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ABSTRACT

Ethanolamine (EtA) is a recently detected interstellar complex organic molecule and a potential.precursor to more functionalised
N-bearing species. We investigate the electron-driven chemistry of layered EtA-H,O-CH3OH ices deposited at 20 K, combining
2 keV electron irradiation with subsequent temperature-programmed desorption (TPD) while'monitoring the solid phase by mid-
infrared spectroscopy. These controlled irradiation conditions represent a simplified laboratory analogue of the structural and
energetic conditions within interstellar grain mantles. Volatile products released.during warming were followed by quadrupole
mass spectrometry, and the final residue was analysed by ex situ electrospray. ionisation mass spectrometry (ESI-MS). Irradiation
produces abundant radiolysis products typical of processed methanol- and water-rich ices, including CO, CO,, H,CO, H,O,, NH3,
and OCN™. Bands consistent with formic acid and polyoxymethylene-like material are also observed, indicating that carbonyl
chemistry and formaldehyde-driven oligomerisation can occur alongside fragmentation in the layered system. Comparison with
a choline chloride—H, O reference reveals the emergence of fedtures compatible with methylated EtA derivatives and/or choline-
like species, while ESI-MS shows higher-m/z mass families in the'tesidue that are not reproduced in the substrate/background
blank. However, spectral congestion and matrix effects’preclude’an unambiguous assignment of choline. Our results show that
energetic processing of EtA-containing ices can genetrate'a diverse inventory of O- and N-bearing products, providing laboratory
constraints on radiation chemistry in cold, irradiated grain mantles under idealised conditions.

Key words: astrochemistry — molecular proeesses,—solid state: volatile — methods: laboratory: molecular — methods: laboratory:
solid state — ISM: molecules

1 INTRODUCTION organic molecules (COMs), commonly defined as astrochemically
relevant organic species containing six or more atoms (Herbst & van
Dishoeck 2009; Fulvio et al. 2021). COMs have been observed in
a broad range of astrophysical environments, including interstellar
clouds (Zuckerman et al. 1971; Bacmann et al. 2012; Rodriguez-
Almeida et al. 2021), pre-stellar cores (Vastel et al. 2014; Jiménez-
Serra et al. 2016; Scibelli et al. 2021; Lin et al. 2026), protostars
(Lefloch et al. 2018; Quitidn-Lara et al. 2023; Taniguchi et al. 2024),
protoplanetary discs (Oberg et al. 2015; Walsh et al. 2016), comets
* Present address: Zernike Institute for Advanced Materials, University of (Biver et al. 2015; Hénni et al. 2025), and extragalactic sources
Grbningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands (Martin et al. 2021). Nevertheless, the majority of COM detections
+ Email: heidyql @mpe.mpg.de

Observations over recent yeats have’shown that interstellar molecules
are widespread and can_reach\significant complexity (Xue et al.
2025), with a growing(diversity of chemical species detected across
a wide range of astrophysical’environments (Ehrenfreund & Charn-
ley 2000). This chemi€al ‘richness is central to many astrophysical
and chemical‘processes’and has driven sustained interest in complex
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have been reported in molecular clouds, with a significant fraction
of this molecular complexity concentrated in the Central Molecular
Zone (CMZ) near the Galactic Centre (GC; Jiménez-Serra 2025),
particularly in sources such as Sagittarius B2 (Sgr B2; Belloche
et al. 2013; Xue et al. 2025). The extreme physical conditions in the
CMZ, including elevated temperatures, high densities, and intense
irradiation fields, make this region a natural laboratory for investi-
gating complex chemical networks (Armillotta et al. 2020; Bryant &
Krabbe 2021; Su et al. 2024). Among the COMs identified to date is
ethanolamine (EtA, NH,CH,CH,OH, Figure 1(A)), which was de-
tected by Rivilla et al. (2021) in the molecular cloud G+0.693—-0.027
towards the GC. The presence of both an alcohol and an amine
functional group makes EtA of particular astrochemical and astrobi-
ological interest, as it may provide a link between relatively simple
interstellar molecules and more complex prebiotic species (Bakovic
et al. 2007; Sladkova et al. 2014; Quitidn-Lara et al. 2025). Be-
yond the gas-phase detection in G+0.693-0.027, ethanolamine is
also relevant in a broader prebiotic context: meteoritic analyses have
reported amino-acid inventories in carbonaceous material (Glavin
et al. 2010), and UV processing of interstellar ice analogues has
been shown to produce racemic amino acids (Bernstein et al. 2002;
Muifioz Caro et al. 2002), motivating continued efforts to charac-
terise how N- and O-bearing organics persist and transform under
energetic processing (Mason et al. 2026a). Recent astrochemical re-
views have highlighted simple amphiphiles as plausible ancestors of
membrane-forming molecules and discussed how interstellar chem-
istry may have contributed to early terrestrial inventories, with lipids
among the most robust candidate biomarkers (Bockov4 et al. 2024).

