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Hydrocarbon ions are important species in flames, spectroscopy and the interstellar medium. Their 

importance is reflected in the extensive body of literature on the structure and reactivity of carbocations. 

However, the geometry, electronic structure and reactivity of carbocations are difficult to assess. This 

study aims to contribute to current knowledge of this subject by presenting a quantum mechanics 

description of methane cation dissociation using multiconfigurational methods. The geometric and 10 

electronic parameters of the minimum structure were determined for three main reaction paths: the 

dissociation ���� → 	���� +	�� and the dissociation/recombination processes ���� ↔ 	��
� + 	�. The 

electronic and energetic effects of these reactions were analyzed, and it was found that each reaction path 

has a strong dependence on the methodology used as well as a strong multiconfigurational character 

during dissociation. The first doublet excited states are inner-shell excited states and may correspond to 15 

the ions that are expected to be formed after electron detachment. The rate coefficient for each reaction 

path was determined using variational transition state theory and RRKM/master equation calculations. 

The major dissociation paths, with their rate coefficients at the high-pressure limit, are:      

����(� ��)� → ��
�(� ��� ) + �( �)��  (k∞(T) = 1.42×10+14 s-1 exp(-37.12/RT)) and ����(� ��)� →
����(� �� ) + ��( Σ��)��  (k∞(T) = 9.18×10+14 s-1 exp(-55.77/RT)). Our findings help to explain the 20 

abundance of ions formed from CH4 in the interstellar medium and to build models of chemical evolution. 

Introduction 

Methane is the smallest hydrocarbon, making it of great 
importance in industry and its occurrence in the environment and 
interstellar medium of particular significance. In the environment, 25 

methane acts as a greenhouse gas and has a direct impact on the 
Earth’s climate; in the interstellar medium, it are observed, for 
example, in star-forming and protoplanetary regions and in icy 
comets1–5; and in industry and vehicles it is used as fuel6,7, and as 
a precursor for large molecules and in the synthesis of diamonds 30 

by vapor deposition8,9. Because of the large number of 
applications in which it is used, neutral methane has been the 
subject of various kinetic studies10–14.  
Ionized methane also appears in many phenomena and can be 
found, for instance, in the interstellar medium as a result of the 35 

absorption of UV or X-ray radiation or the impact of cosmic 
rays15–18. In the terrestrial environment, it occurs in combustion 
processes because of the high temperature in flames (some ions 
observed in flames may be produced as a result of the 
dissociation of ����)19 or during the activation of hydrocarbons in 40 

the petroleum and natural gas industry20. After ionization, the 
���  tetrahedral structure is distorted by the Jahn-Teller effect 
into a C2v geometry21. This effect is observed in photoionization 
spectra, providing an unexpected and complex vibrational 
pattern20,22–25. Also, the same effect has been invoked to explain 45 

the photoelectron spectra of methane: a rigorous theoretical 

analysis by Mondal and Varandas23 of the first photoelectron 
band of methane successfully described the observed vibrational 
pattern.  
The potential energy surface (PES) of the methane cation and its 50 

vibrational structure has been widely explored20,22,25. It is well 
established that the minimum structure has C2v symmetry, but the 
region of the PES near the minimum is flat and presents several 
local minima and saddle points26,27,25. Much effort has been 
dedicated to describing the geometry of ���� in terms of Jahn-55 

Teller distortion and to using the ���� structure to model this 
effect 21,23,26–30.  
The formation of complex molecules, such as amino acids, from 
the irradiation of astrophysical ices in the interstellar medium 
seems to be a promising source of data on astrochemical 60 

processes31,32,33. Using 6 MeV 16O2+, 220 MeV 16O7+, 267 MeV 
56Fe22+ and 606 MeV 70Zn26+ ion beams impacting on solid 
methane, Mejía and de Barros18,16 investigated the radiolysis of 
methane ice by fast heavy ions and subsequent synthesis of new 
molecular species with two and three carbon atoms. Previously, 65 

Libby radiolysed solid methane in liquid argon at 77 K using γ-
rays34,35 and observed the polymerization of methane and 
formation of polycondensates with an average molecular formula 
of C20H40. These studies show that the ionization of methane 
synthesizes hydrocarbons with more than two carbon atoms20.  70 

The high energy of projectile ions impacting on ���  ice is 
believed to prompt electronic excitation and ionization of  
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Table 1. Geometric parameters. Bond distances are in angstroms and bond angles in degrees. 

