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4 Instituto de Pesquisa e Desenvolvimento, Universidade do Vale do Paraı́ba, S˜ ao José dos Campos 12244-000, SP, Brazil 
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A B S T R A C T 

Methane (CH4 ), the simplest alkane, is a fundamental component of astrophysical ices, particularly in the outer Solar 
system and the interstellar medium. Understanding its chemical evolution under energetic particle irradiation is essential 
for modelling these environments. In this work, we investigate the chemical evolution of pure methane ice subjected to high- 
energy ion irradiation until chemical equilibrium is reached. We employ the PROCODA code to simulate the time-dependent 
evolution of molecular abundances and to determine effective reaction rate coefficients. The simulations are constrained 

using experimental data from a previous study, in which pure CH4 ice at 16 K was irradiated, providing the necessary input 
parameters for the model. Our reaction network comprises 1857 chemical reactions involving 36 molecular species, both 

observed and unobserved by Fourier-transform infrared spectroscopy during the experiment. The best-fitting model satisfies 
multiple criteria: a low χ2 for observed species, a desorption yield consistent with experimental estimates, similar trends in 

abundance evolution for observed and unobserved species, and overall mass conservation. At chemical equilibrium, the most 
abundant species predicted by the model are H2 (38.0 per cent), CH4 (20.8 per cent), H (17.0 per cent), and CH3 CH2 CH3 

(16.9 per cent). The total desorption yield is calculated as 5 . 4 × 104 molecules/ion, and the effective destruction cross- 
section of CH4 is 7 . 1 × 10−13 cm2 . The reaction rate coefficients and equilibrium abundances derived from this study provide 
valuable inputs for astrochemical models, enhancing our understanding of CH4 processing in interstellar ices under cosmic ray 

irradiation. 
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 I N T RO D U C T I O N  

strophysical ices are continually exposed to energetic processes in 
pace, including bombardment by cosmic rays (CRs) and irradiation 
y high-energy photons such as ultraviolet (UV) and X-rays. These 
nteractions play a crucial role in driving the chemistry of molecular 
ces in cold environments like dense molecular clouds and icy 
lanetary surfaces. CRs, comprising protons, electrons, and heavy 
ons, are produced by various astrophysical phenomena, while low- 
nergy CRs are generally associated with solar wind particles. The 
rigin of high-energy CRs remains an open and active area of research
T. K. Gaisser, R. Engel & E. Resconi 2016 ), even though they were
rst detected over six decades ago (J. Linsley, L. Scarsi & B. Rossi
961 ; J. Linsley 1963 ). Current evidence suggests that such particles
ay originate from supernova remnants or extragalactic sources (A. 
ab & others 2017 ). 
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A key threshold in CR classification lies near 5 × 1017 eV, marking
he transition from Galactic to extragalactic origins, according to A. 
ab et al. ( 2017 ). Particles with energies above this threshold are

eferred to as ultra-high-energy cosmic rays. As these CRs propagate 
hrough the interstellar medium (ISM), they interact with icy grains, 
riggering molecular dissociation and initiating complex chemical 
etworks (W. J. Maciel 2013 ; J. P. Williams 2021 ). Such processes
re believed to contribute significantly to the synthesis of prebiotic 
olecules in space. 
Among the molecular constituents of astrophysical ices, methane 

CH4 ) stands out as a key compound. As the simplest alkane, methane
s not only abundant in the outer Solar system; detected on Pluto (G.
. Gladstone et al. 2016 ; A. Poro et al. 2021 ), Triton (J. L. Elliot
t al. 2000 ; K. Ohno et al. 2021 ; B. Sicardy et al. 2024 ), Eris, and
akemake (C. Dumas et al. 2007 ; C. R. Glein et al. 2024 ); but also

n the ISM itself (J. H. Lacy et al. 1991 ). Observations have recently
xpanded to include detections of methane in the Martian atmosphere 
V. Formisano et al. 2004 ), in the atmosphere of an exoplanet about
63 light-years away via the James Webb Space Telescope ( JWST )
is is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any medium,
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T. J. Bell et al. 2023 ), and in strong emission from the cool brown
warf CWISEP J193518.59-154620.3, also observed by JWST (J. K.
aherty et al. 2024 ). 
Despite its relative chemical stability due to strong sigma bonds,
ethane can undergo significant transformation under CR irradi-

tion. Energetic particles can deposit sufficient energy to break
hese bonds, producing reactive species such as methyl radicals
CH3 ), atomic hydrogen (H), and various secondary products. These
eactions are central to the formation of more complex organic
olecules and make CH4 a particularly informative target in lab-

ratory simulations of astrophysical ice chemistry. 
A number of experimental studies have investigated the irradiation

f pure and mixed methane ices with different types of ions (S.
illing et al. 2010 ; A. L. F. de Barros et al. 2011 ; Ph. Boduch et al.
012 ; X. Y. Lv et al. 2012 ; C. F. Mejı́a et al. 2013 ; P. Boduch
t al. 2015 ; F. A. Vasconcelos et al. 2017 ). These experiments have
onsistently highlighted the critical role of CH4 in astrochemical
volution, especially in the synthesis of complex organic compounds
S. Pilling et al. 2009 ; F. A. de Vasconcelos et al. 2017 , 2020 ; D.
. Mifsud et al. 2023 ; K. A. Kipfer et al. 2024 ). Understanding
ow methane behaves under various irradiation and temperature
onditions is therefore essential for building accurate astrochemical
odels. 
To simulate these chemical processes, we employ the PROCODA

