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Abstract 12 

We present a zero-dimensional kinetic model to characterise specifically the gas-phase dynamics 13 

of methane conversion in a nanosecond pulsed discharge (NPD) plasma reactor. The model 14 

includes a systematic approach to capture the nanoscale power discharges and the rapid ensuing 15 

changes in electric field, gas and electron temperature, as well as species densities. The effects 16 

of gas temperature and reactor pressure on gas conversion and product selectivity are extensively 17 

investigated and validated against experimental work. We discuss the important reaction 18 

pathways and provide an analysis of the dynamics of the heating and cooling mechanisms. H 19 

radicals are found to be the most populous plasma species and they participate in hydrogenation 20 

and dehydrogenation reactions, which are the dominant recombination reactions leading to C2H4 21 

and C2H2 as main products (depending on the pressure). 22 
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1. Introduction 27 

Given the current energy crisis, the societal and industrial importance of natural gas as a primary 28 

energy source and feedstock will be significant in the coming decennia. Methane (CH4), the most 29 

abundant compound of natural gas, can be converted stepwise to synthetic fuels via syngas. 30 

Alternatively, methane can be converted to valuable chemicals that serve as high added-value 31 

building blocks in the chemical industry. Among them, ethylene (C2H4) has the highest market 32 

value since it is the basic building block for a very broad range of chemicals, including polymers, 33 

synthetic fibres, alcohols, and solvents. Thus, scalable and energy-efficient processes to convert 34 

methane to ethylene are of high research interest. 35 

Ethylene derives from natural gas via thermally driven (catalytic) oxidative or non-oxidative 36 

methane coupling. The oxidative coupling of methane is an exothermic reaction occurring at 1000-37 

1200 K, usually in presence of catalyst. Along with ethylene, other lower-value side-products, 38 

such as carbon dioxide (CO2), carbon monoxide (CO), hydrogen (H2) and water (H2O), are 39 

formed, restricting the application prospects of this route. Unlike oxidative methane coupling, non-40 

oxidative coupling promotes the formation of high-value species, i.e., ethane (C2H6), ethylene 41 

(C2H4) and acetylene (C2H2), hydrogen, benzene (C6H6) and other aromatics at appropriate 42 

temperatures and in presence of suitable catalysts. Carbon and hydrogen are thermodynamically 43 

favoured between 1500-3300 K; benzene between 1100-1500 K; acetylene at higher 44 

temperatures, whereas ethylene production is maximized between 1300-1800 K.1,2 45 

Besides thermally-driven routes,3 electrified options have also been proposed for non-oxidative 46 

methane coupling.4 In this context, plasma is employed to enable the reaction. Specifically, non-47 

thermal plasma (NTP) can electrically activate methane molecules at lower bulk gas temperatures 48 

than pyrolysis, maximizing the conversion of electrical into chemical energy and subsequently, 49 

improving the global energy efficiency. Different plasma technologies, i.e., dielectric barrier 50 

discharges (DBD),5,6 microwave (MW),7 gliding arc (GA),8 spark and corona,9,10 have been tested 51 

for methane reforming. In low-energy density plasmas (DBD), ethane is formed as the major 52 

product, whereas acetylene formation dominates in high-energy density discharges (MW, GA and 53 

spark). Ethylene selectivity is enhanced in corona discharges, yet the overall yield still remains 54 

low. Collectively, plasma is not very selective to ethylene unless it is integrated with catalysts 55 

suitable for acetylene hydrogenation to ethylene in the post-plasma zone.11 The reason for the 56 

very broad product distribution lies in the different electron temperature and electron density each 57 

plasma technology features, which impose the operating temperature and consequently, drive the 58 

plasma chemistry. 59 
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The Nanosecond Pulsed Discharge (NPD), a spark-regime discharge that can sufficiently 60 

populate the desirable vibrational and electronic states while limiting translational excitation, has 61 

been lately adopted to methane valorisation applications, attaining high single-pass C2 yields at 62 

relatively low energy cost.11–14 Acetylene was always the majorly produced, like other high-energy 63 

density discharges, but the reaction mechanism has not been defined yet. Only limited works 64 

elaborating on methane plasma chemistry have been published; most of them regard 65 

microsecond pulsed discharges, a similar but not the same plasma type as NPDs. Kado et al.15 66 

investigated the mechanism of acetylene formation in such discharges; they reported that 67 

methane is mainly dissociated via electron impact reactions into atomic carbon, which is then 68 

hydrogenated to C2H and CH and finally, those species serve as the precursors for C2H2 formation 69 

under certain hydrogenation and recombination reactions. Gao et al.16 suggested that methane 70 

vibrational excitation is the lead methane dissociation mechanism since the vibrational excitation 71 

cross section has the dominant role in the energy channelling. They also claimed that vibrational-72 

translational/rotational relaxation promotes thermal methane coupling to C2 and carbon when gas 73 

temperature overpasses 1100 K. 74 

Recently, Stefanidis and co-workers reported for the first time in the literature that gas phase 75 

plasma-assisted non-oxidative methane coupling can lead to the formation of ethylene as major 76 

product in NPDs ‒ attaining ~ 20% single-pass ethylene yield at 2020 kJ/molC2H4 energy cost ‒ 77 

when co-feeding recyclable hydrogen (CH4:H2 = 1:1) and operating at moderate pressures (3.5 – 78 

5 bar).17 The reaction pathways that shifted the product selectivity from acetylene to ethylene 79 

were determined via an isotope analysis. It was found that higher bulk gas temperatures imposed 80 

by the overpressure (>3 bar) activate direct gas-phase methane coupling to ethylene and 81 

suggested that some acetylene hydrogenation to ethylene takes place at the copper-based 82 

reactor electrode.18 83 

In the current work, we aim to elucidate the correlation between temperature and pressure effects 84 

on C2 products selectivity under different operating windows. First, we experimentally study the 85 

NPD plasma reactor performance in terms of methane conversion and C2 selectivity in the 86 

pressure range of 1 to 5 bar. Further, we develop a zero-dimensional kinetic model to characterise 87 

the gas-phase dynamics of methane conversion in the NPD plasma reactor. The model includes 88 

a systematic approach to capture the nanoscale power discharges and the rapid ensuing changes 89 

in electric field, gas and electron temperature, as well as species densities. The effects of gas 90 

temperature and reactor pressure on gas conversion and product selectivity are extensively 91 

investigated and validated against the experimental work. Finally, we discuss the important 92 
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reaction pathways and provide an analysis of the dynamics of the heating and cooling 93 

mechanisms. 94 

2. Experimental and computational methodology 95 

2.1. Nanosecond pulsed plasma setup 96 

The experimental setup used for the plasma-assisted non-oxidative methane experiments is 97 

presented in Figure 1. The discharge was ignited by a nanosecond pulsed power supply (n-PS) 98 

(NPG-18/100k, Megaimpulse Ltd.) which was triggered by a waveform generator (WFG) (33220A, 99 

Keysight Technology) at 3 kHz pulse repetition frequency. Based on a parametric study previously 100 

conducted,19 a pulse repetition frequency of 3 kHz led to an optimum performance with respect 101 

to single-pass conversion and energy efficiency. A high-voltage probe (P6015A Tektronix, 75 MHz 102 

bandwidth) and an I/V converter (CT-D-1.0, Magnelab, 200Hz-500MHz bandwidth) were used for 103 

the pulse voltage and current measurement, respectively. Voltage and current signals were 104 

recorded over the course of the experiment by a digital oscilloscope (Wavesurfer 10, Teledyne 105 

Lecroy) with a sampling frequency of 10 Gs/s. The pulse energy (E pulse) was estimated as 106 

elsewhere.20 It equals the integral of the instantaneous power (V×I), considering the voltage (V) 107 

and current (I) signals time delay. The voltage and current signals time delay was calculated by 108 

zeroing the V×I product time integral in the absence of plasma, managed by filling the plasma 109 

reactor with SF6.21 Optical access to the discharge was not possible, however, representative 110 

pictures of the nanosecond pulsed discharge can be found in our previous work.19 111 

The co-axial plasma reactor consisted of an inner, copper-based, axial wire (2.2 mm diameter) 112 

and an outer, stainless steel-based, co-axial tube (10.4 mm and 13 mm internal and external 113 

diameter, respectively). The inner axial wire constituted the high voltage (HV) electrode of the 114 

reactor while the outer coaxial tube constituted the ground electrode (GE) of the reactor. The 115 

interelectrode distance (plasma gap) and the coaxial plasma reactor length were 4.2 mm and 116 

25 cm, respectively. The mixture of the reactants was fed through the bottom of the reactor 117 

(reactor inlet line) and the reactor effluent exited from the top of the reactor (reactor outlet line). 118 

Mass flow controllers (GF40 Series, Brooks Instrument) controlled the feed flow rate of the 119 

reactants (100 sccm CH4 and 100 sccm H2; Air Liquide 99.995% purity). A filter (SS-4TF-7, 120 

Swagelok) with 7-micron pore size was installed at the plasma reactor outflow to retain the formed 121 

carbon. A differential pressure meter (Model 700.02, WIKA) was used to monitor the differential 122 

pressure across the filter cloth, which was cleaned when the differential pressure gauge exceeded 123 

a certain value. The plasma reactor pressure was regulated by using a pressure flow controller 124 
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(SLA5820, Brooks Instrument) that was placed after the filter. A third mass flow controller (GF40 125 

Series, Brooks Instrument), which was operated as flowmeter, continuously recorded the 126 

volumetric flowrate of the plasma reactor effluent. However, the readout value depends on a gas 127 

factor, which varied with the gas composition. Since the latter was not constant over the course 128 

of the plasma reaction, N2 (Air Liquide, 99.999% purity) was used as internal standard to 129 

accurately measure the volume of the plasma reactor effluent. A known amount of N2 (5 sccm) 130 

was only fed to the plasma reactor effluent (not inside the plasma zone over the course of the 131 

reaction).22 The three-way valve (3WV) was positioned in a manner such that N2 was not allowed 132 

to flow through the plasma reactor along with the reactants, instead it drove the N2 flow towards 133 

the reactor effluent. The outlet flow rate was obtained by multiplying the initial total flowrate 134 

(CH4+H2+N2) by the ratio of the chromatographic area of N2 before and during the plasma. An 135 

additional mass flow controller (4800 series, Brooks Instrument) was used to set the internal 136 

standard N2 flow. The mass flow controllers were configured accordingly, and the respective gas 137 

factors were set before setting up of the experiments. The mass flow controllers for CH4 and N2 138 

supply were set by default only for CH4 and N2 handling. Pressure probes (P1600 and P1650, 139 

Pace Scientific) and thermocouples (PT 900 Pace scientific) were employed to monitor the reactor 140 

operating conditions. 141 

The analysis of the plasma reactor product stream was performed by an on-line GC (3000 142 

MicroGC, Inficon). H2, N2 and CH4 were detected by a molesieve column (10 m) with backflush 143 

(3 m, Plot U), while for C2 species a Plot U column (10 m) with backflush (1 m, Plot Q) was used. 144 
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 145 

Figure 1 Schematic representation of the experimental set-up used for the non-oxidative methane coupling 146 
experiments. 147 

The following metrics were assessed to evaluate the plasma reactor performance: CH4 148 

conversion, C2 selectivity and power input: 149 

CH4 conversion = (1 – ([𝐶𝐻4]𝑜𝑢𝑡  𝑥  𝑣𝑜𝑢𝑡[𝐶𝐻4]𝑖𝑛  𝑥  𝑣𝑖𝑛 )) 𝑥 100%                                                                  (1) 150 

C2Hx selectivity = 
2 𝑥 [𝐶2𝐻𝑥]𝑜𝑢𝑡 𝑥 𝑣𝑜𝑢𝑡[𝐶𝐻4]𝑖𝑛 𝑥 𝑣𝑖𝑛 −  [𝐶𝐻4]𝑜𝑢𝑡 𝑥 𝑣𝑜𝑢𝑡   𝑥 100%                                                             (2) 151 

Power input (MW) = 𝐸𝑝𝑢𝑙𝑠𝑒𝑥  ( 𝑀𝐽𝑝𝑢𝑙𝑠𝑒) 𝑥 𝑓 (𝑝𝑢𝑙𝑠𝑒𝑠𝑠 )                                                                  (3) 152 

where […]in and […]out correspond to CH4 concentration at the plasma reactor feed and effluent 153 

stream, respectively, while νin and νout correspond to the corrected volumetric flowrates. 154 

2.2. Plasma-kinetic model 155 

(a) Numerical details 156 
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Our zero-dimensional kinetic model was constructed using the ZDPlasKin kinetic solver,23 which 157 

operates by evaluating the continuity differential equation for each chemical species 𝑠 with 158 

number density 𝑛𝑠(𝑡) considered in the model: 159 

dn𝑠
dt

= ∑ Cr, s
r

kr ∏ nq
q

                                                   (4) 160 

where Cr, s is the stoichiometric coefficient of a given species s in reaction r, kr is the rate coefficient 161 

of reaction r and q is the colliding species in this process. Reactions which do not involve electron 162 

collisions use rate coefficients kr from literature. kr was given within a temperature range and 163 

written as a function of gas temperature where such data existed. In the case of electron impact 164 

reactions, kr was extracted from continuous evaluation of collisional cross sections and the 165 

Electron Energy Distribution Function (EEDF) via the BOLSIG+ solver. BOLSIG+ operates in 166 

tandem with ZDPlasKin and requires electric field as input to derive the EEDF, from which the 167 

mean electron energy is determined, to then return rate coefficients for electron impact 168 

reactions.24 The electric field E, required by BOLSIG+ to solve the Boltzmann equation, is 169 

calculated via the differential of the Joule heating equation 170 𝑑𝑃𝑑𝑉 = 𝑱 . 𝑬 =  𝜎𝐸2                        (5) 171 

in which P is the power deposited in a volume element V, J (or σE) is the current density and σ is 172 

the electron conductivity, which is calculated by σ = eneµe (e being the elementary charge, ne the 173 

electron number density and µe the electron mobility, calculated by BOLSIG+).24  174 

Neglecting any spatial dependence, the reduced electric field (E/N) is determined from the power 175 

density p ≡ P/V as 176 

(𝐸𝑁) = 1𝑁  √𝑃𝜎                                 (6) 177 

with N being the total number density of species in the gas phase. 178 

(b) Power input 179 

The power discharges were integrated in the model as power density, defined by the ratio of 180 

instantaneous power and volume of the plasma region. The instantaneous power contained in 181 

the discharges was determined using the experimental voltage and current profiles, whilst the 182 

volume of the plasma region in the reactor was assumed to be constant for the duration of the 183 

pulses.17 The power density was defined as a function of time using linear functions to generate 184 

asymmetrical triangular power pulses (shown in section 3.2 below). This definition considered the 185 
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intensity and nanoscale width or duration of each individual pulse, as well as pulse frequency and 186 

operational duty cycle. In the theoretical framework of this model, this approach allowed for an 187 

accurate representation of the plasma discharges and their variation with the applied pressure in 188 

the reactor. These were measured by current and voltage probes during the experiments and are 189 

shown in the Supporting Information (SI, section 2).17,20 In the interest of model stability and 190 

physicality, the concept of a minimum power density between the pulses (i.e. plasma off period) 191 

was introduced to maintain the electron density and the electric field within viable ranges for model 192 

operation.  193 

(c) Gas temperature 194 

Calculations of gas temperature variation with time were performed self-consistently using the 195 

reaction enthalpies included in the model.25 As the gas temperature Tgas (in Kelvin) can be 196 

assumed to be the same for all neutral species, only the adiabatic isometric heat transport 197 

equation needs to be solved:23 198 

𝑁 𝑦𝑘𝑦 − 1 𝑑𝑇𝑔𝑎𝑠 𝑑𝑡 = 𝑃𝑒, 𝑒𝑙 +  ∑ 𝑗  𝑅𝑗 ∆𝐻𝑗 − 𝑃𝑒𝑥𝑡                                   (7) 199 

where 𝑁 = ∑ 𝑛𝑖 is the total neutral species density, 𝛾 is the specific heat ratio of the total gas 200 

mixture, 𝑘 is the Boltzmann constant (in J K-1), 𝑃𝑒, 𝑒𝑙 is the gas heating power density due to 201 

elastic electron-neutral collisions (in W m-3), 𝑅𝑗 is the rate of reaction 𝑗 (in m-3 s-1), ∆𝐻𝑗 is the heat 202 

released (or consumed when this value is negative) by reaction 𝑗 (in J) and 𝑃𝑒𝑥𝑡 is the heat loss 203 

due to energy exchange with the surroundings (in W m-3). A detailed description of the gas 204 

temperature calculations is given in the SI (section 3). 205 

(d) Gas expansion 206 

Certain reactions in the chemistry of CH4 conversion involve the formation of two molecules from 207 

one molecule. These reactions cause gas expansion, affecting the pressure and flow rate, which 208 

are calculated from the actual species density, velocity and gas temperature. To ensure 209 

conservation of gas pressure and mass flow rate, the species densities (calculated using eq. 4) 210 

and velocity are corrected at every time step to account for gas expansion. More details are given 211 

in Kozak and Bogaerts.25 212 

(e) Assumed plasma volume and number of pulses per residence time 213 

Accurate kinetic (and fluid dynamic) modelling under plasma discharges, particularly for 214 

simulations carried out with self-consistent temperature calculations, at atmospheric pressures 215 

and using pulsed power sources, is a challenging task. In particular, to model pulsed discharges 216 
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in a 0D framework, it was necessary to make assumptions about the plasma volume and the 217 

number of pulses experienced by the gas molecules during their residence time in the reactor.26,27 218 

Hence, the modeller needs to make some assumptions to run within a feasible time-scale. Here 219 

we describe these assumptions, as well as the limitations of the model. 220 

The volume of the plasma discharges in this reactor configuration was estimated to be 3% of the 221 

total volume of the reactor at 1 bar. Provided that the NPD streamer (accurately approximated as 222 

a column) diameter can be ~ 0.3 mm13 at these operating conditions and considering the total 223 

effective reactor volume to be the space defined by the NPD streamer diameter and the plasma 224 

reactor cross-section area (since the NPD streamer is erratically ignited around the HV electrode), 225 

only ~ 3% of the total effective reactor volume is occupied by the NPD streamer during each 226 

event. This volume was assumed to remain constant in the pressure range of 1 to 5 bar. The 227 

difference between the total volume of the reactor and the plasma region affects how many pulses 228 

are experienced by each gas molecule traversing the reactor within the residence time. Although 229 

the pulse frequency is set to 3 kHz in the experiments, it is obvious that molecules travelling 230 

through the reactor will not be exposed to 3000 power pulses in 1 second (even if this were their 231 

residence time in the reactor). This is because exposure to power discharges occurs only in the 232 

plasma region, since the pulses are contained within the plasma volume. Considering these 233 

factors, the model was adjusted to account for 15 pulses, as an approximation to the number of 234 

pulses experienced by the gas molecules in the reactor. In all cases this number of pulses was 235 

sufficient for the modelled results to remain unaltered after the twelfth pulse. 236 

(f) Conversion and selectivity 237 

The CH4 conversion is calculated as follows: 238 

χ CH4(%) = 1 −  𝑛𝐶𝐻4 𝑓 (𝑐𝑚−3)𝑣𝑓 (𝑐𝑚 𝑠−1)𝑛𝐶𝐻4 𝑖 (𝑐𝑚−3)𝑣𝑖 (𝑐𝑚 𝑠−1)  x 100%                                            (8) 239 

where nCH4i and vi are the initial CH4 density and velocity, while nCH4f and vf are the final CH4 density 240 

and velocity. 241 

The hydrocarbon selectivity is calculated as follows: 242 

S 𝐶𝑥𝐻𝑦(%) =  𝑥 𝑛𝐶𝑥𝐻𝑦(𝑐𝑚−3)  𝑣𝑓 (𝑐𝑚 𝑠−1)𝑛𝐶𝐻4  𝑖 (𝑐𝑚−3)  𝑣𝑖(𝑐𝑚 𝑠−1) – 𝑛𝐶𝐻4 𝑓 (𝑐𝑚−3)  𝑣𝑓 (𝑐𝑚 𝑠−1)   x 100%      (9) 243 

with nCxHy being the density of any given hydrocarbon in the steady state. 244 

2.3. Chemistry included in the model 245 
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A mixture of CH4 and H2 at a 50/50 ratio was adopted as input gas, in order to compare with the 246 

experiments. The species included in the model comprise CH4 and H2 molecules in ground and 247 

some vibrationally excited states, C and H atoms, various compounded CxHy molecules, as well 248 

as the corresponding radicals and ions, as shown in Table 1. These species react with each other 249 

in a large number of reactions, as detailed in SI (sections 4 – 6). To develop this reaction set, we 250 

built upon the basis of an earlier publication by PLASMANT, which investigated the utilisation of 251 

different plasma sources in CH4 conversion.28 In this study, ionic processes were expanded, rates 252 

of recombination reactions were updated and H2 VV interactions were corrected to include 253 

detailed balance. These modifications were carried out using rate coefficients procured from 254 

various sources in the literature. A complete list of the reactions and corresponding rate 255 

coefficients (including interactions between vibrational levels), as well as relevant citations, can 256 

be found in Tables S2 – S5 in the SI. 257 

Table 1 Species considered in the model. 258 

Stable 

molecules 
Radicals Ions and electrons Excited molecules 

CH4 H2 C2H2 

C2H4 C2H6 C3H6 

C3H8 C4H10 C(s) 