EtA is abundant in biological systems, where it serves as the
head group of phosphatidylethanolamine (PE), a major phospholipid
component of cellular membranes that plays a key role in mem-
brane structure, curvature, and dynamics (Yeagle 2016). EtA is also
chemically linked to choline (Figure 1(B); Kewitz & Pleul 1976),
phosphatidylcholine (PC), and glycine (Zhang et al. 2017), and func-
tions as a growth factor that stimulates the rapid proliferation of
mammalian cells in culture (Patel & Witt 2017). In particular, step-
wise N-methylation of EtA is a recognised route to choline formation
(Aleksandrova et al. 2023). Consequently, the detection of EtA in as-
trophysical environments raises fundamental questions regarding its
formation under pre-stellar conditions, its stability under irradiation,
and its potential role as a node connecting nitrogen chemistry to
more complex prebiotic species and proto-amphiphilicyinventories
(Bockova et al. 2024).

EtA has been the focus of numerous studies investigating its forma-
tion under interstellar conditions (Rivilla et al. 202 I3, Ramachandran
et al. 2024), its fragmentation pathways and photostability in astro-
physical environments (Zhang et al. 2024c¢; Quitidn-Lara et al. 2025;
Suhasaria et al. 2025), and its potential role as a precursor molecule in
early Earth chemistry (Zhang et al. 201%7; Aleksandrova et al. 2023).
Possible ice-phase formation routes*for EtA have been proposed by
Rivilla et al. (2021) and Ramachandran et al. (2024). These include
sequential hydrogenationefiminoethenone (HNCCO), as well as hy-
drogenation of methanimine (CH,NH) to form aminomethyl-type in-
termediates, followed byinon-diffusive radical-radical reaction with
methanol-derived CH;OH radicals. These ideas are reinforced by
recent astrochemical”modelling, which identifies aminoketene as
an efficiént grain=surface intermediate and predicts that subsequent
hydrogenation “can yield EtA with appreciable solid-phase abun-
dances, while shocks may favour its release and survival in the
gas, phase (Willis et al. 2025). Complementary chemical-network
and abundance simulations of the molecular cloud G+0.693—-0.027
likewise emphasise shock-driven desorption and cosmic-ray-induced

»do 1%+
CHsOH H20 )

NH>CH2CH20H o

choline, [(CH3)sNCH2CH20H]*

Figure 1. Schematic representation of the chemical concept explored in this
work. (A) Ethanolamine (EtA, NH,CH,;CH,OH), methanol (CH3OH), and
water (H,O) are subjected to electron irradiation, illustrating the”starting
molecular components and the formation of an unresolved produetinventory
after energetic processing. The question mark denotes the chemically diverse
products investigated by FTIR, TPD-QMS, and ESI-MS. (B):Structure of the
choline cation, [(CH3);NCH,CH,OH]*, included as/a structurally related
reference for assessing methylated EtA-derived and/oricholine-like spectral
features.

UV fields, and predict additional relatedsspecies as potential observa-
tional targets (Zhao et al. 2025)./Fronmta broader physical-chemistry
perspective, electron-impact.donisation cross sections for EtA and
related prebiotic molecules have.recently been computed up to keV
energies, providing quantitative inputs for modelling electron-driven
chemistry in irradiatedsegions’(Chakraborty et al. 2024).

In the laboratory, Zhang et al. (2024c¢) investigated the fragmenta-
tion of pure EtA iceiand’EtA/H, O ice mixtures under 1 keV electron
bombardment;rebserving phase transitions during controlled warm-
up experimentss, Suhasaria et al. (2025) reported the formation of
ethyléne glycol and serine following Ly irradiation of EtA ice and
subsequent/ thermal processing. More recently, experiments com-
bining.temperature-programmed desorption and mass spectrometry
examined EtA deposited on nanometric amorphous olivine grains
at 10 K, showing that the dust substrate can strongly modify des-
orption profiles (trapping EtA to high temperatures) and that UV
irradiation can yield a range of products formed directly on the grain
surface (Biancalani et al. 2024). In parallel, computational studies
have broadened the astrochemical perspective on EtA itself: inves-
tigations of electron-driven fragmentation pathways have proposed
high-energy routes that transform saturated COMs into unsaturated
products with extended 7 networks under cosmic-ray and shock-
related processing (Londofio-Restrepo et al. 2025), while systematic
surveys of the C,H7NO isomer in space have identified additional
energetically low-lying candidates and provided spectroscopic pa-
rameters to guide future searches beyond EtA (Noriega et al. 2025).

