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A systematic investigation on the different processes involving formation, destruction and (de)excitation
of specific rovibrational states of CH* has been carried out based on statistical approaches. Thus,
reactive collisions between C*(?P) and H.(v, j) and between CH(v, j) and H for a large number of state-
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to-state transitions have been studied using a statistical quantum method and a statistical adiabatic
channel model. The capabilities of such techniques for the study of the title system are discussed with
comparisons to previous quantum mechanical results and experimental data. Integral cross sections as a
function of the energy and rate constants in terms of the temperature (up to 1500 K) are obtained and
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1 Introduction

Ionized hydrocarbons play a pivotal role in the chemistry of the
interstellar medium (ISM), particularly in regions exposed to
intense ultraviolet radiation. Among these, the methylidynium
ion (CH') has long been recognized as a fundamental molecular
ion that drives key gas-phase reactions leading to the formation
of more complex carbon-chain and organic species. First detected
in absorption in the diffuse ISM by Douglas and Herzberg," CH"
has since been observed in a wide range of astrophysical envir-
onments, including planetary nebulae, massive star-forming
regions,” protoplanetary disks,® and external galaxies.®

The recent advent of the James Webb Space Telescope has
opened new observational windows in the infrared regime,
enabling the detection of rovibrational emission lines from reactive
hydrocarbon ions with unprecedented sensitivity and spatial reso-
lution. For the first time, CH" along with the methylium ion (CH;")
have been detected toward both the Orion Bar and the d203-506
protoplanetary disk regions that are heavily irradiated by the
trapezium star cluster.” Rovibrational transitions from both the
v=1 - 0and v =2 — 1 vibrational bands of CH" were identified,
and the chemical formation pumping process was beautifully
evidenced, as in the young planetary nebula NGC 7027.°
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numerical data for astrophysical purposes are provided.

The detection of CH' emission in such photodissociation
regions thus provides critical understanding into the physical
conditions and ionization mechanisms that regulate molecular
synthesis in space. CH" is known to form efficiently in highly
energetic regions where radiative or shock-driven processes
provide extra energy to overcome the barrier in its formation
reaction C*(°P) + H,. However, to use CH" rovibrational emis-
sion as a powerful diagnostic tool requires a very good knowl-
edge of rate constants for the dominant formation, destruction
and excitation channels, at the state-to-state as possible.

Given the importance of CH" as discussed above, the follow-
ing reactions

C" + Hy(v,j) » H+ CH'(V, ) (1)
H+ CH'(v,j) » C" + Hy(v, J") (2)
- H+ CH'(V, ) (3)

have been subject of numerous investigations. Early experi-
ments by means of a guided ion beam technique by Ervin and
Armentrout®® allowed to know about the threshold behaviour of
reaction (1). Cross sections for reactions involving different
isotopic forms of molecular hydrogen (H,, D, and HD) to form
CH' or CD" were measured and rate constants were derived. In
particular, a value of 1.2 x 107 '® em® s™' was obtained at
T = 300 K for the C*(*P) + H,y(v = 0) —» CH" + H reaction. Rate
constants were also measured between 400 and 1300 K using a
high-temperature flowing afterglow apparatus.*®

Among the most recent theoretical efforts to study these
processes, Jara-Toro et al.'* used a new approach based on the
canonical variational transition state theory to obtain rate
constants for the formation of C' according to reaction (2).
They concluded that the participation of two pathways, a direct
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one and an indirect involving either a van der Waals complex or
an intermediate CH," species, has to be taken into account. Non-
adiabatic effects were suggested as responsible for the decrease
of the H + CH" rate constants obsetrved in the experiment'* at
low temperature (below 50 K). However, the inclusion of electro-
nic couplings was found unable to describe the dramatic
reduction of the experimental rate constant observed when the
temperature decreases below 50 K in the investigation performed
by del Mazo-Sevillano et al.'® Li et al.'* also treated the non-
adiabatic dynamics of the C*(*Py, 3,,) + H, reaction by means of
a time dependent wave packet (TDWP) calculation based on a
global diabatic potential energy surface (PES) and no noticeable
qualitative differences were observed between adiabatic and
non-adiabatic rate constants, especially at low temperatures.

Some other numerous TDWP investigations'*™"” have trea-
ted the dynamics of reactions (1)-(3). Li et al,'® for example,
calculated probabilities, integral cross sections (ICSs), differential
cross sections (DCSs), rovibrational state distributions and rate
constants for the C* + H, reaction. In particular, in view of the
essentially forward-backward symmetry exhibited by the DCSs at
specific collision energies, the authors of ref. 18 concluded that
the overall dynamics of the C" + H, - CH' + H seems to be
governed by a complex-forming mechanism, one of the assump-
tions required for statistical methods to be applicable in this sort
of atom-diatom reactive collisions. In fact, and due to the
presence of a relatively deep potential well corresponding to the
intermediate CH," species between reactants and products, some
of the previous theoretical studies have been performed by means
of statistical approaches. Despite measured DCSs were not
completely symmetric with a slight preference for the forward
scattering direction to invoke categorically a dynamics mediated
by a complex-forming mechanism, the occurrence of an “osculat-
ing” intermediate CH," species was assumed as appropriate to
describe the overall dynamics of the collision."® Moreover, it was
shown® that the threshold behaviour of measured cross sections
for the C* + D, reaction was consistent with statistical considera-
tions from the theory by Pechukas and Light.”" Therefore early
applications of the phase space theory (PST) were tried in several
occasions® >’ to obtain cross sections and rate constants for the
title reaction or isotopic variants with deuterium atom(s) instead
of hydrogen. In particular, the rate constants reported by Gerlich
et al”” were found to reproduce nicely the high temperature
flowing afterglow measurements for C* + H, by Hierl et al.'°
between 500 and 1300 K.