C C2 C3 H CH3 

CH2 CH C2H 

C2H3 C2H5 C3H5 

C3H7 C4H9 

H+ H2
+ H3

+ C+ C2
+ CH+ CH2

+ 

CH3
+ CH4

+ CH5
+ C2H+ C2H2

+
 

C2H3
+ C2H4

+ C2H5
+ C2H6

+     

H- CH- CH2
- electrons 

Vibrational: 

H2 (v = 1…14)  
CH4 (v = 1…4) 

Electronic: H2* and CH4* 

 259 

3. Results and discussion 260 

3.1. Plasma reactor performance 261 

A streamer-to-spark discharge was ignited which covered only a restricted volume inside the co-262 

axial plasma reactor; it accounted for ~ 3% of the hollow-cylindrical shaped volume around the 263 

HV electrode, as defined by the streamer diameter and the plasma reactor cross-section area.13 264 

The limited plasma volume compared to the reactor cross section provided rapid product 265 

quenching: the products exiting the plasma zone were instantly mixed with the low-temperature 266 

unreacted gases; the bulk gas temperature abruptly dropped and consequently, undesirable side-267 

reactions, i.e., C2 species decomposition to carbon and hydrogen, were inhibited. The quenching 268 

rates may have been enhanced by the repetitive ignition (in the order of nanosecond) of the spark. 269 

It is noted that reactions can also be enabled in the proximity of the plasma zone, at distances 270 

longer than that of the discharge diameter, due to the relatively high gas temperature.29 Hydrogen 271 
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was co-fed to suppress carbon and benzene formation and increase acetylene selectivity at the 272 

expense of methane conversion.30 273 

The reactor performance in the non-oxidative CH4 conversion is presented in Figure 2. Pressure 274 

increase incentivises the electron-molecule collision frequency and the electron mean energy. As 275 

the discharge pressure is increased, the system is driven to thermal equilibrium leading to a higher 276 

number of electron-molecule collisions, and resulting in lower electron mean energy, thereby less 277 

energetic collisions. Therefore, methane conversion is initially boosted from 30% to 45% as 278 

pressure rises from 1 to 4 bar. At 5 bar, there is a slight drop in methane conversion, due to the 279 

slightly lower discharge energy. Beyond 5 bar, the reduction of electron mean energy becomes 280 

significant and conversion is compromised. 281 

Regarding product distribution, C2H2 is the dominant product when operating at atmospheric 282 

pressure. At 2 bar and higher pressures, C2H4 becomes the dominant product. The highest 283 

ethylene selectivity is attained at 5 bar. At this pressure, the C2H2 and C2H6 yields account for 284 

less than 5% of product distribution. This product selectivity shift can be attributed to the direct 285 

CH2 radical coupling (with CH3) to ethylene and C2H3 hydrogenation with H radicals – both 286 

reactions are enhanced by high bulk gas temperatures imposed by the overpressure (> 3 bar) ‒ 287 

as revealed by the isotopic analysis previously performed by Stefanidis and co-workers18 and 288 

further explored in the reaction pathway analysis provided by the modelled results (section 3.5). 289 

Moreover, in pulsed plasmas, catalytic hydrogenation occurring at the surface of the copper-290 

based HV electrode also has an effect on the improved C2H4 selectivity at higher pressures,18 291 

owing to the ability of copper to promote C2H2 to C2H4 hydrogenation reactions.31 In a future follow-292 

up, we intend to expand this work to investigate this effect under these conditions both on 293 

experimental and computational fronts. 294 
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 295 

Figure 2. NPD plasma reactor performance in terms of CH4 conversion 296 
and C2 selectivity across the 1 – 5 bar pressure range. Total feed rate: 297 
200 sccm; gas feed composition: CH4:H2 = 1:1; frequency: 3 kHz; 298 
discharge gap: 2.4 mm. 299 

3.2. Modelled plasma characteristics 300 

In all calculations carried out in this study, the following parameters were kept constant: gas 301 

feed composition of CH4:H2 = 1:1, gas flow rate of 200 sccm, reactor dimensions (see section 302 

2.1), pulse frequency of 3 kHz, number of modelled pulses as 15 pulses, initial gas 303 

temperature of 298.15 K and volume of the plasma region as 3% of the reactor volume.13 This 304 

was done to highlight the effects of variations in the applied pressure (1 to 5 bar) and power 305 

input (and in turn gas and electron temperature), as well as to study how CH4 conversion, 306 

product selectivity and reaction pathways respond to these different conditions of pressure 307 

and power input. 308 

The time-resolved power density profiles constructed to emulate the pulsed plasma 309 

discharges at different pressures are shown in Figure 3a. Each pulse is characterised by an 310 

asymmetrical triangle with shorter upslope (rise time) and longer downslope (fall time). In line 311 

with experimental power inputs (see Figure S1), the intensity and width of the power density 312 

pulses in the model are pressure dependent, with the maximum power of each pulse rising 313 

with pressure and the width decreasing with increasing pressure, generating pulses with 314 

shorter duration (sharper triangles).  315 
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 316 

Figure 3 (a) One asymmetrical triangular pulse at different pressures (1 to 5 bar) in the nanosecond range. 317 
The duration of the pulses varies from ~ 10 ns at 5 bar to 18 ns at 1 bar. (b) The 15 power pulses and afterglows 318 
modelled for the gas residence time (27.8 ms) in the reactor, corresponding to a gas flow rate of 200 sccm, 319 
as used in the experiments. The difference in width upon different pressure is not visible, but the different 320 
intensity of each pulse can be observed. 321 

In Figure 3b the 15 modelled pulses are plotted at different pressures. While the effect of pressure 322 

on pulse duration is not observable on the timescale of the residence time (ms), the different 323 

height of the power density pulses in the 1 to 5 bar pressure range is evident. The values of 324 

intensity and duration of the pulses for each pressure can be found in Table 2, alongside the 325 

calculated energy injected into the reactor per pulse. Table 2 also shows the total power deposited 326 

within the residence time, the maximum reduced electric field (E/N) reached at the top of the 327 

pulses and the average gas temperature in the afterglow estimated by the model at each 328 

pressure. 329 

Table 2 Pulse characteristics, overall deposited power and calculated reduced electric field and average bulk 330 
gas temperature in the afterglow at different pressures. 331 

Pressure 
(bar) 

Pulse Characteristics 
Power 

(W) 
E/N max 

(Td) 
Tgas,(K) Intensity 

(MW cm-3) 
Duration 

(ns) 
Energy 

(mJ) 

1 251.7 18.0 26.4 14.3 347.5 1037.6 

2 269.3 14.2 22.4 12.1 199.1 991.2 

3 287.6 12.3 20.7 11.2 179.1 982.9 

4 312.4 10.7 19.6 10.6 156.2 990.5 

5 329.5 9.36 18.1 9.80 144.1 1074.0 

The energy (in mJ) channelled into the reactor per power pulse is reduced with rising pressure, 332 

as shown in Table 2. This effect is due to the pulses becoming shorter as the pressure is 333 

increasing (despite the higher intensity), resulting in less energy being deposited in the system 334 
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with each pulse. This is obviously reflected in the total power (in W), which decreases with 335 

increasing pressure. The calculated values and the trend across the pressure range are in good 336 

alignment with experimental results (Figure 4), especially in the mid pressure range, boding well 337 

for species density and temperature calculations carried out later in the model.  338 

 339 

Figure 4 Comparison between modelled and 340 
experimental energy per pulse deposited into the 341 
reactor across the pressure range studied. The 342 
modelled error bars are the standard deviation at each 343 
data point. 344 

The response of the reduced electric field and in turn of the electron temperature to the power 345 

pulses is plotted in Figure 5a. Akin to power density, the two profiles exhibit pulsed behaviour and 346 

the peaks in both are coincidental in time with the power discharges.32 This is expected as the 347 

model computes the electric field from the power input, and in turn the electric field is supplied to 348 

BOLSIG+ for EEDF calculations and electron temperature. The latter determine the energy of 349 

electrons in the plasma zone, which will initiate chemical reactions with the incoming CH4 and H2 350 

molecules in the gas flow. Since the reduced electric field is inversely proportional to the density 351 

of gas-phase species, the maximum values calculated by the model (reached at the top of each 352 

power pulse) are reduced as the pressure is increased (Figure 5b). This trend is also observed in 353 

the experimental values of the electric field (Figure 5b), however these are somewhat lower than 354 

those calculated by the model. This is likely due to the nanosecond scale of the pulses, rendering 355 

precise acquisition of maximum electric field very difficult, and thus the values measured 356 

experimentally may be lower (i.e. with a relative delay) than those reached at the top of the power 357 

pulses.27 The resulting calculated maximum electron temperature for each pressure is also plotted 358 

in Figure 5b, showing consistency with the trend in the reduced electric field.   359 
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 360 

Figure 5 (a) Calculated temporal profile of the reduced electric field (top) showing peaks which are coincidental to 361 
the power pulses, as well as pulsed behaviour of the calculated electron temperature as a response to the electric 362 
field (bottom). Both calculations were carried out at 4 bar. (b) Maximum reduced electric field and electron temperature 363 
values calculated by the model at different applied pressures. The experimental E/N is also shown for comparison. 364 

Figure 6 displays the profiles of gas temperature versus time for the different applied pressures 365 

as calculated by the 0D model (no experimental gas temperatures were measured). All profiles 366 

exhibit pulsed behaviour. While heating (leading to temperature peaks) occurs for  120 ns after 367 

each power pulse, cooling begins subsequently and is a much slower process (resembling that 368 

of an exponential decay) as it takes place on the ms scale ( 1.2 ms) during the afterglow until 369 

the next pulse. The heating and cooling dynamics derived from model calculations are presented 370 

and discussed in Section 3.6 below. 371 

 372 

Figure 6 Calculated temperature profiles at different applied pressures 373 
showing the pulsed evolution of calculated gas temperature within the 374 
gas residence time. 375 
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The amplitude of temperature variation (i.e. the difference between the calculated temperature at 376 

the top of each peak and at the very end of the subsequent afterglow) is inversely proportional to 377 

the applied pressure, with higher variations observed at lower pressures. Note that (i) the more 378 

intense E/N peaks and (ii) longer power depositions at lower pressures will both lead to the 379 

generation of more radicals whose recombination into stable molecules releases energy and 380 

heats the system following the power discharges. As the concentration of radicals is higher at 381 

lower pressures, more heating is experienced, resulting in more intense temperature peaks.33 The 382 

difference in the amplitude of temperature variation as a function of pressure will be discussed in 383 

section 3.5. 384 

In the afterglow, the time-averaged calculated gas temperature is similar at all pressures, around 385 

1000 K, which is comparable to a report by Ravasio and Cavallotti for a similar system.33 The 386 

calculated gas temperatures (Tgas = 1400 – 900 K, with an average of 1000 K) are starkly lower 387 

than the calculated electron temperatures (Te = 39000 – 51000 K or 3.6 – 4.2 eV) for all applied 388 

pressures, clearly indicating that the system operates in a non-thermal plasma regime in all 389 

cases.34 This was also previously observed by Heijkers et al. for CO2 conversion under NPD 390 

discharges.32 391 

3.3. Modelled analysis of gas phase kinetics 392 

(a) Electrons  393 

The temporal profile of electron density, showing pulsed behaviour in the model, is shown in 394 

Figure 7a.  395 

 396 

Figure 7 Simulated profiles of (a) electron density and (b) sum of electrons and anions versus sum of cations (left 397 
y-axis), with the numerical difference shown on the right y-axis. These calculations were performed at 4 bar. 398 
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The calculated peak electron densities (i.e. during the pulses) vary from 6.9 x 1015 cm-3 (at 5 bar) 399 

to 1.1 x 1016 cm-3 (at 1 bar) and this range agrees well with experimental data reported by Maqueo 400 

et al35 for CH4 and CH4/O2 mixtures (i.e. order of 1015 to 1017 cm-3). Consistent with other reports 401 

in literature, the electron density magnitude is inversely proportional to the applied pressure 402 

(Table 3).13,18,35 403 

Table 3 Maximum electron density at each applied pressure 404 

Pressure (bar) Electron density (cm-3) 

1 1.08 x 1016 

2 9.97 x 1015 

3 9.22 x 1015 

4 7.99 x 1015 

5 6.95 x 1015 

The electron density along the residence time reaches its peak at the top of each pulse (Figure 405 

7a). Though these densities are high (in line with the intense power discharges), they are very 406 

short lived and only last for 9 – 18 nanoseconds, depending on the pressure. Both electron density 407 

and electron temperature plummet to negligible values (~ 5 x 108 cm-3) in the afterglow (in between 408 

the pulses), slowing down or halting electron impact processes, as recombination reactions 409 

become more important. The increase in the peak of electron density over the first 6 pulses (~ 10 410 

ms) is related to the rise in the gas temperature in the same time period (green profile in Figure 411 

6). Due to the ideal gas law, this rise in the gas temperature decreases the number of species 412 

(density) in the gas phase, whilst pressure and volume are held constant. Since, the reduced 413 

electric field is inversely proportional to the density of neutral gas species, a reduction in the latter 414 

causes the reduced electric field to increase, leading to a proportional increase in electron density. 415 

As shown in Figure 7b, there is a precise overlay in the profiles of positive ions and of electrons 416 

plus negative ions, indicating a tight charge balance is kept throughout the simulations. The 417 

maximum difference observed (~ 103 cm-3; right y-axis of Figure 7b) lies within the error range of 418 

the model and is insignificant compared to the magnitude of the charge densities in the model 419 

(1011 – 1016 cm-3). 420 

(b) Feed gas molecules and major products 421 

Figure 8 displays density profiles of various important species considered in the model. It is clear 422 

that all profiles exhibit pulsed behaviour, where sharp and rapid decreases (for the gas feed 423 
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molecules: CH4 and H2) and increases (for the radical and ionic species) occur in simultaneity 424 

with the power pulses, while much slower and gradual variations take place in the interpulse 425 

periods.  426 

 427 

Figure 8 Calculated density profiles of (a) feed gas molecules, (b) major products from non-oxidative CH4 428 
conversion, (c) most important radicals and (d) main cations in the simulations. These calculations were performed 429 
at an applied pressure of 4 bar. 430 

The reactants’ profiles show (i) sudden drops where the pulses occur (especially within the first 431 

10 ms of the simulations) and (ii) steady growth in the afterglow, signalling consumption and 432 

reformation, respectively (Figure 8a). CH4 and H2 are chiefly decomposed through electron impact 433 

reactions during the power discharges, and reformed otherwise via the very efficient 434 

recombination channels of CH3 + H and H + H, respectively. Concomitantly, other recombination 435 

reactions lead to the formation of higher hydrocarbons. Overall, H2 is consumed in the beginning, 436 

however production surpasses consumption after 11 pulses, and H2 becomes thus a product of 437 

CH4 conversion. Conversely, CH4 exhibits a decreasing tendency throughout.  438 
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At 4 bar, C2H4 appears as the top product, followed by C2H2 and finally C2H6, which is a minor 439 

product in the entire pressure range. These C2 species also undergo consumption by electron 440 

impact reactions during the pulses and are reformed in the afterglows, when electron density 441 

decreases between the pulses. After 8 ms, C2H4 becomes the dominant product and the density 442 

variations no longer affect the selectivity order at 4 bar (i.e. C2H4 > C2H2 > C2H6). It is of note that 443 

this onset accompanies the stabilisation of the gas temperature variation (see Figure 6). While 444 

the steady state tendencies observed for the C2H4 and C2H6 products are roughly attained at 18 445 

ms, the C2H2 density continues to increase slightly in the residence time.   446 

To elaborate further on this analysis, the thermodynamic equilibrium compositions of the plasma 447 

reactor effluent over the operating temperature (750 – 1400 K, see Figure 6) and pressure range 448 

of interest (1 – 5 bar) are presented in Figure 9. When operating at atmospheric pressure and 449 

temperatures > 1200 K, C2H2 is the most stable, thereby, the most favourable product among the 450 

C2 species. When operating at elevated pressures, particularly > 3 bar, C2H4 becomes the most 451 

favourable product over the discussed temperature range (750 – 1400 K). This behaviour tallies 452 

very well with the species density trends depicted in Figure 8, as they match the equilibrium 453 

compositions shown in Figure 9 (plot of 4 bar), suggesting that the rates of interconversion 454 

between C2H2 and C2H4 via other intermediate species are fast, thus, the relative C2 455 

concentrations can reach their thermodynamic equilibrium values. Among all the species, CH4 456 

appears to be the most stable, thereby, the most abundant species under the tested conditions.  457 

 458 

Figure 9 Thermodynamic equilibrium compositions of the plasma reactor effluent over the operating temperature and 459 
pressure range of interest. The calculations were performed in ASPEN Plus process simulator, using the Peng-460 
Robinson equation of state. Feed composition: CH4:H2=1:1. 461 
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In Section 3.5 we present a detailed analysis of the effect of pressure and temperature on the 462 

reaction pathways and in turn on the product selectivity. 463 

(c) Radicals and ions 464 

The calculated densities of the main radicals and ions are plotted in Figure 8c and 8d, 465 

respectively. The densities of all other radicals and ions considered in the model were 466 

considerably lower, and therefore not included in this figure. The order of abundance of the 467 

radicals shown in the graphs is H > CH3 > C2H5 > C2H3 > CH2 > CH. The peak density for all 468 

radicals is suddenly (ns scale) reached through electron impact dissociation of molecules during 469 

the power pulses. In the wake of each pulse, the radical densities decrease sharply (falling to ~ 470 

2/3 of the maximum density in the pulse) within 120 ns due to radical recombination. This 471 

decreasing tendency remains in later stages of the afterglow, up to the next pulse. However, it 472 

deaccelerates significantly, giving rise to the tails seen in the interpulse periods.  473 

In Figure 8d it is evident that the main ions in the model follow accurately the trends described 474 

above for the radicals. Electron impact ionisation and ionic recombination reactions account for 475 

peak cation production and consumption, respectively. The order of abundance of the ions is as 476 

follows: C2H5
+ > C2H4

+ > H+ > C2H3
+ > CH5

+ > H3
+. 477 

3.4. Calculated conversion and selectivity, and validation with experiments  478 

The calculated and experimental results for CH4 conversion and C2 products selectivity are plotted 479 

and compared in Figure 10.  480 
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 481 

Figure 10 CH4 conversion and selectivity of C2H6, C2H4 and C2H2. Modelled and 482 
experimental results are compared across the 1 to 5 bar pressure range. 483 

As observed in Figure 10, it is evident that pressure plays a major role for both conversion and 484 

selectivity in the non-oxidative CH4 coupling. In terms of conversion, both model and experiments 485 

show that pressure increase has a beneficial effect up to ~ 4 bar (in the experiments; ~ 3 bar in 486 

the model), however a further increase to 5 bar leads to lower conversion than those registered 487 

at 3 and 4 bar.  488 

Selectivity varies widely across the pressure range under study. At 1 bar, C2H2 is clearly the major 489 

product (at ~ 60%, both in the model and the experiments), followed by C2H4 (at 10% in the 490 

experiments and 20% in the model) and finally C2H6 appearing as a minor product in the reaction 491 

(at ~ 5%, both the experiments and the model). Such observations for product distribution at 1 492 

bar are in line with other studies of CH4 conversion under NPD.13,33 Raising the pressure to 2 bar 493 

causes significant enhancement in C2H4 production and reduces C2H2 formation, resulting in 494 

higher selectivity towards C2H4 than C2H2 in the experiments. In the model, though C2H2 still 495 

shows marginally leading selectivity at 2 bar, the trend of rising C2H4 formation is accurately 496 

captured. In both model and experiment, from 3 to 5 bar, C2H4 becomes the dominant product, 497 

and its selectivity continues to increase, whilst the C2H2 selectivity dwindles with every pressure 498 

increment. In fact, the C2H2 selectivity falls to ~ 5% at 4 bar and ~ 1% at 5 bar in the experiments, 499 

while remaining at ~ 15% in the model (the reason for this contrast is explained below). 500 
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Nevertheless, the decaying trend is qualitatively captured by the model. Though the model 501 

predicts a gradual increase in C2H6 selectivity with pressure (peaking at ~ 8% at 5 bar), this is not 502 

backed up by the experiment, showing that C2H6 production is not affected by the applied pressure 503 

and remains very slow in all cases. 504 

The model predicts production of appreciable quantities of C3H6 and C3H8, with maximum 505 

selectivity (at 5 bar) of 4% and 5.5%, respectively. In the model, C3H6 and C3H8 are formed at all 506 

pressures and their selectivity rises as the pressure is increased. Since C3 products (or higher 507 

hydrocarbons) were not measured in the experiments, this prediction cannot be validated by 508 

experimental data. Formation of C3H6, C3H8 and C(s) (discussed below) is most likely the reason 509 

for the less than 100% selectivity observed in the model and experiments.    510 

Significant amounts of coking, i.e., C(s), are produced in the experiments, but remained 511 

unquantified. This is likely one of the main reasons, along with C2H2 into C2H4 hydrogenation 512 

promoted by the copper-based HV electrode, for the overestimation in the production of all C2 513 

products in the model, leading to higher C2 selectivity compared to experimental values, especially 514 

at higher pressures. Though low quantities of C(s) are calculated in the model, extensive formation 515 

of solid carbon is observed in the reactor and this is detrimental to C coupling into higher 516 

hydrocarbons, in turn reducing C2 selectivity. We believe the model calculations under predicts 517 

the formation of C(s), which in turn overestimates the production (and selectivity) of other products. 518 