 rC-H(2) rC-H(3) rC-H(4) rC-H(5) θH(2)CH(5) θH(3)CH(4) 
CAS(5,6)/6-31G** 1.197 1.094 1.074 1.195 52.6 126.5 
CAS(5,6)/6-311G** 1.204 1.095 1.074 1.202 53.0 126.7 
NEVPT2(5,6)/6-31G** 1.183 1.084 1.078 1.181 54.0 125.9 
NEVPT2(5,6)/6-311G** 1.193 1.088 1.082 1.192 54.7 126.1 
CAS(7,8)/6-31G** 1.197 1.096 1.096 1.197 53.3 126.5 
CAS(7,8)/6-311G** 1.204 1.096 1.096 1.204 53.6 126.6 
NEVPT2(7,8)/6-31G** 1.182 1.085 1.085 1.182 53.8 125.8 
NEVPT2(7,8)/6-311G** 1.192 1.089 1.089 1.193 54.6 126.1 
CAS(7,8)/6-311G(2df,2pd) 1.202 1.093 1.093 1.202 53.5 126.7 
NEVPT2(7,8)/6-311G(2df,2pd) 1.187 1.083 1.083 1.187 54.5 126.2 
CAS(7,8)/cc-pvqz 1.202 1.092 1.092 1.203 53.3 126.9 
NEVPT2(7,8)/cc-pvqz 1.185 1.185 1.081 1.081 54.5 126.1 

 

 
methane, followed by its dissociation and the formation of new 
molecular species, as well as the sputtering of several ionic and 5 

neutral species. The products thus formed or emitted can be 
expected to be directly related to the ���� fragments and other 
molecular species generated after the impact.  
Methane and other hydrocarbons observed in the interstellar 
medium2,4 interact with high-energy particles or the solar wind or 10 

absorb X-rays, leading to ionization/dissociation processes. The 
study of the reactivity of the ions formed in these processes may 
elucidate several mechanisms in the interstellar medium and help 
improve our understanding of the chemical evolution of planetary 
atmospheres. 15 

Likewise, the study of the dissociation pathways of the methane 
cation is important not only for an understanding of the 
transformations undergone by methane in the interstellar medium 
after ionization (in particular so that kinetic parameters can be 
determined to build kinetic models), but also for modeling several 20 

effects observed in the dissociation and recombination of ions in 
the gas phase.   

Computational details 

The electronic structure of the ground state of the methane cation 
and its dissociation/recombination pathways, including those 25 

related to excited states, were investigated by 
multiconfigurational and coupled cluster methods with 6-
31G(d,p), 6-311G(d,p), 6-311G(2df,2pd) and cc-pvQZ basis sets. 
The active spaces chosen were CAS(5,6) (five electrons and six 
orbitals) and CAS(7,8) (seven electrons and eight orbitals). 30 

Dynamic correlation was included in the CAS method by using n-
electron valence state perturbation theory (NEVPT2)36,37 and 
multireference correlation interaction with singles and doubles 
(MRCISD). For those methods for which analytical gradients are 
not available, the optimization procedures and energy evaluation 35 

used the numerical gradients calculated by the quantum chemical 
package.  
The geometry of the ground state was optimized without any 
geometrical constraint, and the harmonic vibrational frequencies 
were determined to establish whether the structure found 40 

corresponded to a minimum on the potential energy surface. The 
study included dissociation of the methane cation by stretching of 
the C-H(2) bond (bond distance between carbon and hydrogen 
number 2) and a recombination reaction between a hydrogen 
atom and ��
� to form ����. All dissociation paths were obtained 45 

by relaxed scan along the proper bond length. The 
dissociation/recombination reactions were evaluated by 
multiconfigurational and coupled cluster methods. The changes in 
energy, electronic configuration and excited states along the 
reaction path were analyzed at the MRCISD(7,8)/6-311G(d,p) 50 

level with the geometries optimized at the NEVPT2(7,8)/6-
311G(2df,2pd) level [MRCISD(7,8)/6-
311G(d,p)//NEVPT2(7,8)/6-311G(2df,2pd) method]. Because of 
the lack of experimental data, the results were refined with the 
MRCISD and CCSD(T) methodologies to provide a reliable 55 

ensemble of electronic structure data. All electronic structure 
investigation was performed with the Orca 2.9.1 package38,39. 
The rate coefficients of thermal dissociation/recombination were 
determined in two different ways: (i) by applying canonical 
variational transition state theory (CVTST) maximizing 60 

activation free energy along the reaction paths at 1.0 atm and 
different temperatures; and (ii) by determining the sum and 
density of states along the reaction paths followed by 
minimization of the sum of states to find the variational transition 
structure. The density and sum of states were calculated with 65 

