low temperatures and induces the steep fall off on the rate
coefficients with a decreasing temperature.

The QCT results support the hypothesis of two competitive
reactive paths, provided from the present microscopic inter-
pretation. Indeed, the QCT rate coefficients show a near
Langevin behavior and are in near quantitative agreement with
the quantum results®® presented in Fig. 2 for temperatures
above 100 K. The thermal rate coefficients were calculated
under such conditions (see purple values in Fig. 2 and Fig.
S3, ESIt) and are in good agreement with the Langevin limiting
value and with the exact quantum results.*’

In contrast, the analysis of the trajectories shows that below
100 K, the impact parameter increases a lot and the duration
of the trajectories increases enormously (see Section S3 in
the ESIf). Thus, if we consider only trajectories ending in 7
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Fig. 2 Calculated and experimental rate coefficients for the title reaction.
The bluet and red lines correspond to the present theoretical results for
both indirect and direct paths, respectively, while the black line represents
the global (sum of both processes) rate coefficients. Purple and gold
symbols correspond to our QCT calculations. Experimental data (Plasil
et al.?® (red dots), Luca et al.%* (green triangles), Gerlich et al.>* (green dot),
and Federer et al?*?? (open squares)) as well as the most accurate
theoretical results of Werfelli et al.%° (grey dashed line) are presented.

picoseconds (ps) which could be associated with the direct
mechanism, the QCT rate coefficients show a decreasing beha-
vior with decreasing temperature in good agreement with the
present rate coefficients for the direct process (kq). In this view,
the remaining set of trajectories, for more than 7 ps and
associated with the indirect process, could give an opportunity
for secondary collisions (as those described in the next section)
to compete with the formation of either H, + C* or H + CH".

3.3. Modelling of the kinetics in the experimental device

Additionally, in order to simulate the full kinetics in the AB-
22PT experimental setup used in the most recent experimental
studies®** and initially composed of a mixture of CH'/H/H,/
He, we decided to additionally consider all the reactions pre-
sented in Fig. 3.

If only H, molecules are present in the experimental setup
(e.g. the RF discharge is OFF), CH' reacts quickly with them so
that the formation of CH," (R1), possibly followed by a second-
ary reaction leading to the CH;" product (R2), could occur.
Reactions leading to more complex products such as the CH;" +
H, reaction were not considered because of the absence of CH,"
or CH5" in the experiment,>>?**3~4

When the RF discharge is ON (e.g. the discharge dissociates
H, into H), the previously mentioned reactions are occurring
since H, is still present in the device but, in addition to R1 and
R2, R3 to RS are likely to influence the kinetics of CH' and as a
consequence the ionic concentrations are observed. R3 to R7
are connected to the indirect path for the H + CH' reaction
while R8 corresponds to the H + CH" direct path.

+ Dotted blue line is an extrapolation of the rate coefficients at low temperature
due to the impossibility to converge the calculations.
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H+CH' D CH..H D> H, + C* R8

Fig. 3 Chemical reactions possibly occurring in the experimental setup
with the RF discharge set to OFF and ON.

The first step for the indirect path is the formation of the
CH,"* intermediate complex with an excess of internal energy
(R3). This complex can (i) be destroyed to form C* (R4), (ii) lead
to CH;" formation via secondary (R5, R6) reactions and (iii) be
stabilized via collisions with the buffer gas (He) used to cool the
stored ions in the system (R7). The formation of CH," in the
experiment is then not only due to the reaction between CH"
and H, (R1), but also due to the reaction between CH' and H
(R3 + R7).

When examining the experimentally measured concen-
tration at temperatures of 12 and 50 K, it is obvious that the
concentration of CH," significantly increases when the RF
discharge switches from OFF to ON. However, this increase
does not seem to be dependent on the temperature. This
finding combined with the fact that the relative concentration
of C" is significantly dependent on the temperature (see
Table 1) indicates that the formation of the stable CH," inter-
mediate complex is not necessarily leading to the formation of
C" + H, products. Then, it seems obvious that one has to model
the full kinetics in the experimental device if one wants to
accurately extract the H + CH" rate coefficients.