Previous irradiation studies of pure EtA and EtA/H,O ice ana-
logues suggest that the solid-state chemistry is largely dominated by
decomposition and dehydrogenation processes with the possible for-
mation of several N-bearing species, but without clear evidence for
products larger or chemically more complex than EtA itself (Zhang
et al. 2024c; Suhasaria et al. 2024, 2025). This limitation motivates
exploring increased ice complexity as a route to new reaction chan-
nels, particularly in the context of solid-phase astrochemistry on
dust-grain ice mantles (Dickers et al. 2025; Mason et al. 2026b).
Accordingly, introducing methanol (CH3OH) provides a chemically
richer and astrophysically relevant ice environment (Jiménez-Serra
et al. 2016; McClure et al. 2023; Vyjidak et al. 2026) while also
offering access to additional reactive fragments, including CH3-
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bearing intermediates, under energetic processing (Schmidt et al.
2021). This approach is also chemically relevant to the environ-
ment of G+0.693-0.027, where energetic processing and shocks
appear to play an important role in the release and evolution of
COMs (Willis et al. 2025; Zhao et al. 2025). The high column
density of EtA reported in the molecular cloud G+0.693-0.027,
N = (1.51 £0.07) x 10'® cm~2, suggests efficient formation and/or
survival in space (Rivilla et al. 2021). Furthermore, recent studies
have demonstrated that EtA is relatively stable under astrophysical
conditions, with estimated half-lives of 3.6 x 107 yr in cold dense
clouds and 6.8 x 10% yr in Kuiper Belt Objects, indicating that EtA
can persist when embedded in icy Solar System bodies (Zhang et al.
2024c¢).

In this work, we investigate the irradiation-driven chemistry of EtA
in layered H, O- and CH3 OH-containing interstellar ice analogues to
assess whether increasing ice complexity can promote molecular
growth beyond simple fragmentation and to evaluate the potential
role of EtA in the solid-state evolution of complex organic mate-
rial in cold irradiated environments. Building on previous irradiation
studies of EtA- and CH3OH/H;O-containing ices (Mifsud et al. 2021;
Schmidt et al. 2021; Zhang et al. 2024c; Suhasaria et al. 2024, 2025;
Stoib et al. 2026), the present work extends this approach by com-
bining infrared monitoring during irradiation and thermal desorption
with complementary mass-spectrometric analysis of the final ther-
mally processed residue. This allows volatile products, solid-phase
spectral evolution, and less volatile residue components to be as-
sessed together. Layered ices provide a useful experimental model
because interstellar grain mantles can be chemically stratified as a
consequence of sequential accretion, thermal processing, and ener-
getic irradiation. Although the exact EtA-H,O—-CH3OH geometry
used here should be regarded as an idealised stratified ice rather than
a direct reproduction of a specific interstellar mantle, it allows the
effect of HyO- and CH3OH-rich material on EtA processing to be
probed under controlled conditions (Miiller et al. 2022). A direct
comparison with fully mixed EtA-H,O—CH3OH ices is beyond the
scope of the present work, and such experiments will be required
to determine how ice morphology affects the relative efficiencies of
fragmentation, radical recombination, and molecular growth.

2 METHODS
2.1 Experimental setup, ice preparation, and irradiation

The experiments presented in this study were conducted at the
HUN-REN Institute for Nuclear Researchyusing jthe Ice Chamber
for Astrophysics-Astrochemistry (ICA). The experimental setup has
been described in detail elsewhere (Herczku et al. 2021; Mifsud et al.
2021; Zhang et al. 2024c).

The ICA is an ultrahigh-vacuum chamber operating at a base pres-
sure of approximately 10~%“mbat, maintained using a scroll pump
coupled to a turbomolecular.pump. At the centre of the chamber is
a gold-coated oxygen=free.high-conductivity copper sample holder
hosting a series,0f infrared-transparent zinc selenide (ZnSe) sub-
strates onto which astrophysical ice analogues may be deposited.
The sample’holderand deposition substrates can be cooled to a min-
imum temperature of 20 K through thermal contact with the cold
finger, of ‘a closed-cycle helium cryostat, while the temperature can
be’ controlled over the 20-310 K range using resistive heaters and a
temperature control unit. Astrophysical ice analogues were prepared
on the deposition substrates by dosing gases and vapours into the
chamber through a fine needle valve, which then condensed into the
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solid phase upon contact with the cold substrates. When deposit-
ing vapours sourced from liquid samples, e.g. HyO or CH30H, the
liquid samples were purged of dissolved gases via multiple freeze-
pump-thaw cycles before the vapours were admitted into the main
chamber.

Mid-infrared characterisation of the prepared ice analogues was
performed in situ using a Bruker V70v Fourier-transform infrared
spectrometer and an external mercury-cadmium-telluride detector,
which was used to acquire transmission spectra over a spectral range
of 4000 — 650 cm™! and at a spectral resolution of 0.5 cm™!. Addi-
tionally, a quadrupole mass spectrometer (QMS; Pfeiffer QME200)
was used for qualitative monitoring of gas-phase species and ion
fragments up to m/z = 200, with a mass resolution of 1 u.