DenSum code supplied with the Multiwell40,41 package, and the 
location of the transition structure was identified using external 
spreadsheet software. The sum of states and angular momentum, 
for both dissociation reactions, were plotted in function of bond 
distance and the molecular configuration that minimizes the sum 70 

of states identified. The microcanonical variational transition-
state theory (µVTST) rate coefficients were calculated using 
RRKM theory42–48, and centrifugal corrections were included by 
averaging k(E,J) over a thermal distribution of angular 
momentum J. The high-pressure rate coefficients, k∞, were 75 

obtained by averaging the µVTST coefficients over a Boltzmann 
distribution. The Arrhenius parameters were determined by both 
methods. 
Next, the master equation was solved to estimate the rate 
coefficients in the pressure fall-off and determine their 80 

dependency on the energy transfer function for a population with 
a Maxwell-Boltzmann distribution and the calculated µVTST rate 
coefficients. The Lennard-Jones parameters used to determine the 
collision frequency between methane cations and an inert gas 
(Ar) were obtained from Miller’s master equation study for the 85 

dissociation of methane12. Lennard-Jones parameterization for 
neutral methane was considered a suitable approach for an initial 
study. Following the earlier study by Brown and Miller12,49, the 
evaluation of the energy transfer function uses the double 
exponential model [Equation (a)] and the 0.1/10 approach. In this  90 
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 5 

Fig. 1. Geometry and molecular orbitals of the methane cation ground state optimized at the CAS(7,8)/cc-pvQZ level.  The inner shell is not shown in this 
figure 

model, the parameters related to the energy transferred per 
deactivation collision12,50,51, α1 and  α2, were considered 
independent of temperature. The 0.1/10 approach uses α2 = 10α1 10 

and f = 0.1. For the purposes of comparison, an exponential decay 
function is considered to model the energy transfer function, as in 
Equation (b). 

�(�, ��) � �
��(��)

�(1  !)exp % ∆�
'(
) + !exp % ∆�

'*
)+ 	� , �′(a) 

 �(�, ��) � �
��(��)

exp % ∆�
' ) 					� , �

� (b) 15 

Again, because of the lack of experimental data, the parameter α 
was varied in the range 50 cm-1 to 500 cm-1 and the final results 
were analyzed. The thermal energy distribution was used to 
describe the initial energy of the reactants and to calculate the 
unimolecular rate coefficient using Ar as collider. The master 20 

equation was solved simultaneously for the three processes 
(reactions 1 to 3) analyzed here. The Multiwell40,41,52 package 
developed by Barker et al. was used to solve the master equation. 

Results and Discussion 

Geometry and Electronic Structure 25 

Singly ionized methane has nine electrons. As shown in Figure 1 

and Table 1 (which gives the most important geometrical 
parameters determined by multiconfigurational methods), this 
cation has C2v symmetry and two pairs of equivalent hydrogens. 
The results in Table 1 show that the choice of five electrons and 30 

six orbitals as active space leads to a small deviation in the C2v 

symmetry, where the four C-H bonds are not exactly equal to 
each other. In fact, the effect of removing one electron is that the 
rC-H(2) and rC-H(5) bonds are nearly 9% longer than the rC-
H(3) and rC-H(4) bonds. After ionization, one of the methane 35 

bond angles becomes smaller to compensate for removal of the 
electron, changing the neutral methane tetrahedral symmetry into 
C2v symmetry. As expected, removal of an electron from a bond 
increases the bond lengths rC-H(2) and rC-H(5)28. At the 
CAS(7,8)/cc-pvQZ level, the electronic configuration of the CH��   40 

ground state is 2(a1)
2 1(b2)

2 3(a1)
2 1(b1)

1, which leads to the � ���
 

electronic state (Figure 1). The two first unoccupied orbitals have 
A1 symmetry and an anti-bonding character. At the 
MRCISD(7,8)/6-311G(d,p)//NEVPT2(7,8)/6-311G(2df,2pd) 
level, a change in orbital ordering is observed: the method 45 

predicts the 2(a1)
2 3(a1)

2 1(b2)
2 1(b1)

1 electronic configuration for 
the ground state and B1 symmetry for the second unoccupied 
orbital. In agreement with previous theoretical studies, we failed 
to find other minimum-energy structures with symmetry other 
than C2v

25,28. 50 
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Table 2. Dissociation energies determined using multiconfigurational methods. All values are in kcal mol-1 