We solved the kinetic equations with the Kintecus’
program® in order to simulate the experimental concentra-
tions of C', CH', CH," and CH;" resulting from all the possible
reactions in the experimental setup (see the ESIt for more
details about the simulation).

For the rate coefficients corresponding to R1, R2, R5 and R6, we
used the data provided by Plasil et al.*® and Luca et al.>* For R7, we
used the collisional limit of the rigid sphere theory. More informa-
tion about the values used for R1 to R8 is found in Table 2.

First, we investigate the experimental conditions at 50 K with
the RF discharge set on OFF (only R1 and R2 occur).** As shown
in Fig. 4a, it is possible to reproduce very well the experimental
concentrations as a function of time considering only the CH" +
H, —» CH," + Hand CH," + H, - CH;" + H reactions.

Then, we simulate the concentrations of C*, CH", CH," and
CH;" at 50 and 12 K but when the RF discharge is set to ON
(both H and H, are present in the device), two simulations were
performed. In the first one, R1, R2 and only the formation of C*
through the H + CH" reaction using k, rate coefficients were
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Table 1 Relative experimental concentrations of CH,* and C* at different
temperatures

Relative concentrations

12 K 50 K (RF-ON) 50 K (RF-OFF)
CH," 0.13% 0.14% 0.03¢

0.24° 0.21° 0.07°

0.32° 0.30° 0.09°
ct 3 x 10*42 0.03; —

4x107* 0.06 —

6 x 107*°¢ 0.08° —

The concentrations are relative to the initial CH" concentration. a, b,
and c are the relative concentration values at 50 ms, 100 ms, and 150
ms, respectively. Values taken from R. Plasil, et al. (2011)*® and Luca
et al. (2006).**

Table 2 Rate coefficients used in the kinetic model

Rate coefficients

kra 1.2 x 10 % em® 571
kro and kgs 1.6 x 10 *em® st
ke 1.0 x 107°-1.0 x 10 M em® st
kro 3x10 " em?s™?

kg1, kro and kgs were taken from ref. 1. A range of rate coefficients was
used for kre without any effect on the global concentrations. For kg, the
collisional limit for the rigid sphere theory was used.

used (set 1, dotted line). In the second one, R1 to R8 were
included (set 2, solid line).

We compare the results of our simulation (using sets 1 and 2
of the data) with the results at 50 K reported by Gerlich et al.
(2001)** and Plasil et al. (2011)*° as shown in Fig. 4b. The
results of the kinetic simulation using datasets 1 and 2 are in
good agreement demonstrating the moderate impact of sec-
ondary events in the kinetics (the main difference between
datasets 1 and 2 being the inclusion of secondary events). The
agreement between the calculated and experimental C*, CH',
CH," and CH;" concentrations is very good. This demonstrates
that the value of the overall calculated rate coefficients for the
H + CH' reaction is of good accuracy.

Fig. 4c shows the results of our simulation at 12 K. The
global agreement between the calculated and experimental
CH', CH," and CH;" concentrations is good for the two
datasets. However, the C* concentration is overestimated by a
factor 3—4 in the simulation performed with the two datasets in
the kinetic model. Secondary reactions, despite being slightly
more important than at 50 K, cannot explain the important
decrease of the C" concentration in the experimental device.
Despite the deviation not being dramatic, our model fails at
reproducing the experimental C* concentration at 12 K and
shows that secondary reactions cannot explain the deviation
between theoretical and experimental results.