More recently, the reverse process H + CH' has been investi-
gated as well with PST by Halvick et al.®® and cross sections and
low-temperature rate constants for both the exchange channel
forming H + CH" in eqn (3) and the abstraction channel produ-
cing C" + H, in eqn (2) were calculated. On the other hand, the
existence of a deep potential well (with the minimum located
more than 4 eV below the C* + H, channel) between reactants and
products corresponding to the CH," species in the most recent
PES describing the process manifested, for instance, in the
numerous narrow resonances seen in cross sections,'> supporting
the possible validity of this kind of techniques to investigate the
title reaction. However, in recent works, observed deviations from
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a purely statistical description of the dynamics of the process have
been pointed out. First, Zanchet et al'® concluded that the
reaction is not completely statistical due to the overestimation
of predictions from a very simple model based on counting
energetically accessible levels in comparison with quantum wave
packet probabilities for the C* + Hy(v = 0, 1, j = 0) reaction for a
total angular momentum J = 0. Total ICSs also from the vibra-
tional ground state of H, obtained with a statistical quasiclassical
trajectory (SQCT) method®*" were also larger than the corres-
ponding results from a strict quasi-classical trajectory (QCT)
calculation.®® The authors of ref. 32 then concluded that the
reaction dynamics of the process cannot be described according
to a purely unbiased statistical model.

Despite these observations, the H + CH" was chosen as one of
the test examples to try the improved version®® of the statistical
adiabatic channel model (SACM) by Quack and Troe.**® Rate
constants for this process obtained by means of the SACM were
compared with results from a coupled-channel calculation and the
agreement was found to be good, especially at low temperatures
(20-100 K).*” In their investigation on the dynamics of the reaction
in eqn (2), del Mazo et al.*® compared cross sections obtained
using an adiabatic statistical technique with wave packet results
for the H+ CH'(v = 0, = 0) » C" + H, in both an adiabatic and
3 x 3 diabatic model. Moreover, initial-state-selected rate con-
stants for a variety of rovibrational CH'(v, j) states obtained with
such a statistical approach were compared with QCT values.

Thus, encouraged by the previous use of statistical techniques
in this context, in this work we report results of a systematic
calculation of rate constants for the state-to-state processes shown
in eqn (1)-(3) by means of the statistical quantum method (SQM),
as described in ref. 38 and 39. This approach has been employed
successfully for the same astrophysical purpose in the case of the
H' + H,™* and H' + HD* reactions. The rate constants so
obtained, were then incorporated to compute the collisional cool-
ing of a gas by molecular hydrogen under conditions appropriate
to the primordial and interstellar media®* and also to follow the
level populations of H, and HD during the adiabatic expansion of
the (early) Universe.*

Here, we have applied the SQM to processes (1)—(3), in order
to calculate ICSs as a function of the energy and then rate
constants for temperatures up to 1500 K. Comparisons with
available proper quantum mechanical (QM) results have been
established for low rovibrational states as (v = 0, 1, j = 0-1).
SACM results up to T = 500 K have also been incorporated.

The structure of this paper is as follows: in Section 2 we discuss
some basic details of the present theoretical approaches, in Section
Il we present results for reaction eqn (1) in Section 3.1); for
reaction (2) in Section 3.2.1 and for reaction (3) in Section 3.2.2.

2 Theoretical methods
2.1 Statistical quantum method

As explained before in previous works*®*° the SQM is specifi-
cally designed for insertion reactions where the whole process
can be treated by separating the formation of an intermediate

This journal is © the Owner Societies 2026
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complex from the reactants and its ulterior fragmentation onto
the products. Within such an approximation, the state-to-state
probability from the initial (v, j) state of the reactants diatom
(with v and j being the QM numbers for the vibrational and
rotational levels, respectively) and the final rovibrational (V/, ")
state of the products diatom at the energy E and the total
angular momentum J can be expressed as:

E) ~ p“{].(E)p{,j,(E)
S T )
V'j

1t

/)
Vv

4

where pJ(E) is the individual intermediate complex formation
probability and to be formed from the initial (v, j) state, and

p{,,j, (E) / > pf,,j,,(E), the fraction of fragmentating complexes

Vi
into the final rovibrational state (v/, j'), where the sum of the
denominator runs over all accessible (v, /') channels at the
energy E.