ode, initially developed by S. Pilling, G. A. Carvalho & W. R. M.
ocha ( 2022 ) to model the irradiation of pure CO2 ices with CR
nalogues (e.g. 52 MeV Ni ions at 13 K) and UV photons (10 eV
t 8 K; R. Martı́n-Doménech et al. 2015 ). The code relies on a
efined network of chemical reactions and desorption mechanisms
o simulate the time-dependent chemical evolution of irradiated ices.
ince its introduction, PROCODA has been successfully applied to

he study of acetonitrile ice irradiated with soft X-rays (G. A.
arvalho, S. Pilling & B. R. L. Galv˜ ao 2022 ; G. A. Carvalho,
. Pilling & S. Gerasimenko 2024 ) and has been upgraded to

ncorporate thermochemistry-informed ordering of effective reaction
ate coefficients (ERCs; S. Pilling et al. 2023a ). This upgrade has
nabled improved modelling of CO2 ice under ion, UV, and electron
rradiation, and was recently employed in the analysis of CO-
nriched ices at multiple temperatures (S. Pilling et al. 2024 ). 

In the present study, we apply the upgraded version of PROCODA

o simulate the chemical evolution of pure CH4 ices subjected to
R analogue irradiation. Our focus is on determining effective

eaction rate coefficients and the chemical equilibrium abundances
hat emerge from the simulations. Future studies will examine the
ominant chemical formation and destruction pathways of certain
pecies, their evolution with increasing fluence and the irradiation-
nduced desorption. The astrophysical relevance of these processes
ill also be assessed. 
The experimental data and computational procedures are detailed

n Section 2 . The main simulation results are presented and analysed
n Section 3 , followed by a discussion of their astrophysical signif-
cance in Section 4 . Final remarks and conclusions are summarized
n Section 5 . 

 M E T H O D O L O G Y  

.1 Experimental data set 

he experimental data used in this study were obtained in a
revious work by F. A. Vasconcelos et al. ( 2017 ), in which
ethane (CH4 ) ices were irradiated with energetic ions. The exper-
NRAS 544, 855–865 (2025)
ments were conducted at the Grand Accélérateur National d’Ions
ourds (GANIL) in Caen, France, utilizing the high-vacuum cham-
er CASIMIR (Chambre d’Analyse par Spectroscopie Infrarouge
es Molécules IRradiées) and the IRRSUD (IR Radiation SUD)
eamline. 
An infrared (IR) spectrum of the pristine sample was collected

rior to irradiation. The sample was then bombarded with 15.7 MeV
6 O5 + ions at a flux of 9 × 109 ions · cm−2 · s−1 , reaching a maximum
uence of 1 . 1 × 1014 ions · cm−2 . In situ Fourier-transform infrared
FTIR) spectroscopy was employed throughout the irradiation to
onitor chemical changes in the ice. The density of the CH4 ice
as assumed to be 0.44 g · cm−3 , corresponding to an initial column
ensity of 9 . 7 × 1019 molecules · cm−2 . These experimental results
ere used as input parameters for the numerical modelling performed
sing the PROCODA code. 

.2 The PROCODA modelling approach 

he PROCODA code, originally introduced in S. Pilling et al. ( 2022 ),
olves a system of coupled differential equations to simulate the
hemical evolution of irradiated ices. The change in column density
i of each species i over time is given by: 

d Ni 

d t 
= −DES i ( t) −

∑ 

d1 

kd1 Ni ( t) −
∑ 

d2 

kd2 Ni ( t) Na ( t) 

L 

+
∑ 

p1 

kp1 Na ( t) +
∑ 

p2 

kp2 Na ( t ) Nb ( t ) 

L 

, (1) 

here: 

(i) Ni ( t) is the column density of species i [molecules · cm−2 ], 
(ii) kp1 and kp2 are production rate coefficients (unimolecular and

imolecular), 
(iii) kd1 and kd2 are destruction rate coefficients, 
(iv) Na and Nb are the column densities of reactant species a and

, 
(v) L is the average sample thickness (cm), 
(vi) DES i ( t) = kdes ,i �i ( t) Ni ( t) represents the desorption term,

ependent on the intrinsic desorption rate kdes ,i (s−1 ) and the surface
overage �i ( t) (dimensionless, between 0 and 1). 

The chemical network employed in this study includes 1857
eactions involving 36 molecular species. Of these, seven were
xperimentally observed (CH4 , CH3 , CHCH, C2 H4 , CH3 CH3 ,
H3 CH2 CH3 , and CH2 CHCH2 CH3 ), while the remaining 29 are
lausible intermediate or final products inferred from reaction
athways (e.g. H, H2 , CH, C2 species, and larger hydrocar-
ons). The full list of reactions and species is available in the
upplementary material . Fig. 1 provides the structural representations
f all species considered. 