In the present experiments, a layered EtA-H,O-CH3OH ice was
prepared rather than a fully mixed ice. To enable the analysis of.each
deposited layer individually, mid-infrared spectra were recorded af-
ter the deposition of each component. The spectrum of-each layer
was then obtained by subtracting the spectrum recorded before its
deposition from the spectrum recorded afterwards: Following this
protocol, EtA was first deposited directly onto the substrate at 20 K.
H,0 and CH3OH were then introduced sequentially atthe same tem-
perature by background deposition, forming the second and third
layers, respectively. The layered compesition of the ice was selected
to provide greater control over the amount of each deposited com-
ponent and to allow the spectral contribution of each layer to be
characterised separately.

Following its preparation, the multilayer ice sample was irradiated
for sixty minutes using a 2'keV electron beam supplied by a Kimball
ELG-2A gun affixedto,one of the side ports of the chamber. The
flux of the electron beam was 3.2 x 10'3 electrons cm~2 s~!, corre-
sponding to a total\fluence of 1.15 x 10'7 electrons cm~2 over the
irradiation peried.\ The projectile electrons impacted the target ice
at an angle of 36° to the surface normal. The 2 keV electron beam
was selected as a controlled laboratory source of electron-induced
radiolysis in the layered ice. Although this energy does not reproduce
the full energy distribution of galactic cosmic rays, keV electron ir-
radiation has been widely used to investigate energetic processing
of astrochemical ice analogues, including CH3OH-, H,O-, N,O-,
CH3CN-, and sulphur-bearing ices (Barnett et al. 2012; Mason et al.
2014; Ribeiro et al. 2015; Mifsud et al. 2022a, 2021)its relevance
is further supported by the fact that energetic cosmic-ray particles
interacting with molecular ices transfer a substantial fraction of their
energy to the electronic system of the target molecules, producing
cascades of secondary electrons with energies extending up to the
keV range (Bennett et al. 2007; Arumainayagam et al. 2019). Impor-
tantly, keV electrons can produce electronic linear energy-transfer
values of the same order of magnitude as those associated with MeV
cosmic-ray particles in molecular ices (Bennett et al. 2007). These
secondary electrons drive dissociation, ionisation, radical formation,
and subsequent solid-state chemistry. The present irradiation con-
ditions therefore provide an experimentally tractable analogue for
probing electron-induced chemistry in EtA-containing ices. CASINO
(Drouin et al. 2007) simulations further indicate that 2 keV electrons
deposit most of their energy within the overlying CH3;0H and H,O
layers while still allowing a fraction of the primary electrons to reach
the upper region of the EtA layer, making this energy suitable for
probing electron-induced processing in the present stratified geome-
try. During irradiation, additional mid-infrared spectra were acquired
after 1, 5, 15, 30, and 60 min. This stepwise irradiation protocol was
chosen to monitor the temporal evolution of the ice composition and
the growth of irradiation-induced product bands.

Upon completion of the irradiation, a temperature-programmed
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desorption (TPD) experiment was performed, during which mid-
infrared spectra were collected at 10 K intervals between 20 and
310 K, with a ramp rate of 1 K/min. In addition, QMS signals were
recorded during TPD to monitor desorbing species and fragments
qualitatively. Subsequently, the irradiated and thermally processed
residue remaining on the substrate was analysed ex sifu using elec-
trospray ionisation mass spectrometry (ESI-MS). This analysis was
carried out at the Chemical Instrumentation Laboratory — LIQ, Fac-
ulty of Engineering, Design and Applied Sciences, ICESI University,
Colombia.

2.2 Spectral analysis and quantitative methodology

The column densities of the molecular components in the layered
ice were calculated from the integrated absorbances of individual
mid-infrared bands using standard infrared band strength analysis
(d’Hendecourt & Allamandola 1986; Pilling et al. 2010; Miiller et al.
2022). The column density N (molecules cm™~2) was obtained from:

N = ln(IO)% (1)

where S is the integrated absorbance (cm™') of a given band and
A is the corresponding band strength (cm molecule™!). Once the
column density of a deposited ice layer was determined, its apparent
thickness 6 (pm) was calculated as:

6 = 10,0002 )
PNa

where m is the molar mass (g mol™!), p is the ice density (g cm™?),
and Ny is the Avogadro constant (6.02 x 10% molecules mol~!). The
factor 10,000 is included to express 6 in units of pm.

For the layered samples, spectra recorded after the deposition of
each individual component were used as references for spectral sub-
traction and comparison, allowing each deposited layer to be analysed
separately. Band assignments were performed by comparison with
literature spectra of EtA, H>O, and CH3OH (see Section 3.1).