The capture probabilities, p},(E) and p;f,_ #(E), are extracted by
separate calculations on each arrangement (reactants and
products, respectively) solving the corresponding coupled-
channel equations by means of a time independent approach
with a log-derivative propagation®® between a capture radius of
about 2.9 A and an asymptotic distance of about 57.6 A for the
C' + H, arrangement and between 2.1 A and 42.4 A for the H +
CH' arrangement. This calculation is performed by means of
completely QM techniques under the centrifugal sudden
approximation and using the ab initio full PES by Werfelli
et al*® As an example, one of the computationally most
demanding calculation considered here for reaction (1), with
C'+H,(v=2,j=1) at E. = 1 €V typically involves a maximum
value of the total angular momentum of J = 82 and a maximum
value of the helicity number 2 = 18 for the reactants arrange-
ment and of Q' = 24 for the products arrangement.

The ICS are then calculated as follows:

t > @I+ )P B, (5)

Vi,V E = A 1N
(7],}( ) k\,]2(2]+1) .

where k,” = 2u(E — E,)/h*, with E,; the energy of the initial
rovibrational state of the reactant diatom and u the reduced
mass of the system.

ICS were calculated for collision energies sampled between
10~* eV and 1.0 eV. With the ICS from eqn (5) we calculate the
state-to-state rate constants as a function of the temperature as
follows:

853 >
k\y’.v’j’(T) = TCL.uQE(T)J.O Oyjy'j (E)EeiﬁEdEa (6)

where f = (kgT) ™", kg is the Boltzmann constant and Q.(T) is the
electronic partition function which, according to ref. 15, takes
the following value for reaction in eqn (1):

2
0.(T) = 2 de o )

where 91.2 K is the spin-orbit splitting between the *Py,, and
*P,,, states of C*(*P). For the other reactions in eqn (2) and (3),
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Q.(T) = 1. With the maximum value of the collision energy
chosen for the ICSs, rate constants are fully converged up to
T =1500 K.

2.2 Statistical adiabatic channel model

The SACM, originally introduced by Quack and Troe in the mid-
1970s,””*® was recently modified and successfully applied to a
number of complex-forming inelastic®***®> and competing
inelastic and reactive collisions.*”>*** The newer version relies
on an ab initio PES and on the diagonalization of the interaction
Hamiltonian excluding the nuclear kinetic term for the reactants
and products arrangements considered separately. This version
of SACM is thus a statistical method similar to the SQM. In the
SACM approach, the state resolved integral scattering cross
sections are computed according to eqn (5). However, the state-
to-state transition probabilities in eqn (4) are computed assum-
ing the capture probabilities to be zero (for closed channels) or
unity (for open channels). They are thus of the form,

0 N(E,J)=0

P (E)=
vV (E) 1 N(E, J) £0 ’ (8)

N(E,J)

where N(E, J) is the total number of open channels at total
scattering energy, E, and total angular momentum, J. To count
the aforementioned open channels, adiabatic channel poten-
tials are computed; these are radially coupled potential curves
that take into account the contribution of the electronic PES, as
well as the effect of relative angular momentum through
centrifugal barriers. A more detailed exposition of this mod-
ified SACM approach can be found in ref. 55 and 56. Despite its
simple generalization beyond the strict atom-diatom pro-
cesses, SACM does not naturally incorporate QM effects such
as tunneling (something that has to be included ad hoc®*). We
have therefore relied on the SQM technique for the production
of rate constants for a large number of state-to-state processes
for reactions in eqn (1)-(3). SACM predictions up to T' = 500 K
have been nevertheless obtained to further analyze the statis-
tical character of the title reactions in comparison with
the SQM.

The SACM ICSs for the reactions (1)-(3) mentioned in the
introduction have been computed using an energy grid of 1000
logarithmically spaced energies in the collision energy interval
[107° em ™" (1.24 x 107° eV), 16130 cm ' (2 eV)]. Care was
taken to make sure that the ICSs were fully converged (for the
aforementioned energies) with respect to the total angular
momentum quantum number and the number of rotational
and vibrational states in both the CH" + H and H, + C'
arrangements. Maximum values for such parameters consid-
ered in the present calculation are Jioe* = 100; Vi~ = 8 and jiog =
40. The rovibrational energies of the diatomics in said arrange-
ments were computed using the ABC program. State-to-state
rate constants are then calculated based on these ICSs using
eqn (6) in the temperature range 1-500 K.

Phys. Chem. Chem. Phys., 2026, 28, 4065-4075 | 4067
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3 Results and discussion

Both SQM and SACM calculations have been performed using
the PES developed by Werfelli et al.*® (hereafter WHHKS PES).
This surface includes an improved description of the long range
interaction in both reactants and products arrangements as
compared to previous attempts such as SH PES,”” WS PES’®
and LZH PES,' to describe the interactions ruling the title
process. This feature is crucial to reproduce the proper behaviour
of the rate constants in the low temperature regime. A larger
atomic basis set was used in the ab initio calculations compared
to previously available PESs and a larger number of energy points
were computed in order to get an accurate analytical representa-
tion. The obtained endothermicity, 0.402 eV, for reaction in
eqn (1) was found in a much better agreement with the experi-
ment, 0.393 eV, than some other previous surfaces. The existence
of a global minimum of more than 4.0 eV with respect to the C* +
H, asymptote supports the importance of complex-forming
mechanisms for the overall reaction. It is worth mentioning that
some of calculations considered here as benchmarks for compar-
ison with present statistical predictions have been performed
using some of the above mentioned previous PESs.'®>""®