These simulations show that the impact of secondary
reactions, despite not fully negligible, cannot explain alone
the deviations between the calculated and measured H + CH"
reaction rate coefficients at low temperatures. Indeed, consid-
ering the lifetime of the intermediate complex, one would need

Phys. Chem. Chem. Phys., 2024, 26, 21370-21378 | 21373
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Fig. 4 lonic concentration as a function of the storage time. Upper panels correspond to the experimental results of Gerlich et al. (2001)** and Plasil
et al. (2011).2° Lower panels are the results from our kinetic model based on the reaction scheme of Fig. 1. Dotted and solid lines correspond to the model

using set 1 and set 2 of data, respectively.

a He density in the experimental setup higher by at least 3
orders of magnitude than what was considered in order to have
a secondary event important. Then, one has to investigate the
impact of non-adiabatic effects, neglected in the present study,
if one wants to have a better insight into the full H + CH"
reaction mechanism. Such effects can be of high importance,
especially at low temperatures, and may impact the efficiency of
the title reaction.

4. The possible impact of
non-adiabatic effects

We consider that, because CH,'* is a very stable intermediate
complex with possibly a long lifetime at low temperatures, non-
adiabatic processes due to the coupling between accessible
electronic states by rovibronic interactions such as Renner-
Teller (RT) couplings can also occur.”” It is known that the RT
process occurs for quasi-linear configurations of the CH,"
molecule. At the linear structure, the unpaired electron of
CH," is in one of the degenerate p-orbitals. But when the
structure is slightly distorted, the unpaired electron is more
likely to occupy the p-orbital parallel to the H, axis, leading
to a movement from the ground state to the excited state of
the molecule. Non-adiabatic effects are then willing to play a
major role in the calculations of the rate coefficients for the
title reaction. Below, we perform a preliminary study of their
possible impact.

21374 | Phys. Chem. Chem. Phys., 2024, 26, 21370-21378

In the left panels of Fig. 5, the adiabatic energies of the two
lower *A’ and the lower ?A” electronic states of CH," at three
geometries are presented. The calculations have been performed
with the MOLPRO suite of programs*® using an explicitly correlated
internally contracted multi-reference configuration interaction (ic-
MRCI-F12)**°° and the cc-pCVIZ-F12 electronic basis set.”® The
molecular orbitals are optimized using the state-averaged complete
active space self-consistent field (SA-CASSCF) method, with 6 active
orbitals and considering 6 electronic states (3A" and 3A”).

For the H-C-H configuration (top panels of Fig. 5), there
is a clear crossing between the two A’ curves, which gives rise
to a shallow barrier at this collinear geometry. As discussed by
Stoecklin and Halvick,”® CH' in its ground electronic state
(X'Z*) has no electron available for bonding and its interaction
with the hydrogen atom gives rise to a repulsive curve. However,
the CH" in its first excited electronic state (A'TI) forms a deep
well at this geometry. The curves of these two states cross at a
CH distance of approximately 2.5 A, giving rise to the ground
electronic state potential with a small barrier.

The top of this barrier at collinear geometry corresponds to
a conical intersection (CI) and clearly suggests the possibility
of non-adiabatic transitions towards the excited *A’ state. To
illustrate this further, diabatization has been performed using
the method described in ref. 52. The diabatic curves are shown
in the right panels of Fig. 5. Using such a method, an electronic
subspace of three states is considered, formed by doubly
degenerate II electronic states and one X electronic state,
corresponding to E; and E, in the figure. The X electronic state

This journal is © the Owner Societies 2024
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Fig. 5 Cuts of the potential energy surface for the lower electronic states
of the CH,* system, calculated at the MRCI level (see the text for a more
detailed description). Left panels correspond to adiabatic energies directly
calculated (solid lines: 2A’ states and dashed lines: 2A” states). Right panels
describe potential energies in a diabatic representation (see the text for a
more detailed description). Three geometries are shown: linear HC* + H
(bottom panels), H, + C* near T-shaped geometry (89 degrees, middle
panels) and linear HH + C™ (top panels).

is coupled to the two I electronic states, by the coupling V, but
there is no direct coupling between the two II electronic states.
As expected, the E, is repulsive while the two E; form a deep
well and there is a non-negligible coupling among them (it
should be noticed that the calculations are done at an angle of
179.99 degrees, and this is the reason for the non-zero cou-
pling). A very similar situation holds for other angles where the
crossings are avoided because the couplings are much stronger.