Literature values for ice densities and band strengths were adopted
for EtA, H,O, and CH30H (Reitmeier et al. 1940; Suhasaria”et al.
2024; Zhang et al. 2024c; Gerakines et al. 2024; Hudson et’aly, 2025,
2024b). The selected reference bands and the corresponding)physical
parameters used in the calculations are listed in Table“l, These values
were used to derive the column density of each deposited layer and,
subsequently, to estimate its apparent thickness. Since the adopted
band strengths and densities are taken fromliterature’measurements
and may depend on ice structure, temperature, and matrix environ-
ment, the resulting column densitiesrand apparent layer thicknesses
should be regarded as estimates. Following the uncertainty treatment
used in related ICA studies (Mifsud et al. 2023b, 2024), a 5 per
cent uncertainty was assigned to’the integrated absorbances. Be-
cause complete species-specific uncertainties were not available for
all adopted band strengths and densities, a conservative overall rela-
tive uncertainty of-12.5'per eent was assigned to the derived column
densities and apparentilayer thicknesses.

3 RESULTS
3.1 Layered deposition of EtA-H, O—CH;3OH ice analogue

Figure 2 shows the mid-infrared spectra of the individual EtA, H,O,
and CH3OH layers deposited sequentially at 20 K, together with the

Table 1. Physical parameters, integration regions, and infrared band strengths
adopted for column density and apparent ice-thickness calculations.

Species P Int. region Band Aref
(gcm‘3) (cm™h) (cm™) (10~'8 cm molec.™)
CH3;0H 0.7791% 3650-2685 2958 1522
H,O 0.94° 3100-3400 3271 200°¢
EtA 1.01¢ 1660-1560 1607 12+3¢

References: a) Hudson et al. (2024b); b) Bouilloud et al. (2015);
¢) Gerakines et al. (1995); d) Reitmeier et al. (1940); e) Suhasaria et al.
(2024)

3.0
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Figure 2. Infrared, spectra of-the individual layers deposited at 20 K:
ethanolamine (EtAjigreen), H,O (blue), and methanol (CH30H; orange),
together with the spectrum of the fully layered EtA—H,O—CH3OH ice (pink).

specttum of the complete layered ice. The spectrum of the com-
positetice is well reproduced by the superposition of the individual
contponent spectra, indicating that the layered deposition protocol
preserves the spectral signatures of each constituent and that no de-
tectable spectral evidence of reaction is found during deposition at
20 K.

The EtA absorption features observed in the layered ice are in good
agreement with previously reported solid-state spectra (Zhang et al.
2024c; Suhasaria et al. 2024; Ramachandran et al. 2024). Several EtA
bands previously reported but left unassigned, including features at
2777, 2722, and 1050 cm™', are clearly observed under the present
experimental conditions. In addition, absorption features at 2966,
1269, and 998 cm~! are detected here but have not been reported
previously for solid EtA. A complete overview of the observed band
positions and vibrational assignments for EtA, H,O, and CH3OH is
given in Table 2.

To quantify the relative abundances of the individual ice com-
ponents, column densities were derived from the integrated band
areas following the procedure described in Section 2.2. The calcu-
lated column densities are Nga = (3.6 +0.5) x 107 cm ™2, Nn,0 =
(4.6+0.6) x 10" cm™2, and Ncuon = (6.7+0.8) x 10! cm™2. The
corresponding layer thicknesses were calculated using the equations
described in Section 2.2 and the physical parameters listed in Table 1.
The resulting apparent layer thicknesses are approximately 840+ 100,
34 + 4, and 104 + 13 nm for EtA, H,O, and CH30H, respectively.
Thus, the H;O and CH3OH layers form a combined overlayer of
approximately 140 + 20 nm above the substantially thicker EtA de-
posit, giving a total apparent layered ice thickness of approximately
980 + 120 nm.
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Table 2. Observed mid-infrared bands and vibrational assignments for EtA,
H;O, and CH3O0H in the layered ice following deposition at 20 K. Band
numbers refer to those depicted in Figure 2.

Species Band  Wavenumber (cm™1) Mode
EtA? 1 3350 Vas (NH2)

2 3284 vs(NH)

3 3198 v(O-H)

4 2966 -

5 2928 vas(CHp)

6 2861 vs(CHy)

7 2777 -

8 2722 -

9 1607 S(NH3)

10 1457 5(CHy)

11 1398 v(C-C) 6(OH, CH)

12 1377 w(CHy)

13 1362 7(NH, OH)

14 1269 -

15 1238 7(CHy)

16 1175 p(CH)

17 1085 v(C-0)

18 1050 -

19 1035 v(C-N)

20 998 -

21 960 w(NH)

22 877 v(C-C)
H,OP 1 3271 v(0O-H)

2 1670 §(H-O-H)