3.1 The C'+H, —» H + CH" reaction

The transitions considered for this reaction involves the initial
H,(v = 0, j = 0-13), Hy(v = 1, j = 0-10) and H,(v = 2, j = 0-5)
rovibrational states. We have calculated first ICSs for the C" +
H,(v, /) » H + CH'(v'j") reaction following the expression in
eqn (5). Results for the processes starting from H,(v=0, 1, = 0)
as a function of the collision energy E. (for CH' rotationally and
vibrationally summed) are shown in Fig. 1 and 2 respectively,
and in the SI Part A, similar cross sections for H,(v =0, 1, = 1)

C*+Hyv=0,j=0) » CH' + H

3 T T T T T T T ]
&
< 2t
C
kel
b5t
[0}
(7]
(72}
(7]
o
o 1F
£ EXP Gerlich (87) O
{.r‘ EXP Ervin (86) ——
B
0 1 1 1 1 1 1

02 03 04 05 06 07 08 09 1
Collision Energy [eV]

Fig. 1 Integral cross sections for the C* + Ho(v = 0,j = 0) - H + CH*
reaction, obtained with the present SQM (dotted line) and SACM (dashed
line) as a function of the collision energy compared with TDWP results
(solid lines) from ref. 15 and with two sets of experimental results: (i) the
numerical data given by Gerlich et al.*’ to fit their experimental results and
(i) the fit reported by Gonzalez and Aguilar®® to experimental measure-
ments by Ervin et al.° Notice that theoretical ICSs have been affected here
by the value of the Q.(T) electronic partition function at T = 300 K for the
comparison with experiment.
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Fig. 2 ICSs for the C* + Ha(v =1,/ = 0) - H + CH*(v' = 0-2) reaction.

can be found. In all cases we have compared both SQM and
SACM predictions with the TDWP ICSs reported by Zanchet
et al.™® calculated on the SH PES.*’

The comparison in Fig. 1 certainly reveals, besides differences
in the energy threshold for reaction due the different endother-
micities of the corresponding PESs, that the statistical predic-
tions overestimate the TDWP ICS beyond 0.5 eV for the C" +
H,(v=0,j=0) - CH' + H reaction. In particular, for the largest
value of E, considered here, 1 €V, the SACM cross section is about
1.7 times larger than the TDWP result and the SQM also exceeds
such exact value by a 1.4 factor. For an analogous comparison
between the present two statistical approaches and the TDWP
cross sections for the final vibrationally selected process, C* +
H,(v=0,j=0) - CH'(v') + H, see SI Part A. The above mentioned
shift of the threshold for reaction obtained here with the WHHKS
PES with respect to the experiment is similar to the one observed
in the TDWP study by Wu et al.®® using the PES reported by Guo
et al.®" However, the QCT calculations performed by Herraez-
Aguilar et al.*® on the PES of ref. 58 and the TDWP cross sections
by Zanchet et al."® on the SH PES seem to bring theory closer to
experiment.

Fig. 1 also includes the numerical fit provided by Gerlich
et al.”” for their experimental results. All theoretical cross
sections shown in Fig. 1 have been multiplied by the value of
the Q¢(T) electronic partition function at 7 = 300 K (0.407) for
such comparison with the experiment. Whereas the statistical
predictions constitute a fairly good reproduction of the experi-
ment at low energies, SQM and especially SACM start to over-
estimate results from ref. 27 beyond 0.6 eV.

These observed deviations with respect to exact QM results
are consistent with findings reported by*> when using the above
mentioned SQCT method. As discussed in ref. 32 one possible
reason for the overestimation of a statistical prediction comes
for the fact that this kind of approaches assume that once the
intermediate region is reached a sufficiently long-lived collision
complex is formed. This is not always the case, especially at
high energy, even if complex-forming pathways may play a role
in the overall dynamics, either because the lifetime of such and
intermediate species is not that long or due to the presence of

This journal is © the Owner Societies 2026
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possible barriers (either centrifugal or dynamical) which are
actually not as successfully surmounted as a statistical treat-
ment expects. For some other PESs developed for the present
reaction, some minor intermediate barriers or transition states
have been found which could be interpreted as possible obsta-
cles preventing from a purely statistical behaviour. The WHHKS
PES used here is reported to have a global minimum accessible
from a reasonably wide range of angular range away from the
purely H-C-H and C-H-H collinear arrangements. On the
other hand, the SACM here employed considers the indirect
path (formation of a complex and then dissociation) whereas
the direct path (breakdown of CH bond) starts to be important
at higher temperature.'” But, as we will show here it is possible
nevertheless to use these ICSs to extract rate constants in good
accord with exact QM results, thus validating the statistical
description of the reaction. It is worth mentioning here in
support of the capabilities of statistical techniques to address
the study of the C* + H, reaction, that DCSs obtained with the
SQM (not shown here) at some of the collision energies studied
by Li et al.'® employing the LZH PES are in a roughly fair
agreement with the TDWP results reported in Fig. 6 of their
work."®