The barrier originated by this CI was included in the fits
made for the ground adiabatic electronic state,***® and accu-
rate quantum calculations performed on these PESs***' did
not show any decrease in the H + CH" — H, + C" reactive rate
coefficients. Such behaviour is also supported by the present
QCT calculations (see the ESIt), which show a near Langevin
behaviour as the quantum calculations,> and we may then
conclude that the cusp introduced by the CI in the ground
electronic state is not able to reduce the reactivity.

However, near conical intersections, the flux can bifurcate
among the different electronic states involved in the crossing,
and we therefore expect some reduction in the reactive rate
coefficients when including electronic transitions. It is also
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interesting to note that the non-adiabatic diagonal terms,
proportional to the second derivatives of the electronic func-
tions with respect to nuclear coordinates, typically include an
additional barrier, which could yield a partial reflection back,
thus reducing the reaction rate coefficients.

The complex non-adiabatic character appearing in the CH,"
complex is further illustrated in the middle panels of Fig. 5,
where cuts of the first six electronic states (3°A’ and 3°A") are
shown for a T-shaped geometry (in fact 89 degrees to keep the
Cs symmetry), for a slightly elongated H, (at r = 1.51 Bohr, r
being the H-H distance). The upper three electronic states
correlate with the C(°P) + H," (X’Z) asymptote, leading to two
states out of the plane and a state in the plane of the molecule.
These three states show a slight energy increase of energy
between 4 and 6 Bohrs, and at shorter distances they show a
sudden energy decrease, due to crossings with other even more
excited Rydberg states. As the H, internuclear distance
increases and the C" insets in the middle, the well appearing
in the 2%A’ state, at R = 2 Bohr (R is the distance between C* and
the center of the mass of H,) and 1 eV, gets deeper, being
responsible for the deep well of the CH," ground electronic
state. Another well is also apparent at this geometry for the 3°A”
state, which give rises to the second IT electronic state originat-
ing from the Renner-Teller effect in CH,".

This situation was also described in ref. 47, and the CI
appears in this case for T-shaped geometries. The crossings are
also illustrated in the diabatic representation shown in the
right-middle panel of Fig. 5. All these show that below the H +
CH" asymptote there are several electronic states which are
strongly coupled. Thus, strong non-adiabatic transitions are
expected to occur, which may reduce the reaction probability.

In the H-H-C geometry shown in the top panels of Fig. 5, in
the exit channel towards the H, (X'Z") + C*(°P) asymptote, the
lower eigenvalues correspond to the doubly degenerate IT
electronic states, and a similar situation holds for other bent
geometries.

All these results indicate the possibility that non-adiabatic
transitions among these electronic states are indeed possible
and should have an effect on the dynamical calculations. To
show this, we have performed on-the-fly classical trajectories
using Tully’s method and a lower level of theory, a time-
dependent density functional theory (TD-DFT). 100 non-
adiabatic dynamics were made (see Fig. 6) starting from the
CH,"™* molecule (the CH,™ molecule has an energy corres-
ponding to that of the reactants). The non-adiabatic dynamics
were carried out with the Newton-X program interfaced with the
GAUSSIAN (version 16 Rev. C.01) using the wb97xd/aug-cc-pvdz
with the long-range and dispersion corrected level of theory.>?
Such a method was selected because of its relative accuracy and
especially its numerical efficiency since multiple simulations of
the dynamics were required for high confidence in the results.
The accuracy of this approach versus that of highly correlated
quantum chemistry approaches was tested (see Section S4 in
the ESIT) and we found that this level of theory can provide a
good representation of the electronic energies and structure of
the collisional complex.
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Fig. 6 Average populations of the ground (1A’) and first excited (2A')

electronic states for CH,** as a function of time.

