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S1. Calculated rate coefficients

Table S1. Calculated rate coefficients.

Indirect path Direct path
T | kes kns ks ki Ksorro Lo
emisl) (V) ) (ems? (cm? sY) (cm7s7)
10 7.11x10%°" 1.25x10° 8.36x101°”
20 7.05x10%°" 3.91x10%° 1.10x10°"
50 7.00x10%°" 5.71x10%° 1.27x10°°
70 6.97x10%°" 6.17x10%° 1.31x10°"
100 | 8.93x10*® 3.91x10° 1.37x10'° 6.95x10'° 6.44x101° 1.34x10°
150 | 9.53x10%° 5.40x10° 1.39x10'° 6.86x10'° 5.55x101° 1.24x10°
200 | 9.66x10° 7.23x10° 1.43x10'° 6.42x107° 4.85x1071° 1.13x10°
250 | 8.81x10%° 9.35x10° 1.48x10'° 5.40x107'° 4.27x10° 9.67x10°
298 | 7.87x10%° 1.17x10' 1.52x10'° 4.45x107'° 3.76x101° 8.21x10%°
500 | 4.61x10%° 2.42x10'° 1.71x10° 1.91x107° 2.84x101° 4.75x107°
700 | 4.57x10° 4.09x10° 1.91x10%° 1.45x10*° 2.63x101° 4.08x10°
1000 | 5.04x10° 7.38x10%° 2.25x10%° 1.18x10% 2.60x101° 3.78x10%°
1100 | 5.23x10%° 8.67x10%° 2.37x10*  1.08x10* 2.63x10° 3.71x10%°
2000 | 4.50x10° 2.46x10* 3.73x10% 5.92x10% 3.17x107° 9.09x10°

* These rate coefficients were obtained from the tendency of the other k and are shown as dashed line in Figure 2. Their
microcanonical rate coefficients could be calculated due to the impossibility of reaching convergence.

Table S2. Rate coefficients used in the kinetic model

Rate coefficients
kr1 1.2x10° cm3s?
kg2 and kgs 1.6x10° cm3s?
krs 1.0x10° - 1.0x10 cm3 st
kg7 3x10°cm3 st

kr1, kr2 and kgrs were taken from ref 1.
A range of rate coefficients was used for kgs without any effect on the global concentrations.
For kg7, was used the collisional limit for the rigid sphere theory.



S2. Kinetic modelling

The CH* + H reaction was modeled assuming steady-state conditions and solving the kinetic
equations as a function of time and using the initial reactant concentrations.

RF-OFF kinetic modelling at 50K

For the reactive process without discharge, the CH*, H,, CH,*, CHs*, and He concentrations were
settled at 120 cm™3, 6x108 cm™, 0 cm™3, 0 cm™, and 3.7x10% cm™3, respectively.

RF-ON kinetic modelling at 50K

The CH*, Hy, H, CHy*, CHs*, and He concentrations taking into account the discharge ON were
settled at 120 cm™3, 1.7x10° cm™3, 4x108 cm™3, 0 cm3, 0 cm™3, and 3.7x10% cm™3, respectively.

RF-ON kinetic modelling at 12K

The CH*, Hy, H, CHy*, CHs*, and He concentrations taking into account the discharge ON were
settled at 700 cm™3, 1.2x10° cm™, 4x10” cm™3, 0 cm3, 0 cm™3, and 1.5x10% cm™3, respectively.



S3. Quasi-classical trajectory (QCT) dynamics

For the QCT calculations, trajectories were made with the classical molecular dynamics with
quantum transition (MDwQT) program?? on the potential energy surface of Stoecklin and Halvick?. First,
10000 trajectories were running with the maximum impact parameter settled at 10 bohrs and dynamics
were stopped when the distance between the atoms is larger than 22 bohrs. The results are showed in
Figure S1.
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Figure S1. Various processes probability for the CH* + H collision as a function of time at different kinetic
energies. The numbers inside each plot are the observed fraction of the process.