Present statistical predictions have been also tested against
results from the TDWP investigation by Zanchet et al.'® for the
cases in which the reaction initiates from the H,(v =1,/ =0, 1)
rovibrational states. ICSs for these two possible initial rota-
tional states (v=1,;j=0) and (v =1, = 1) are shown in Fig. 2 and
in the SI Part A, respectively. SQM and SACM cross sections for
the formation of CH'(v' = 0) in its ground vibrational state are
found to underestimate (overestimate) the TDWP cross sections
at the low (high) energy regime but the agreement turns
reasonably good along the range between 10> and 0.5 eV. It
is hard to establish a definitive explanation for the differences
observed between both types of results, but it is fair to say that
both statistical approaches yield the same behavior with
respect to the energy and that, in fact, TDWP cross sections
deviate somehow from the expected trend in a log-scale repre-
sentation. ICSs for the final v’ = 1 and v’ = 2 vibrational states
display threshold behaviours which are properly described by
SQM and SACM results. The statistical values for v’ = 1 start to
slightly overestimate the QM ICSs as seen for the C* + H,(v =
0,j = 0) case beyond 0.4 eV collision energy.

SQM rate constants were obtained through eqn (6). The
comparison with the TDWP results from Zanchet et al.*® for the
C"'+H,(v=0,j=0) > CH'(V' =0, = 0-2) + H reaction can be
seen in Fig. 3 up to T=2000 K. In the inset we include the SACM
rates up to T = 500 K for the cases j’ = 0 and j' = 2. A more
extended comparison is shown in the SI Part A. Results shown
in Fig. 3 reveal that the statistical predictions certainly consti-
tute a valid counterpart, providing slightly larger values than
the QM TDWP values at the entire temperature range under
study. The comparison between the TDWP rates from Zanchet
et al.'® and present statistical values for T = 300, 400 and 500 K
are listed in Table 1.

The experimentally derived value of the rate constant at T =
300K (1.2 x 10~ *® em® s7*) by Ervin and Armentrout’ compares
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C'+Hy(v=0,j=0)-CH'(v'=0,j')+H
107" T

10712 L

10713k

10*14 L

10715 L

Rate Constant [cm® s7']

10716 L

107 E

200 250 300_ 350 400 450
L TIK]

10718

500 1000 1500
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Fig. 3 State-to-state rate constants for the C* + Ha(v =0,/ =0) - H +
CH*(V' = 0, ' = 0-2) reaction as a function of the temperature. Results for
CH(v' = 0) (rotationally summed) are shown in black. Present SQM results
(dotted lines) are compared with TDWP rates (solid lines) from ref. 15.
SACM results (dashed lines) are included up to T = 500 K in the inset for the
cases j/ = 0 and 2. Further comparisons are available in SI Part A.

Table 1 Rate constants (in 107 cm® s~* with x between parenthesis) for

the C* + Holv=0,j=0) - H+ CH*(V' =0,/ = 0-2)

T (K) SQM SACM TDWP
Jj=0

200 1.39(—21) 1.39(—21) 7.29(—22)
300 2.87(—18) 2.75(—18) 1.59(—18)
400 1.26(—16) 1.20(—16) 7.39(—17)
500 1.20(—15) 1.14(—15) 7.34(—16)
j=1

200 2.31(—21) 3.31(-21) 1.16(—21)
300 4.93(—18) 6.80(—18) 2.75(—18)
400 2.21(—16) 3.03(—16) 1.32(—16)
500 2.12(—15) 2.92(—15) 1.33(—15)
J=2

200 1.96(—21) 3.18(—21) 1.08(—21)
300 4.94(—18) 7.58(—18) 3.03(—18)
400 2.41(—16) 3.64(—16) 1.59(—16)
500 2.43(—15) 3.67(—15) 1.69(—15)

well with the corresponding thermal SQM rate constant at that
temperature (8.9 x 10~"7 cm® s™'). A comparison of the SQM
rates for the C" + H,(v =0, = 0) —» CH'(v' = 0) + H process and
the thermal average obtained with the first rotational states of
H,(v = 0,j = 0-12) following the expression:

12
=YY @+ e Tk (1), )

ot =5 Y

k(T) =

12
where Zioy = Y (2/ + 1)e_E°/'/""’T and E,; are the energies of the
j=0

rovibrational states H,(v = 0, j), with the rates measured by
Hierl et al'® in their high temperature flowing afterglow
experiment is shown in Fig. 4. The value of the statistical rate
at T =800 K is 4.67 x 10~ cm® s which remains below the
value obtained according to the Arrhenius expression proposed
in ref. 10: 2.60 x 10~ ** cm® s~ . The same underestimation of
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Fig. 4 Comparison between the presently calculated rate constants for
the CT + Hy(v=10,j = 0) - H + CH"(V = 0) reaction with the SQM (black
dashed line) and the thermal average considering the first (v = 0,j = 0-8) 9
rotational states (black solid line) of H, with: the experimental results from
the analytical fit k(T) = Ae 5/RT with A = (7.4 + 0.8) x 107° cm® s~ and
E, = 0.391 + 0.005 eV proposed in Hierl et al,, . Chem. Phys., 1997, 106,
10145 (blue triangles) and the TDWP calculation by Li et al.** (red solid line).

the experimental rates was seen by Li et al'* whose TDWP
results using their own new PES (also shown in Fig. 4) are in
good accord with the present statistical predictions. A similar
result can be found in the TDWP investigation made by Guo
et al.®” (see their Fig. 9, where the experimental results appear
to be misplotted) employing the LZH PES.