It can be seen that the population initially in the 1°A’ state is
transferred very quickly to the 2°A’ state, where it remains for a
long time. The increase of the density of vibronic states, because
of the many electronic states participating in the dynamics, may
induce the increase of the lifetime of the CH,™ intermediate
complex. Under such a situation, the long-lived CH,"* complex
could have more time to suffer other relaxing processes (R5-R7 in
Fig. 2), thus reducing the C' channel. Also, the crossings among
electronic states of the ionic character could also lead to the
increase of diagonal and non-diagonal transition dipole moments
which could accelerate to some extent the radiative emission to
form CH,".

5. Conclusions

This study clearly demonstrates that non-adiabatic effects can
significantly influence the modelling of the title reaction.
Indeed, the magnitude of the rate coefficients for the title
reaction can be significantly different if a non-Born-Oppenhei-
mer approach including non-adiabatic effects is considered as
already found for example for the F + H, reaction.>*

Then, it seems crucial to perform a non-adiabatic study of the
H + CH' reaction involving multiple potential energy surfaces and
couplings between them as emphasised by the authors of experi-
mental studies on the title system. Indeed, the indirect path
considered in most of the theoretical studies involves a Langevin
reaction which only occurs under adiabatic conditions. The
present study is the first one allowing qualitative and (in part)
quantitative analyses of the CH' + H experiments at low tempera-
tures. It is indeed offering an alternative to the persisting
disagreement between the experimental and theoretical studies
for the title reaction. It is now obvious that a non-adiabatic study
of the reaction has to be performed in order to improve our
knowledge of the reaction and possibly for the theory to match the
experimental data.

From the astrophysical point of view, the decrease of the rate
coefficients at low temperatures is consistent with the relatively
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high abundance of CH" in cold astrophysical media. Indeed,
the use of much lower rate coefficients for the H + CH" reaction
than those actually used (~10"° cm® s7', see the KIDA
database®) would help in reconciliating observations of CH"
and astrochemical models. We also highlight that new experi-
mental studies at low temperature using an alternative experi-
mental setup such as molecular beams would be very valuable
in order to better know and understand the peculiar reaction
mechanism of the H + CH' reaction.

Data availability

The data supporting this article have been included as part of
the ESL¥

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We acknowledge financial support from the European Research
Council (Consolidator Grant COLLEXISM, Grant Agreement
No. 811363). We also acknowledge the Rennes Metropole for
financial support. F. L. acknowledges the Institut Universitaire
de France. O. R. acknowledges the support from the MICIN
(Spain) under grant PID2021-122549NB-C21.

Notes and references

1 A. E. Douglas and G. Herzberg, Astrophys. J., 1941, 94, 381.

2 P. Crane, D. L. Lambert and Y. Sheffer, Astrophys. J., Suppl.
Ser., 1995, 99, 107.

3 R. Gredel, Astron. Astrophys., 1997, 320, 929-944.

4 M. F. Kessler, Adv. Space Res., 2002, 30, 1957-1965.

5 J. Cernicharo, X.-W. Liu, E. Gonzalez-Alfonso, P. Cox,
M. J. Barlow, T. Lim and B. M. Swinyard, Astrophys. J.,
1997, 483, L65-L68.

6 T. Weselak, G. A. Galazutdinov, F. A. Musaev and
J. Krelowski, Astron. Astrophys., 2008, 484, 381-388.

7 G. L. Pilbratt, J. R. Riedinger, T. Passvogel, G. Crone,
D. Doyle, U. Gageur, A. M. Heras, C. Jewell, L. Metcalfe,
S. Ott and M. Schmidt, Astron. Astrophys., 2010, 518, L1.