Indeed, stepwise gas-phase dehydrogenation of C2H2 into C(s) is the only route considered in the 519 

model. In future works, we plan to study the potential C2H2 hydrogenation into C2H4 catalysed by 520 

the copper-based HV electrode in the NPD plasma experiments (as previously discussed in the 521 

reactor performance analysis, see Section 3.1)31,36,37 and to include more surface species and 522 

decomposition reactions, such as benzene pyrolysis and dehydrogenation reactions at the reactor 523 

walls (main production avenues for carbon particles).6,38,39 However, this lies outside the scope of 524 

the present study, among other reasons, because it would require unreasonable computational 525 

resources. 526 

In summary, modelled and experimental results correspond well for (i) absolute values (maximum 527 

12% discrepancy for C2H2 selectivity at 5 bar) and (ii) trends across the pressure range. Therefore, 528 

in the coming section we will use the model to perform reaction pathway and mechanism analyses 529 

and draw correlations between pressure, temperature and gas-phase reactivity.  530 

3.5. Reaction pathway analysis 531 
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The formation and consumption routes of various species were investigated using time-resolved 532 

calculations of reaction rates (in the pulses and in the afterglows) of all processes included in the 533 

model. We assessed the reactivity of the multitude of species in the plasma system at steady 534 

state and composed an integral reaction pathway diagram for the reactants and most abundant 535 

products in the model. This reaction pathway analysis was carried out for all pressures, offering 536 

insights into the interplay between pressure, temperature and reactivity of ions and molecules 537 

and the overall selectivity. The findings are discussed below and presented in Figures 11 (which 538 

shows all major neutral reaction pathways), 12 and 13. 539 

 540 

Figure 11 The complex network of species and reactions involved in (50%) CH4 and (50%) H2 conversion at 541 
steady state (this analysis was performed at 4 bar). Thicker arrows in the diagram indicate important reactions 542 
listed in the discussion section. Black arrows indicate electron impact dissociation, blue arrows indicate 543 
recombination reactions, except H radical addition reactions which are the most abundant type of reaction 544 
between neutral species and therefore indicated by orange arrows for clarity. Finally, green arrows indicate 545 
decomposition reactions. Reactants and products are also shown alongside the arrows. 546 

CH4, methane: As feed gas molecule, methane is one of the most abundant species in the model. 547 

As the electron density peaks on the timescale of the pulses, methane is converted into 548 

vibrationally excited CH4 (v1, 3) (exclusively via electron collisions) and CH4 (v2, 4) (via electron 549 

collisions and so-called vibrational-vibrational (VV) relaxation from the CH4 (v1, 3) states), and 550 

also into electronically excited CH4* (at 7.9 eV), by electron impact excitation. As soon as the 551 

electron density drops in the very early afterglow (nanosecond scale after the pulse), over 99.95% 552 
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of the vibrationally excited CH4 species undergo deexcitation, returning to ground state CH4 via 553 

the so-called vibrational-translational (VT) relaxation. Therefore, under the simulated conditions 554 

and timescale considered, our model confirms that the vibrational excitation channel does not 555 

drive dissociation of CH4. This result is in line with previous observations described in studies by 556 

Heijkers et al.,28 Butterworth et al.40 and Maitre et al..41 Thus, for clarity, the vibrationally (and also 557 

electronically) excited CH4 molecules are not shown in Figures 11 and 13. 558 

CH4 dissociation is initiated by electron impact reactions within the power pulse, leading to CH3 559 

(89.1%), CH2 (4.76%) and CH (0.45%) radicals. This is illustrated in Figure 8c where radical 560 

densities are observed peaking with each pulse. The vast majority of C1 radicals are generated 561 

from ground state CH4 and from CH4* (7.9 eV). Especially in the case of CH3 radicals, CH4 and 562 

CH4* (7.9 eV) are the main sources, with contributions of 11.90% and 84.35%, respectively. As 563 

the afterglow of each pulse begins and electron density drops, radical recombination reactions 564 

gain extensive traction, generating higher hydrocarbons (discussed below) and reforming H2 and 565 

CH4. Two reformation reactions that should be underlined are (i) H + H + M → H2 + M, accounting 566 

for 15% of the H radical total consumption and contributing with 34% to H2 production, as well as 567 

(ii) CH3 + H + M → CH4 + M, accounting for 18% and 13% of CH3 and H radical total consumption, 568 

respectively, and being responsible for 78% of CH4 reformation. These values apply to the 1 bar 569 

case and the percentages rise upon pressure increase. 570 

H2, hydrogen: H2 also has high initial density and also undergoes a vibrational excitation-571 

deexcitation loop, very similar to that discussed above for CH4. Upon start of the pulses, ground 572 

state H2 molecules are excited to H2 (v1 – 14) and rapidly deexcited, returning to ground state H2 573 

via VT relaxation. While the relaxation of vibrationally excited H2 levels is crucial for gas-phase 574 

heating, H2 (v1 – 14) molecules, just as CH4 (v1 – 4), do not enter dissociation channels to any 575 

appreciable extent. Dissociation into H radicals takes place from ground state H2 (99%) passing 576 

through the electronically excited state H2* (11.83 eV) which, in the model, is a lump of four 577 

electronically excited states of H2: H2(b3u
+), H2(b1u

+), H2(c3u
+) and H2(a3g

+). H radicals are 578 

chiefly produced by H2 dissociation with 47% contribution, while CH4 + e- → CH3 + H is the second 579 

most important channel in H radical production with 20% contribution. H radicals are the single 580 

most important radicals in the system, as they participate in all hydrogenation reactions and are 581 

involved in H2 and CH4 reformation.  582 

A reaction pathway diagram displaying a complex network with the main processes for 583 

dissociation and recombination of the most important molecules and radicals in the system is 584 

shown in Figure 11. The pathways considered above, and the reactions involved in the formation 585 
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of C2 and C3 products are shown in the context of the entire reaction set. In Figure 12 (below), the 586 

separate production processes for the C2 hydrocarbons are indicated in more detail, along with 587 

tables for their relative contributions at the different pressures investigated. 588 
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Figure 12 Principal reaction pathways leading to formation of (a) C2H2, (b) C2H4 and (c) C2H6 hydrocarbons 614 
in our model. The contribution (%) of each formation route is given across the studied pressure range.  615 

C2H2, acetylene: C2H2 is the least hydrogenated species amongst the stable C2 hydrocarbons. It 616 

is mostly produced via dehydrogenation of C2H3 (which is in turn chiefly formed via stepwise 617 

dehydrogenation of C2H4, C2H5 and C2H6) and by C2H and H2 recombination reactions. In line with 618 

our previous mechanistic report,11,18 our model confirms stepwise dehydrogenation is the primary 619 

route for C2H2 production at 1 bar and also stands as the main route across the entire pressure 620 

range (see Table in Figure 12a). The efficiency remains approximately constant from 1 to 4 bar 621 

and declines at 5 bar. Also, demethylation of C3H5 is non-negligible to C2H2 production, and 622 

alongside C2H3 dehydrogenation, these dissociations are the main production channel in the 623 

entire pressure range. The recombination between C2H and H2 is important at 1 bar, but loses 624 

efficiency at 2 bar and becomes insignificant above 3 bar (see Table in Figure 12a). At higher 625 

pressures (> 4 bar), as the two main production channels lose strength, the ionic reactions (also 626 

shown in Figure 12a) start to play a role in C2H2 formation.  627 

C2H2 undergoes decomposition whilst the power pulses are discharged and in the early afterglow, 628 

about ~ 120 ns after each power pulse (as the gas temperature peaks). The larger fraction (57%) 629 

of C2H2 conversion takes place through dehydrogenation upon electron collision: 630 

e- + C2H2 → C2H + H + e- 631 

Besides, hydrogenation of C2H2 into C2H3 as well as C2H2 dissociation upon collision with any 632 

neutral molecule (M) account for 22% and 10% of its total consumption, respectively: 633 

C2H2 + H + M → C2H3 + M 634 

C2H2 + M → C2H + H + M 635 

Once created, C2H radicals mostly hydrogenate and return to C2H2 but also form C2H3 and C2H5 636 

radicals (not indicated in Figure 11, for the sake of clarity). C2H3 radicals undergo both 637 

hydrogenation (leading to C2H4 and eventually C2H6) and dehydrogenation (reforming C2H2).  638 

Considering these pathways, C2H2 essentially seems to cycle through dehydrogenation and re-639 

hydrogenation processes with high production efficiency, especially at lower pressures. While the 640 

former process leads to C2H (and C2H2 from C2H3) and occurs during the power peaks when 641 

electrons have maximum energy, the latter takes place immediately after the pulse mainly at 1 642 

bar. 643 

C2H4, ethylene: Similar to C2H2, hydrogenation and dehydrogenation reactions are the principal 644 

channel for C2H4 formation, as displayed in Figures 11 and 12b. At low pressures (1 and 2 bar), 645 
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dehydrogenation of C2H5 and C2H6 provides the largest contribution towards C2H4 formation.33,42 646 

However, the efficiency of these dehydrogenations dwindles as the pressure is increased (see 647 

table in Figure 12b), highlighting the negative effect of high pressure on decomposition reactions. 648 

On the other hand, hydrogenation of C2H3 (i.e. C2H3 + H recombination) accounts for the majority 649 

of C2H4 production in the high-pressure range (3 to 5 bar), and becomes the dominant process at 650 

4 and 5 bar (see table in Figure 12b). The C2H3 + H2 or CH4 recombination reactions are also 651 

important, as well as CH3 + CH2 recombination, but do not depend on the applied pressure, thus 652 

their contribution remains constant across the range. Considering that C2H3 is the most abundant 653 

C2 radical, it is not surprising that the main pathways for C2H4 formation involve this species. 654 

Conversion of C2H4 takes place through three distinct channels: (i) hydrogenation to C2H5 and (ii) 655 

methylation to C3H7 both in the late afterglow and (iii) electron impact dissociation to C2H3 and 656 

C2H2 during the power peaks, and these account for 74%, 6% and 19% of the total C2H4 657 

consumption, respectively. Like C2H2, C2H4 and C2H3 undergo cycles of hydrogenation, 658 

dehydrogenation and re-hydrogenation. 659 

From the C2H2 and C2H4 formation and destruction pathway analysis, we can deduce that at low 660 

pressures the production of C2H2 is favoured, since the dehydrogenation of C2H3 (i.e. 661 

decomposition of C2H3 into C2H2 and H) is a very efficient channel (see Table in Figure 12a). From 662 

3 bar to 5 bar, the principal channel for C2H3 conversion shifts from dehydrogenation to C2H2 into 663 

re-hydrogenation to C2H4. In fact, hydrogenation of C2H3 (with H radicals, and also with H 664 

abstraction from H2 and CH4 molecules) becomes the most effective avenue for C2H4 production 665 

(see Table in Figure 12b), boosting its yield and growing as the main product of CH4 conversion. 666 

C2H6, ethane: Unlike C2H2 and C2H4, gain and loss of H radicals are not the main avenue for C2H6 667 

production. C2H6 is chiefly formed via recombination between CH3 radicals and the effectiveness 668 

of this route increases with pressure (see Table in Figure 12c). It is interesting to note that in the 669 

overall process of CH4 coupling, C2H6 is the first C2 species to be produced (see initial 5 pulses 670 

in Figure 8b) owing to the much higher density of CH3 radicals compared to other C1 radicals. 671 

C2H6 is decomposed via three electron impact dissociation reactions, accounting for 45%, 36% 672 

and 10% of C2H6 consumption, respectively: 673 

C2H6 + e- → C2H4 + H2 + e-  674 

C2H6 + e- → C2H5 + H + e- 675 

C2H6 + e- → CH3 + CH3 + e- 676 
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Also, as the gas temperature rises and stabilises in steady state, C2H6 undergoes decomposition 677 

into C2H4 and C2H5 via dehydrogenation (green arrows in Figure 11). These new C2 products will 678 

recombine and further dissociate, eventually entering a cycle leading to steady production of C2H4 679 

and C2H2 as the main products observed at each studied pressure.   680 

At all pressures, the gas temperature in the plasma zone is much too high for selective C2H6 681 

production, and therefore it is obvious that this product’s selectivity remains very low across the 682 

entire pressure range.  683 

Ions: The ions are not included in Figures 11 and 12 above, as they do not play a dominant role 684 

in the reaction scheme. However, to highlight their importance in the chemistry, the principal 685 

positive ions along with their formation and destruction routes are shown in Figure 13 below. 686 

 687 
 688 

Figure 13 Network of reactions and species involved in the formation and consumption of important 689 
ions in the model. This figure highlights the role of ionic processes in the synthesis of C2H2 690 
(especially at high pressures) and reformation of H2. Black arrows indicate electron impact 691 
ionisations, blue arrows indicate recombination reactions and green arrows indicate dissociative 692 
neutralisation reactions. 693 

Positive ions are exclusively produced through electron impact reactions, as soon as the first 694 

pulse is discharged, either via direct ionisation or dissociative ionisation. The three most abundant 695 

ions primarily formed from the reactants in the feed gas are H+, CH4
+ and CH3

+, and subsequently 696 

these positive ions react with neutral molecules (via H+ abstraction and electron transfer 697 

processes), creating secondary ions (see Figure 13). The most important secondary positive ions 698 

are H3
+, CH5

+, C2H5
+ and C2H3

+. C2H3
+ and C2H5

+ are also produced via electron impact ionisation 699 

from their neutral counterparts, while H3
+, CH5

+ are exclusively formed via recombination reactions 700 

from the primary ions.  701 
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Besides their fundamental role in keeping the charge balance in a plasma environment, this 702 

reaction pathway analysis reveals the important role of ions and their reactions in the reformation 703 

of H2 and the production of C2H2. Some of the main neutralisation avenues for H3
+, CH5

+, C2H5
+ 704 

and C2H3
+ (especially dissociative neutralisation reactions) result in creation of H2 and C2H2 705 

molecules, as shown in Figure 13. 706 

3.6. Heating and cooling mechanisms 707 

As the gas temperature dynamics (i.e., heating and cooling during and after the pulses) play a 708 

crucial role in the chemistry of NPD, we also used our model calculations and simulated 709 

temperature profiles to perform heat transfer analyses and garner quantitative information on 710 

individual reaction contributions to heating and cooling at steady state conditions. In figure 14, we 711 

plot the gas temperature (red curve) and the reduced electric field (E/N) (blue curve, to indicate 712 

the pulses), for (a) one pulse and the beginning of the ensuing afterglow and (b) two consecutive 713 

pulses and afterglows, emphasising the late afterglow periods. The gas temperature undergoes 714 

a sharp increase in the model following the E/N peak within the power discharges, as shown in 715 

Figure 14a.  716 

 717 

Figure 14 E/N (blue) and gas temperature (red) profiles over (a) one power pulse and beginning of the ensuing 718 
afterglow (the relative scale of the x-axis was adjusted for pulse start at t = 0 ns) and (b) two consecutive pulses 719 
and two complete afterglows. This calculation was carried out at 4 bar. 720 

This temperature rise is due to heat release through exothermic processes and occurs on a similar 721 

timescale (ns scale) to that of the pulses. The mechanism for heat release in the system can be 722 

understood in three parts. 723 

(i) As the electron density peaks in the pulses, the rate of elastic momentum transfers is 724 

the highest, leading to heating of the gas phase.  725 
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(ii) Also in the pulse, H2 vibrational levels are rapidly populated and resulting relaxation 726 

(through VT processes) releases heat to the gas phase. These two events cause the 727 

steep temperature rise seen in Figure 14a and account for 34% and 29% of the total 728 

heating, respectively.  729 

(iii) In the early afterglow, i.e. 500 ns after the electron density drops, the exothermic 730 

recombination reaction, CH3 + H + M → CH4 + M + H, sustains the temperature rise 731 

on the s scale (see also Figure 14a), while the cooling events are activated. H and 732 

CH3 radical recombination is responsible for 35% of the total heat release in the model. 733 

Conversely, cooling is a much slower process, as it takes place steadily throughout the afterglow, 734 

giving rise to the sawtooth profile (red curve in Figure 14b). Heat loss to the reactor walls is the 735 

principal cooling event in the system with a contribution of 76% to the total heat loss. Noticeably, 736 

cooling is more pronounced in the early afterglow. This is due to two endothermic reactions which 737 

take place at high rates in that interval: C2H5 + M + H → C2H4 + H + M (11 – 17%) and C2H3 + 738 

M + H → C2H2 + H + M (8 – 14%). In the late afterglow, these two reactions lose importance, as 739 

stable molecules are formed and the density of radicals drops.  740 

Upon rising pressure, the E/N peaks drop (see Figure 5b), lowering the rate of energy transfer 741 

from electrons to the gas-phase molecules via elastic collisions and vibrational relaxation. Thus, 742 

the temperature peaks become less accentuated at higher pressures. Moreover, at high 743 

pressures, endothermic dissociations (such as the C2H3 and C2H5 decompositions mentioned 744 

above) also have significantly lower rates (since maintenance of fewer molecules is favoured), 745 

slowing the overall cooling process in the afterglow. Combined, these two effects play a role in 746 

progressively reducing the amplitude between the maximum temperature following the pulses 747 

and the minimum temperature at the end of each afterglow, as was observed in Figure 6 above. 748 

4. Conclusions 749 

In this work, nanosecond pulsed discharges have been studied for methane conversion using a 750 

0D plasma kinetic model, and validated against an experimental setup showing good alignment 751 

for conversion and products selectivity. Experimental power deposition characteristics from a 752 

coaxial plasma reactor over a pressure range of 1 to 5 bar were taken as input in a 0D model that 753 

performs self-consistent gas temperature calculations and incorporates gas temperature and 754 

pressure dependent reaction rates. 755 
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The simulation results highlight pulsed behaviour in all the physical parameters, such as electric 756 

field, gas temperature and electron energy, and the densities of plasma species also exhibit 757 

pulsed profiles. Good agreement was observed with the experimental measurements of CH4 758 

conversion and C2 hydrocarbon selectivity, which indicates that the gas-phase kinetic dynamics 759 

occurring in the reactor are comparable to those included in the model. A reaction pathway 760 

analysis of the simulation results demonstrates that the mechanisms responsible for formation of 761 

different C2 products change upon increasing pressure of the system, which is of importance 762 

when considering the C2H2 and C2H4 selectivity trends in the 1 to 5 bar pressure range. Further 763 

analysis of the processes that lead to temperature variations in the gas phase highlights the 764 

complexity of the interactions between the different plasma species in such a system. 765 

In our future work we plan to look at the effect of carbon deposition and the influence of surfaces 766 

on the resulting products and selectivity, with main focus on how post-plasma catalysts can 767 

improve the ethylene selectivity by hydrogenation from acetylene. Indeed, the conversion of 768 

methane into ethylene using nanosecond pulsed discharges with post-plasma catalysis remains 769 

a complex process that requires further study.  770 
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Supporting Information 20 

1. Carbon and hydrogen balance 21 

Table S1 Carbon and hydrogen balance 22 

Pressure (bar) Carbon recovery (%) H Recovery (%) 

1 90.5 97.1 

2 81.0 98.1 

3 77.7 94.4 

4 74.7 95.4 

5 77.2 90.7 

 23 
Carbon and hydrogen recoveries (Cout/Cin and Hout/Hin) were calculated on the basis of the 24 

chromatographic data of C2 species produced by the plasma reactor and methane/hydrogen 25 

fed into the plasma reactor using the equations below. Heavy species with minor selectivity, 26 

i.e., C3–C 6 were also formed but not quantified. At higher conversions (2 – 5 bar), carbon and 27 

hydrogen balance of ~ 75 – 80% and ~ 90 – 95%, respectively, were calculated. The majority 28 

of the missing carbon must be attributed to C3 or longer hydrocarbons. Based upon the weight 29 

of all solid matter collected following the experiment and assuming that it consists of only 30 

carbon, about 5 – 10% of the missing carbon is related to the formation of carbon black and 31 

other solid carbonaceous products deposited on the reactor wall or collected by the filter. 32 

 33 𝐶 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 𝜈𝑜𝑢𝑡 × ([𝐶𝐻4]𝑜𝑢𝑡 + 2 × ([𝐶2𝐻2] + [𝐶2𝐻4] + [𝐶2𝐻6]))𝑣𝑖𝑛 × [𝐶𝐻4]𝑖𝑛 × 100% 34 

 35 𝐻 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 𝜈𝑜𝑢𝑡 × [4 × ([𝐶𝐻4]𝑜𝑢𝑡 + [𝐶2𝐻4]) + 2 × ([𝐻2] + [𝐶2𝐻2]) + 6 × [𝐶2𝐻6]]4 × 𝑣𝑖𝑛 × [𝐶𝐻4]𝑖𝑛 + 2 × 𝑣𝑖𝑛 × [𝐻2]𝑖𝑛 × 100% 36 