When we extend a similar comparison for transitions from
the vibrationally excited H,(v = 1, j = 0), the situation remains
analogously favourable for a statistical description. The com-
parison with TDWP results reported by Zanchet et al.™ for
temperatures up to 1500 K is shown in Fig. 5 and reveals that a
remarkably good accord between SQM and TDWP rates for C* +
Hy(v =1,j = 0) - CH'(V = 0, 1) + H. Authors of ref. 15
mentioned that their theoretical value for the rate constant
for Hy(v = 1) at T = 800 K, 3 x 10~ '° cm® s, was 2-3 times

C*+Hy(v=1,j=0) - CH'(v') +H

0 NG -
10 - V=0
= )
© 40710 L i
£ 10
S,
€
E 10*11 -
2
Q '=
38 v'=1
g 10—12 L -
© —
3 TDWP
N SQM
1077 - --SACM 3
10*14 1
0 1000

Temperature [K]

Fig. 5 Final vibrational state resolved rate constants for the C* +
Ho(v =1,j=0) - H + CH*(V' = 0, 1) reaction. Present SQM (red dotted
lines) and SACM (blue dashed lines) results are compared with rates
obtained by the TDWP calculation from Zanchet et al™® (in black solid lines).
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smaller than the experimental estimation by Hierl et al,"
1-2 x 107° ecm® s '. Present SQM prediction, 3.4 x
10 em® s, in extremely good accord with the TDWP, also
overestimates the reported measurement. SACM predictions,
here shown up to T'= 500 K, exhibit some deviations in the case
of formation of vibrationless CH'(v' = 0).

It is also possible to test the capability of the presently
employed statistical techniques at a complete state-to-state
level, specifying also the final CH'(v/, j') rotational state, as in
Fig. 3. In Fig. 6, the SQM rate constants for the C* + H,(v = 1,
j=0) > CH'(M =0, =1, 3,4, 6,7)+ H are compared with the
corresponding results from the TDWP study by Zanchet et al.*®
up to T = 2000 K. The same comparison for some other
rotational states j' is shown in the SI Part A. SACM results up
to 500 K are also included in the same figure.

Although the agreement between the TDWP rates and the
statistical predictions is not perfect, the figure reveals the
capability of these approaches to mimic the overall behaviour
of the QM results at the state-to-state level, especially below
200 K. At larger temperatures, the SQM and SACM methods
yield values for k(T) which slightly overestimate the QM results.
The only noticeable differences with respect to the TDWP are
seen for j' = 1, but according with the scale used in Fig. 6, one
can conclude that the statistical rate constants constitute a
reasonably good alternative.

Values for the rate constants for the C* + Hy(v = 1,7 = 0) —
CH'(v' = 1, /") + H reaction, involving the formation of the CH"
species at its first vibrationally excited state are noticeably
smaller. Whereas at T'= 500 K, k0,7(7T) remain typically around
~10"" em?® s77, values of kyo,17(7), shown in Fig. 7, do not
exceed ~10 '* cm® s, In that Fig. 7, SQM predictions are
compared with the TDWP rates from ref. 15 up to 1500 K. The
agreement between both sets of data is very good. In the inset of
the figure magnifying the region up to 500 K we have also
included the SACM rate constants which are in excellent accord
with the QM results.

C*+Hy(v=1,j=0)—-CH*(v'=0,j)+H

Rate Constant [10™"" cm® s

10 100
TIK]

Fig. 6 Rate constants as a function of the temperature for the C* +
Ho(v=1j=0) - CH*(V' = 0,j) + H reaction for a variety of different final
J' rotational states (see the Sl Part A for some other j’ values). Present SQM
(dotted lines) and SACM (dashed lines) are compared with those from
ref. 15.
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Fig. 7 Rate constants as a function of the temperature for the C* + Hy(v =
1,j=0) - CH*(V' =1,/ = 0, 4, 8) + H reaction. Present SQM (dotted lines)
and SACM (dashed lines) are compared with those from ref. 15. The inset
shows the temperature range up to 500 K.

It is worth then pointing out that the above comparisons
reveal that present statistical predictions agree with previous
quantum mechanical results and experimental data to within a
factor of 2 and are thus well suited for astrophysical applications.

3.2 The H + CH" reaction

We have considered both the abstraction arrangement shown
in eqn (2) leading to the formation of H, (see Section 3.2.1) and
the exchange process given in eqn (3) which yields H+ CH" (see
Section 3.2.2).