8 E. Falgarone, B. Godard, J. Cernicharo, M. De Luca,
M. Gerin, T. G. Phillips, J. H. Black, D. C. Lis, T. A. Bell,
F. Boulanger, A. Coutens, E. Dartois, P. Encrenaz, T. Giesen,
J. R. Goicoechea, P. F. Goldsmith, H. Gupta, C. Gry,
P. Hennebelle, E. Herbst, P. Hily-Blant, C. Joblin,
M. Kazmierczak, R. Kotos, J. Krelowski, J. Martin-Pintado,
R. Monje, B. Mookerjea, D. A. Neufeld, M. Perault,
J. C. Pearson, C. Persson, R. Plume, M. Salez, M. Schmidt,
P. Sonnentrucker, J. Stutzki, D. Teyssier, C. Vastel, S. Yu,
K. Menten, T. R. Geballe, S. Schlemmer, R. Shipman,
A. G. G. M. Tielens, S. Philipp, A. Cros, J. Zmuidzinas,
L. A. Samoska, K. Klein, A. Lorenzani, R. Szczerba,

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp01902d

Open Access Article. Published on 23 julio 2024. Downloaded on 03/11/2025 14:43:09.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

10

11

12

13

14

15

16
17

18

19

20

21

22

23

I. Péron, P. Cais, P. Gaufre, A. Cros, L. Ravera, P. Morris,
S. Lord and P. Planesas, Astron. Astrophys., 2010, 521, L15.
D. A. Naylor, E. Dartois, E. Habart, A. Abergel, J.-P. Baluteau,
S. C. Jones, E. Polehampton, P. Ade, L. D. Anderson,
P. André, H. Arab, ]J.-P. Bernard, K. Blagrave, S. Bontemps,
F. Boulanger, M. Cohen, M. Compiégne, P. Cox, G. Davis,
R. Emery, T. Fulton, C. Gry, M. Huang, C. Joblin, J. M. Kirk,
G. Lagache, T. Lim, S. Madden, G. Makiwa, P. Martin,
M.-A. Miville-Deschénes, S. Molinari, H. Moseley, F. Motte,
K. Okumura, D. Pinheiro Goncalves, J. A. Rodén, D. Russeil,
P. Saraceno, S. Sidher, L. Spencer, B. Swinyard, D. Ward-
Thompson, G. J. White and A. Zavagno, Astron. Astrophys.,
2010, 518, L117.

E. Habart, E. Dartois, A. Abergel, ]J.-P. Baluteau, D. Naylor,
E. Polehampton, C. Joblin, P. Ade, L. D. Anderson, P. André,
H. Arab, J.-P. Bernard, K. Blagrave, S. Bontemps, F. Boulanger,
M. Cohen, M. Compiegne, P. Cox, G. Davis, R. Emery, T. Fulton,
C. Gry, M. Huang, S. C. Jones, J. Kirk, G. Lagache, T. Lim,
S. Madden, G. Makiwa, P. Martin, M.-A. Miville-Deschénes,
S. Molinari, H. Moseley, F. Motte, K. Okumura, D. Pinheiro
Gongalves, J. Rodon, D. Russeil, P. Saraceno, S. Sidher,
L. Spencer, B. Swinyard, D. Ward-Thompson, G. J. White and
A. Zavagno, Astron. Astrophys., 2010, 518, L116.

W.-F. Thi, F. Ménard, G. Meeus, C. Martin-Zaidi, P. Woitke,
E. Tatulliy M. Benisty, I. Kamp, I. Pascucci, C. Pinte,
C. A. Grady, S. Brittain, G. J. White, C. D. Howard,
G. Sandell and C. Eiroa, Astron. Astrophys., 2011, 530, L2.
B. Godard, E. Falgarone, M. Gerin, D. C. Lis, M. De Luca,
J. H. Black, J. R. Goicoechea, J. Cernicharo, D. A. Neufeld,
K. M. Menten and M. Emprechtinger, Astron. Astrophys.,
2012, 540, AS7.