 37 

2. Power deposition characteristics 38 

The current and voltage waveforms, power pulses and energy curves of the co-axial reactor 39 

operating at applied pressure in the 1 to 5 bar pressure range are presented in Figure S1. 40 
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 41 
                                (a)                                                 (b)                                                    (c) 42 

  43 
                              (d)                                                     (e) 44 

Figure S1 Experimental profiles of voltage (black), current (blue), peak of derived instantaneous power 45 
(red) and curve of delivered energy (green) at the applied pressures of (a) 1 bar, (b) 2 bar, (c) 3 bar, (d) 46 
4 bar and (e) 5 bar. Pulses were generated by the nanosecond pulsed power supply NPG-18/100k, 47 
Megaimpulse Ltd. in the co-axial plasma reactor operating at 200 sccm (CH4:H2=1:1 molar basis), 48 
discharge gap 2.5 mm, pulse frequency 3 kHz (continuous mode). 49 

3. Gas temperature calculations 50 

The balance equation to solve the gas temperature in the system is as follows 51 

𝑁 𝑦𝑘𝑦 − 1 𝑑𝑇𝑔𝑎𝑠 𝑑𝑡 = 𝑃𝑒, 𝑒𝑙 +  ∑ 𝑗  𝑅𝑗 ∆𝐻𝑗 − 𝑃𝑒𝑥𝑡 52 

where 𝑁 = ∑ 𝑛𝑖 is the total neutral species density, 𝛾 is the specific heat ratio of the total gas 53 

mixture, 𝑘 is the Boltzmann constant (in J K-1), 𝑃𝑒, 𝑒𝑙 is the gas heating power density due to 54 

elastic electron-neutral collisions (in W m-3), 𝑅𝑗 is the rate of reaction 𝑗 (in m-3 s-1), ∆𝐻𝑗 is the 55 

heat released (or consumed when this value is negative) by reaction 𝑗 (in Joules) and 𝑃𝑒𝑥𝑡 is 56 
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the heat loss due to energy exchange with the surroundings (in W m-3). The latter is expressed 57 

by the equation: 58 

𝑃𝑒𝑥𝑡 = 8𝐶𝐻4𝑅2  (𝑇𝑔𝑎𝑠 – 𝑇𝑔𝑎𝑠 , 𝑖) 𝑥𝐶𝐻4 +  8𝐻2𝑅2  (𝑇𝑔𝑎𝑠 – 𝑇𝑔𝑎𝑠, 𝑖) 𝑥𝐻2 59 

With 𝑅 being the radius of the plasma zone, 𝑇𝑔𝑎𝑠 the plasma gas temperature and 𝑇𝑔𝑎𝑠, 𝑖 the 60 

gas temperature at the edge of the plasma zone, which is assumed to be the average between 61 

room temperature and plasma temperature, according to Berthelot.1  is the gas thermal 62 

conductivity of each gas (in W cm-1 K-1) and 𝑥 is the fraction of each gas (CH4 and H2). The 63 

thermal conductivity of CH4 and H2 taken respectively from Hepburn et al.2 and Edlmann et 64 

al.3 can be expressed as: 65 

𝐶𝐻4 =   (1.49 𝑥 10−6) ∗ 𝑇𝑔𝑎𝑠 −  9.92 𝑥 10−5  66 

𝐻2 =   (4.90 𝑥 10−6) ∗ 𝑇𝑔𝑎𝑠 +  3.85 𝑥 10−4 67 

It is important to note that the model developed in this study investigates the gas temperature 68 

in the plasma volume confined within the reactor volume. Thus, the gas temperatures 69 

calculated by the model may not reflect the gas temperature in the whole reactor body. 70 

Moreover, the model is concerned with a finite element volume and does not account for 71 

conductive or convective losses in the reactor. 72 

4. Vibrational kinetics of H2  73 

Alongside ground state H2, 14 vibrational levels of H2 are included in the model with ascending 74 

energy from the ground state (0 eV) up to the dissociation limit (4.48 eV). The energy of each 75 

level is calculated using the anharmonic oscillator theory for a diatomic molecule, where the 76 

first two vibrational constants, 𝜔𝑒 = 4401.213 𝑐𝑚1 𝜔𝑒𝑥𝑒 = 121.336 𝑐𝑚1, of the hydrogen 77 

molecule are used in this work4. The energy values are H2 = 0.00 eV, H2(v1) = 0.516 eV, 78 

H2(v2) = 1.001 eV, H2(v3) = 1.457 eV, H2(v4) = 1.882 eV, H2(v5) = 2.277 eV, H2(v6) = 2.642 79 

eV, H2(v7) = 2.977 eV, H2(v8) = 3.282 eV, H2(v9) = 3.557 eV, H2(v10) = 3.802 eV, H2(v11) = 80 

4.017 eV, H2(v12) = 4.201 eV, H2(v13) = 4.356 eV and H2(v14) = 4.480 eV. 81 

(a) VV-relaxation between H2 molecules 82 

The rate coefficient of H2–H2 relaxation processes of vibrationally excited states, i.e., 83 𝐻2(𝑣 + 1) + 𝐻2(𝑤) 𝐻2(𝑣) +  𝐻2(𝑤 + 1), were scaled with the approach proposed by 84 

Matveyev and Silakov,5 and Loureiro and Ferreira.6 In this approach, the rate coefficient of the 85 

lowest levels 𝑘1,00,1 (in cm3 s-1) is used to determine the rate coefficient of reactions involving 86 

higher levels 𝑘𝑣+1,𝑣𝑤,𝑤+1: 87 𝑘𝑣+1,𝑣𝑤,𝑤+1 = 𝑘1,00,1 (𝑣 + 1)(𝑤 + 1) [32 − 12 exp(−𝛿 (𝑤 − 𝑣)] exp[∆1(𝑤 − 𝑣) −  ∆2(𝑤 − 𝑣)2]   𝑤 > 𝑣  88 
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With 𝑘1,00,1 = 4.23 𝑥 10−15 (300𝑇𝑔𝑎𝑠)13 , 𝛿 = 0.21√(𝑇𝑔𝑎𝑠300 ) , ∆1= 0.236 (𝑇𝑔𝑎𝑠300 )14 and ∆2= 0.0572 ( 300𝑇𝑔𝑎𝑠)13
  89 

Detailed balance is then applied to this equation to calculate reverse reaction rates. 90 

(b) VT-relaxation of H2 molecules 91 

For VT relaxation processes, i.e, 𝐻2(𝑣) +  𝑀   𝐻2(𝑣 ±  1)  +  𝑀, we also employed the 92 

approach proposed by Matveyev and Silakov, 5 in which the rate coefficient of 𝑘𝑣,𝑣−1 levels 93 

(upon VT relaxation from higher levels) can be determined using the rate coefficient of the 𝑘1,0 94 

process, or the 𝐻2(𝑣1) +  𝑀   𝐻2  +  𝑀 reaction. 95 

𝑘𝑣,𝑣−1 = 𝑘1,0 𝑣 exp [0.97 (300𝑇𝑔𝑎𝑠)13  (𝑣 − 1)]  96 

The rate expression of 𝑘1,0 is taken from Capitelli et al.7 97 

𝑘1,0 = 7.47 𝑥10−12 𝑇𝑔𝑎𝑠0.50 exp (−93.87 𝑇𝑔𝑎𝑠−13 ) [1 − exp (− 𝐸1,0𝑇𝑔𝑎𝑠)]−1
 98 

With 𝐸1,0 = 5983 𝐾. The reverse processes are included using detailed balance. 99 

The H2 VT reactions in which H atoms are collision partners, 𝐻2(𝑣) +  𝐻   𝐻2(𝑣 ±  1)  +  𝐻, 100 

are divided into two distinct processes, one of non-reactive character (i) and another of 101 

reactive character (ii), depending on the occurrence (ii) or not (i) of atomic exchange between 102 

the H2 and H species. These reactions were described by Gorse et al.8 for  𝑤 <  𝑣 <  10 and 103 

the proposed rate coefficient is: 104 

𝑘 = 𝐴𝑛𝑟 exp (− 𝐸𝑎,𝑛𝑟𝑇𝑔𝑎𝑠 ) + 𝐴𝑟 exp (− 𝐸𝑎,𝑟𝑇𝑔𝑎𝑠)      105 

Where the pre-exponential factors 𝐴𝑛𝑟 and 𝐴𝑟 (in cm3 s-1) and activation energies 𝐸𝑎,𝑛𝑟 and 106 𝐸𝑎,𝑟 (in K) are given in Gorse et al. for the relaxation reactions from all levels 𝑣 <  10 to all 107 

levels 𝑤 ≤  𝑣 − 1. 108 

5. Vibrational kinetics of CH4 109 

The lowest energy level of the four degenerate vibrational modes of CH4 are considered in the 110 

model: the 𝑣1 singly degenerate symmetric stretch mode (at 0.362 eV), the 𝑣2 doubly 111 

degenerate scissoring bend mode (at 0.190 eV), the 𝑣3 triply degenerate asymmetric stretch 112 

mode (at 0.374 eV) and the 𝑣4 triply degenerate umbrella bend mode (at 0.162 eV).9 The 113 

relaxation processes between these modes were studied by Menard-Bourcin et al.10 who 114 

determined the reaction rates at gas temperature of 193 and 296 K. Based on earlier works of 115 

Capitelli et al.,7 Wang and Springer11 and Richards and Sigafoos,12 it is possible to express 116 
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the rate constants of these relaxation processes at any given gas temperatures 𝑇1 and 𝑇2 (in 117 

Kelvin, 𝑇1 > 𝑇2) as follows 118 

𝑘𝑇2𝑘𝑇1 = 𝑒𝑥𝑝 (−  𝛼𝑇2−(13) +  𝛼𝑇1−(13))     119 

Where 𝑘𝑇1 and 𝑘𝑇2 are the rate coefficients (in cm3 s-1) at gas temperatures 𝑇1 and 𝑇2 and  is 120 

a constant derived from the rates calculated by Menard-Bourcin et al. at 193 and 296 K. The 121 

reverse reactions are also included in the model and their rate coefficients were defined by 122 

the detailed balance approach suggested by Menard-Bourcin et al.10 123 

6. Full chemistry of CH4 and H2 124 

The chemical reactions included in the model are divided in different types and are listed in 125 

the tables below.   126 

Table S2 Electron impact reactions with neutral species and corresponding rate coefficients. The rate 127 
coefficients are evaluated using cross section data 𝑓(), or an analytical expression with Tgas and Te in 128 
Kelvin. The rate coefficients for two-body and three-body reactions are given in cm3 s-1 or cm6 s-1, 129 
respectively. References are shown in the last column. 130 𝑒− +  𝐶𝐻4 →  𝑒− +  𝐶𝐻4 f() 

IST Lisbon database – Lxcat 
net 𝑒− +  𝐶𝐻4(𝑣1 − 𝑣4)  ↔  𝑒− +  𝐶𝐻4(𝑣1 − 𝑣4) f() 13 𝑒− +  𝐶𝐻3 →  𝑒− +  𝐶𝐻3 f() 

IST Lisbon database – Lxcat 
net 𝑒− +  𝐶𝐻2 →  𝑒− +  𝐶𝐻2 f() IST Lisbon database – Lxcat 
net 𝑒− +  𝐶𝐻 →  𝑒− +  𝐶𝐻 f() 

IST Lisbon database – Lxcat 
net 𝑒− +  𝐶 →  𝑒− +  𝐶 f() 

IST Lisbon database – Lxcat 
net 𝑒− +  𝐶𝑠 →  𝑒− + 𝐶𝑠 f() 

IST Lisbon database – Lxcat 
net 𝑒− +  𝐶2𝐻6 →  𝑒− + 𝐶2𝐻6 f() 

IST Lisbon database – Lxcat 
net 𝑒− +  𝐶2𝐻5 →  𝑒− + 𝐶2𝐻5 f() 

IST Lisbon database – Lxcat 
net 𝑒− +  𝐶2𝐻4 →  𝑒− + 𝐶2𝐻4 f() 

IST Lisbon database – Lxcat 
net 𝑒− +  𝐶2𝐻3 →  𝑒− + 𝐶2𝐻3 f() 

IST Lisbon database – Lxcat 
net 𝑒− +  𝐶2𝐻2 →  𝑒− + 𝐶2𝐻2 f() 

IST Lisbon database – Lxcat 
net 𝑒− +  𝐶2𝐻 →  𝑒− + 𝐶2𝐻 f() 

IST Lisbon database – Lxcat 
net 𝑒− +  𝐶3𝐻8 →  𝑒− + 𝐶3𝐻8 f() 

IST Lisbon database – Lxcat 
net 𝑒− +  𝐶3𝐻7 →  𝑒− + 𝐶3𝐻7 f() 

IST Lisbon database – Lxcat 
net 𝑒− +  𝐶3𝐻6 →  𝑒− + 𝐶3𝐻6 f() 

IST Lisbon database – Lxcat 
net 𝑒− +  𝐶3𝐻5 →  𝑒− + 𝐶3𝐻5 f() 

IST Lisbon database – Lxcat 
net 



 7 

𝑒− +  𝐻 →  𝑒− +  𝐻 f() 
IST Lisbon database – Lxcat 

net 𝑒− +  𝐻2 →  𝑒− + 𝐻2 f() 
IST Lisbon database – Lxcat 

net 𝑒− +  𝐻2(𝑣1 −  14) ↔ 𝑒− +  𝐻2(𝑣1 −  14) f() 14 𝑒− +  𝐻2∗ →  𝑒− + 𝐻2∗ f() 
IST Lisbon database – Lxcat 

net 𝑒− +  𝐶𝐻4(𝑣)  ↔  𝑒− +  𝐶𝐻4(𝑤) f() 13 𝑒− +  𝐶𝐻4 →  𝐶𝐻2− +  𝐻2 f() 
IST Lisbon database – Lxcat 

net 𝑒− +  𝐶𝐻 →  𝐶𝐻− f() Itikawa database – Lxcat net 𝑒− +  𝐻2 →  𝑒− + 𝐻2(𝑣1 −  14) f() 14 𝑒− + 𝐻2(𝑣) ↔  𝑒− + 𝐻2(𝑤) f() 14 𝑒− +  𝐻2 →  𝑒− + 𝐻2∗ f() 
IST Lisbon database – Lxcat 

net 𝑒− +  𝐶𝐻4 →  𝑒− + 𝑒− +  𝐶𝐻4+ f() 15 𝑒− +  𝐶𝐻4 →  𝑒− +  𝑒− +  𝐶𝐻3+ +  𝐻 f() 15 𝑒− +  𝐶𝐻4 →  𝑒− +  𝑒− +  𝐶𝐻2+ +  𝐻2 f() 15 𝑒− +  𝐶𝐻4 →  𝑒− +  𝐶𝐻3 +  𝐻 f() 15 𝑒− +  𝐶𝐻4 →  𝑒− +  𝐶𝐻2 +  𝐻2 f() 15 𝑒− +  𝐶𝐻4 →  𝑒− +  𝐶𝐻2 +  𝐻 +  𝐻 f() 15 𝑒− +  𝐶𝐻4 →  𝑒− +  𝐶𝐻 +  𝐻2 +  𝐻 f() 15 𝑒− +  𝐶𝐻4 →  𝑒− +  𝐶 + 𝐻2 + 𝐻2 f() 15 𝑒− +  𝐶𝐻3 →  𝑒− + 𝑒− +  𝐶𝐻3+ f() 15 𝑒− +  𝐶𝐻3 →  𝑒− +  𝑒− +  𝐶𝐻2+ +  𝐻 f() 15 𝑒− +  𝐶𝐻3 →  𝑒− +  𝑒− +  𝐶𝐻+ +  𝐻2 f() 15 𝑒− +  𝐶𝐻3 →  𝑒− +  𝐶𝐻2 +  𝐻 f() 15 𝑒− +  𝐶𝐻3 →  𝑒− +  𝐶𝐻 +  𝐻2 f() 15 𝑒− +  𝐶𝐻3 →  𝑒− +  𝐶 + 𝐻2 +  𝐻 f() 15 𝑒− +  𝐶𝐻2 →  𝑒− + 𝑒− +  𝐶𝐻2+ f() 15 𝑒− +  𝐶𝐻2 →  𝑒− +  𝐶𝐻 +  𝐻 f() 15 𝑒− +  𝐶𝐻2 →  𝑒− +  𝐶 +  𝐻2 f() 15 𝑒− +  𝐶𝐻2 →  𝑒− +  𝐶 +  𝐻 +  𝐻 f() 15 𝑒− +  𝐶𝐻 →  𝑒− + 𝑒− +  𝐶𝐻+ f() 15 𝑒− +  𝐶𝐻 →  𝑒− +  𝐶 +  𝐻 f() 15 𝑒− +  𝐶2𝐻6 →  𝑒− + 𝑒− + 𝐶2𝐻6+ f() 15 𝑒− +  𝐶2𝐻5 →  𝑒− + 𝑒− + 𝐶2𝐻5+ f() 15 𝑒− +  𝐶2𝐻4 →  𝑒− + 𝑒− + 𝐶2𝐻4+ f() 15 𝑒− +  𝐶2𝐻3 →  𝑒− + 𝑒− + 𝐶2𝐻3+ f() 15 𝑒− +  𝐶2𝐻2 →  𝑒− + 𝑒− + 𝐶2𝐻2+ f() 15 𝑒− + 𝐶2𝐻6 →  𝑒− +  𝑒− +  𝐶2𝐻5+ +  𝐻 f() 15 𝑒− + 𝐶2𝐻6 →  𝑒− +  𝑒− +  𝐶2𝐻4+ +  𝐻2 f() 15 𝑒− + 𝐶2𝐻6 →  2 𝑒− +  𝐶2𝐻3+ +  𝐻2 +  𝐻 f() 15 𝑒− +  𝐶2𝐻6 →  𝑒− + 𝑒− + 𝐶2𝐻2+ + 2 𝐻2 f() 15 𝑒− + 𝐶2𝐻6 →  𝑒− +  𝑒− +  𝐶𝐻3+ +  𝐶𝐻3 f() 15 𝑒− + 𝐶2𝐻5 →  𝑒− +  𝑒− +  𝐶2𝐻4+ +  𝐻 f() 15 𝑒− + 𝐶2𝐻5 →  𝑒− +  𝑒− +  𝐶2𝐻3+ +  𝐻2 f() 15 𝑒− + 𝐶2𝐻5 →  2 𝑒− +  𝐶2𝐻2+ +  𝐻2 +  𝐻 f() 15 𝑒− + 𝐶2𝐻4 →  𝑒− +  𝑒− +  𝐶2𝐻3+ +  𝐻 f() 15 𝑒− + 𝐶2𝐻4 →  𝑒− +  𝑒− +  𝐶2𝐻2+ +  𝐻2 f() 15 𝑒− + 𝐶2𝐻3 →  𝑒− +  𝑒− +  𝐶2𝐻2+ +  𝐻 f() 15 𝑒− + 𝐶2𝐻6 →  𝑒− +  𝐶2𝐻5 +  𝐻 f() 15 𝑒− + 𝐶2𝐻6 →  𝑒− +  𝐶2𝐻4 +  𝐻2 f() 15 𝑒− +  𝐶2𝐻6 →  𝑒− + 𝐶2𝐻3 + 𝐻2 +  𝐻 f() 15 𝑒− +  𝐶2𝐻6 →  𝑒− + 𝐶2𝐻2 +  2 𝐻2 f() 15 
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𝑒− + 𝐶2𝐻6 →  𝑒− +  𝐶𝐻4 +  𝐶𝐻2 f() 15 𝑒− + 𝐶2𝐻6 →  𝑒− +  𝐶𝐻3 +  𝐶𝐻3 f() 15 𝑒− + 𝐶2𝐻5 →  𝑒− +  𝐶2𝐻4 +  𝐻 f() 15 𝑒− + 𝐶2𝐻5 →  𝑒− +  𝐶2𝐻3 +  𝐻2 f() 15 𝑒− +  𝐶2𝐻5 →  𝑒− + 𝐶2𝐻3 +  2 𝐻 f() 15 𝑒− +  𝐶2𝐻5 →  𝑒− + 𝐶2𝐻2 + 𝐻2 +  𝐻 f() 15 𝑒− +  𝐶2𝐻5 →  𝑒− + 𝐶2𝐻 +  2 𝐻2 f() 15 𝑒− +  𝐶2𝐻5 →  𝑒− +  𝐶𝐻4 +  𝐶𝐻 f() 15 𝑒− + 𝐶2𝐻5 →  𝑒− +  𝐶𝐻3 +  𝐶𝐻2 f() 15 𝑒− + 𝐶2𝐻4 →  𝑒− +  𝐶2𝐻3 +  𝐻 f() 15 𝑒− + 𝐶2𝐻4 →  𝑒− +  𝐶2𝐻2 +  𝐻2 f() 15 𝑒− +  𝐶2𝐻4 →  𝑒− + 𝐶2𝐻2 +  2 𝐻 f() 15 𝑒− +  𝐶2𝐻4 →  𝑒− + 𝐶2𝐻 +  𝐻2 +  𝐻 f() 15 𝑒− +  𝐶2𝐻4 →  𝑒− +  𝐶𝐻3 +  𝐶𝐻 f() 15 𝑒− + 𝐶2𝐻4 →  𝑒− +  𝐶𝐻2 +  𝐶𝐻2 f() 15 𝑒− + 𝐶2𝐻4 →  𝑒− +  𝐶 +  𝐶𝐻4 f() 15 𝑒− +  𝐶2𝐻3 →  𝑒− + 𝐶2𝐻 +  𝐻 +  𝐻 f() 15 𝑒− +  𝐶2𝐻3 →  𝑒− + 𝐶2 + 𝐻2 +  𝐻 f() 15 𝑒− +  𝐶2𝐻3 →  𝑒− +  𝐶𝐻2 +  𝐶𝐻 f() 15 𝑒− + 𝐶2𝐻3 →  𝑒− +  𝐶 +  𝐶𝐻3 f() 15 𝑒− +  𝐶2𝐻2 →  𝑒− +  𝐶2𝐻 +  𝐻 f() 15 𝑒− +  𝐶2𝐻2 →  𝑒− +  𝐶2 +  𝐻2 f() 15 𝑒− +  𝐶2𝐻2 →  𝑒− + 𝐶2 +  2 𝐻 f() 15 𝑒− +  𝐶2𝐻2 →  𝑒− +  𝐶𝐻 +  𝐶𝐻 f() 15 𝑒− + 𝐶2𝐻2 →  𝑒− +  𝐶 +  𝐶𝐻2 f() 15 𝑒− + 𝐶2𝐻 →  𝑒− +  𝐶2 +  𝐻 f() 15 𝑒− + 𝐶2𝐻 →  𝑒− +  𝐶 +  𝐶𝐻 f() 15 𝑒− +  𝐶3𝐻8 →  𝑒− + 𝑒− + 𝐶2𝐻5+ +  𝐶𝐻3 f() 15 𝑒− +  𝐶3𝐻8 →  𝑒− + 𝑒− + 𝐶2𝐻4+ +  𝐶𝐻4 f() 15 𝑒− +  𝐶3𝐻7 →  𝑒− + 𝑒− + 𝐶2𝐻5+ +  𝐶𝐻2 f() 15 𝑒− +  𝐶3𝐻7 →  𝑒− + 𝑒− + 𝐶2𝐻4+ +  𝐶𝐻3 f() 15 𝑒− +  𝐶3𝐻7 →  𝑒− + 𝑒− + 𝐶2𝐻3+ +  𝐶𝐻4 f() 15 𝑒− +  𝐶3𝐻7 →  𝑒− + 𝑒− +  𝐶𝐻3+ + 𝐶2𝐻4 f() 15 𝑒− +  𝐶3𝐻6 →  𝑒− +  𝑒− +  𝐶2𝐻5+ +  𝐶𝐻 f() 15 𝑒− +  𝐶3𝐻6 →  𝑒− + 𝑒− + 𝐶2𝐻4+ +  𝐶𝐻2 f() 15 𝑒− +  𝐶3𝐻6 →  𝑒− + 𝑒− + 𝐶2𝐻3+ +  𝐶𝐻3 f() 15 𝑒− +  𝐶3𝐻6 →  𝑒− + 𝑒− + 𝐶2𝐻2+ +  𝐶𝐻4 f() 15 𝑒− +  𝐶3𝐻6 →  𝑒− + 𝑒− +  𝐶𝐻3+ + 𝐶2𝐻3 f() 15 𝑒− +  𝐶3𝐻5 →  𝑒− + 𝑒− + 𝐶2𝐻3+ +  𝐶𝐻2 f() 15 𝑒− +  𝐶3𝐻5 →  𝑒− + 𝑒− + 𝐶2𝐻2+ +  𝐶𝐻3 f() 15 𝑒− +  𝐶3𝐻5 →  𝑒− + 𝑒− +  𝐶𝐻3+ + 𝐶2𝐻2 f() 15 𝑒− + 𝐶3𝐻8 →  𝑒− +  𝐶3𝐻7 +  𝐻 f() 15 𝑒− + 𝐶3𝐻8 →  𝑒− +  𝐶3𝐻6 +  𝐻2 f() 15 𝑒− +  𝐶3𝐻8 →  𝑒− + 𝐶2𝐻4 +  𝐶𝐻4 f() 15 𝑒− +  𝐶3𝐻8 →  𝑒− + 𝐶2𝐻6 +  𝐶𝐻2 f() 15 𝑒− +  𝐶3𝐻8 →  𝑒− + 𝐶2𝐻5 +  𝐶𝐻3 f() 15 𝑒− + 𝐶3𝐻7 →  𝑒− +  𝐶3𝐻6 +  𝐻 f() 15 𝑒− +  𝐶3𝐻7 →  𝑒− + 𝐶2𝐻4 +  𝐶𝐻3 f() 15 𝑒− +  𝐶3𝐻7 →  𝑒− + 𝐶2𝐻3 +  𝐶𝐻4 f() 15 𝑒− + 𝐶3𝐻7 →  𝑒− +  𝐶3𝐻5 +  𝐻2 f() 15 𝑒− +  𝐶3𝐻6 →  𝑒− + 𝐶2𝐻2 +  𝐶𝐻4 f() 15 𝑒− + 𝐶3𝐻6 →  𝑒− +  𝐶3𝐻5 +  𝐻 f() 15 𝑒− +  𝐶3𝐻6 →  𝑒− + 𝐶2𝐻3 +  𝐶𝐻3 f() 15 𝑒− +  𝐶3𝐻6 →  𝑒− + 𝐶2𝐻4 +  𝐶𝐻2 f() 15 
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𝑒− +  𝐶3𝐻5 →  𝑒− + 𝐶2𝐻2 +  𝐶𝐻3 f() 15 𝑒− +  𝐶3𝐻5 →  𝑒− + 𝐶2𝐻 +  𝐶𝐻4 f() 15 𝑒− + 𝐻2 →  𝑒− +  𝐻 +  𝐻 f() 16 𝑒− + 𝐻2(𝑣1 −  14) → 𝑒− +  𝐻 +  𝐻 f() 16 𝑒− + 𝐻2∗ → 𝑒− +  𝐻 +  𝐻 f() 16 𝑒− +  𝐻2 →  𝑒− + 𝑒− + 𝐻2+ f() 16 𝑒− +  𝐻2(𝑣1 −  14) → 𝑒− +  𝑒− + 𝐻2+ f() 16 𝑒− +  𝐻2∗ → 𝑒− +  𝑒− +  𝐻2+ f() 16 𝑒− +  𝐻+ →  𝐻 See reference 17 𝑒− + 𝐻3+ →  𝐻2 +  𝐻 f() 18,19 𝑒− +  𝐻3+ →  𝑒− +  𝐻2 +  𝐻+ f() 18,19 𝑒− +  𝐻3+ →  𝐻 +  𝐻 +  𝐻 f() 18,19 𝑒− +  𝐻2+ →  𝑒− +  𝐻 +  𝐻+ f() 17 𝑒− +  𝐻3+ →  𝑒− +  𝐻 +  𝐻 + 𝐻+ f() 18,19 𝑒− +  𝐻 →  𝑒− + 𝑒− + 𝐻+ f() 
IST Lisbon database – Lxcat 