.2.1 Score function and optimization 

o calibrate the model and assess its agreement with experimental
ata, a score function (SF) was defined to guide the minimization
lgorithm. This function aggregates weighted residuals between
bserved and modelled column densities for all seven detected

http://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/staf1738#supplementary-data
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Figure 1. The names and structure of the molecular species considered for the chemical reaction network. 
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pecies: 

F = p1 ×
∑ (oCH4data − oCH4model )2 

oCH4data 

+ p2 ×
∑ (oCH3data − oCH3model )2 

oCH3data 

+ p3 ×
∑ (oCHCHdata − oCHCHmodel )2 

oCHCHdata 

+ p4 ×
∑ (oC2H4data − oC2H4model )2 

oC2H4data 

+ p5 ×
∑ (oCH3CH3data − oCH3CH3model )2 

oCH3CH3data 

+ p6 ×
∑ (oCH3CH2CH3data − oCH3CH2CH3model )2 

oCH3CH2CH3data 

+ p7 ×
∑ (oCH2CHCH2CH3data − oCH2CHCH2CH3model )2 

oCH2CHCH2CH3data 

+ p8 × [(1 − MSC f ) + (1 − MSOo f ) + (1 − MSCo m )] 

+ p9 × (1 − DSC ) + p10 × (1 − SSC ) , (2) 

here: 

(i) oX data and oX model are the experimental and modelled values
or species X, 

(ii) MSCf = mass similarity criterion (at the end of simulation), 
(iii) MSOof and MSCom 

= column mass similarity criteria for
bserved species at the end and at the middle of simulation, 
(iv) DSC = desorption similarity criterion (from comparison with

esorption data in F. A. Vasconcelos et al. 2017 ), 
(v) SSC = slope similarity criterion at large fluences, 
(vi) p1 through p10 are dimensionless weights applied to each

erm. 

The SF thereby integrates both quantitative deviations and qualita-
ive trends (e.g. slope behaviour, mass conservation, and desorption
ield) into the fitting routine. The effective reaction rate coefficients
 kvalues ) of the chemical reactions are iteratively optimized to mini-
ize SF. A detailed explanation of the optimization and modelling

trategy can be found in S. Pilling et al. ( 2022 , 2023a , c ). 

 RESU LTS  

he evolution of the column densities with time, the molecular
bundances at chemical equilibrium, and the reaction rate coefficients
btained in the best-fitting model are given in the following sections.

.1 Column density evolution and effective reaction rate 
oefficients 

he best-fitting model that satisfies the imposed constraint (smallest
F), for the irradiation of CH4 ice with medium-mass ions (15.7 MeV

6 O5 + ) is shown in Fig. 2 . In particular, panel (a) of Fig. 2 displays
he column densities of all 36 species considered in the model, while
anel (b) highlights only the observed species. Experimental data
oints are represented by geometric markers. It is worth to recall here
hat the experimental data and assignments were performed in (F. A.
asconcelos et al. 2017 ). The plot title summarizes the modelling
onstraints: Mass Similarity Criterion (MSC) of approximately 97
er cent, Slope Similarity Criterion (SSC) near 100 per cent, total
esorption yield of 4 . 65 × 104 molecules/ion, total χ2 for observed
pecies of about 27, and an SF of ∼245. 

The experimental desorption yield was measured to be 7 . 3 × 105 

olecules per ion impact (F. A. Vasconcelos et al. 2017 ), which
s an order of magnitude higher than predicted by the model. This
iscrepancy suggests that the real desorption process is more efficient
NRAS 544, 855–865 (2025)
han the model currently accounts for, possibly due to additional
hysical mechanisms not included in the present simulation. 
A significant discrepancy is observed for the CH2 CHCH2 CH3 

olecule, whose modelled column density differs from the experi-
ental estimate by nearly two orders of magnitude. This inconsis-

ency likely arises from the difficulty in confidently assigning IR
pectral features to this molecule. The identification was based on
 single absorption band at 913 cm−1 , which may also be attributed
o butene, as previously suggested in the literature (Y. S. Kim et al.
010 ; F. A. Vasconcelos et al. 2017 ), following irradiation of C2 H6 

ce at 10 K. Relying on a single IR feature for molecular identification
s inherently uncertain; thus, we argue that the experimental assign-
ent of CH2 CHCH2 CH3 made by authors of (F. A. Vasconcelos

t al. 2017 ) is likely inaccurate and should be reconsidered in
ight of the model results. Further supporting this conclusion is
he fact that the inferred abundance of CH2 CHCH2 CH3 , a four-
arbon chain, exceeds that of simpler species such as CH3 , which is
hemically implausible. This also casts doubt on the experimental
stimates for CH3 CH2 CH3 , whose abundance may be similarly
verestimated. 

From Fig. 2 , it is clear that the ice approaches chemical equilibrium
fter approximately 6000 s of irradiation. This behaviour is reflected
n both the experimental data and model predictions. The SSC
onfirms that the trends of column density evolution for observed and
nobserved species are alike, primarily due to the ongoing desorption
rocesses. 
Based on the best-fitting model, we determined the effective

eaction rate coefficients (ERCs) for the 1857 reactions considered.
etailed values, along with branching ratios within reaction groups

nd additional metadata, are provided in the supplementary material .
We also calculated the average effective reaction rate coefficients

or direct dissociation processes (first-order reactions initiated by ion
mpact, excluding desorption) and bimolecular reactions. The aver-
ge rate coefficient and corresponding dissociation cross-section for
irect dissociations are: 

k̄d = 6 . 42 × 10−3 s −1 , 

σ̄d = 

k̄d 

φi 

= 7 . 1 × 10−13 ions · cm−2 · s−1 , (3) 

here φi is the ion flux employed in the experiment ( φi = 9 ×
09 ions · cm−2 · s−1 ). 
The average value of the effective reaction rate coefficients of

imolecular reactions (typical two-body collision) is: 

¯
A + B = 7 . 02 × 10−25 cm3 · molecule−1 · s−1 . (4) 

Table 1 presents a comparison between the effective dissociation
ross-section for methane ice obtained in this work and values
eported in the literature. The average value derived from our model
σ̄d = 7 . 1 × 10−13 cm2 ) is approximately one order of magnitude
igher than the experimental result reported by F. A. Vasconcelos
t al. ( 2017 ) (2 . 32 ± 0 . 46 × 10−14 cm2 ). Moreover, it exceeds by
early two orders of magnitude the cross-sections reported for CH4 

rradiated with 16 O7 + ions in previous studies (A. L. F. de Barros
t al. 2011 ; C. F. Mejı́a et al. 2013 ). 