3.2.1 The abstraction H + CH" —» C* + H, reaction. Initial
state selected rate constants for the abstraction reaction shown
in eqn (2) to produce molecular hydrogen in different final
vibrational states, H + CH'(v,j) — H,(v'), have been calculated
using the nuclear-spin multiplicity factors for the final H,(v', j')
rotational states according to the expression:

Ky (T) =Y ik (T), (10)
/'/

1 3
where g; = 7 whenjisevenand g; = 7 when j is odd. Numerical

values of the rate constants obtained with the SQM for pro-
cesses initiated from CH'(v = 0, j = 0-20), CH'(v = 1, j = 0-14)
and CH'(v = 2, j = 0-5) are shown in the SI Part B.

In Fig. 8 initial state selected rate constants k,-o (7) (sum-
ming on all final rovibrational states (V/, j')) are shown at T =
500 K as a function of the initial rotational state j. The present
SQM and SACM rate constants are compared to those from
Faure et al.®* obtained by means of the time-independent QM
(TIQM) ABC code®* for j = 0-7 and QCT calculations forj = 8-13
using the same WHHKS PES as in this work. The comparison
reveals that all rate constants agree within a reasonably good
range, being the largest differences (less than a factor of 2)
between both statistical predictions and the QM values
observed at j = 13 for the SQM and at j = 9 for the SACM.
Whereas the SACM results remain larger (more than 1.3 times)
for all the rotational states under considerations, the SQM
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Fig. 8 Rate constants for the CH*(v = 0, j) - C* + H, abstraction

reaction. Present SQM results (black circles) are compared with SACM
results (empty triangles) and those from Faure et al.®® (empty squares).

values are smaller for the first states (j < 6) to slightly over-
estimate the QM rates for the rest of rotational states.

In order to establish a comparison with the various mea-
sured values of the rate constant existing in the literature for the
H+ CH' — C'+ H, reaction, in this work we have obtained the
thermal rate by the corresponding Boltzmann average of the
rate constants in eqn (10) following the expression in eqn (9)
considering the first rovibrational states CH'(v = 0, j: 0-14). The
comparison of the so extracted SQM thermal rate coefficient
and those reported in the experimental works by Federer et al.,*>
Plasil et al."* and Luca et al.®® is shown in Fig. 9. A fairly good
agreement is seen between 50 and 100 K with measurements
from ref. 65 and 66. Below T = 50 K only some of the SQM rate
constants for transitions from large rovibrational initial states
CH'(v =0,j > 8) (see for instance the case of j = 14 included in
the figure) seem to describe the drastic decreasing trend

H+ CH*(v,j) - C* + H,

T T
FI\'I)
«
£
S,
k=
©
g 10" SQM SACM
® - Thermal seeee— — -
® ® EXP Federer (85) (V=0, j=0) «weeeeeem =
© A EXP Luca (06) P
EXP Plasil (11) (V=2, j20) woereeeem = -
—— Thermal Faure (17) (v=0, j=14) «eweeeem — -
10711 1 1
10 100 1000

Temperature [K]

Fig. 9 Rate constants for the H + CH*(v, j)) » C* + H, process. Present
thermal SQM and SACM results for different CH*(v, j) initial rovibrational
states and for the thermal rate constant (eqn (9)) are compared with
experimental results from Plasil et al'? (solid red squares), Federer
et al.®> (empty blue squares) and Luca et al.®® (solid green triangles). The
TIQM + QCT thermal rate constant from ref. 63 has been included for
comparison.
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observed in the experiment by Plasil et al.'* as the temperature
decreases. Contributions from vibrationally excited states such
as (v =1, 2,j = 0), not included in the figure, reveals that they
also correspond to less reactive processes. In this sense, present
results are consistent with findings from the recent study of ref.
13 where vibrational excitation of CH" was found to play a major
role in reducing the reactivity at low temperatures. Fig. 9 also
includes the TIQM + QCT results up to 1500 K by Faure et al.®®
This calculation is shown to agree with our SQM thermal rate
constant to better than a factor of 2. Interestingly, while our
SACM predictions agree well with rate constants obtained with
the adiabatic statistical approach tested by del Mazo-Sevillano
et al.,"> as expected, the present SQM results look more similar to
the QCT calculations including surface hopping from that study.

3.2.2 The exchange H + CH" — H + CH" reaction. The
present study also includes the exchange (also called inelastic)
reaction H+ CH" — H + CH".

Numerical values of the rate constants up to 1500 K obtained
with the SQM are presented in the SI Part C for the transitions
leading to the formation of CH'(v/, j/) when the reaction is
initiated from CH'(v, j) with E,; > E, s for (v =0,j=1-20), (v =1,
j = 0-14) and (v = 2, j = 0-5). However, in order to test the
performance of the present statistical techniques in the study
of the title reaction, in Fig. 10 we also present rate constants for
rotational transitions from the rovibrational ground state (v = 0,
Jj = 0). It is worth reminding two things about the TIQM results
obtained with the ABC code reported in the investigation by
Faure et al.®® used here as a possible benchmark. On the one
hand, as mentioned in ref. 46, the reliability of the ABC code for
reactions involving a deep potential well has been questioned
and, in fact, due to numerical cost TIQM results by Faure et al.
had to be completed with QCT calculations. On the other hand,
the method includes both the inelastic and exchange channels.
Statistical methods here employed only accounts for the reac-
tive or insertion process which leads from H + CH' reactants to
CH' + H products: we have not included an extra factor 2 in the