net 𝑒− +  𝐻− →  𝑒− + 𝑒− +  𝐻 f() Itikawa database – Lxcat net 𝑒− +  𝐶𝐻4 →  𝐶𝐻3 +  𝐻− f() Itikawa database – Lxcat net 𝑒− +  𝐶𝐻4 →  𝐶𝐻2− +  𝐻2 f() 
IST Lisbon database – Lxcat 

net 𝑒− +  𝐻2 →  𝐻 +  𝐻− f() Itikawa database – Lxcat net 𝑒− + 𝐻2(𝑣1 −  14) →  𝐻 +  𝐻− f() 
IST Lisbon database – Lxcat 

net 𝑒− + 𝐻2∗ →  𝐻 +  𝐻− f() Itikawa database – Lxcat net 𝑒− +  𝐶𝐻4 →  𝐶𝐻2− +  𝐻2 f() Itikawa database – Lxcat net 𝑒− + 𝐻2+ →  𝐻 +  𝐻 See reference 17 𝑒− +  𝐶 →  𝑒− +  𝑒− +  𝐶+ f() 
IST Lisbon database – Lxcat 

net 𝑒− + 𝐶2 →  𝑒− +  𝑒− +  𝐶2+ f() 15 𝑒− +  𝐶2 →  𝑒− +  𝐶 +  𝐶 f() 15 𝑒− +  𝐶2+ →  𝑒− + 𝐶+ +  𝐶 f() 15 𝑒− +  𝐶2+ →  𝐶 +  𝐶 f() 15 𝑒− +  𝐶3 →  𝑒− + 𝐶2 +  𝐶 f() 15 𝑒− +  𝐶3 →  𝑒− +  𝐶 +  𝐶 +  𝐶 f() 15 𝑒− +  𝐶𝐻5+ →  𝐶𝐻3 +  𝐻 +  𝐻 2.57 × 10−7  𝑇𝑒−0.30 15,20 𝑒− +  𝐶𝐻5+ →  𝐶𝐻2 + 𝐻2 +  𝐻 6.61 × 10−8  𝑇𝑒−0.30 15,20 𝑒− +  𝐶𝐻4+ →  𝐶𝐻3 +  𝐻 3.50 × 10−7  𝑇𝑒−0.50 15,20 𝑒− +  𝐶𝐻4+ →  𝐶𝐻2 +  𝐻 +  𝐻 3.50 × 10−7  𝑇𝑒−0.50 15,20 𝑒− +  𝐶𝐻4+ →  𝐶𝐻 +  𝐻2 +  𝐻 1.41 × 10−7  𝑇𝑒−0.50 15,20 𝑒− +  𝐶𝐻3+ →  𝐶𝐻2 +  𝐻 3.50 × 10−7  𝑇𝑒−0.50 15,20 𝑒− +  𝐶𝐻3+ →  𝐶𝐻 +  𝐻2 7.88 × 10−8  𝑇𝑒−0.50 15,20 𝑒− +  𝐶𝐻3+ →  𝐶𝐻 +  𝐻 +  𝐻 9.00 × 10−8  𝑇𝑒−0.50 15,20 𝑒− +  𝐶𝐻3+ →  𝐶 + 𝐻2 +  𝐻 1.69 × 10−7  𝑇𝑒−0.50 15,20 𝑒− +  𝐶𝐻2+ →  𝐶𝐻 +  𝐻 6.25 × 10−8  𝑇𝑒−0.50 15,20 𝑒− +  𝐶𝐻2+ →  𝐶 +  𝐻2 5.78 × 10−9  𝑇𝑒−0.50 15,20 𝑒− +  𝐶𝐻2+ →  𝐶 +  𝐻 +  𝐻 1.59 × 10−9  𝑇𝑒−0.50 15,20 𝑒− +  𝐶𝐻+ →  𝐶 +  𝐻 2.53 × 10−7  𝑇𝑒−0.50 15,20 𝑒− +  𝐶2𝐻6+ →  𝐶2𝐻5 +  𝐻 2.19 × 10−8  𝑇𝑒−0.71 21 𝑒− +  𝐶2𝐻6+ →  𝐶2𝐻4 +  𝐻 +  𝐻 3.36 × 10−8  𝑇𝑒−0.71 21 𝑒− +  𝐶2𝐻5+ →  𝐶2𝐻4 +  𝐻 7.70 × 10−9  𝑇𝑒−0.71 21 𝑒− +  𝐶2𝐻5+ →  𝐶2𝐻3 +  𝐻 +  𝐻 1.92 × 10−8  𝑇𝑒−0.71 21 𝑒− +  𝐶2𝐻5+ →  𝐶2𝐻2 + 𝐻2 +  𝐻 1.60 × 10−8  𝑇𝑒−0.71 21 
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𝑒− +  𝐶2𝐻5+ →  𝐶2𝐻2 +  𝐻 +  𝐻 +  𝐻 8.98 × 10−9  𝑇𝑒−0.71 21 𝑒− +  𝐶2𝐻5+ →  𝐶𝐻3 +  𝐶𝐻2 9.62 × 10−9  𝑇𝑒−0.71 21 𝑒− +  𝐶2𝐻4+ →  𝐶2𝐻3 +  𝐻 6.16 × 10−8  𝑇𝑒−0.76 21 𝑒− + 𝐶2𝐻4+ →  𝐶2𝐻2 +  𝐻2 3.36 × 10−8  𝑇𝑒−0.76 21 𝑒− +  𝐶2𝐻4+ →  𝐶2𝐻2 +  𝐻 +  𝐻 3.70 × 10−7  𝑇𝑒−0.71 21 𝑒− +  𝐶2𝐻4+ →  𝐶2𝐻 +  𝐻2 +  𝐻 5.60 × 10−8  𝑇𝑒−0.76 21 𝑒− +  𝐶2𝐻4+ →  𝐶𝐻3 +  𝐶𝐻 1.12 × 10−8  𝑇𝑒−0.76 21 𝑒− +  𝐶2𝐻4+ →  𝐶𝐻2 +  𝐶𝐻2 2.24 × 10−8  𝑇𝑒−0.76 21 𝑒− +  𝐶2𝐻3+ →  𝐶2𝐻2 +  𝐻 1.45 × 10−7  𝑇𝑒−0.84 21 𝑒− +  𝐶2𝐻3+ →  𝐶2𝐻 +  𝐻 +  𝐻 2.95 × 10−7  𝑇𝑒−0.84 21 𝑒− +  𝐶2𝐻3+ →  𝐶2 +  𝐻 + 𝐻2 2.87 × 10−8  𝑇𝑒−1.38 21 𝑒− + 𝐶2𝐻3+ →  𝐶2𝐻 +  𝐻2 3.00 × 10−8  𝑇𝑒−0.84 21 𝑒− +  𝐶2𝐻3+ →  𝐶𝐻2 +  𝐶𝐻 1.50 × 10−8  𝑇𝑒−0.84 21 𝑒− +  𝐶2𝐻2+ →  𝐶2𝐻 +  𝐻 9.00 × 10−8  𝑇𝑒−0.50 21 𝑒− +  𝐶2𝐻2+ →  𝐶𝐻 +  𝐶𝐻 9.00 × 10−8  𝑇𝑒−0.50 21 𝑒− +  𝐶2𝐻2+ →  𝐶2 +  𝐻 +  𝐻 9.00 × 10−8  𝑇𝑒−0.50 21 𝑒− + 𝐶2𝐻+ →  𝐶2 +  𝐻 1.16 × 10−7  𝑇𝑒−0.76 21 𝑒− +  𝐶2𝐻+ →  𝐶𝐻 +  𝐶 1.53 × 10−7  𝑇𝑒−0.76 21 
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Table S3 Neutral-neutral pressure-dependent recombination reactions with low pressure (𝑘0) and high 132 
pressure (𝑘) limit rate coefficients. Tgas is given in units of Kelvin. The respective rate coefficients (in 133 
cm3 s-1) 𝑘0 and 𝑘 of each reaction are also given alongside the falloff curve expression (FC) which 134 
incorporates the Troe parameters. 𝑘0, 𝑘 and FC were used to calculate the rate coefficients of pressure 135 
dependent reactions (see details in 22). References are shown in the last column. 136 

𝐶𝐻3 +  𝐻 →  𝐶𝐻4 

𝑘0 =  1.0 × 10−26 ∗ exp (− 𝑇𝑔𝑎𝑠21220)2
 

𝑘 =  (3.34 × 10−10) ∗ ( 𝑇𝑔𝑎𝑠298.15)−0.186 ∗ exp (− 𝑇𝑔𝑎𝑠25200) 

𝐹𝐶 =  (0.710) ∗ exp (− 𝑇𝑔𝑎𝑠3079) + 0.290 ∗ exp (− 𝑇𝑔𝑎𝑠54 ) 

 

23 

𝐶𝐻3 +  𝐶𝐻3 →  𝐶2𝐻6 

𝑘0 =  (3.50 × 10−7) ∗ (𝑇𝑔𝑎𝑠)−7.0 ∗ exp (− 1390𝑇𝑔𝑎𝑠 ) 𝑘 =  (6.00 × 10−11) 𝐹𝐶 =  0.381 ∗ exp (− 𝑇𝑔𝑎𝑠73 ) + 0.619 ∗ exp (− 𝑇𝑔𝑎𝑠1180) 

 

24 

𝐶𝐻3 +  𝐶2𝐻5 →  𝐶3𝐻8 

𝑘0 =  (7.50 × 10−17) ∗ (𝑇𝑔𝑎𝑠)−3.0 ∗ exp (− 300𝑇𝑔𝑎𝑠) 𝑘 =  6.64 × 10−11 𝐹𝐶 =  (1 − 0.153) ∗ exp (− 𝑇𝑔𝑎𝑠291) + 0.153 ∗ exp (− 𝑇𝑔𝑎𝑠2742) + exp (− 7748𝑇𝑔𝑎𝑠 ) 

 

22 

𝐶𝐻2 +  𝐻 →  𝐶𝐻3 

𝑘0 =  (9.00 × 10−32) ∗ exp (− 550𝑇𝑔𝑎𝑠) 𝑘 =  (8.55 × 10−12) ∗ (𝑇𝑔𝑎𝑠)0.15
 𝐹𝐶 =  (1 − 0.562) ∗ exp (− 𝑇𝑔𝑎𝑠91 ) + 0.562 ∗ exp (− 𝑇𝑔𝑎𝑠5836) + exp (− 8552𝑇𝑔𝑎𝑠 ) 

 

24 

𝐶𝐻 +  𝐻2 →  𝐶𝐻3 𝑘 =  (4.70 × 10−26) ∗ 𝑇𝑔𝑎𝑠−1.60 24 
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 𝑘 =  (8.50 × 10−11) ∗ (𝑇𝑔𝑎𝑠)0.15
 𝐹𝐶 =  (1 − 0.578) + (0.25 ∗ exp (− 𝑇𝑔𝑎𝑠300)) 

 

𝐻 +  𝐶2𝐻4 →  𝐶2𝐻5 

 

𝑘0 =  (1.30 × 10−29) ∗ exp (− 380𝑇𝑔𝑎𝑠) 

𝑘 =  (6.60 × 10−15) ∗ (𝑇𝑔𝑎𝑠)1.28 ∗ exp (− 650𝑇𝑔𝑎𝑠) 

𝐹𝐶 =  (0.240) ∗ exp (− 𝑇𝑔𝑎𝑠40 ) + 0.760 ∗ exp (− 𝑇𝑔𝑎𝑠1025) 

 

22 

𝐶2𝐻4 →  𝐶2𝐻2 + 𝐻2 

 

𝑘0 =  (1.70 × 10−6) ∗ 𝑇𝑔𝑎𝑠 ∗ exp (− 39390𝑇𝑔𝑎𝑠 ) 

𝑘 =  (8.00 × 1012) ∗ (𝑇𝑔𝑎𝑠)0.44 ∗ exp (− 88770𝑇𝑔𝑎𝑠 ) 

𝐹𝐶 =  (1 − 0.735) ∗ exp (− 𝑇𝑔𝑎𝑠180) + 0.735 ∗ exp (− 𝑇𝑔𝑎𝑠1035) + exp (− 5417𝑇𝑔𝑎𝑠 ) 

 

22 

𝐻 +  𝐶2𝐻5 →  𝐶2𝐻6 

 

𝑘0 =  (4.00 × 10−19) ∗ (𝑇𝑔𝑎𝑠)−3.00 ∗ exp (− 600𝑇𝑔𝑎𝑠) 𝑘 =  (2.00 × 10−10) 𝐹𝐶 =  (1 − 0.842) ∗ exp (− 𝑇𝑔𝑎𝑠125) + 0.842 ∗ exp (− 𝑇𝑔𝑎𝑠2219) + exp (− 6682𝑇𝑔𝑎𝑠 ) 

 

22 

𝐻 +  𝐶2𝐻3 →  𝐶2𝐻4 

 

𝑘0 =  1.75 × 10−27 ∗  (𝑇𝑔𝑎𝑠)−0.347
 𝑘 =  7.05 × 10−11 ∗  (𝑇𝑔𝑎𝑠)0.180
 𝐹𝐶 =  0.0506 ∗ (𝑇𝑔𝑎𝑠)0.40

 
 

22 

𝐻 +  𝐶2𝐻2 →  𝐶2𝐻3 

 

𝑘0 =  (1.60 × 10−20) ∗ (𝑇𝑔𝑎𝑠)−3.47 ∗ exp (− 475𝑇𝑔𝑎𝑠) 

𝑘 =  (9.20 × 10−16) ∗ (𝑇𝑔𝑎𝑠)1.64 ∗ exp (− 1055𝑇𝑔𝑎𝑠 ) 𝐹𝐶 =  7.94 × 10−4 ∗ (𝑇𝑔𝑎𝑠)0.78
 

 

22 

𝐻 +  𝐶3𝐻7 →  𝐶3𝐻8 

 

𝑘0 =  (4.00 × 10−19) ∗ (𝑇𝑔𝑎𝑠)−3.00 ∗ exp (− 600𝑇𝑔𝑎𝑠) 𝐾 =  (2.49 × 10−10) 𝐹𝐶 =  (1 − 0.315) ∗ exp (− 𝑇𝑔𝑎𝑠369) + 0.315 ∗ exp (− 𝑇𝑔𝑎𝑠3285) + exp (− 6667𝑇𝑔𝑎𝑠 ) 

 

22 

𝐻 + 𝐶2𝐻 →  𝐶2𝐻2 

 