E. Picazzio, A. A. de Almeida, S. M. Andrievskii, K. I. Churyumov
and I V. LuKk’yanyk, Adv. Space Res., 2007, 39, 462-467.

K. F. Kaplan, H. L. Dinerstein, H. Kim and D. T. Jaffe,
Astrophys. J., 2021, 919, 27.

A. G. G. M. Tielens and D. Hollenbach, Astrophys. J., 1985,
291, 722.

A. G. G. M. Tielens and D. Hollenbach, Icarus, 1985, 61, 40-47.
M. Agundez, J. R. Goicoechea, ]J. Cernicharo, A. Faure and
E. Roueff, Astrophys. J., 2010, 713, 662-670.

A. Zanchet, B. Godard, N. Bulut, O. Roncero, P. Halvick and
J. Cernicharo, Astrophys. J., 2013, 766, 80.

A. Faure, P. Halvick, T. Stoecklin, P. Honvault, M. D. Epee
Epee, J. Z. Mezei, O. Motapon, 1. F. Schneider, J. Tennyson,
0. Roncero, N. Bulut and A. Zanchet, Mon. Not. R. Astron.
Soc., 2017, 469, 612-620.

R. M. Crutcher and W. D. Watson, in Molecular Astrophysics,
ed. G. H. F. Diercksen, W. F. Huebner and P. W. Langhoff,
Springer Netherlands, Dordrecht, 1985, vol. 1, pp. 255-280.
W. Federer, H. Villinger, F. Howorka, W. Lindinger, P. Tosi,
D. Bassi and E. Ferguson, Phys. Rev. Lett., 1984, 52, 2084-2086.
W. Federer, H. Villinger, P. Tosi, D. Bassi, E. Ferguson and
W. Lindinger, Molecular Astrophysics, Springer Netherlands,
Dordrecht, 1985, pp. 649-655.

R. D. Levine, R. B. Bernstein and Y. T. Lee, Phys. Today,
1988, 41, 90-92.

This journal is © the Owner Societies 2024

24

25

26

27

28

29

30

31

32
33

34

35
36

37

38

39

40
41

42

43

44

45

46

47

48

49

50

View Article Online

PCCP

A. Luca, G. Borodi and D. Gerlich, Photonic, Electronic and
Atomic Collisions, World Scientific, 2006, pp. 494-501.

R. Plasil, T. Mehner, P. Dohnal, T. Kotrik, J. Glosik and
D. Gerlich, Astrophys. J., 2011, 737, 1-7.

T. Stoecklin and P. Halvick, Phys. Chem. Chem. Phys., 2005,
2, 2446-2452.

P. Halvick, T. Stoecklin, P. Larrégaray and L. Bonnet, Phys.
Chem. Chem. Phys., 2007, 9, 582-590.

R. Warmbier and R. Schneider, Phys. Chem. Chem. Phys.,
2011, 13, 10285-10294.

G. Werfelli, P. Halvick, P. Honvault, B. Kerkeni and
T. Stoecklin, J. Chem. Phys., 2015, 143, 114304.

S. Bovino, T. Grassi and F. A. Gianturco, J. Phys. Chem. A,
2015, 119, 11973-11982.

P. Sundaram, V. Manivannan and R. Padmanaban, Phys.
Chem. Chem. Phys., 2017, 19, 20172-20187.

P. Sundaram and R. Padmanaban, J. Phys. B, 2020, 53, 105201.
Y. Q. Li, P. Y. Zhang and K. L. Han, J. Chem. Phys., 2015,
142, 124302.