.2 Dissociation processes (for observed species) 

n this section, we briefly consider the dissociation reactions of the
bserved species. The PROCODA code gives the branching ratio (BR
n percentage) of direct radiation-induced reactions, as detailed in
he following. 

http://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/staf1738#supplementary-data
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Figure 2. Column density evolution with time for irradiation of pure methane ice at 16 K with 15.7 MeV 16 O5 + . Panel (a) shows the model curves for all 
species together with the experimental data of observed species, whereas panel (b) shows the experimental data and model curves for the observed species only. 
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.2.1 CH4 (parent species) 

he chemical reaction network involves only two reactions of direct 
issociation of CH4 , one leading to the formation of the CH3 radical 
nd H atom and the other to CH2 and H2 . 

H4 → CH3 + H , k11 = 4 . 3 × 10−7 s−1 (BR = 0 . 25 %) , (5) 
H4 → CH2 + H2 , k67 = 1 . 7 × 10−4 s−1 (BR = 99 . 75 %) . (6) 

At this stage, the formation of the methylidyne radical (CH) cannot
e directly attributed to the dissociation of CH4 , since the chemical
eaction network does not include reactions involving more than 
wo reactants or products. Nevertheless, the formation of CH has 
MNRAS 544, 855–865 (2025)
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Table 1. Comparison of the effective destruction cross-section of CH4 obtained in this work with literature values using 
energetic ions as the radiation source. 

Projective Sample, experiment or model σ̄d (cm2 ) References 

15.7 MeV 16 O5 + Pure CH4 ice, experiment 2 . 32 ± 0 . 46 × 10−14 (F. A. Vasconcelos et al. 2017 )
15.7 MeV 16 O5 + Pure CH4 ice, model 7 . 1 × 10−13 (first-order reactions) This work 
220 MeV 16 O7 + Pure CH4 ice, experiment 3 . 8 × 10−15 (A. L. F. de Barros et al. 2011 ) 
220 MeV 16 O7 + Pure CH4 ice, experiment 4 × 10−15 (C. F. Mejı́a et al. 2013 ) 

b  

s  

A  

f  

H

3

T  

t

C

C

C

C

 

d  

e  

p  

t  

a

3

T  

o

C

C

 

t  

p  

A  

p

3

T  

t

C

C

C

T  

s  

r

3

T
m  

i

C

C

T
a  

V  

f

3

T  

t  

o  

b

C

 

C  

 

C  , 

 

C  . 

 

t  

r  

o  

m  

r

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/544/1/855/8284971 by U
niversidade do Vale da Paraíba user on 30 January 2026
een experimentally observed by F. A. Vasconcelos et al. ( 2017 ),
uggesting that it may result from subsequent secondary reactions.
ccording to the branching ratios of the selected reactions, the most

avourable dissociation channel for CH4 is the formation of CH2 and
2 , as indicated by the high branching ratio shown in equation ( 6 ). 

.2.2 C2 H2 (acetylene molecule) 

he radiation induced dissociation reactions of C2 H2 considered in
he model are the following: 

2 H2 → H + CCH , k15 = 2 . 1 × 10−5 s−1 (BR = 0 . 6 %) , (7) 

2 H2 → H2 + CC , k69 = 7 . 4 × 10−4 s−1 (BR = 22 . 0 %) , (8) 

2 H2 → C + CH2 , k112 = 1 . 4 × 10−3 s−1 (BR = 41 . 5 %) , (9) 

2 H2 → CH + CH , k164 = 1 . 2 × 10−3 s−1 (BR = 35 . 9 %) . (10) 

It can be seen that the acetylene molecule is most likely to
issociate into two methylidyne (CH) radicals, or, with nearly
quivalent probability, into C and CH2 ; pathways that were not
redicted by F. A. Vasconcelos et al. ( 2017 ). Although less probable,
he formation of H2 and a CC fragment is also expected to occur to
 non-negligible extent. 

.2.3 C2 H4 (ethylene) 

he direct dissociation of the ethylene molecule (C2 H4 ) primarily
ccurs through two main chemical reactions, as listed below: 

2 H4 → H + CH2 CH , k19 = 6 . 6 × 10−2 s−1 (BR = 91 . 6 %) , 

(11) 

2 H4 → H2 + C2 H2 , k73 = 4 . 5 × 10−3 s−1 (BR = 6 . 3 %) . (12) 

The dissociation of the ethylene molecule (C2 H4 ) is most likely
o proceed via the formation of H atoms and the C2 H3 radical. The
roduction of H2 and C2 H2 is also possible, though less favoured.
ccording to computational calculations, the remaining dissociation
athways have negligible contribution. 