𝑘0 =  (1.26 × 10−18) ∗ (𝑇𝑔𝑎𝑠)−3.10 ∗ exp (− 721𝑇𝑔𝑎𝑠) 𝑘 =  (3.00 × 10−10) 𝐹𝐶 =  (1 − 0.646) ∗ exp (− 𝑇𝑔𝑎𝑠132) + 0.65 ∗ exp (− 𝑇𝑔𝑎𝑠1315) + exp (− 5566𝑇𝑔𝑎𝑠 ) 

 

22 

𝐶2𝐻6 →  𝐶𝐻3 +  𝐶𝐻3 

 

𝑘0 =  (2.60 × 1025) ∗ (𝑇𝑔𝑎𝑠)−8.37 ∗ exp (− 47290𝑇𝑔𝑎𝑠 ) 

𝑘 =  (4.50 × 1021) ∗ (𝑇𝑔𝑎𝑠)−1.37 ∗ exp (− 45900𝑇𝑔𝑎𝑠 ) 

22 
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𝐹𝐶 =  (0.38) ∗ exp (− 𝑇𝑔𝑎𝑠73 ) + 0.62 ∗ exp (− 𝑇𝑔𝑎𝑠1180) 

 

𝐶𝐻4 →  𝐻 +  𝐶𝐻3 

 

𝑘0 =  (1.40 × 10−6) ∗ exp (− 45700𝑇𝑔𝑎𝑠 ) 

𝑘 =  (2.40 × 1016) ∗ exp (− 52800𝑇𝑔𝑎𝑠 ) 

𝐹𝐶 =  (0.31) ∗ exp (− 𝑇𝑔𝑎𝑠91 ) + 0.69 ∗ exp (− 𝑇𝑔𝑎𝑠2207) 

 

23 

𝐶2𝐻3 →  𝐶2𝐻2 +  𝐻 

 

𝑘 =  (4.30 × 103) ∗ (𝑇𝑔𝑎𝑠)−3.40 ∗ exp (− 18020𝑇𝑔𝑎𝑠 ) 

𝑘 =  (3.90 × 108) ∗ (𝑇𝑔𝑎𝑠)1.62 ∗ exp (− 18650𝑇𝑔𝑎𝑠 ) 𝐹𝐶 =  (7.37 × 10−4) ∗ (𝑇𝑔𝑎𝑠)0.80
 

 

22 

𝐶2𝐻5 →  𝐶2𝐻4 +  𝐻 

 

𝐾0 =  (1.70 × 10−6) ∗ exp (− 16800𝑇𝑔𝑎𝑠 ) 

𝐾 =  (8.20 × 1013) ∗ exp (− 20070𝑇𝑔𝑎𝑠 ) 

𝐹𝐶 =  (0.25) ∗ exp (− 𝑇𝑔𝑎𝑠97 ) + 0.75 ∗ exp (− 𝑇𝑔𝑎𝑠1379) 

 

22 

𝐶3𝐻7 →  𝐶3𝐻6 +  𝐻 

 

𝑘0 =  (3.56 × 10−7) ∗ exp (− 14200𝑇𝑔𝑎𝑠 ) 

𝑘 =  (8.76 × 107) ∗ (𝑇𝑔𝑎𝑠)1.76 ∗ exp (− 17870𝑇𝑔𝑎𝑠 ) 𝐹𝐶 =  0.35 × 100 
 

22 

𝐶3𝐻8 →  𝐶𝐻3 +  𝐶2𝐻5 

 

𝑘0 =  (1.30 × 10−5) ∗ exp (− 32700𝑇𝑔𝑎𝑠 ) 

𝑘 =  (4.00 × 1023) ∗ (𝑇𝑔𝑎𝑠)−1.87 ∗ exp (− 45394𝑇𝑔𝑎𝑠 ) 

𝐹𝐶 =  (0.24) ∗ exp (− 𝑇𝑔𝑎𝑠1946) + 0.76 ∗ exp (− 𝑇𝑔𝑎𝑠38 ) 

 

22 

𝐻 +  𝐻 →  𝐻2 

 

𝑘0 =  (2.70 × 10−31) ∗ (𝑇𝑔𝑎𝑠)−0.60
 𝑘 =  (1.00 × 10−11) 𝐹𝐶 =  (0.0506) ∗ (𝑇𝑔𝑎𝑠)0.40

 
 

25 

𝐶𝐻3 +  𝐶2𝐻3 →  𝐶3𝐻6 

 

𝑘 =  (5.00 × 10−27) 𝑘 =  (1.10 × 10−10) 𝐹𝐶 =  (0.0506) ∗ (𝑇𝑔𝑎𝑠)0.40
 

 

26 

𝐶𝐻2 +  𝐶2𝐻4 →  𝐶3𝐻6 

 

𝑘0 =  (1.5 × 10−18) ∗ (𝑇𝑔𝑎𝑠)−3 ∗ exp (− 300𝑇𝑔𝑎𝑠) 

𝑘 =  (9.17 × 10−12) ∗ ( 𝑇𝑔𝑎𝑠298.15)0.00730 ∗ exp (− 4410𝑅𝑇𝑔𝑎𝑠) 𝐹𝐶 =  (0.0506) ∗ (𝑇𝑔𝑎𝑠)0.40
 

 

22 
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𝐻 +  𝐶3𝐻6 →  𝐶3𝐻7 

 

𝑘0 =  (1.30 × 10−28) ∗ exp (− 380𝑇𝑔𝑎𝑠) 

𝑘 =  (9.47 × 10−15) ∗ (𝑇𝑔𝑎𝑠)1.16 ∗ exp (− 440𝑇𝑔𝑎𝑠) 𝐹𝐶 =  (0.0506) ∗ (𝑇𝑔𝑎𝑠)0.40
 

 

27 

𝐶 +  𝐻2 →  𝐶𝐻2 

 

𝑘0 =  (7.00 × 10−32) 𝑘 =  (2.06 × 10−11) ∗ exp (− 57𝑇𝑔𝑎𝑠) 𝐹𝐶 =  (0.0506) ∗ (𝑇𝑔𝑎𝑠)0.40
 

 

28 

𝐻 +  𝐶3𝐻5 →  𝐶3𝐻6 

 

𝑘0 =  (1.50 × 10−29) 𝑘 =  (2.4 × 10−10) 𝐹𝐶 =  (0.0506) ∗ (𝑇𝑔𝑎𝑠)0.40
 

 

27 

 137 

Table S4 Neutral-neutral molecular recombination reactions and respective rate coefficients (in cm3 s-138 
1 or cm6 s-1). Tgas is given in Kelvin and R is the gas constant 8.314 J mol-1 K-1. References are shown 139 
in the last column. 140 𝐶𝐻4 +  𝐶𝐻3 →  𝐻 +  𝐶2𝐻6 4.95 × 10−13 ( 𝑇𝑔𝑎𝑠298.15) exp (− 188000𝑅𝑇𝑔𝑎𝑠 ) 29 𝐶𝐻4 +  𝐶𝐻3 →  𝐻2 +  𝐶2𝐻5 1.66 × 10−11 exp (−96450𝑅𝑇𝑔𝑎𝑠 ) 29 𝐶𝐻4 +  𝐶𝐻2 →  𝐶𝐻3 +  𝐶𝐻3 7.14 × 10−12 exp (− 41990𝑅𝑇𝑔𝑎𝑠 ) 30 𝐶𝐻4 +  𝐶𝐻 →  𝐶2𝐻4 +  𝐻 3.96 × 10−8 ( 𝑇𝑔𝑎𝑠298.15)−1.04 exp (− 36.1𝑇𝑔𝑎𝑠 ) 

31 𝐶𝐻4 +  𝐶 →  𝐶𝐻 +  𝐶𝐻3 8.30 × 10−11 𝑒𝑥𝑝 (− 24.0151.987 × 𝑇𝑔𝑎𝑠) 32 𝐶𝐻4 +  𝐶 →  𝐶2𝐻4 5.00 × 10−15 32 𝐶𝐻4 +  𝐶2𝐻5 →  𝐶2𝐻6 +  𝐶𝐻3 2.51 × 10−15 ( 𝑇𝑔𝑎𝑠298.15)2.84 exp (− 52550𝑅𝑇𝑔𝑎𝑠 ) 
33 

𝐶𝐻4 +  𝐶2𝐻3 →  𝐶2𝐻4 +  𝐶𝐻3 2.13 × 10−14 ( 𝑇𝑔𝑎𝑠298.15)4.02 exp (− 22860𝑅𝑇𝑔𝑎𝑠 ) 
33 𝐶𝐻4 +  𝐶2𝐻 →  𝐶2𝐻2 +  𝐶𝐻3 3.01 × 10−12 exp (− 2080𝑅𝑇𝑔𝑎𝑠) 33 𝐶𝐻4 +  𝐶3𝐻7 →  𝐶3𝐻8 +  𝐶𝐻3 3.54 × 10−16 ( 𝑇𝑔𝑎𝑠298.15)4.02 exp (− 45480𝑅𝑇𝑔𝑎𝑠 ) 
33 

𝐶𝐻4 +  𝐶3𝐻5 →  𝐶3𝐻6 +  𝐶𝐻3 1.71 × 10−14 ( 𝑇𝑔𝑎𝑠298.15)3.40 exp (− 97280𝑅𝑇𝑔𝑎𝑠 ) 
34 𝐶𝐻4 +  𝐻 →  𝐶𝐻3 +  𝐻2 2.94 × 10−10 exp (− 57650𝑅𝑇𝑔𝑎𝑠 ) 35 𝐶𝐻3 +  𝐶𝐻3 →  𝐶2𝐻5 +  𝐻 1.46 × 10−11 ( 𝑇𝑔𝑎𝑠298.15)0.10  exp (− 44400𝑅𝑇𝑔𝑎𝑠 ) 
36 

𝐶𝐻3 +  𝐶𝐻3 →  𝐶𝐻2 +  𝐶𝐻4 1.16 × 10−13 ( 𝑇𝑔𝑎𝑠298.15)1.34 exp (− 67910𝑅𝑇𝑔𝑎𝑠 ) 
37 
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𝐶𝐻3 +  𝐶𝐻3 →  𝐶2𝐻4 +  𝐻2 1.66 × 10−8 exp (− 138000𝑅𝑇𝑔𝑎𝑠 ) 38 𝐶𝐻3 +  𝐶𝐻2 →  𝐶2𝐻4 +  𝐻 5.01 × 10−11 39 𝐶𝐻3 +  𝐶2𝐻6 →  𝐶2𝐻5 +  𝐶𝐻4 1.74 × 10−16 (𝑇𝑔𝑎𝑠298)6.00  exp (− 25280𝑅𝑇𝑔𝑎𝑠 ) 
33 𝐶𝐻3 +  𝐶2𝐻5 →  𝐶2𝐻4 +  𝐶𝐻4 1.88 × 10−12 ( 𝑇𝑔𝑎𝑠298.0)−0.5

 
33 𝐶𝐻3 +  𝐶2𝐻5 →  𝐶2𝐻6 +  𝐶𝐻2 3.0 × 10−44(𝑇𝑔𝑎𝑠)9.0956

 
33 𝐶𝐻3 +  𝐶2𝐻4 →  𝐶2𝐻3 +  𝐶𝐻4 6.91 × 10−12 exp (− 46560𝑅𝑇𝑔𝑎𝑠 ) 33 𝐶𝐻3 +  𝐶2𝐻4 →  𝐶3𝐻7 3.50 × 10−13 exp (− 3700𝑇𝑔𝑎𝑠 ) 22 𝐶𝐻3 +  𝐶2𝐻3 →  𝐶2𝐻2 +  𝐶𝐻4 1.5 × 10−11 exp (3200𝑅𝑇𝑔𝑎𝑠) 26 𝐶𝐻3 + 𝐶2𝐻3 →  𝐶3𝐻5 +  𝐻 2.59 × 10−9 ( 𝑇𝑔𝑎𝑠298.0)−1.25 exp (− 32100𝑅𝑇𝑔𝑎𝑠 ) 
26 𝐶𝐻3 +  𝐶2𝐻2 →  𝐶𝐻4 +  𝐶2𝐻 3.01 × 10−13 exp (− 72340𝑅𝑇𝑔𝑎𝑠 ) 
33 𝐶𝐻3 +  𝐶2𝐻2 →  𝐶3𝐻5 1.00 × 10−12 exp (− 3900𝑇𝑔𝑎𝑠 ) 
22 𝐶𝐻3 +  𝐶3𝐻8 →  𝐶3𝐻7 +  𝐶𝐻4 1.50 × 10−24(𝑇𝑔𝑎𝑠)3.65  exp (− 71541.987 × 𝑇𝑔𝑎𝑠) 
33 𝐶𝐻3 +  𝐶3𝐻7 →  𝐶3𝐻6 +  𝐶𝐻4 3.07 × 10−12 (𝑇𝑔𝑎𝑠298)−0.32

 
33 𝐶𝐻3 + 𝐶3𝐻7 →  𝐶2𝐻5 + 𝐶2𝐻5 ( 1.93 × 10136.0223 × 1023) (𝑇𝑔𝑎𝑠)−0.32

 33 𝐶𝐻3 +  𝐶3𝐻6 →  𝐶3𝐻5 +  𝐶𝐻4 1.68 × 10−15 (𝑇𝑔𝑎𝑠298)3.50  exp (− 23780𝑅𝑇𝑔𝑎𝑠 ) 
37 

𝐶𝐻3 +  𝐻2 →  𝐶𝐻4 +  𝐻 2.52 × 10−14 (𝑇𝑔𝑎𝑠298)3.12 exp (36420𝑅𝑇𝑔𝑎𝑠 ) 
35 𝐶𝐻3 +  𝐻 →  𝐶𝐻2 +  𝐻2 1.00 × 10−10 exp (− 63190𝑅𝑇𝑔𝑎𝑠 ) 35 𝐶𝐻3 →  𝐻2 +  𝐶𝐻 8.30 × 10−9 exp (− 356000𝑅𝑇𝑔𝑎𝑠 ) 22 𝐶𝐻3 →  𝐶𝐻2 +  𝐻 1.69 × 10−8 exp (− 379000𝑅𝑇𝑔𝑎𝑠 ) 22 𝐶𝐻2 +  𝐶𝐻2  →  𝐶2𝐻2 +  𝐻 +  𝐻 3.32 × 10−10 exp (− 45980𝑅𝑇𝑔𝑎𝑠 ) 30 𝐶𝐻2 +  𝐶𝐻2 →  𝐶2𝐻2 +  𝐻2 2.62 × 10−9 exp (− 49970𝑅𝑇𝑔𝑎𝑠 ) 30 𝐶𝐻2 +  𝐶𝐻3 →  𝐶2𝐻5 7.00 × 10−23(𝑇𝑔𝑎𝑠)3.6337

 
30 𝐶𝐻2 +  𝐶2𝐻6 →  𝐶2𝐻5 +  𝐶𝐻3 9.0 × 10−33(𝑇𝑔𝑎𝑠)6.4162

 
30 𝐶𝐻2 +  𝐶2𝐻6 →  𝐶3𝐻8 4.80 × 10−12 30 𝐶𝐻2 +  𝐶2𝐻5 →  𝐶2𝐻4 +  𝐶𝐻3 8.01 × 10−11 30 𝐶𝐻2 +  𝐶2𝐻3 →  𝐶2𝐻2 +  𝐶𝐻3 8.01 × 10−11 30 
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𝐶𝐻2 + 𝐶2𝐻4 →  𝐶3𝐻5 +  𝐻 4.25 × 10−12 exp (− 2658𝑇𝑔𝑎𝑠 ) 30 𝐶𝐻2 +  𝐶2𝐻  →  𝐶2𝐻2 +  𝐶𝐻 3.01 × 10−11 30 𝐶𝐻2 +  𝐶3𝐻8 →  𝐶3𝐻7 +  𝐶𝐻3 1.61 × 10−15 (𝑇𝑔𝑎𝑠298)3.65  exp (− 29930𝑅𝑇𝑔𝑎𝑠 ) 
30 𝐶𝐻2 + 𝐶3𝐻7 →  𝐶2𝐻4 + 𝐶2𝐻5 3.01 × 10−11 30 𝐶𝐻2 +  𝐶3𝐻7 →  𝐶3𝐻6 +  𝐶𝐻3 3.01 × 10−11 30 𝐶𝐻2 +  𝐶3𝐻6 →  𝐶3𝐻5 +  𝐶𝐻3 1.20 × 10−12  exp (− 25940𝑅𝑇𝑔𝑎𝑠 ) 30 𝐶𝐻2 +  𝐻2 →  𝐶𝐻3 +  𝐻 3.59 × 10−13 (𝑇𝑔𝑎𝑠298)2.30  exp (− 30760𝑅𝑇𝑔𝑎𝑠 ) 
30 𝐶𝐻2 +  𝐻 →  𝐶𝐻 +  𝐻2 1.00 × 10−11 exp (7480𝑅𝑇𝑔𝑎𝑠) 37 𝐶𝐻2 →  𝐶 +  𝐻2 5.00 × 10−10 exp (− 32600𝑇𝑔𝑎𝑠 ) 30 𝐶𝐻2 →  𝐶𝐻 +  𝐻 1.56 × 10−8 exp (− 44880𝑇𝑔𝑎𝑠 ) 30 𝐶𝐻 +  𝐻2 →  𝐶𝐻2 +  𝐻 1.48 × 10−11 ( 𝑇𝑔𝑎𝑠298.0)1.79 exp (− 6980𝑅𝑇𝑔𝑎𝑠) 
40 𝐶𝐻 +  𝐻 →  𝐶 +  𝐻2 6.50 × 10−10(𝑇𝑔𝑎𝑠)0.01 exp (− 22330𝑅𝑇𝑔𝑎𝑠 ) 38 𝐶𝐻 +  𝐶𝐻3 →  𝐶2𝐻3 +  𝐻 ( 3.0 × 10136.0223 × 1023) 40 𝐶𝐻 +  𝐶𝐻2 →  𝐶2𝐻2 +  𝐻 ( 4.0 × 10136.0223 × 1023) 
40 𝐶𝐻 +  𝐶𝐻 →  𝐶2𝐻2 1.99 × 10−10 40 𝐶𝐻 +  𝐶2𝐻2 →  𝐶2𝐻 +  𝐶𝐻2 3.80 × 10−8(𝑇𝑔𝑎𝑠)−0.859  exp (− 33.5𝑇𝑔𝑎𝑠 ) 31 𝐶𝐻 +  𝐶2𝐻3 →  𝐶𝐻2 +  𝐶2𝐻2 8.3 × 10−11 31 𝐶𝐻 +  𝐶2𝐻4 →  𝐶3𝐻5 2.84 × 10−10 ( 𝑇𝑔𝑎𝑠298.15)−0.310

 
31 𝐶𝐻 +  𝐶2𝐻4 →  𝐶2𝐻2 +  𝐶𝐻3 0.50  ×  1.59 × 10−9(𝑇𝑔𝑎𝑠)−0.546  exp (− 29.6𝑇𝑔𝑎𝑠 ) 31 𝐶𝐻 +  𝐶2𝐻4 →  𝐶𝐻4 +  𝐶2𝐻 0.50  ×  1.59 × 10−9(𝑇𝑔𝑎𝑠)−0.546  exp (− 29.6𝑇𝑔𝑎𝑠 ) 31 𝐶𝐻 +  𝐶2𝐻5 →  𝐶3𝐻5 +  𝐻 3.80 × 10−8(𝑇𝑔𝑎𝑠)−0.859  exp (− 33.5𝑇𝑔𝑎𝑠 ) 31 𝐶𝐻 +  𝐶2𝐻6 →  𝐶2𝐻4 +  𝐶𝐻3 3.80 × 10−8(𝑇𝑔𝑎𝑠)−0.859  exp (− 53.2𝑇𝑔𝑎𝑠 ) 41 𝐶𝐻 +  𝐶2𝐻6 →  𝐶3𝐻6 +  𝐻 6.17 × 10−11(𝑇𝑔𝑎𝑠)−0.52  exp (− 29.2𝑇𝑔𝑎𝑠 ) 41 𝐶𝐻 +  𝐶2𝐻6 →  𝐶3𝐻7 1.60 × 10−10 41 𝐶𝐻 →  𝐶 +  𝐻 3.16 × 10−10 exp (− 280000𝑅𝑇𝑔𝑎𝑠 ) 40 𝐶2𝐻6 +  𝐶2𝐻3 →  𝐶2𝐻5 +  𝐶2𝐻4 1.46 × 10−13 (𝑇𝑔𝑎𝑠298)3.30  exp (− 43900𝑅𝑇𝑔𝑎𝑠 ) 
42 
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𝐶2𝐻6 +  𝐶2𝐻 →  𝐶2𝐻2 +  𝐶2𝐻5 3.50 × 10−11 exp ( 20𝑅𝑇𝑔𝑎𝑠) 22 𝐶2𝐻6 +  𝐶3𝐻7 →  𝐶3𝐻8 +  𝐶2𝐻5 1.19 × 10−15 (𝑇𝑔𝑎𝑠298)3.82  exp (− 37830𝑅𝑇𝑔𝑎𝑠 ) 
43 