Level Reaction 1 Reaction 3 
CAS(5,6)/6-31G(d,p) 46.04 24.13 
CAS(5,6)/6-311G(d,p) 47.45 24.21 
NEVPT2(5,6)/6-31G(d,p) 59.69 59.63 
NEVPT2(5,6)/6-311G(d,p) 60.69 33.78 
NEVPT2(7,8)/6-31G(d,p) 58.88 25.01 
NEVPT2(7,8)/6-311G(d,p) 60.26 39.13 
NEVPT2(7,8)/6-311G(2df,2pd) 64.35 42.04 
NEVPT2(7,8)/cc-pvQZ 65.30 40.04 
MRCISD(5,6)/6-31G(d,p)//CAS(5,6)/6-31G(d,p) 57.19 33.93 
MRCISD(5,6)/6-311G(d,p)//CAS(5,6)/6-31G(d,p) 58.11 38.44 
MRCISD(7,8)/6-311G(d,p)//NEVPT2(7,8)/6-311G(2df,2pd) 58.04 38.32 

 

(a) 

5 

(b) 

Fig. 2. Possible dissociation pathways of the methane cation; (a) ���� →
	���� +	�� reaction; (b) ��
� +	� 	↔ 	���� reaction. 

Dissociation curves for the ground state 

Correctly describing ����  dissociation is a challenging task as 10 

the existence of two pairs of equivalent hydrogen atoms generates 
two different dissociation pathways. We found that the predicted 
reaction pathways are very sensitive to the methodology used. 
We therefore investigated the following two channels in detail: (i) 
the dissociation of ���� following reaction 1 below, and (ii) the 15 

gas-phase recombination/dissociation of a methyl cation with a 
hydrogen atom to produce ���� , following reactions 2 and 3. 

 ���� →	���� +	��		 (1) 

 ��
� +	� 	→ 	���� (2) 

 ���� → ��
� +	�  (3) 20 

 
Reaction 1 is observed after stretching of the C-H(2) or C-H(5) 
bond. Analysis of configuration state functions (CSF) at the 
MRCISD(7,8)/6-311G(d,p)//NEVPT2(7,8)/6-311G(2df,2pd) 
level indicates the formation of the ���� doublet radical cation 25 

and a neutral hydrogen molecule. The dissociation curves for this 
reaction are shown in Figure 2a. As expected, increasing the basis 
set and the active space decreases the energy of the potential 
energy curve.  
The CAS result is highly dependent on the basis set and active 30 

space. Reaction 1 is obtained independently of basis set if five 
electrons and six orbitals are considered as active space. 
However, increasing the active space causes the methane cation 
to dissociate into planar ��
� and a hydrogen atom. Increasing 
the basis set does not change the CAS(7,8) qualitative prediction, 35 

i.e., the methane cation always dissociates into ��
� +	� 	 
(reaction 3). To resolve this issue dynamic correlation was 
included by using perturbation treatment (NEVPT2 method) or a 
multireference configuration interaction method (MRCISD). All 
the NEVPT2 and MRCISD results led to reaction 1 40 

independently of the active space and basis set. In contrast, the 
CCSD and CCSD(T) methods, shown in the Supplementary 
Information Section, always predicted that stretching of the C-
H(2) or C-H(5) bond would follow reaction 3. 
A description of the formation of ��
� +	�  is essential to 45 

elucidate all possible dissociation products and determine which 
methodology provides the correct and best description of the 
dissociation pathways. Attempts to stretch the C-H(3) or C-H(4) 
bonds using multiconfigurational methods in order to produce 
reaction 3 failed because of the jump discontinuity observed in 50 

the curves obtained (available in the Supplementary Information 
Section). Each side of the discontinuity refers to different 
dissociation pathways and may be related to the crossing of two 
different electronic states. 
At the CCSD(T)/6-311G(d,p) level, dissociation of  the C-H(4) 55 

bond follows the reaction ���� → 	��
 + ��, with a 
dissociation energy of 99.4 kcal mol-1. Prediction of these 
products by the coupled-cluster method provides a partial answer 
to the problematic evaluation of C-H(4) dissociation by 
multiconfigurational methods: (1) the multiconfigurational 60 

character of bond breaking is not taken into account by the 
coupled cluster method53, while the CAS and NEVPT2 
methodology does take this effect into account; and (2) the CAS 
wavefunction is obtained by using a configuration interaction 
procedure in the active space associated with a molecular orbital 65 
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optimization. This procedure searches for a minimum energy 
electronic configuration for several electronic states. Based on 
this, in the first stages of the dissociation reaction the method 
leads to the ��
 +�� configuration. Near 2 Å, where the jump 
discontinuity occurs, the CAS and NEVPT2 methods generate the 5 