D. Gerlich, G. Borodi, A. Luca, C. Mogo and M. A. Smith,
Z. Phys. Chem., 2011, 225, 475-492.

R. ]. Bartlett and M. Musial, Rev. Mod. Phys., 2007, 79, 291-352.
E. Papajak, H. R. Leverentz, ]J. Zheng and D. G. Truhlar,
J. Chem. Theory Comput., 2009, 5, 1197-1202.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato,
A. Marenich, J. Bloino, B. G. Janesko, R. Gomperts,
B. Mennucci, H. P. Hratchian and J. V. Ort, Gaussian 16,
Revision C.01, Gaussian, Inc., Wallingford, CT, 2016.

B. C. Garrett, D. G. Truhlar, R. S. Grev and A. W. Magnuson,
J. Phys. Chem., 1980, 84, 1730-1748.

D. R. Glowacki, C.-H. Liang, C. Morley, M. J. Pilling and
S. H. Robertson, J. Phys. Chem. A, 2012, 116, 9545-9560.
W. H. Miller, J. Am. Chem. Soc., 1979, 101, 6810-6814.

A. Zanchet, O. Roncero and N. Bulut, Phys. Chem. Chem.
Phys., 2016, 18, 11391-11400.

C. Sanz-Sanz, A. Aguado, O. Roncero and F. Naumkin,
J. Chem. Phys., 2015, 143, 234303.

D. Smith, N. G. Adams and E. Alge, J. Chem. Phys., 1982, 77,
1261-1268.

O. Asvany, S. Schlemmer and D. Gerlich, Astrophys. J., 2004,
617, 685-692.

O. Asvany, S. Thorwirth, B. Redlich and S. Schlemmer,
J. Mol. Spectrosc., 2018, 347, 1-6.

H.-J. Werner, P. J. Knowles, F. R. Manby, J. A. Black, K. Doll,
A. Hefelmann, D. Kats, A. Kohn, T. Korona, D. A. Kreplin,
Q. Ma, T. F. Miller, A. Mitrushchenkov, K. A. Peterson, I. Polyak,
G. Rauhut and M. Sibaev, J. Chem. Phys., 2020, 152, 1-24.

M. Bonfanti, G. F. Tantardini and R. Martinazzo, J. Phys.
Chem. A, 2014, 118, 6595-6603.

P. J. Knowles and H.-J. Werner, Chem. Phys. Lett., 1988, 145,
514-522.

H.-J. Werner and P. J. Knowles, J. Chem. Phys., 1988, 89,
5803-5814.

T. Shiozaki and H.-J. Werner, J. Chem. Phys., 2010, 133, 141103.

Phys. Chem. Chem. Phys., 2024, 26, 21370-21378 | 21377


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp01902d

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 23 julio 2024. Downloaded on 03/11/2025 14:43:09.

(cc)

PCCP

51 J. G. Hill and K. A. Peterson, Phys. Chem. Chem. Phys., 2010,
12, 10460.

52 S. Gémez-Carrasco, A. Aguado, M. Paniagua and O. Roncero,
J. Chem. Phys., 2006, 125, 164321.

53 M. Barbatti, M. Ruckenbauer, F. Plasser, J. Pittner, G. Granucci,
M. Persico and H. Lischka, Wiley Interdiscip. Rev.: Comput. Mol.
Sci., 2014, 4, 26-33.

21378 | Phys. Chem. Chem. Phys., 2024, 26, 21370-21378

View Article Online

Paper

54 F. Lique, G. Li, H.-J. Werner and M. H. Alexander, J. Chem.
Phys., 2011, 134, 231101.

55 V. Wakelam, J.-C. Loison, E. Herbst, B. Pavone, A. Bergeat, K. Béroff,
M. Chabot, A. Faure, D. Galli, W. D. Geppert, D. Gerlich, P. Gratier,
N. Harada, K. M. Hickson, P. Honvault, S. J. Klippenstein, S. D. Le
Picard, G. Nyman, M. Ruaud, S. Schlemmer, 1. R. Sims, D. Talbi,
J. Tennyson and R. Wester, Astrophys. ., Suppl. Ser., 2015, 217, 20.

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp01902d