𝐶2𝐻6 +  𝐶3𝐻5 →  𝐶3𝐻6 +  𝐶2𝐻5 5.71 × 10−14 (𝑇𝑔𝑎𝑠298)3.30  exp (− 83060𝑅𝑇𝑔𝑎𝑠 ) 
34 

𝐶2𝐻6 +  𝐻 →  𝐶2𝐻5 +  𝐻2 1.23 × 10−11 (𝑇𝑔𝑎𝑠298)1.50  exp (− 31010𝑅𝑇𝑔𝑎𝑠 ) 
37 𝐻 +  𝐶2𝐻6 →  𝐶𝐻4 +  𝐶𝐻3 8.97 × 10−20 exp (− 48640𝑅𝑇𝑔𝑎𝑠 ) 38 𝐶2𝐻6 →  𝐶2𝐻5 +  𝐻 8.11 × 1017 (𝑇𝑔𝑎𝑠298)−1.23  exp (− 427000𝑅𝑇𝑔𝑎𝑠 ) 
44 𝐶2𝐻6 →  𝐶2𝐻4 + 𝐻2 1.32 × 1015 exp (− 306000𝑅𝑇𝑔𝑎𝑠 ) 44 𝐶2𝐻5 +  𝐶2𝐻3 →  𝐶2𝐻6 +  𝐶2𝐻2 2.40 × 10−11 45 𝐶2𝐻5 +  𝐶2𝐻3 →  𝐶2𝐻4 +  𝐶2𝐻4 9.60 × 10−11 45 𝐶2𝐻5 +  𝐶2𝐻5 →  𝐶2𝐻6 +  𝐶2𝐻4 2.41 × 10−12 22 𝐶2𝐻5 +  𝐶2𝐻4 →  𝐶2𝐻6 +  𝐶2𝐻3 5.83 × 10−14 (𝑇𝑔𝑎𝑠298)3.13  exp (− 75330𝑅𝑇𝑔𝑎𝑠 ) 
22 𝐶2𝐻5 +  𝐶2𝐻2 →  𝐶2𝐻6 +  𝐶2𝐻 4.50 × 10−13 exp (− 98110𝑅𝑇𝑔𝑎𝑠 ) 42 𝐶2𝐻5 +  𝐶2𝐻  →  𝐶2𝐻4 +  𝐶2𝐻2 3.01 × 10−12 42 𝐶2𝐻5 +  𝐶3𝐻8 →  𝐶2𝐻6 +  𝐶3𝐻7 1.61 × 10−15 (𝑇𝑔𝑎𝑠298)3.65  exp (− 38250𝑅𝑇𝑔𝑎𝑠 ) 
43 𝐶2𝐻5 +  𝐶3𝐻7 →  𝐶3𝐻8 +  𝐶2𝐻4 1.91 × 10−12 43 𝐶2𝐻5 +  𝐶3𝐻7 →  𝐶3𝐻6 +  𝐶2𝐻6 2.41 × 10−12 43 𝐶2𝐻5 +  𝐶3𝐻6 →  𝐶3𝐻5 +  𝐶2𝐻6 1.69 × 10−15 (𝑇𝑔𝑎𝑠298)3.50  exp (− 27770𝑅𝑇𝑔𝑎𝑠 ) 
46 𝐶2𝐻5 +  𝐶3𝐻5 →  𝐶3𝐻6 +  𝐶2𝐻4 4.30 × 10−12 exp ( 550𝑅𝑇𝑔𝑎𝑠) 34 𝐶2𝐻5 +  𝐻2 →  𝐶2𝐻6 +  𝐻 5.10 × 10−24 (𝑇𝑔𝑎𝑠298)3.60  exp (− 35340𝑅𝑇𝑔𝑎𝑠 ) 
22 𝐻 +  𝐶2𝐻5 →  𝐶𝐻3 +  𝐶𝐻3 1.79 × 10−10 exp (− 3640𝑅𝑇𝑔𝑎𝑠) 22 𝐻 +  𝐶2𝐻5 →  𝐶2𝐻4 +  𝐻2 3.32 × 10−12 42 𝐶2𝐻5 →  𝐶𝐻2 +  𝐶𝐻3 1.0 × 10−118(𝑇𝑔𝑎𝑠)37.47

 
44 𝐶2𝐻4 +  𝐶2𝐻 →  𝐶2𝐻2 +  𝐶2𝐻3 1.40 × 10−10 42 𝐶2𝐻4 +  𝐶2𝐻2 →  𝐶2𝐻3 +  𝐶2𝐻3 4.0 × 10−11 exp (− 286000𝑅𝑇𝑔𝑎𝑠 ) 42 𝐶2𝐻4 +  𝐶3𝐻6 →  𝐶3𝐻5 +  𝐶2𝐻5 9.6 × 10−11 exp (− 216000𝑅𝑇𝑔𝑎𝑠 ) 46 𝐶2𝐻4 +  𝐶3𝐻6 →  𝐶2𝐻3 +  𝐶3𝐻7 1.0 × 10−10 exp (− 316000𝑅𝑇𝑔𝑎𝑠 ) 46 𝐶2𝐻4 +  𝐶2𝐻4 →  𝐶2𝐻5 +  𝐶2𝐻3 8.0 × 10−10 exp (− 299000𝑅𝑇𝑔𝑎𝑠 ) 42 
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𝐶2𝐻4 +  𝐻 →  𝐶2𝐻3 +  𝐻2 8.41 × 10−17  (𝑇𝑔𝑎𝑠)1.93  exp (− 6518𝑇𝑔𝑎𝑠 ) 37 𝐶2𝐻4 +  𝐻2 →  𝐶2𝐻5 +  𝐻 1.69 × 10−11 exp (− 285000𝑅𝑇𝑔𝑎𝑠 ) 42 𝐶2𝐻4 +  𝐻2 →  𝐶2𝐻6 4.75 × 10−16 exp (− 180000𝑅𝑇𝑔𝑎𝑠 ) 42 𝐶2𝐻4 +  𝐶 →  𝐶2𝐻2 + 𝐶𝐻2 1.24 × 10−11 
47 𝐶2𝐻4 →  𝐶2𝐻3 +  𝐻 2.00 × 1016 exp (− 461000𝑅𝑇𝑔𝑎𝑠 ) 44 𝐶2𝐻3 +  𝐶2𝐻3 →  𝐶2𝐻4 +  𝐶2𝐻2 3.50 × 10−11 42 𝐶2𝐻3 +  𝐶2𝐻 →  𝐶2𝐻2 +  𝐶2𝐻2 3.15 × 10−11 42 𝐶2𝐻3 +  𝐶3𝐻8 →  𝐶2𝐻4 +  𝐶3𝐻7 1.46 × 10−13 (𝑇𝑔𝑎𝑠298)3.30  exp (− 43900𝑅𝑇𝑔𝑎𝑠 ) 
43 𝐶2𝐻3 +  𝐶3𝐻7 →  𝐶3𝐻8 +  𝐶2𝐻2 2.01 × 10−12 43 𝐶2𝐻3 +  𝐶3𝐻7 →  𝐶3𝐻6 +  𝐶2𝐻4 2.01 × 10−12 43 𝐶2𝐻3 +  𝐶3𝐻6 →  𝐶3𝐻5 +  𝐶2𝐻4 1.68 × 10−15 (𝑇𝑔𝑎𝑠298)3.50  exp (− 19620𝑅𝑇𝑔𝑎𝑠 ) 
46 𝐶2𝐻3 +  𝐶3𝐻5 →  𝐶3𝐻6 +  𝐶2𝐻2 8.00 × 10−12 34 𝐶2𝐻3 +  𝐻2 →  𝐶2𝐻4 +  𝐻 1.61 × 10−13 (𝑇𝑔𝑎𝑠298)2.63  exp (− 35750𝑅𝑇𝑔𝑎𝑠 ) 
48 𝐶2𝐻3 +  𝐻 →  𝐶2𝐻2 +  𝐻2 1.50 × 10−12(𝑇𝑔𝑎𝑠)0.50

 
22 𝐶2𝐻2 +  𝐶3𝐻7 →  𝐶3𝐻5 +  𝐶2𝐻4 1.20 × 10−12 exp (− 37700𝑅𝑇𝑔𝑎𝑠 ) 43 𝐶2𝐻2 +  𝐶3𝐻6 →  𝐶2𝐻3 +  𝐶3𝐻5 6.71 × 10−11 exp (− 196000𝑅𝑇𝑔𝑎𝑠 ) 46 𝐶2𝐻2 +  𝐶2𝐻2 →  𝐶2𝐻 +  𝐶2𝐻3 1.6 × 10−11 exp (− 353000𝑅𝑇𝑔𝑎𝑠 ) 42 𝐶2𝐻2 +  𝐻2 →  𝐶2𝐻4 5.0 × 10−13 exp (− 163000𝑅𝑇𝑔𝑎𝑠 ) 42 𝐶2𝐻2 +  𝐻2 →  𝐶2𝐻3 +  𝐻 1.33 × 10−12 exp (− 236000𝑅𝑇𝑔𝑎𝑠 ) 42 𝐶2𝐻2 +  𝐻 →  𝐶2𝐻 +  𝐻2 2.77 × 10−10  ( 𝑇𝑔𝑎𝑠298.0)1.32  exp (− 128000𝑅𝑇𝑔𝑎𝑠 ) 
38 𝐶2𝐻2 →  𝐶2𝐻 +  𝐻 2.63 × 1015 exp (− 519000𝑅𝑇𝑔𝑎𝑠 ) 44 𝐶2𝐻 +  𝐶3𝐻8 →  𝐶2𝐻2 +  𝐶3𝐻7 1.79 × 10−11 43 𝐶2𝐻 +  𝐶3𝐻7 →  𝐶3𝐻6 +  𝐶2𝐻2 2.01 × 10−11 43 𝐶2𝐻 +  𝐶3𝐻6 →  𝐶3𝐻5 +  𝐶2𝐻2 1.79 × 10−11 46 𝐶2𝐻 +  𝐶2𝐻 →  𝐶2𝐻2 +  𝐶2 3.01 × 10−12 42 𝐶2𝐻 +  𝐻2 →  𝐶2𝐻2 +  𝐻 1.59 × 10−11 (𝑇𝑔𝑎𝑠298)0.90  exp (− 8310𝑅𝑇𝑔𝑎𝑠) 
42 𝐻 +  𝐶2𝐻 →  𝐻2 +  𝐶2 5.99 × 10−11 exp (− 118000𝑅𝑇𝑔𝑎𝑠 ) 37 𝐶3𝐻8 +  𝐶3𝐻5 →  𝐶3𝐻6 +  𝐶3𝐻7 5.71 × 10−14 (𝑇𝑔𝑎𝑠298)3.30  exp (− 83060𝑅𝑇𝑔𝑎𝑠 ) 
34 
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𝐶3𝐻8 +  𝐻 →  𝐶3𝐻7 +  𝐻2 4.23 × 10−12 (𝑇𝑔𝑎𝑠298)2.54  exp (− 28270𝑅𝑇𝑔𝑎𝑠 ) 
38 𝐶3𝐻8 →  𝐶3𝐻7 +  𝐻 1.58 × 1016 exp (− 408000𝑅𝑇𝑔𝑎𝑠 ) 44 𝐶3𝐻7 +  𝐶3𝐻7 →  𝐶3𝐻6 +  𝐶3𝐻8 2.81 × 10−12 27 𝐶3𝐻7 +  𝐶3𝐻6 →  𝐶3𝐻5 +  𝐶3𝐻8 1.69 × 10−15 (𝑇𝑔𝑎𝑠298)3.50  exp (− 27770𝑅𝑇𝑔𝑎𝑠 ) 
27 𝐶3𝐻7 +  𝐶3𝐻5 →  𝐶3𝐻6 +  𝐶3𝐻6 2.41 × 10−12  exp ( 550𝑅𝑇𝑔𝑎𝑠) 27 𝐶3𝐻7 +  𝐻2 →  𝐶3𝐻8 +  𝐻 3.19 × 10−14 (𝑇𝑔𝑎𝑠298)2.84  exp (− 38250𝑅𝑇𝑔𝑎𝑠 ) 
27 𝐶3𝐻7 +  𝐻 →  𝐶3𝐻6 +  𝐻2 3.01 × 10−12 27 𝐶3𝐻7 +  𝐻 →  𝐶𝐻3 +  𝐶2𝐻5 6.74 × 10−18(𝑇𝑔𝑎𝑠)2.19 exp (− 8901.987 𝑇𝑔𝑎𝑠) 27 𝐶3𝐻7 →  𝐶2𝐻4 +  𝐶𝐻3 1.31 × 1013 (𝑇𝑔𝑎𝑠298)0.87 exp (− 127000𝑅𝑇𝑔𝑎𝑠 ) 
27 𝐶3𝐻6 +  𝐶3𝐻6 →  𝐶3𝐻7 +  𝐶3𝐻5 4.2 × 10−10 exp (− 231000𝑅𝑇𝑔𝑎𝑠 ) 37 𝐶3𝐻6 +  𝐻 →  𝐶3𝐻5 +  𝐻2 4.40 × 10−13 (𝑇𝑔𝑎𝑠298)2.50  exp (− 10390𝑅𝑇𝑔𝑎𝑠 ) 
38 𝐶3𝐻6 +  𝐻 →  𝐶2𝐻4 +  𝐶𝐻3 7.51 × 10−11 exp (− 17300𝑅𝑇𝑔𝑎𝑠 ) 38 𝐶3𝐻6 →  𝐶3𝐻5 +  𝐻 2.50 × 1015 exp (−410000𝑅𝑇𝑔𝑎𝑠 ) 37 𝐶3𝐻6 →  𝐶𝐻3 +  𝐶2𝐻3 1.18 × 1018 (𝑇𝑔𝑎𝑠298)−1.20 exp (− 409000𝑅𝑇𝑔𝑎𝑠 ) 
37 𝐶3𝐻6 →  𝐶𝐻4 +  𝐶2𝐻2 3.50 × 1012 exp (−293000𝑅𝑇𝑔𝑎𝑠 ) 44 𝐶3𝐻6 →  𝐶𝐻2 +  𝐶2𝐻4 5.03 × 1015 exp (−808000𝑅𝑇𝑔𝑎𝑠 ) 44 𝐶3𝐻5 +  𝐻2 →  𝐶3𝐻6 +  𝐻 1.39 × 10−13 (𝑇𝑔𝑎𝑠298)2.38  exp (− 79490𝑅𝑇𝑔𝑎𝑠 ) 
34 𝐶3𝐻5 +  𝐻 →  𝐶2𝐻3 +  𝐶𝐻3 4.00 × 10−12 34 𝐶3𝐻5 →  𝐶2𝐻2 +  𝐶𝐻3 1.26 × 1013 exp (− 140000𝑅𝑇𝑔𝑎𝑠 ) 44 𝐶 +  𝐶 →  𝐶2 2.20 × 10−12 
49 𝐶2 →  𝐶 +  𝐶𝑠 1.5 × 1016 exp (− 594630𝑅𝑇𝑔𝑎𝑠 ) 50 𝐶3 →  𝐶2 +  𝐶𝑠 3.48 × 1011(𝑇𝑔𝑎𝑠)1.1256 exp (− 131430𝑅𝑇𝑔𝑎𝑠 ) 50 𝐶2 +  𝐶2 →  𝐶 +  𝐶3 5.31 × 10−10 50 𝐶 +  𝐻2 →  𝐶𝐻 +  𝐻 6.64 × 10−10 exp (− 97280𝑅𝑇𝑔𝑎𝑠 ) 32 𝐶 +  𝐶𝐻2 →  𝐶𝐻 +  𝐶𝐻 2.69 × 10−12 exp (− 196000𝑅𝑇𝑔𝑎𝑠 ) 51 
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𝐶 +  𝐶𝐻2 →  𝐻 + 𝐶2𝐻 8.30 × 10−11 52 𝐶 +  𝐶𝐻3 →  𝐻 + 𝐶2𝐻2 8.30 × 10−11 52 𝐶2 +  𝐻2 →  𝐶2𝐻2 1.77 × 10−10 exp (− 1470𝑇𝑔𝑎𝑠 ) 38 𝐶2 +  𝐻2 →  𝐶2𝐻 +  𝐻 1.10 × 10−10 exp (− 33260𝑅𝑇𝑔𝑎𝑠 ) 38 𝐶2 +  𝐶𝐻4 →  𝐶2𝐻 +  𝐶𝐻3 5.05 × 10−11 exp (− 297𝑇𝑔𝑎𝑠) 38 𝐻2 +  𝑀 →  𝐻 +  𝐻 +  𝑀 3.64 × 10−8 ( 𝑇𝑔𝑎𝑠298.15)−1.00 exp (− 431000𝑅𝑇𝑔𝑎𝑠 ) 
25 𝐻 +  𝐻 →  𝑒− +  𝐻 +  𝐻+ See reference 
53 