.2.4 C2 H6 (ethane) 

he three most important chemical reactions for the dissociation of
he C2 H6 molecule are: 

2 H6 → H + CH 3 CH 2 , k23 = 6 . 7 × 10−4 s−1 (BR = 32 . 2 %) , 

(13) 

2 H6 → H2 + C2 H4 , k77 = 1 . 8 × 10−4 s−1 (BR = 8 . 8 %) , (14) 
NRAS 544, 855–865 (2025)
2 H6 → CH 2 + CH 4 , k214 = 1 . 2 × 10−3 s−1 (BR = 59 . 0 %) . 

(15) 

he reaction ( 15 ) has the largest BR indicating that C2 H6 provides
ome returning to the father molecule methane, this is accordance
esults presented in (F. A. Vasconcelos et al. 2017 ). 

.2.5 C3 H8 (propane) 

he relevant chemical reactions for the dissociation of the C3 H8 

olecule are only two, besides the chemical reaction network
ncludes seven: 

3 H8 → CH 2 + CH 3 CH 3 , k236 = 4 . 6 × 10−5 s−1 (BR = 7 . 5 %) , 

(16) 

3 H8 → CH 4 + C2 H4 , k315 = 5 . 5 × 10−4 s−1 (BR = 91 . 5 %) . 

(17) 

he most important chemical reaction leads to the formation of CH4 

nd C2 H4 , while the other results in the formation of CH2 and C2 H6 .
irtually, the dissociation of propane may be directly related to the

ormation of these four species. 

.3 C4 H8 (isobutylene) 

he chemical reaction network includes 11 chemical reactions for
he dissociation of C4 H8 , of which four are dominant, while the
thers are either nearly negligible or entirely insignificant, as shown
elow. 

4 H8 → CH + CH 3 CH 2 CH 2 , k204 = 5 . 6 × 10−3 s−1 (BR = 11 . 1 %) , 

(18)

4 H8 → CH 2 + CH 2 CH 2 CH 2 , k254 = 6 . 3 × 10−3 s−1 (BR = 12 . 4 %) ,

(19)

4 H8 → CH 4 + CH 3 CCH , k318 = 2 . 9 × 10−2 s−1 (BR = 56 . 9 %)

(20)

4 H8 → C + CH 3 CH 2 CH 3 , k154 = 6 . 8 × 10−3 s−1 (BR = 13 . 3 %)

(21) 

Fig. 3 summarizes the possible reaction pathways leading to
he formation of the observed species based on their dissociation
eactions. All reactions associated with the formation or destruction
f a given species can be derived from the simulations; however, a
ore detailed analysis will be presented in a forthcoming publication

elated to some of the considered species. 
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Figure 3. Reaction pathways for the formation of observed species based 
on their direct dissociation reactions during the irradiation of the methane ice 
with CR analogues. 
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.4 Chemical equilibrium phase 

he reduction in molecular abundance changes with increasing 
rradiation time indicates the approach to chemical equilibrium 

 CE ) within the sample. The CE phase is the stage where the
ariation in total summed chemical abundances becomes negligible, 
ess than 1 per cent of the overall abundance (S. Pilling et al.
022 ). Based on the data from F. A. Vasconcelos et al. ( 2017 ),
E is reached at a fluence of 9 × 109 cm−2 · s−1 . Fig. 4 displays

he molecular abundances expressed as percentages at the CE 

hase, commonly referred to as the equilibrium branching ratio 
EBR per cent). 

In Fig. 4 , observed species are highlighted in blue, while 
on-observed species are shown in red. The PROCODA com- 
utational methodology uniquely enables the quantification and 
haracterization of these non-observable species. Table 2 pro- 
ides a comprehensive list of molecular abundances at chemical 
quilibrium. 

At chemical equilibrium, the species H, H2 , CH4 , and 
H3 CH2 CH3 constitute the majority of the molecular abundance 

n the sample, accounting for approximately 93 per cent in to-
al. The species H and H2 were not detected experimentally: 
tomic hydrogen is IR-inactive, while molecular hydrogen’s char- 
cteristic IR band around 2800 cm−1 overlaps with features used 
o identify C2 H6 . Twelve other species: CH3 CH3 , CHCH, CH2 , 
H2 CHCH3 , CH2 CH, CH3 CH2 , C2 H4 , C, CH, C3 H, CH3 CH2 , 
nd CH3 CHCH2 have molecular abundances ranging from 0.1 
er cent to 2.75 per cent, whereas the remaining species have 
bundances below 0.045 per cent, rendering them essentially 
egligible. 
Despite their low abundances, molecules such as propadienylidene 

H2 CCC, EBR = 0.006 per cent) and vinyl acetylene (CH2 CHCCH, 
BR = 0.008 per cent) may still play important roles in organic
ynthesis and serve as building blocks for more complex compounds. 
owever, according to the simulation these species are not expected 

o be abundant in CH4 -dominated ices. Moreover, molecules like 
inyl acetylene have yet to be detected in space (EBR = 0.003
er cent). Notably, the total molecular abundance of observed species 
s roughly 15 per cent lower than that of non-observed species,
ighlighting the need for improvements in experimental detection 
ethods for providing more information on the sample composition. 