H+CH'(v=0,j=0)->CH"(v'=0,j')+H

T T

TIQM SACM SQM

]

v 10—10 -

107" 4

Rate Constants [cm® s
N

4 Y Py 1
10 100 1000

Temperature [K]
Fig. 10 Rate constants for the exchange H + CH*(v =0, = 0) - H* +
CH(V' = 0,j" = 0-4) process. Present SQM (dotted lines) and SACM (dashed
lines) are compared with TIQM results (solid lines) from Faure et al.®
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SACM approach to describe inelastic processes. Therefore, any
deviation between outputs from these two approaches and the
results from ref. 63 can be interpreted as indication of the
relevance of any pathway which does not involve the formation
of a long-living intermediate complex, such as for example
purely inelastic collisions. Nevertheless, both SQM and SACM
predictions are found to be of the same relative order as the
QM rates. Differences which depend both on the specific H +
CH'(v=0,j=0) - H+ CH'(V =0, /') transition and on the
specific temperature are observed.

Thus, for example, the SQM results are almost in perfect
agreement with the TIQM rate constants for j' = 1 up to 200 K.
At larger temperatures the statistical values start to smoothly
decrease as opposed to the increasing trend observed for the
QM rates. In turn, as the rotational excitation of the product
CH'(v' = 0, ') increases SQM rates are found to slightly over-
estimate the TIQM results. SACM predictions are found to be
consistently smaller than the SQM ones which makes their
comparison with the TIQM values slightly worse for j/ = 1 and 2
and slightly better for j' = 3 and 4.

Also at a state-to-state level, but now fixing the final rovibra-
tional state, we have investigated rate constants corresponding to
the production of CH'(v' = 0, = 0) and CH'(v' = 0, = 1). Results
for both cases are presented in Fig. 11 and 12, respectively. Rate
constants for these two types of processes display a different
profile with respect to the previously investigated transitions (see
Fig. 10) where the corresponding k(7) increase rapidly in the low
temperature range. TIQM rates from Fig. 11 and 12, on the
contrary, exhibit a more stable and constant trend as a function
of the temperature. Despite the variety observed among all cases
here considered, it is worth mentioning the noticeably good
agreement with the TIQM rate constants observed for the SQM
koz00 rate constant between 30 and 500 K, and the ks, rate
constant for the entire range up to 1500 K. The SACM calculation
also yields kgy,00 and ko, oo rate constants in specially good accord
with the QM rates up to 100 K.

H+CH'" (v=0,)) » CH" (v'=0,j'=0)+H

107

‘Tw
-
£
S,
2
C
8
210—11 [ |
3 TIQM SQM SACM
Qo == -
g jE2———eeeie— - =
jEB———ereee— -
jE A — o -
10712 1 1
10 100 1000

Temperature [K]

Fig. 11 Rate constants for the relaxation to the ground CH*(v' = 0, ' = 0)
state in the exchange H + CH*(v = 0, j = 1-4) - CH*(V' = 0,/ = 0)
reaction. Solid lines are TIQM results from Faure et al.,®® dashed lines are
present SACM rates and dotted lines are present SQM values.
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Fig. 12 Same as Fig. 11 for the exchange H + CH*(v = 0, j = 2-5) —
CH*(v' = 0, " = 1) reaction.

Conclusions

In this work we have shown the capabilities of statistical
approaches to provide useful and accurate information about
the reactive collisions of the CH," system. Cross sections as a
function of the energy and rate constants as a function of the
temperature have been obtained by means of a statistical quan-
tum method (SQM) within the centrifugal sudden approximation
and a statistical adiabatic channel model (SACM) for the C*"(*P) +
H, > H+CH',H+CH" - H+CH"and H+ CH" — C'(>P) + H,
reactions at the state-to-state level. The comparison with pre-
viously reported quantum mechanical results and experimental
data reveals a remarkably good agreement, typically within a
factor of 2 in the worst cases, especially for C" + H,, with in
general a slight superiority of the SQM over the SACM, as
expected. Thus, in practice, SQM has been applied to calculate
rate constants for a large number of specific transitions in each
case, in an effort to provide a useful database for future
astrophysical applications, as in previous investigations on the
H;" system and isotopic variants. The applicability of results
presented here is illustrated through work in progress where the
SQM rate constants are being used to model the non-thermal
spectrum of CH' towards the planetary nebula NGC 7027 (Sil
et al.®”). The present set of data, which covers all CH" states up
tov =2,j =5, is indeed fully appropriate to model the 6 pure
rotational and 14 ro-vibrational (v = 1 — 0) lines detected by
Cernicharo et al. (1997)” and Neufeld et al. (2021),® respectively,
in this astrophysical source (a gas shell expelled by a red giant
star). The next target will be the d203-506 protoplanetary disk
where the v = 2 — 1 vibrational band was also identified
(Zannese et al. (2025)).
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