��
� +	� configuration, and the dissociation of ���� finishes 
with these products. The discontinuity observed in the potential 
energy curve is caused by the transition from a high energy 
configuration (��
 + ��) to a lower energy configuration 
(��
� +	� ). Indeed, the coupled-cluster method predicts the 10 

dissociation of  ����	into high-energy products. 
The breaking of the C-H(3) or C-H(4) bond involves changes in 
the inner shell 1b2 and 3a1 orbitals, which produce an abrupt 
increase in dissociation energy along the reaction coordinate. 
Near 2 Å the CAS method finds a lower-energy electronic 15 

configuration which flips the order of the orbitals and results in 
the discontinuity in the dissociation curve.  We also observed that 
near 2 Å, before the jump discontinuity, two high-order excited 
states contribute to the ground state energy: the |22012> 
configuration and, to a lesser extent, the |22111> configuration.   20 

However, some questions remain. Firstly, is it necessary to 
include vibronic coupling to obtain the right description of C-
H(4) bond-breaking?23 And, secondly, does a state-averaged 
CASSCF procedure lead to the expected products? These issues 
are currently under analysis by this research group. 25 

The multiconfigurational results were chosen to predict the right 
dissociation products in light of two facts: (1) the significant 
multiconfigurational character observed along the bond 
dissociation curve; and (2) the fact that the dissociation energy of 
the ���� → 	��
 + ��	reaction is greater than 90 kcal mol-1, 30 

whereas the dissociation energy corresponding to reaction 3 is in 
the 30 to 40  kcal mol-1 range. 
To investigate how planar ��
�	and an H atom are formed 
(reaction 3), the dynamics of these two species was studied in a 
recombination reaction. The potential energy curves for this 35 

approach are shown in Figure 2. The CSF analysis of the starting 
configuration, at the MRCISD(7,8)/6-
311G(d,p)//NEVPT2(7,8)/6-311G(2df,2pd) level, shows eight 
electrons in the ��
� fragment, indicating a monocation species, 
and one in the hydrogen, confirming that reaction 2 starts with the 40 

right electronic configuration.  The distance between these two 
fragments was varied from 5.0 Å to 1.08 Å. Near 1.4 Å, the 
hydrogen atom starts to interact with the carbon atom and binds 
to it, taking the position of the H(2) atom. The final structure is 
the methane cation with C2v symmetry.  45 

Dissociation reactions 1 and 3 show that the dissociation energy 
seems to govern the competition between the two dissociation 
channels. Table 2 shows the dissociation energy without ZPE 
correction determined by the multiconfigurational methods. The 
following behaviors were observed: (1) in almost every case, the 50 

increase in the basis set increases the dissociation energy. The 
major deviations in this behavior were observed for reaction 3. At 
the NEVPT2(5,6)/6-31G(d,p) and NEVPT2(5,6)/6-311G(d,p) 
levels this deviation may be related to the chosen active space. At 
the NEVPT2(5,6)/6-311G(2df,2pd) and NEVPT2(7,8)/cc-pvQZ 55 

levels the change in the basis set style, size and number of 
polarization functions could be responsible for the observed 
deviation; (2) inclusion of dynamic correlation increases the 

dissociation energy; (3) changing the active space causes a small 
modification in the dissociation energy. An exception is observed 60 

for reaction 3 at the NEVPT2(5,6)/6-31G(d,p) and 
NEVPT2(5,6)/6-31G(d,p) levels, where the dissociation energy 
changes by 34.6 kcal mol-1 because of the increased active space; 
and (4) from the thermochemical point of view, the dissociation 
into ��
� +	�  is the most favorable pathway, and the energy 65 

difference between the two dissociation channels is nearly 20 
kcal mol-1 in the major levels of theory. Analysis of the 
dissociation paths and dissociation energies shows that reaction 3 
is very sensitive to the level of theory applied. 
The most reliable and precise method used in this study is the 70 

MRCISD(7,8)/6-311G(d,p)//NEVPT2(7,8)/6-311G(2df,2pd) 
method. We therefore consider the dissociation energies 
calculated at this level to be more accurate. 

 

Dissociation curves for the excited states 75 

The transition energies calculated at the MRCISD(7,8)/6-
311G(d,p)//NEVPT2(7,8)/6-311G(2df,2pd) level are shown in 
Table 3. All doublet excited states are for inner shell singly 
occupied molecular orbitals and are energetically substantially 
above the dissociation energies calculated.  The inner shell 80 

excited states (A2B2 and A2A1) represent the electronic 
configuration of different monopositive ions produced after the 
impact of the projectile. Examination of the dissociation curves 
for the A2B2 and A2A1 states provides the dissociation products of 
these different ions. 85 

Table 3. Transition energies evaluated at the MRCISD(7,8)/6-
311G(d,p)//NEVPT2(7,8)/6-311G(2df,2pd) level. 