 141 

Table S5 Negative and positive ion-ion and ion-neutral molecular recombination reactions and 142 
respective rate coefficients (in cm3 s-1 or cm6 s-1). Tgas is given in Kelvin. References are shown in the 143 
last column. 144 𝐶𝐻5+ +  𝐶𝐻2 →  𝐶𝐻3+ +  𝐶𝐻4 0.960 × 10−9 54 𝐶𝐻5+ +  𝐶𝐻 →  𝐶𝐻2+ +  𝐶𝐻4 0.690 × 10−9 54 𝐶𝐻5+ +  𝐶 →  𝐶𝐻+ +  𝐶𝐻4 0.120 × 10−8 54 𝐶𝐻5+ + 𝐶2𝐻6 →  𝐶2𝐻5+ +  𝐻2 +  𝐶𝐻4 0.225 × 10−9 54 𝐶𝐻5+ +  𝐶2𝐻4 →  𝐶2𝐻5+ +  𝐶𝐻4 0.150 × 10−8 54 𝐶𝐻5+ +  𝐶2𝐻2 →  𝐶2𝐻3+ +  𝐶𝐻4 0.160 × 10−8 54 𝐶𝐻5+ +  𝐶2𝐻 →  𝐶2𝐻2+ +  𝐶𝐻4 0.900 × 10−9 54 𝐶𝐻5+ +  𝐶2 →  𝐶2𝐻+ +  𝐶𝐻4 0.950 × 10−9 54 𝐶𝐻5+ +  𝐻 →  𝐶𝐻4+ + 𝐻2 0.150 × 10−9 55 𝐶𝐻4+ +  𝐶𝐻4 →  𝐶𝐻5+ +  𝐶𝐻3 0.15 × 10−8 56 𝐶𝐻4+ + 𝐶2𝐻6 →  𝐶2𝐻4+ +  𝐶𝐻4 +  𝐻2 0.19 × 10−8 56 𝐶𝐻4+ +  𝐶2𝐻4 →  𝐶2𝐻5+ +  𝐶𝐻3 1.38 × 10−9 56 𝐶𝐻4+ +  𝐶2𝐻4 →  𝐶2𝐻4+ +  𝐶𝐻4 0.42 × 10−9 56 𝐶𝐻4+ +  𝐶2𝐻2 →  𝐶2𝐻3+ +  𝐶𝐻3 6.27 × 10−10 56 𝐶𝐻4+ +  𝐶2𝐻2 →  𝐶2𝐻2+ +  𝐶𝐻4 0.55 × 10−9 56 𝐶𝐻4+ +  𝐻2 →  𝐶𝐻5+ +  𝐻 4.89 × 10−11   (300𝑇𝑔𝑎𝑠)0.14  exp (− 36.10𝑇𝑔𝑎𝑠 ) 57 𝐶𝐻4+ +  𝐻 →  𝐶𝐻3+ + 𝐻2 0.10 × 10−10 55 𝐶𝐻3+ +  𝐶𝐻4 →  𝐶𝐻4+ +  𝐶𝐻3 0.136 × 10−9 56 𝐶𝐻3+ +  𝐶𝐻4 →  𝐶2𝐻5+ +  𝐻2 0.120 × 10−8 56 𝐶𝐻3+ +  𝐶𝐻2 →  𝐶2𝐻3+ +  𝐻2 0.990 × 10−9 56 𝐶𝐻3+ +  𝐶𝐻 →  𝐶2𝐻2+ +  𝐻2 0.710 × 10−9 56 𝐶𝐻3+ +  𝐶 →  𝐶2𝐻+ + 𝐻2 1.200 × 10−9 56 𝐶𝐻3+ +  𝐶2𝐻6 →  𝐶2𝐻5+ +  𝐶𝐻4 1.48 × 10−9 56 𝐶𝐻3+ +  𝐶2𝐻4 →  𝐶2𝐻3+ +  𝐶𝐻4 0.35 × 10−9 56 𝐶𝐻3+ +  𝐶2𝐻3 →  𝐶2𝐻3+ +  𝐶𝐻3 0.300 × 10−9 56 
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𝐶𝐻3+ +  𝐻2 →  𝐶𝐻4+ +  𝐻 1.58 × 10−9 57 𝐶𝐻2+ +  𝐶𝐻4 →  𝐶𝐻3+ +  𝐶𝐻3 0.138 × 10−9 54 𝐶𝐻2+ +  𝐶𝐻4 →  𝐶2𝐻5+ +  𝐻 0.360 × 10−9 54 𝐶𝐻2+ +  𝐶𝐻4 →  𝐶2𝐻4+ +  𝐻2 0.84 × 10−9 54 𝐶𝐻2+ +  𝐶𝐻4 →  𝐶2𝐻3+ +  𝐻2 +  𝐻 0.231 × 10−9 54 𝐶𝐻2+ +  𝐶𝐻4 →  𝐶2𝐻2+ + 2 𝐻2 0.397 × 10−9 54 𝐶𝐻2+ +  𝐻2 →  𝐶𝐻3+ +  𝐻 0.16 × 10−8 57 𝐶𝐻2+ +  𝐶 →  𝐶2𝐻+ +  𝐻 0.12 × 10−8 54 𝐶𝐻+ +  𝐶𝐻2 →  𝐶2𝐻+ +  𝐻2 0.10 × 10−8 54 𝐶𝐻+ +  𝐶𝐻 →  𝐶2+ + 𝐻2 0.740 × 10−9 54 𝐶𝐻+ +  𝐶 →  𝐶2+ +  𝐻 1.2 × 10−9 54 𝐶𝐻+ +  𝐻 →  𝐶+ +  𝐻2 7.50 × 10−10 55 𝐶𝐻+ +  𝐶𝐻4 →  𝐶2𝐻4+ +  𝐻 0.65 × 10−10 54 𝐶𝐻+ +  𝐶𝐻4 →  𝐶2𝐻3+ +  𝐻2 0.109 × 10−8 54 𝐶𝐻+ +  𝐶𝐻4 →  𝐶2𝐻2+ +  𝐻2 +  𝐻 0.143 × 10−9 54 𝐶𝐻+ +  𝐻2 →  𝐶𝐻2+ +  𝐻 1.58 × 10−9 57 𝐶2𝐻6+ +  𝐶2𝐻4 →  𝐶2𝐻4+ + 𝐶2𝐻6 1.15 × 10−9 56 𝐶2𝐻6+ +  𝐶2𝐻2 →  𝐶2𝐻5+ + 𝐶2𝐻3 2.47 × 10−10 56 𝐶2𝐻6+ +  𝐻 →  𝐶2𝐻5+ +  𝐻2 1.00 × 10−10 58 𝐶2𝐻5+ +  𝐻 →  𝐶2𝐻4+ +  𝐻2 1.00 × 10−10 55 𝐶2𝐻4+ +  𝐶2𝐻3 →  𝐶2𝐻5+ + 𝐶2𝐻2 5.00 × 10−10 56 𝐶2𝐻4+ +  𝐶2𝐻3 →  𝐶2𝐻3+ + 𝐶2𝐻4 5.00 × 10−10 56 𝐶2𝐻4+ +  𝐻 →  𝐶2𝐻3+ +  𝐻2 3.00 × 10−10 55 𝐶2𝐻3+ +  𝐶2𝐻6 →  𝐶2𝐻5+ + 𝐶2𝐻4 2.91 × 10−10 56 𝐶2𝐻3+ +  𝐶2𝐻4 →  𝐶2𝐻5+ + 𝐶2𝐻2 8.90 × 10−10 56 𝐶2𝐻3+ + 𝐶2𝐻3 →  𝐶2𝐻5+ + 𝐶2𝐻 5.00 × 10−10 59 𝐶2𝐻3+ +  𝐶2𝐻 →  𝐶2𝐻2+ +  𝐶2𝐻2 3.30 × 10−10 59 𝐶2𝐻3+ +  𝐻 →  𝐶2𝐻2+ +  𝐻2 6.80 × 10−11 55 𝐶2𝐻2+ +  𝐶𝐻4 →  𝐶2𝐻3+ +  𝐶𝐻3 4.10 × 10−9 56 𝐶2𝐻2+ +  𝐶2𝐻6 →  𝐶2𝐻5+ + 𝐶2𝐻3 1.31 × 10−10 56 𝐶2𝐻2+ +  𝐶2𝐻6 →  𝐶2𝐻4+ + 𝐶2𝐻4 2.48 × 10−10 56 𝐶2𝐻2+ +  𝐶2𝐻4 →  𝐶2𝐻4+ + 𝐶2𝐻2 4.14 × 10−10 56 𝐶2𝐻2+ +  𝐶2𝐻3 →  𝐶2𝐻3+ + 𝐶2𝐻2 3.30 × 10−10 56 𝐶2𝐻2+ +  𝐻2 →  𝐶2𝐻3+ +  𝐻 1.00 × 10−11 57 𝐶2𝐻+ +  𝐶𝐻2 →  𝐶𝐻3+ +  𝐶2 4.40 × 10−10 59 𝐶2𝐻+ +  𝐶𝐻 →  𝐶𝐻2+ +  𝐶2 3.20 × 10−10 59 𝐶2𝐻+ +  𝐶𝐻4 →  𝐶2𝐻2+ +  𝐶𝐻3 3.74 × 10−10 59 𝐶2𝐻+ +  𝐻2 →  𝐶2𝐻2+ +  𝐻 1.10 × 10−9 57 𝐻3+ +  𝐶𝐻4 →  𝐶𝐻5+ + 𝐻2 2.40 × 10−9 60 
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𝐻3+ +  𝐶𝐻3 →  𝐶𝐻4+ + 𝐻2 2.10 × 10−9 61 𝐻3+ +  𝐶𝐻2 →  𝐶𝐻3+ + 𝐻2 1.70 × 10−9 60 𝐻3+ +  𝐶𝐻 →  𝐶𝐻2+ +  𝐻2 1.20 × 10−9 60 𝐻3+ +  𝐶 →  𝐶𝐻+ + 𝐻2 2.00 × 10−9 60 𝐻3+ +  𝐶2𝐻 →  𝐶2𝐻2+ +  𝐻2 1.70 × 10−9 61 𝐻3+ +  𝐶2 →  𝐶2𝐻+ + 𝐻2 1.80 × 10−9 60 𝐻3+ + 𝐶2𝐻6 →  𝐶2𝐻5+ +  𝐻2 +  𝐻2 2.40 × 10−9 60 𝐻3+ +  𝐶2𝐻5 →  𝐶2𝐻6+ + 𝐻2 1.40 × 10−9 61 𝐻3+ +  𝐶2𝐻4 →  𝐶2𝐻5+ + 𝐻2 1.15 × 10−9 60 𝐻3+ + 𝐶2𝐻4 →  𝐶2𝐻3+ +  𝐻2 +  𝐻2 1.15 × 10−9 60 𝐻3+ +  𝐶2𝐻3 →  𝐶2𝐻4+ + 𝐻2 2.00 × 10−9 61 𝐻3+ +  𝐶2𝐻2 →  𝐶2𝐻3+ + 𝐻2 3.50 × 10−9 60 𝐻3+ + 𝐶3𝐻6 →  𝐶2𝐻3+ +  𝐶𝐻4 + 𝐻2 9.00 × 10−10 61 𝐻2+ +  𝐶𝐻4 →  𝐶𝐻5+ +  𝐻 1.14 × 10−10 60 𝐻2+ +  𝐶𝐻4 →  𝐶𝐻4+ + 𝐻2 1.40 × 10−9 60 𝐻2+ +  𝐶𝐻4 →  𝐶𝐻3+ +  𝐻2 +  𝐻 2.30 × 10−9 60 𝐻2+ +  𝐶𝐻2 →  𝐶𝐻3+ +  𝐻 1.00 × 10−9 60 𝐻2+ +  𝐶𝐻2 →  𝐶𝐻2+ + 𝐻2 1.00 × 10−9 60 𝐻2+ +  𝐶𝐻 →  𝐶𝐻2+ +  𝐻 7.10 × 10−10 60 𝐻2+ +  𝐶𝐻 →  𝐶𝐻+ +  𝐻2 7.10 × 10−10 60 𝐻2+ +  𝐶 →  𝐶𝐻+ +  𝐻 2.40 × 10−9 60 𝐻2+ + 𝐶2𝐻 →  𝐶2𝐻2+ +  𝐻 1.00 × 10−9 60 𝐻2+ +  𝐶2𝐻 →  𝐶2𝐻+ +  𝐻2 1.00 × 10−9 60 𝐻2+ +  𝐶2 →  𝐶2𝐻+ +  𝐻 1.10 × 10−9 60 𝐻2+ + 𝐶2 →  𝐶2+ +  𝐻2 1.10 × 10−9 60 𝐻2+ +  𝐶2𝐻6 →  𝐶2𝐻6+ + 𝐻2 2.94 × 10−9 60 𝐻2+ +  𝐶2𝐻6 →  𝐶2𝐻5+ +  𝐻2 +  𝐻 1.37 × 10−9 60 𝐻2+ + 𝐶2𝐻6 →  𝐶2𝐻4+ +  𝐻2 +  𝐻2 2.35 × 10−9 60 𝐻2+ + 𝐶2𝐻6 →  𝐶2𝐻3+ + 2 𝐻2 +  𝐻 6.86 × 10−9 60 𝐻2+ +  𝐶2𝐻6 →  𝐶2𝐻2+ +  3 𝐻2 1.96 × 10−9 60 𝐻2+ +  𝐶2𝐻4 →  𝐶2𝐻4+ + 𝐻2 2.21 × 10−9 60 𝐻2+ +  𝐶2𝐻4 →  𝐶2𝐻3+ +  𝐻2 +  𝐻 1.81 × 10−9 60 𝐻2+ + 𝐶2𝐻4 →  𝐶2𝐻2+ +  𝐻2 +  𝐻2 8.82 × 10−10 60 𝐻2+ + 𝐶2𝐻2 →  𝐶2𝐻3+ +  𝐻 4.80 × 10−10 60 𝐻2+ +  𝐶2𝐻2 →  𝐶2𝐻2+ + 𝐻2 4.82 × 10−9 60 𝐻+ +  𝐶𝐻4 →  𝐶𝐻4+ +  𝐻 1.50 × 10−9 62 𝐻+ +  𝐶𝐻4 →  𝐶𝐻3+ + 𝐻2 2.30 × 10−9 62 𝐻+ +  𝐶𝐻3 →  𝐶𝐻3+ +  𝐻 3.40 × 10−9 60 𝐻+ +  𝐶𝐻2 →  𝐶𝐻2+ +  𝐻 1.40 × 10−9 60 
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𝐻+ +  𝐶𝐻2 →  𝐶𝐻+ + 𝐻2 1.40 × 10−9 60 𝐻+ +  𝐶𝐻 →  𝐶𝐻+ +  𝐻 1.90 × 10−9 60 𝐻+ +  𝐶2𝐻6 →  𝐶2𝐻5+ + 𝐻2 1.30 × 10−9 62 𝐻+ +  𝐶2𝐻6 →  𝐶2𝐻4+ +  𝐻2 +  𝐻 1.40 × 10−9 62 𝐻+ + 𝐶2𝐻6 →  𝐶2𝐻3+ +  𝐻2 +  𝐻2 2.80 × 10−9 62 𝐻+ +  𝐶2𝐻5 →  𝐶2𝐻4+ + 𝐻2 1.65 × 10−9 60 𝐻+ +  𝐶2𝐻5 →  𝐶2𝐻3+ +  𝐻2 +  𝐻 3.06 × 10−9 60 𝐻+ + 𝐶2𝐻4 →  𝐶2𝐻4+ +  𝐻 1.00 × 10−9 62 𝐻+ +  𝐶2𝐻4 →  𝐶2𝐻3+ + 𝐻2 3.00 × 10−9 62 𝐻+ +  𝐶2𝐻4 →  𝐶2𝐻2+ +  𝐻2 +  𝐻 1.00 × 10−9 62 𝐻+ + 𝐶2𝐻3 →  𝐶2𝐻3+ +  𝐻 2.00 × 10−9 59 𝐻+ +  𝐶2𝐻3 →  𝐶2𝐻2+ + 𝐻2 2.00 × 10−9 59 𝐻+ + 𝐶2𝐻2 →  𝐶2𝐻2+ +  𝐻 5.40 × 10−10 62 𝐻+ + 𝐶2𝐻 →  𝐶2𝐻+ +  𝐻 1.50 × 10−9 60 𝐻+ +  𝐶2𝐻 →  𝐶2+ +  𝐻2 1.50 × 10−9 60 𝐻+ +  𝐶2 →  𝐶2+ +  𝐻 3.10 × 10−9 60 𝐶+ +   𝐻− →  𝐶 +  𝐻 7.51 × 10−8   (𝑇𝑔𝑎𝑠300)−0.50
 

63 𝐶+ +  𝐶𝐻4 →  𝐶2𝐻3+ +  𝐻 1.43 × 10−9 64 𝐶+ +  𝐶𝐻4 →  𝐶2𝐻2+ +  𝐻2 3.30 × 10−10 64 𝐶+ +  𝐶𝐻3 →  𝐶2𝐻2+ +  𝐻 1.30 × 10−9 64 𝐶+ +  𝐶𝐻3 →  𝐶2𝐻+ +  𝐻2 1.00 × 10−9 64 𝐶+ +  𝐶𝐻2 →  𝐶𝐻2+ +  𝐶 5.20 × 10−10 64 𝐶+ +  𝐶𝐻2 →  𝐶2𝐻+ +  𝐻 5.20 × 10−10 64 𝐶+ +  𝐶𝐻 →  𝐶𝐻+ +  𝐶 3.80 × 10−10 64 𝐶+ +  𝐶𝐻 →  𝐶2+ +  𝐻 3.80 × 10−10 64 𝐶+ +  𝐶2𝐻6 →  𝐶2𝐻5+ +  𝐶𝐻 2.31 × 10−10 64 𝐶+ +  𝐶2𝐻6 →  𝐶2𝐻4+ +  𝐶𝐻2 1.16 × 10−10 64 𝐶+ +  𝐶2𝐻6 →  𝐶2𝐻3+ +  𝐶𝐻3 4.95 × 10−10 64 𝐶+ +  𝐶2𝐻6 →  𝐶2𝐻2+ +  𝐶𝐻4 8.25 × 10−11 64 𝐶+ +  𝐶2𝐻5 →  𝐶2𝐻5+ +  𝐶 5.00 × 10−10 64 𝐶+ +  𝐶2𝐻4 →  𝐶2𝐻4+ +  𝐶 1.70 × 10−11 64 𝐶+ +  𝐶2𝐻4 →  𝐶2𝐻3+ +  𝐶𝐻 8.50 × 10−11 64 𝐶+ + 𝐶3𝐻6 →  𝐶2𝐻2+ +  𝐶2𝐻4 6.00 × 10−10 64 𝐶+ + 𝐶3𝐻6 →  𝐶2𝐻3+ +  𝐶2𝐻3 6.00 × 10−10 64 𝐶2+ +  𝐶 →  𝐶2 +  𝐶+ 1.10 × 10−10 60 𝐶2+ +  𝐶𝐻4 →  𝐶2𝐻2+ +  𝐶𝐻2 1.82 × 10−10 65 𝐶2+ +  𝐶𝐻4 →  𝐶2𝐻+ +  𝐶𝐻3 2.38 × 10−10 65 𝐶2+ + 𝐻2 →  𝐶2𝐻+ +  𝐻 1.40 × 10−9 57 𝐶2+ +  𝐶𝐻2 →  𝐶𝐻2+ +  𝐶2 4.50 × 10−10 65 
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𝐶2+ +  𝐶𝐻 →  𝐶𝐻+ +  𝐶2 3.20 × 10−10 65 𝐻+ + 2 𝐻2 →  𝐻2 +  𝐻3+ 3.10 × 10−29   (300𝑇𝑔𝑎𝑠)0.5
 

17 𝐻+ +  𝐻 +  𝑀 →  𝐻2+ +  𝑀 1.00 × 10−34 
17 𝐻2+ + 𝐻2 →  𝐻2 +  𝐻+ +  𝐻 1.00 × 10−8 exp (− 84100.0𝑇𝑔𝑎𝑠 ) 57 𝐻2+ + 𝐻2 →  𝐻 + 𝐻3+ 2.11 × 10−9 
57 𝐻2+ +  𝐻 →  𝐻3+ 2.10 × 10−9 66 𝐻2+ +  𝐻 →  𝐻2 + 𝐻+ 6.39 × 10−10 66 𝐻− +  𝑀 →  𝐻 + 𝑒− +  𝑀 2.70 × 10−10   (𝑇𝑔𝑎𝑠300)−0.50  exp (− 5590.0𝑇𝑔𝑎𝑠 ) 63 

𝐻− + 𝐻2+ →  𝐻 +  𝐻 +  𝐻 2.0 × 10−7   (300𝑇𝑔𝑎𝑠)0.50
 

67 

𝐻− + 𝐻3+ →  𝐻2 +  𝐻 +  𝐻 2.0 × 10−7   (300𝑇𝑔𝑎𝑠)0.50
 

67 

𝐻− +  𝐻3+ →  𝐻2 +  𝐻2 2.0 × 10−7   (300𝑇𝑔𝑎𝑠)0.50
 

67 

𝐻+ +  𝐻− →  𝐻 +  𝐻 2.00 × 10−7 (𝑇𝑔𝑎𝑠300)−0.50
 

67 

𝐻2+ +  𝐻− →  𝐻2 +  𝐻 7.51 × 10−8 (𝑇𝑔𝑎𝑠300)−0.50
 

68 

𝐻 + 𝐻− →  𝑒− +  𝐻2 
1.43 × 1015   (𝑇𝑔𝑎𝑠300)−0.146 exp (− 815𝑇𝑔𝑎𝑠)(6.022 × 1023)  

69 

𝐻− +  𝐶𝐻3 →  𝐶𝐻4 +  𝑒− 1.00 × 10−9 60 𝐻− +  𝐶𝐻2 →  𝐶𝐻3 +  𝑒− 1.00 × 10−9 60 𝐻− +  𝐶𝐻 →  𝐶𝐻2 +  𝑒− 1.00 × 10−10 60 𝐻− +  𝐶 →  𝐶𝐻 +  𝑒− 1.00 × 10−9 60 𝐻− +  𝐶2𝐻 →  𝐶2𝐻2 +  𝑒− 1.00 × 10−9 60 𝐻− + 𝐶2 →  𝐶2𝐻 +  𝑒− 1.00 × 10−9 60 𝐻− +  𝐶𝐻4+ →  𝐻 +  𝐶𝐻4 7.51 × 10−8   (𝑇𝑔𝑎𝑠300)−0.50
 

67 

𝐻− +  𝐶𝐻3+ →  𝐻 +  𝐶𝐻3 7.51 × 10−8   (𝑇𝑔𝑎𝑠300)−0.50
 

67 

𝐻− +  𝐶2𝐻2+ →  𝐻 + 𝐶2𝐻2 7.51 × 10−8   (𝑇𝑔𝑎𝑠300)−0.50
 

70 

𝐻− +  𝐶2𝐻3+ →  𝐻 + 𝐶2𝐻3 7.51 × 10−8   (𝑇𝑔𝑎𝑠300)−0.50
 

70 

𝐻− + 𝐶2𝐻+ →  𝐻 +  𝐶2𝐻 7.51 × 10−8   (𝑇𝑔𝑎𝑠300)−0.50
 

70 
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𝐻− +  𝐶2𝐻4+ →  𝐻 + 𝐶2𝐻4 6.23 × 10−8   (𝑇𝑔𝑎𝑠300)−0.50
 

70 

𝐻− +  𝐶2𝐻5+ →  𝐻 + 𝐶2𝐻5 5.16 × 10−8   (𝑇𝑔𝑎𝑠300)−0.50
 

70 

𝐻− +  𝐶2𝐻6+ →  𝐻 + 𝐶2𝐻6 6.04 × 10−8   (𝑇𝑔𝑎𝑠300)−0.50
 

70 

𝐶𝐻2− +  𝑀 →  𝐶𝐻2 + 𝑒− +  𝑀 2.70 × 10−10   (𝑇𝑔𝑎𝑠300)−0.50  exp (− 5590.0𝑇𝑔𝑎𝑠 ) 71 

𝐶𝐻2 +  𝐻− →  𝐶𝐻− + 𝐻2 8.87 × 10−11   (𝑇𝑔𝑎𝑠300)2.65  exp (− 416.51𝑇𝑔𝑎𝑠 ) 72 𝐶𝐻− +  𝐶 →  𝐶2𝐻 +  𝑒− 1.00 × 10−9 65 𝐶𝐻− +  𝐻 →  𝐶𝐻2 +  𝑒− 1.00 × 10−10 65 𝐶𝐻− +  𝐻+ →  𝐶𝐻 +  𝐻 7.51 × 10−8   (𝑇𝑔𝑎𝑠300)−0.50
 

70 𝐶𝐻− + 𝐻3+ →  𝐶𝐻 +  𝐻2 +  𝐻 7.51 × 10−8   (𝑇𝑔𝑎𝑠300)−0.50
 

70 𝐶𝐻− +  𝐶+ →  𝐶 +  𝐶𝐻 7.51 × 10−8   (𝑇𝑔𝑎𝑠300)−0.50
 

70 𝐶𝐻− +  𝐶𝐻3+ →  𝐶𝐻 +  𝐶𝐻3 7.51 × 10−8   (𝑇𝑔𝑎𝑠300)−0.50
 

70 𝐶𝐻− +  𝐶2𝐻2+ →  𝐶𝐻 +  𝐶2𝐻2 7.51 × 10−8   (𝑇𝑔𝑎𝑠300)−0.50
 

70 𝐶𝐻− +  𝐶2𝐻3+ →  𝐶𝐻 +  𝐶2𝐻3 7.51 × 10−8   (𝑇𝑔𝑎𝑠300)−0.50
 

70 
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