.5 Comparison with previous calculations and other 
ethodology 

able 3 presents the average values of the ERCs, desorption rate, and
esorption yield obtained from the best-fitting model developed in 
his work. These results are compared with average values previously 
eported for pure CH4 , CO, CO2 , H2 O, and CH3 CN ices, derived
sing a similar methodology. All ice samples were irradiated under 
arying temperatures and by different radiation sources. As shown 
y C. H. da Silveira & S. Pilling ( 2024 ), the ERC values for H2 O ice
re strongly influenced by both temperature and the type of radiation.
he highest ERC was observed for X-ray irradiation at 12 K, whereas
 significantly lower ERC was reported for Ni ion irradiation at 13 K.

A comparison between the irradiation of pure CO2 and pure H2 O 

ces under identical conditions (13 K, 52 MeV Ni ions) reveals a
ignificantly lower ERC value for H2 O (3 . 2 × 10−6 s−1 ) compared
o CO2 (2 . 9 × 10−3 s−1 ). This highlights the strong dependence of
he ERC on the chemical composition of the sample, even under
he same irradiation energy and temperature. Furthermore, when 
omparing the ERC values of pure CH4 irradiated with 16 O5 + ions to 
hose of CO and CO2 ices irradiated with heavier Ni ions, it becomes
vident that Ni ion irradiation leads to significantly higher ERCs for
oth CO and CO2 ices. 
The lowest ERC value was obtained for acetonitrile (CH3 CN) ice 

rradiated by X-rays at 13 K, yielding 6 . 2 × 10−6 s−1 . As shown in
able 3 , this value is lower than that for pure H2 O ice irradiated under
imilar conditions (12 K, X-rays), indicating that X-ray irradiation is 
ess effective for acetonitrile ice in this temperature range. 

Table 3 also provides ERC values for both radiation-induced direct 
issociation reactions and bimolecular reactions. As suggested by S. 
illing et al. ( 2023c ), the average ERC for CO ice is higher than

hat for CO2 ice, which may be attributed to the greater mobility and
iffusion of CO molecules within the ice matrix during irradiation. 
n contrast, the average ERC for CH3 CN ice is lower than that for
O2 ice, suggesting reduced reactivity or lower molecular mobility 
nder the same conditions. 
Additionally, as noted by S. Pilling et al. ( 2023c ), the ERCs for

adiation-induced direct reactions account not only for excitation 
rocesses triggered by the incoming radiation but also for the effects
f secondary electron collisions within the ice, which can lead 
o product formation. The same consideration is applied in the 
alculation of ERCs for bimolecular reactions. 

Interestingly, the ERCs for bimolecular reactions of pure H2 O and 
ure CO ices irradiated by Ni ions are nearly identical: 4 . 3 × 10−24 

nd 4 . 4 × 10−24 cm3 , respectively. Likewise, the ERCs for radiation-
nduced direct reactions in pure H2 O ice show similar magnitudes: 
 . 2 × 10−2 s−1 for X-ray irradiation and 2 . 5 × 10−2 s−1 for Ni ion
rradiation, both at low temperatures. 

Within the range of irradiation conditions analysed, the highest 
RC for direct reactions is observed for Ni ion irradiation of pure CO

ce at 13 K, reaching 2 . 4 × 10−1 s−1 . In contrast, the lowest value is
ound for Ni ion irradiation of pure CO2 ice at the same temperature,
ith an ERC of 7 . 5 × 10−3 s−1 . For bimolecular reactions, the
ighest ERC is associated with 16 O5 + ion irradiation of pure CH4 ice 
t 16 K, while the lowest value is recorded for X-ray irradiation of
cetonitrile ice at 13 K (9 . 7 × 10−26 cm3 ). 
MNRAS 544, 855–865 (2025)
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Figure 4. Molecular abundances in percentage at the chemical equilibrium phase (or EBR per cent). 

Table 2. List of the molecular abundances of the species in EBR per cent. 

Molecular species at the equilibrium chemistry stage EBR per cent 

H 1 . 7 × 101 

H2 3 . 8 × 101 

C 3 . 0 × 10−1 

CH 3 . 0 × 10−1 

CH2 7 . 5 × 10−1 

CH3 1 . 2 × 10−2 

CH4 2 . 1 × 101 

CC 3 . 7 × 10−2 

CCH 1 . 5 × 10−2 

CHCH 2.8 
CH2 CH 1 . 4 × 10−1 

C2 H4 3 . 8 × 10−1 

CH3 CH2 6 . 1 × 10−1 

CH3 CH3 1.3 
C3 H 2 . 4 × 10−1 

H2 CCC 6 . 0 × 10−3 

C3 H2 1 . 0 × 10−2 

CH2 CCH 1 . 1 × 10−2 

CH3 CCH 3 . 4 × 10−2 

CH3 CHCH 1 . 7 × 10−2 

CH2 CHCH2 1 . 6 × 10−2 

CH3 CHCH2 1 . 0 × 10−1 

CH2 CH2 CH2 5 . 0 × 10−3 

CH2 CHCH3 1 . 2 × 10−1 

CH3 CH2 CH2 4 . 5 × 10−2 

CH3 CH2 CH3 1 . 7 × 101 

C4 H 2 . 0 × 10−3 

HCCCCH 9 . 0 × 10−3 

H2 CCCC 1 . 0 × 10−3 

CH2 CHCCH 8 . 0 × 10−3 

CH3 CHCHCH3 3 . 0 × 10−3 

CH2 CHCH2 CH3 1 . 9 × 10−2 

CH2 CCH3 CH3 7 . 0 × 10−3 

CH2 CH2 CH2 CH2 3 . 0 × 10−3 

C3 HCCH 0.0 
CH3 C4 H 0.0 

Summed EBR 100.0 
Summed only observed EBR 42.2 
Summed only non-observed EBR 57.8 
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Table 3 also presents, for comparison purposes, the desorp-
ion rates of various species obtained using the current method-
logy. Among the analysed cases, pure CO2 ice irradiated by
2 MeV Ni ions exhibited the highest desorption rate, reaching
 . 0 × 104 molecules ·ion−1 . In contrast, the lowest desorption rate
as observed for pure H2 O ice irradiated by X-rays, with a value of
 . 7 × 1012 molecules ·s−1 , approximately two orders of magnitude
ower. These differences may be attributed to variations in temper-
ture, activation energies, and the nature of the chemical bonds in
ach ice sample. 