Configuration State Transition energy (eV) 

2(a1)
2 3(a1)

2 1(b2)
2 1(b1)

1 � ���  0.000 

2(a1)
2 3(a1)

2 1(b2)
1 1(b1)

2 A2B2 4.579 

2(a1)
2 3(a1)

1 1(b2)
2 1(b1)

2 A2A1 5.688 

2(a1)
2 3(a1)

2 1(b2)
1 1(b1)

1 4(a1)
1 a4A2 12.228 

 

 
The dissociation curves, including those for the excited states, are 
shown in Figure 3. Excitation of the � ���  – a4A2 transition leads 90 

to a repulsive state that contributes to the molecular dissociation 
in both processes analyzed.  The dissociation products 
corresponding to the C-(2) bond stretching (Figure 3a) in the a4A2 
curve have the configuration 0.9085|22111>, very similar to that 
obtained in the recombination curve (Figure 3b) for the same 95 

state, 0.8984|22111> + 0.0191|21211>. 
The potential energy curves for C-(2) bond-stretching (Figure 3a) 
have a conical intersection between states A2A1  and a4A2 at 1.9 Å 
and an avoided crossing between the A2B2  and A2A1 curves at 1.5 
Å. Dissociation along the � ��� , A

2A1  and a4A2 curves forms 100 

�� 	and  ����, but in distinct electronic states, and dissociation 
along the A2B2 state forms the ground state of neutral ���  and 
the  ��� cation  in the Σ�� state. 
Dissociation according to reaction 3 through states A2A1  and a4A2 
leads to the excited state of the ��
� ion and the neutral 	� atom; 105 

the only difference is the multiplicity of ��
� formed in each 
dissociation process. Analysis of CSF indicates that the A2B2 state 
dissociates into a ��
 radical and �� . 
 

Page 5 of 9 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

  

Table 4. Kinetic parameters at the high-pressure limit for the dissociation/recombination reactions of ����using the electronic structure data evaluated at 
the MRCISD(7,8)/6-311G(d,p)//NEVPT2(7,8)/6-311G(2df,2pd) level. The rate coefficients of the dissociation reactions are in s-1, the pre-exponential 
factors (A factor) in s-1 and the activation energy in kcal mol-1. The rate coefficients of the recombination reaction and the A factor are in cm3 molecule-1   5 

s-1 

 Reaction 1 Reaction 2 Reaction 3 

T CVTST k∞,diss CVTST k∞,rec CVTST k∞,diss 

273 1.19×10-35 2.12×10-31 1.61×10-11 6.96×10-09 6.29×10-19 2.71×10-16 

298.15 1.63×10-31 1.21×10-27 2.72×10-11 7.02×10-09 3.36×10-16 8.70×10-14 

310 8.50×10-30 4.41×10-26 3.43×10-11 7.15×10-09 4.58×10-15 9.54×10-13 

330 3.56×10-27 1.06×10-23 4.84×10-11 7.24×10-09 2.46×10-13 3.68×10-11 

380 8.11×10-22 7.62×10-19 1.05×10-10 7.80×10-09 8.52×10-10 6.34×10-08 

400 4.77×10-20 3.07×10-17 1.33×10-10 7.82×10-09 1.25×10-08 7.40×10-07 

450 2.62×10-16 7.56×10-14 2.27×10-10 8.09×10-09 3.73×10-06 1.33×10-04 

500 2.61×10-13 3.95×10-11 3.59×10-10 8.37×10-09 3.61×10-04 8.40×10-03 

A 1.88×10+14 9.18×10+14 1.45×10-08 1.05×10-08 1.96×10+14 1.42×10+14 

Ea 61.477 55.77 3.70 0.23 40.60 37.12 
 

 
 

(a) 

(b) 

Fig. 3 Dissociation curves for the dissociation/recombination reactions at 10 

the MRCISD(7,8)/6-311G(d,p)//NEVPT2(7,8)/6-311G(2df,2pd) level; (a) 
reaction 1; (b) reactions 2 and 3. 