3 748 molecular librations
CH30H*¢ 1 3258 v(O-H)

2 2958 Vas(C-H)

3 2915 -

4 2828 vs(C-H)

5 1483 deformation mode

6 1443 deformation mode

7 1127 p(CHj3)

8 1079 -

9 1026 v(C-0)

10 758 T

Modes: v (stretching), ¢ (bending), w (umbrella), p (rocking), T (twisting)«
2 Assignments based on the previous studies of Suhasaria et al. (2024),
Ramachandran et al. (2024), and Zhang et al. (2024c).

b Assignments based on the previous study of Hudson et al. (2025):
¢Assignments based on the previous studies of Ehrenfreund & Charnley,
(2000) and Hudson et al. (2024a).

3.2 Irradiation studies

Electron irradiation of the layered EtA—H3O—CH3OH ice leads to
the appearance and growth of numerous new infrared absorption fea-
tures, indicating the formation of a.diverse set of radiolysis products
during irradiation (Figure 3). The speetra’are shown as difference
spectra relative to the unprocessedrice before irradiation; negative
bands indicate depletion of parent or pre-existing species, whereas
positive bands correspond-te.ittadiation-induced products.

Owing to the complexity of the irradiated ice and extensive band
overlap, not all ebserved, features can be assigned unambiguously.
This limitation is common in processed molecular ices, where irra-
diation can preduee-multiple species with similar functional groups
and overlapping infrared bands (Schmidt et al. 2021). Moreover, devi-
ations between'the band positions observed here and literature values
are expected in molecular ice matrices. Previous studies of HCOOH-
containing ices, HyO, mixtures, and layered or mixed CH3OH ice
analogues have shown that peak positions and band profiles can de-
pend strongly on ice structure, temperature, matrix composition, and
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Figure 3. Infrared spectra recorded during 2 keV electron irradiation of the
EtA-H,0-CH30H ice at 20 K, reaching a final fluence of 4,15 %,107 elec-
trons cm™~2 over a duration of 60 min. Colours indicate inereasing irradiation
time from 1 min (yellow) to 60 min (black). Negative-peaks correspond to the
consumption/destruction of species and positive peaks toitheir formation.

hydrogen-bonding interactions (Bisschop et al. 2007; Oberg et al.
2007; Miiller et al. 2021; Oliveira et al, 2025). The observed bands,
possible assignments, contribiting, species, vibrational modes, and
literature references are summarised in Table 3. Formation pathways
for the assigned and tentatively assigned species are discussed in
Section 4.

The observed<bands”and their possible assignments are sum-
marised in Table 3:"Many of the features are consistent with species
previously feposted in electron-irradiation studies of methanol ice
(Sullivan et al."2016; Mifsud et al. 2021; Schmidt et al. 2021) and
ethanOlamine-containing ices (Zhang et al. 2024c), suggesting that
commeon fragmentation and recombination pathways are active in the
present layered ice system.

Prominent radiolysis products include CO,, CO, H,CO, CHg,
H,0,, and NH3. The CO, asymmetric stretching mode at 2340 cm™!
and the bending mode at 655 cm™! agree well with previously re-
ported values for solid CO;, (Ehrenfreund et al. 1999; Isokoski et al.
2013). Similarly, the CO stretching band at 2140 cm™~! matches liter-
ature assignments for radiolytically produced CO in molecular ices
(Pilling et al. 2010). The feature at 1720 cm~! is consistent with
the C=0 stretching mode of H,CO, although contributions from
HCOOH and CH3CHO cannot be excluded. Moreover, the CHy
stretching and deformation bands at 3009 cm™~! and 1302 cm™! are in
good agreement with literature values (Hudson et al. 2015; Karteyeva
et al. 2026). Vibrational features attributable to HyO, are observed
at 2848 and 1352 cm™! (Zheng et al. 2006; Ioppolo et al. 2010),
together with bands associated with NH3 at 1067 and 3337 cm™!
(Sandford & Allamandola 1993).

Bands corresponding to the cyanate anion (OCN™) are detected at
2165, 1302, and 1210 cm™!. These features are in good agreement
with previous infrared assignments of OCN™ in ice analogues (Maté
et al. 2012) and with observations of OCN~ formation during elec-
tron irradiation of EtA and EtA-H»O ices (Zhang et al. 2024c). The
detection of these bands suggests that N-bearing ionic species are
efficiently produced under the present irradiation conditions. How-
ever, the features at 1302 and 1210 cm™! may include contributions
from CH4, HCOOH, and other N/O-bearing species.

In addition to simple radiolysis products, several spectral fea-
tures suggest the formation of more complex organic species. Bands
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Table 3. Infrared bands observed during 2 keV electron bombardment of the EtA-H, O—CH3OH ice and their possible assignments. Polyoxymethylene (POM),
N,N -dimethylethanolamine (DMEtA), and N/O-bearing species (N/O-bear. spec.) are included as tentative contributors where relevant. Band numbers refer to

those depicted in Figure 3.