Desorption yields are notably low for ices irradiated with X-
ays, with values of 2 . 6 × 10−2 and 0.23 molecules ·photon−1 for

2 O and CH3 CN, respectively. Despite this, H2 O still exhibited
he highest desorption yield among the X-ray-irradiated ices. The
ide range of yield ( Y ) values reflects a strong dependence on ice

omposition, radiation type, and temperature. As shown by S. Pilling
t al. ( 2024 ), higher ice temperatures enhance radiation-induced
esorption, leading to increased release of molecules into the gas
hase during CR bombardment. This temperature effect was further
onfirmed by S. Pilling, C. H. Silveira & A. Ojeda-Gonzalez ( 2023b ),
ho also noted its influence on ERC values. 
Future investigations may help clarify the differences in ERCs,

esorption rates, and desorption yields among ices of varying compo-
ition irradiated by different sources and at different temperatures. As
oted by S. Pilling et al. ( 2023a ), current calculations do not account
or specific desorption mechanisms or the contribution of excited-
tate reactive species. Additionally, a key limitation, particularly
elevant to CR irradiation, is the lack of distinction between desorbed
nd sputtered species. It is also recommended that future models
onsider isotopic exchange between molecules and the diffusion of
eactants within the ice bulk. 

 ASTROPHYSI CAL  I MPLI CATI ONS  

haracterizing chemical reaction mechanisms is crucial for building
ccurate physical models. In that sense, several methods are avail-
ble to determine reaction rate coefficients. For instance, quantum
hemical computational techniques have shown good agreement with
xperimental results (I. A. Union & P. D. Singh 1992 ). One example
s the simulation of the ground triplet state of the C3 H6 O molecule,
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ased on quantum chemical calculations, which was validated using 
 gas-grain dense cloud model (K. M. Hickson, J.-C. Loison & V.
akelam 2024 ). In the present work, we employed the PROCODA

ode (S. Pilling et al. 2022 ), as previously described. 
Carbon is one of the most abundant elements in the universe,

econd only to hydrogen. As a result, a wide variety of carbon–
ydrogen compounds, including methane (CH4 ), are expected to ex- 
st in the ISM. Methane has indeed been detected in the atmospheres
f several planets and moons within the Solar system, as well as
n some exoplanetary atmospheres. However, the detailed chemical 
athways leading to methane formation remain poorly understood. 
he effective reaction rate coefficients obtained in this work provide 
aluable constraints for future astrochemical models aimed at better 
nderstanding these processes. 
Our results indicate that methane dissociation predominantly 

roceeds through the CH2 + H2 channel, consistent with the findings 
f (G. A. Carvalho et al. 2022 ), where CH4 was formed via chemical
eactions following the irradiation of acetonitrile by broad-band 
oft X-rays. However, these results are not directly applicable to 
ce mixtures containing oxygen-bearing species, such as H2 O:CH4 

r CO:CH4 . As highlighted by (H. Carrascosa et al. 2020 ), the
ntermolecular interactions that bind CH4 molecules in the ice 

atrix are highly dependent on the overall composition of the ice
antle. This, in turn, significantly influences both its photodesorption 

ehaviour and photochemical reactivity. 
Methane has been identified as a potential precursor in the 

ormation of more complex organic molecules, such as propane 
C3 H8 ). For instance, Titan’s atmosphere; composed primarily of 
olecular nitrogen and methane (C. A. Nixon 2024 ); provides a

ompelling example of conditions favourable to increasing molecular 
omplexity (R. Glaser et al. 2007 ; S. Pilling et al. 2007 , 2009 ,
011 ). Our results also indicate that reactive intermediates such 
s CH2 , C3 H6 , C2 H3 , C2 H5 , and C3 H, though not yet observed
xperimentally, may plausibly exist in environments where methane 
s abundant. 

Building on this, it is reasonable to assume that the species
ighlighted in red in Fig. 4 may indeed be present in astrophysical
nvironments where methane has been detected. Some of these 
olecules are strong candidates for future observations with ad- 

anced telescopes such as ALMA (radio) and JWST (IR). For 
xample, diacetylene (HCCCCH) has already been observed in a 
ange of astronomical settings. It was first detected in the dark cloud
MC-1 during a molecular line survey conducted with the Nobeyama 
5-m telescope (K. Kawaguchi et al. 1991 ). In Titan’s atmosphere,
4 H2 is produced in the gas phase at altitudes below 1200 km through

eactions involving acetylene and C2 H radicals (B. Fleury, M. S. 
udipati & I. Couturier-Tamburelli 2024 ). 
Further supporting this idea, diacetylene (C4 H2 ) has also been 