 
Figure 3b shows that the first excited state does not influence 
���� ground state dissociation (reaction 3). This result indicates 15 

that the jump discontinuity  observed during the stretching of the 
C-(4) bond could be a consequence of the multiconfigurational 

method used to describe this reaction together with the 
contribution of high-energy configurations, such as |22012> and 
|22111>, to ground-state dissociation. 20 

Previous studies have suggested that during the formation of ���� 
and related ions, high-order hydrocarbons can also be formed by 
polymerization induced by the presence of these ions20,34,35. A 
study by Fialkov19 of the formation of various ions in flames and 
in combustion processes together with the results of the present 25 

study demonstrate that methane cation 
dissociation/recombination reactions can produce several ionic 
species in different electronic states if the correct amount of 
energy is furnished. However, analysis of several models 
available in the literature10,54–63 revealed that ion-molecule 30 

reactions or ion-ion reactions were not taken into account. This 
may have been because of the low concentration of certain ions in 
the combustion process or the absence of kinetic data. The data 
obtained in the present study is therefore expected to be useful for 
testing combustion models. 35 

Dissociation Kinetics  

Table 4 shows the kinetic parameters at the high-pressure limit 
for dissociation/recombination reactions obtained for electronic 
energy calculated at the MRCISD(7,8)/6-
311G(d,p)//NEVPT2(7,8)/6-311G(2df,2pd) level and harmonic 40 

vibrations and external moments of inertia calculated at the 
NEVPT2(7,8)/6-311G(2df,2pd) level.  The kinetics study 
considers the dissociation of only the most stable configuration, 
the � ���

 state. Rate coefficients were calculated in the range 273 
K to 500 K, and the Arrhenius plots are shown in Figure 4. Rate 45 

coefficients for the recombination reaction (reaction 2) were 
determined from the relationship between equilibrium constant 
and forward and reverse reaction rate constants:  K = kfor/krev. 
A difference is observed between the CVTST and k∞ rate 
coefficients. For reaction 1, the rate coefficients for the two 50 

methods differ by four orders of magnitude at lower temperatures 
but the differences lower at high temperatures. For reaction 3, the 
CVTST and k∞ rate coefficients differ significantly at low 
temperatures, by three orders of magnitude at 273 K (Figure 4). 
For the temperature range investigated, the Arrhenius equation 55 
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does not exhibit curvilinear behavior for any of the reactions with 
either CVTST or k∞, making the formulation of a generalized 
expression an unnecessary task.   
The kinetic parameters and the analysis of the cumulative 
distribution of initial energies for an ensemble of methane cations 5 

indicate that the dissociation reaction proceeds only at high 
temperature, as in a combustion system, or if the molecules are 
formed with high energy, as in the radiolysis experiment.  For 
these reasons, the k∞ rate coefficients for all processes were 
determined at high temperatures (1000 K and 1500 K) (Table 5).   10 

 

Table 5. High-pressure rate coefficients (k∞) calculated at high 
temperatures. All dissociation reactions are in s-1 and the recombination 
reaction is in cm3 molecule-1 s-1. 

Temperature Reaction 1 Reaction 2 Reaction 3 

1000 K 8.59×10
+01

 1.14×10
-08

 9.74×10
+05

 

1500 K 1.31×10
+06

 1.54×10
-08

 4.28×10
+08

 
 

 15 

 
Fig. 4 Rate coefficients as a function of temperature. MRCISD(7,8)/6-
311G(d,p)//NEVPT2(7,8)/6-311G(2df,2pd). 

 
Fig. 5 Dependence of rate coefficients for reaction 3 on pressure fall-off 20 

for different forms of the energy transfer function and different α 
parameters. T = 1500 K. 

The energy transfer function does not influence the rate 
coefficient at the high-pressure limit. However, in the pressure 
fall-off region, the unimolecular rate coefficients are strongly 25 

dependent on the energy transferred per impact and the 
mathematical model of the energy transfer function. Figure 5 

shows the dependence of the rate coefficients on gas pressure for 
distinct α parameters and functional forms of the energy transfer 
function for reaction 3. At 1500 K in the pressure fall-off region, 30 

the rate coefficients are in the 2×104 to 2×107 s-1 range. There is 
agreement between the values determined with the exponential 
model for α = 50 cm-1 and those determined with the 0.1/10 bi-
exponential model for α2 = 100 cm-1. There is good agreement 
between all collision models at low pressure values. 35 