Band Product Wavenumber (cm™T) Mode Contribution References
1 H,0 3100 v(O-H) a
10 1660 5(H-O-H) vacool (C=0) a,b
21 783 molecular librations a,b
6 CO, 2340 v(C=0) a,c
22 655 5(C=0) a,c
8 CcO 2140 v(C=0) b
H,CO 1720 v(C=0) vHcooH(C=0), v(C=0)cu,cHo d
11 1502 5(C-H) e
7 OCN~ 2165 v(C-N) f
14 1302 v(C-0) Scy f
15 1210 v(C-0) vacoon(C-0), f
VN/O-bear.spec. (CN) PN/O—bear.spec. (CHp)
4 H,0, 2848 combination g
13 1352 6asym. wN/O*bear.spec.(CHZ)s g
ScH;cHo(CH3)— w(C-H)
2 HCOOH 2964 v(C-H) h
9 1720 v(C=0) vi1,c0(C=0), v(C=0)cu,cro h
10 1660 v(C=0) SH,0(H-O-H) h
12 1380 v(O-H) SnH,cHo(C-H) h
15 1210 v(C-0) vocn- (C-0)4 h
VN/O-bear.spec. (CN) PN/O-bedr.spec. (CHy)
17 1067 v(C-H) WNH, h
23 CH3;0OH 1125 p(CH3) q
19 N/O-bear. spec. 895 comb. 6(N—(CHj3)3) + 6(N—(CHj3)3) i
16 1151 p(CH3) i
20 850 v(N-CH3) i
13 1352 w(CHy) OH,0, atyms> OeH; cHo(CH3) — w(C-H) ix
3 2890 v(C-H) tLu
12 1380 5(C-H) vicoon (O-H) tu
11 1502 &(N-H3) w
15 1210 v(CN) / p(CHy) vocn- (C-0), viacoou(C-0) \
5 POM 2787 v(C-H) d.k
18 990 y(C-O/C-N) 1
25 1095 Vantisym. (C—0-C)— 6(0-C-0) S(HCO) k
25 HCO 1095 6(HCO) YPOMantisym. (C—0—C)— 6pom(0-C-0) m
17 NH;3 1067 w v(C-H)ucoon n
24 3337 v(N-H) n
27 CH3CHO 1437 deform(CH3) 5NHI o
9 1720 v(C=0) vHcHO(C=0), viacoon(C=0) 0
13 1352 6(CH3)— w(C-H) wn/o(CHy), 61,0, asym. o
27 NH}CN~ 1437 S(N-H) CH3;CHO P
26 CHy4 3009 v LS
14 1302 o voen- (C-0) r,s

References: a) Ehrenfreund et al. (1999); b) Pilling et al, (2010); c) Isokoski et al. (2013); d) Schutte et al. (1993); e) Vinogradoff et al. (2013); f) Maté et al.
(2012); g) Zheng et al. (2006); Toppolo et al. (2010); h) Bisschop et al. (2007); i) Pawlukoj¢ & Hetmarczyk (2014); j) Stokr et al. (1987); k) Le Roy et al.
(2012); 1) Butscher et al. (2016); m) Bennett et al. (2011); n) Giuliano et al. (2014); o) Terwisscha van Scheltinga et al. (2018); p) Gerakines et al. (2024);

q) Hudson et al. (2024a); r) Hudson et al. (2015)3s) Karteyeva et al. (2026); t) Brucato et al. (2006); u) Slavicinska et al. (2023); v) Joshi & Lee (2022);

w) Holtom et al. (2005); x) Ciaravella et al. (2019).

consistent with formic acid (HCOOH) are observed at 2964, 1720,
1660, 1380, and 1210 cm_ ' (Bisschop et al. 2007). Although some
of these bands oyerlapiwith"modes of other species, their concur-
rent appearance and systematic growth during irradiation support
a tentative HCOOH assignment (Figure 4). In particular, the C-H
stretching“mode, near 2964 cm~! (band number 2 in Figure 3) in-
creases steadily-with irradiation time, consistent with the HCOOH
assignmenty(Bisschop et al. 2007), although a contribution from
formamide (NH,CHO) in this spectral region cannot be excluded
(Ciaravélla et al. 2019). The strong growth observed near 1660 cm™!
likely includes contributions from both HCOOH and the H,O bend-

ing mode (Ehrenfreund et al. 1999; Bisschop et al. 2007; Pilling
et al. 2010). The band at 1380 cm~! may also receive contributions
from NH,;CHO, as this region overlaps with modes reported for
formamide-containing and amorphous formamide ices at low tem-
peratures (Brucato et al. 2006; Ciaravella et al. 2019; Slavicinska
et al. 2023). A shoulder feature at 1677 cm~! is observed, but it was
not included in the quantitative analysis.