From these results, it can be seen that the reactive process is dominant at low energies but in
competition with the inelastic process (dissociation of the CH,*" into the product). This is consistent with
the microcanonical rate coefficients computed in this work.

By analyzing the reaction probabilities, we can observe distinct patterns. At high energies, the
probability for the consumption of the pre-reactive complex (CH,"" or CH*...H) is a Boltzmann function.
Initially, low reaction probabilities are found. Then, it is followed by a gradual increase before a constant
decrease. This behavior aligns with the presence of both direct and indirect reaction paths. At low energy,
the probabilities are rapidly increasing and then suddenly decreasing. This behavior suggests that the
indirect path is strongly dominant under adiabatic conditions. Such finding is consistent with the most



accurate quantum calculations where the collision process occurs through global minimum of the ground
state of CH," previous to the C* + H, formation.>?

Additionally, 5x10° trajectories were performed for 10 K and 50 K and 1x10° trajectories for
temperatures above 100 K (Figure S2). The maximum impact parameter used for all the trajectories was
40 bohrs. Figure S2 indicates that when the temperature is decreasing, larger impact parameters play an
increasingly important role. Such large impact parameters correspond to very long (in time) trajectories
that lead to spiral-shaped orbits before reacting.
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Figure S2. Contour plot of the number of trajectories as a function of the impact parameter and total
time of the trajectories.

The thermal rate coefficients were calculated using such conditions (see purple values in Figure
S3) and are in good agreement with the Langevin limiting value and with the exact quantum results’
(1.38x10° cm?3s?, 1.26x10° cm® st and 1.22x10° cm? s}, respectively).



However, we observe in Figure S3 that when the maximum time allowed for the reactive process
is reduced, the thermal rate coefficients are also reduced, in a nearly quantitative agreement with the
results of the present microcanonical model. Thus, longer time trajectories may yield to secondary
collisions or to other phenomena, as those labelled as R5-R7 in the main text. This microscopical dynamical
picture can be used to justify the direct (fast) and indirect (slow) mechanism allowing to produce only a
gradual decay of the reactive rate coefficients when reducing temperature.
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Figure S3. Effect of the maximum time allowed for the reactive process on the thermal rate coefficients



S4. Benchmark between wb97xd/aug-cc-pvdz method vs. high level calculations.

The wb97xd/aug-cc-pvdz level of theory used for the non-adiabatic molecular dynamics is
benchmarked versus experimental and theoretical values of reference. We computed the equilibrium
geometry of CH," in both its ground and first excited electronic states and compare our results to those
obtained by MRCI and CCSD(T) calculations of reference and to experimental measurement. The
comparison is shown in Table S3.

Table $3. Comparison of the equilibrium geometry of CH,* in the ground and first excited electronic
states calculated at the wb97xd/aug-cc-pvdz level of theory with data available in the literature. Unit of
R1 (H-H distance), R2 (C-H1 distance) and R3 (C-H2 distance) is ao and unit of © (H-C-H angle) is deg.

Feature R1 R2 R3 (S)

Global minimum (ground electronic state)

This work (wb97xd/AVDZ) 3.937 2.091 2.091 140.6
Ref. 13 (MRCI(Q)/AV5Z and VQZ) 3.859 2.063 2.063 138.6
Ref. 12 (MRCI(Q)/AV6Z) 3.896 2.067 2.067 141.0

Ref. 14 (CCSD(T)/aug-cc-pVXZ, X= Q and 5) 3.890 2.067 2.067 140.39
Ref. 15 (exp.) 3.922 2.088 2.088 139.8

Global minimum (first excited state)
This work (wb97xd /AVDZ) 4.160 2.081 2.081 180.0

Ref. 16 (MRCI(Q)/AV6Z) 4.118 2.059 2.059 180.0

The similarities between the results obtained with the different level of theory and the
experimental data show that wb97xd/aug-cc-pvdz level of theory used in this work can provide a good
representation of the geometrical evolution in the regions around the CH," and the Renner-Teller crossing
using the on-the-fly dynamics.
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