The fall-off rate coefficients increase monotonically with pressure 
and converge to the expected k∞ value (4.28×10+08 s-1) far above 5 
atm. 
In the range of temperatures studied, the Lennard-Jones collision 
rate coefficient varies from 2.95×10-10 to 3.48×10-10 cm3 40 

molecule-1 s-1. All thermally activated reactants are deactivated 
almost instantaneously when α ≥ 300 cm-1. In the case of a ���� 
ensemble following a Boltzmann distribution, the strong collision 
assumption is valid when  α > 300 cm-1. At the high-pressure 
limit and on the assumption that all collisions are strong, the first-45 

order rate coefficient for deactivation is equal to the collision 
frequency64. Analyzing the increase in collision frequency as a 
function of pressure and temperature (Supplementary information 
section), it can be seen that the curves approach to a limit value at 
pressure values above to 5 atm. The collision frequency curves 50 

together with the fall-off curves indicate that for this system the 
high-pressure limit is reached at very high pressure, far above 5 
atm.  
CVTST and k∞ rate coefficients were expected to be almost equal 
at the high-pressure limit. However, Figure 4 shows that this is 55 

not the case. This is because the CVTST coefficients were 
determined at 1.0 atm, and the high-pressure limit is reached far 
above 5 atm. As Table 4 shows, all the CVTST rate coefficients 
are lower than the k∞ coefficients, proving that the former were 
not measured at the high-pressure limit.  Formally, the called 60 

“CVTST” rate coefficient should be understood, and named, as a 
dissociation rate coefficient, since it were evaluated near to low 
pressure limit. However, the term CVTST rate coefficient will be 
preserved in order to   clarify the method used to calculate the 
rate coefficient. 65 

Further recombination reactions can be expected after 
dissociation through reaction 1. Using Dirichlet-type 
distributions, Plessis et al.65 estimated the rate coefficient for the 
recombination reaction  ���� +	�� 	→ ��
� 	+ 	�  to be 1.2 
×10+08  cm3 molecule-1 s-1. After reaction 1, the products may 70 

recombine to form ��
� ions in addition to those formed by 
reaction 3, the main dissociation channel. These coupled 
dissociation/recombination processes, which form new ionic 
species, will impact the ionic models used to describe the 
atmosphere of other planets and their moons65.  75 

Conclusions 

The electronic structure and geometric parameters of ���� were 
analyzed, and a reactivity study using multiconfigurational 
methods was carried out for the dissociation/recombination 
processes for reactions 1-3. Kinetic parameters were determined 80 

using transition state theory and RRKM theory and by solving the 
master equation.  
Methodological analysis showed that coupled cluster methods are 
not suitable for describing the dissociation/recombination of 
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����; therefore, a complete multiconfigurational approach is 
required to take into account the wavefunction’s 
multiconfigurational nature during bond-breaking, which is 
increased by the detachment of one binding electron. 
The product distribution following dissociation of ���� is large. 5 

The major dissociation paths and their rate coefficients at the 
high-pressure limit are ����(� ��)� → ��
�(� ��� ) + �( �)��      
(k(T) = 1.42×10+14 s-1 exp(-37.12/RT)) and ����(� ��)� →
����(� �� ) + ��( Σ��)��  (k(T) = 9.18×10+14 s-1 exp(-55.77/RT)). 
The A2B2 and A2A1 excited states are inner-shell excited states and 10 

represent the electronic configuration of other ions formed after 
electron detachment from neutral methane. The dissociation 
curves corresponding to three excited states were determined and 
the electronic configuration of the products analyzed. All excited 
states are energetically substantially above the dissociation 15 

energies calculated for the ����	ground state. In the interstellar 
medium or in radiolysis experiments, the interaction of methane 
and related ions with high energy particles or radiation usually 
leads to the formation of several products: �� in different 
electronic states, ��  ���� and others ions. In the interstellar 20 

medium, after irradiation of the surface of ices, the formation of 
various ions following methane cation dissociation is in general 
accompanied by the production of more complex hydrocarbons or 
other organic molecules if the target is in the presence of water or 
impurities16,18,20,34,35. These products are related to the family of 25 

ions formed after the irradiation of methane. An understanding of 
their structure and how they are produced depends on correctly 
identifying the ions, their structure and their electronic state, 
which this study sought to do. In flames, the high temperature 
induces ionization/dissociation of neutral methane and 30 

dissociation of ����, producing pollutants such as soot. We 
suggest that further studies be carried out to investigate the 
importance of the ion-neutral or ion-ion reactions described in 
this study for combustion kinetic models, since existing models 
generally include reactions involving free radicals and do not take 35 

into account reactions involving ions. The reactions analyzed 
here and kinetic parameters derived are expected to be useful for 
ionospheric models of planets and moons. The rate coefficients in 
the pressure fall-off region are expected to be of particular use as 
most processes in the interstellar medium occur at low pressure.  40 

The collision parameters considered here are for neutral methane 
and were obtained from Miller12. For future kinetic studies, the 
Lennard-Jones parameters for the methane cation should be 
determined so that the influence of these parameters on rate 
coefficients, collision frequency and fall-off curves can be 45 

investigated.   
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