bserved toward the protostar L1448-mm, where it appears in 
mission through its ν8 bending mode at 15.92μm (M. L. van Gelder
t al. 2024 ). Additionally, high-resolution observations ( R ≈ 85 000)
oward the carbon-rich star IRC + 10216, conducted with the TEXES
pectrograph on the 3-m IRTF telescope, revealed the presence of 
wo distinct populations of C4 H2 with rotational temperatures of 
20 ±120 K and 47 ±7 K, respectively (J. P. Fonfrı́a et al. 2018 ).
lthough diacetylene has not yet been detected in very cold environ-
ents (10–20 K), it appears clearly in our modelling results. Potential

ormation pathways for C4 H2 involve both experimentally observed 
pecies like C2 H2 and others not yet observed, such as atomic C and
, C4 H, C3 H2 , CH, C3 H, CC, and CCH. The capabilities of ALMA

n the millimetre and submillimetre regimes make it especially well- 
uited to search for such complex molecules in molecular clouds 
MNRAS 544, 855–865 (2025)
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nd protoplanetary nebulae. Likewise, JWST ’s IR sensitivity enables
xploration of obscured regions and distant star-forming galaxies
here such species might also be found. 
The cold pre-stellar core TMC-1, located in Heiles’ Cloud 2

n Taurus, is particularly notable for its rich inventory of carbon-
earing molecules (M. Guélin & J. Cernicharo 2022 ), including
early saturated species like CH3 CHCH2 , typically associated with
armer star-forming regions (N. Marcelino et al. 2007 ). Similarly, in

he Orion Bar photodissociation region, observations with the IRAM
0 m telescope revealed that nearly 40 per cent of the detected
pectral lines originate from hydrocarbons such as C2 H, C4 H, c-
3 H2 , and l-C3 H, among others (S. Cuadrado et al. 2015 ). More

ecently, the C3 H+ cation was detected for the first time in TMC-1,
ith a column density of (2 . 4 ± 0 . 2) × 1010 cm−2 (J. Cernicharo

t al. 2022 ). Other small carbon chains and radicals such as c-C3 H2 

H. E. Matthews & W. M. Irvine 1985 ) and the highly abundant
ropargyl radical (CH2 CCH) (M. Agúndez et al. 2021 ) have also
een identified in this region, reinforcing the idea that cold cores
an host considerable molecular complexity, including species also
redicted by our simulations. 

 C O N C L U S I O N S  

he main conclusions of this work are summarized as the following:
(i) Using FTIR spectra, a quantitative analysis of the observed

pecies was carried out and used as a basis to infer the presence of
pecies that are not detectable by IR techniques. To support this, a
hemical network comprising 1857 reactions among 36 molecular
pecies was developed to simulate the chemical evolution of the
ce sample. This modelling approach provides deeper insight into
he experimental results by revealing the behaviour and possible
bundance of non-observed species. 

(ii) The best-fitting models yielded numerical values for the
ffective reaction rate coefficients. For direct dissociation reactions,
he average rate coefficient was k̄d = 6 . 42 × 10−3 s−1 , while the
orresponding average dissociation cross-section was σ̄d = 7 . 1 ×
0−13 ions · cm−2 · s−1 . This cross-section value is more than two
rders of magnitude higher than that obtained from CH4 irradiation
ith 220 MeV 16 O7 + ions, and about one order of magnitude
reater than the value derived from 15.7 MeV 16 O5 + irradiation.
uch discrepancies suggest that future models should consider
pecific desorption mechanisms, including reactive desorption or
he involvement of excited-state species. For bimolecular reactions,
he average effective reaction rate coefficient was found to be
¯
A + B = 7 . 02 × 10−25 cm3 · molecule−1 · s−1 . These average values
an serve as inputs in astrochemical models to better track the
hemical evolution of ice-phase molecules in environments subjected
o CR irradiation. 

(iii) The desorption rates and desorption yield were 2 . 68 ×
014 molecules ·s−1 and 5 . 42 × 104 molecules ·ion −1 , respectively.
e also compared these results with others obtained using the

ame methodology (H2 O, CO, CO2 , and CH3 CN), but irradiated
t different temperatures and by different sources. All comparative
alues of ERC show that the value depends on the composition of
he ice, on the temperature and of the radiation source. 

(iv) The molecular abundances of both observed and non-observed
pecies at the chemical equilibrium ( CE ) phase were character-
zed. The summed EBR of the observed species was only 15.6
er cent lower than that of the non-observed species, indicating
hat a significant fraction of the chemistry remains hidden from
R detection. All observed species exhibited molecular abundances
bove 0.012 per cent. Among the non-observed species, H2 reached
NRAS 544, 855–865 (2025)
 peak abundance of approximately 38 per cent, while CH4 , the most
bundant observed species, peaked near 21 per cent. These findings
ighlight the importance of enhancing observational techniques,
articularly to enable the detection of species such as atomic
ydrogen and molecular hydrogen, which are crucial components in
strochemical environments but remain inaccessible to conventional
R spectroscopy. 

This study provides critical reaction rate coefficients that will
nhance future astrochemical models by refining predictions of
hemical evolution in interstellar ices under CR irradiation, while
lso suggesting promising molecular targets for advanced observa-
ional campaigns with state-of-the-art telescopes such as ALMA
nd JWST , paving the way for a deeper understanding of organic
nd prebiotic chemistry in the icy space environments expose to
adiation. 
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