A possible contribution from NH,CHO is further suggested by
the appearance of a band near 2890 cm~!, close to the C-H stretch-
ing mode reported for formamide-containing ices (Ciaravella et al.
2019; Brucato et al. 2006; Slavicinska et al. 2023). However, the
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Figure 4. Infrared difference spectra recorded during 2 keV electron irradia-
tion of the EtA—-H,O—-CH3OH ice at 20 K. For clarity, all difference spectra
are multiplied by a factor of 55; the unprocessed EtA—H, O—CH3 OH spectrum
shown in pink is not scaled in the same way. Colours indicate increasing irradi-
ation time from 1 min (yellow) to 60 min (black). The black dotted lines mark
selected bands consistent with formic acid (HCOOH) and polyoxymethylene-
like material (POM). Negative bands indicate depletion of parent or pre-
existing species, whereas positive bands correspond to irradiation-induced
products.

assignment remains tentative because the corresponding in-plane
C—H scissoring mode near 1380 cm~! overlaps with HCOOH and
other products, while the asymmetric and symmetric N-H stretching
modes of the NH, group are expected to be obscured by the broad
H,O stretching band. The band at 1210 cm~!, although also compat-
ible with the HCOOH assignment, may include a contribution from
the aminomethyl radical (CH,NH>) (Joshi & Lee 2022).

Some features fall in spectral regions previously associated with
glycine or its zwitterionic form. In particular, the band at 1502 cm™!
lies close to the symmetric bending mode of the NH} group of
zwitterionic glycine (H3N*CH,COO™) (Holtom et al. 2005), and the
feature at 1352 cm ™! has also been reported in this context (Ciaravella
et al. 2019). These bands are highly non-diagnostic in the/present
spectra, however, because they overlap with features attributable to
H;0,, CH3CHO, and choline-related species (Zheng et al. 2006;
Ioppolo et al. 2010; Pawlukojé & Hetmanczyk 2014; Terwisseha van
Scheltinga et al. 2018). Glycine is therefore consideredonly as a
possible contributor and is not assigned unambiguously from the
infrared data alone.

Other nitrogen-bearing features may be associated with methylated
EtA derivatives and/or choline-likefspecies. These include a CHj3
rocking mode at 1151 cm™!, an N-CH; stretching mode at 850 cm™ 1
an umbrella deformation mode‘\at?1352 cm™!, and a combination
band involving bending modes of. N—(CH3)3 near 895 cm™!. These
features are compatibleswith.reported choline spectra (Pawlukoj¢ &
Hetmariczyk 2014). Iyparticular, the bands at 895 and 850 cm™! have
been reported as eharacteristic of quaternary ammonium groups, with
the former assigned to acombination of bending modes of N-(CH3)3
and the latter'to the-N—CH3 stretching vibration (Pawlukojé¢ & Het-
manczyk 2014)."While these observations are suggestive, definitive
identification of choline cannot be made from the infrared spectra
alone because of spectral overlap and matrix effects.

Additional features are consistent with the formation of
polyoxymethylene-like material (POM, HO-(CH,-0),,—-H), as in-
dicated by bands near 2787, 1095, and 990 cm~' (Schutte et al.
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Figure 5. Infrared spectra recorded during temperature-programmed desorp-
tion from 20 K to 310 K. For clarity, only nine of the thirty speetra are shown,
and the spectra are displayed with an offset in absorbance. The assignment of
each band is listed in Table 4.

1993; Le Roy et al. 2012; Butscher et al. 2016), as shown in Figure 4.
The feature near 1151 cm™! may also ificlude ainor contribution
from N,N-dimethylethanolamine (DMEtA)\(Stokr et al. 1987).

3.3 Temperature-programimed desorption

Figure 5 presents infrared, spectra recorded during temperature-
programmed desorption,(TPDy of the irradiated EtA-H,O-CH3;O0OH
ice between 20 and 310/K. As the temperature increases, several ab-
sorption features associated with species formed during electron irra-
diation remain'detectable and show temperature-dependent changes,
consistent with the possible assignments listed in Table 4. Rather than
indicating the formation of an entirely new set of products during
TPD, these/spectra mainly trace the thermal response and structural
reorganisation of the irradiated ice.

The'tentative assignments of the N/O-bearing bands were guided
by comparison with reference spectra of aqueous choline chloride
solution. Choline chloride was used as a reference instead of pure
choline, because choline is a cation and requires a counter-anion
to be a stable compound. Chloride is well suited for this, as it is
IR-silent in the mid-infrared and therefore does not interfere with
the infrared spectrum of choline. Choline, [HOCH,CH,N(CH3)3]™,
retains the two-carbon hydroxyethyl backbone of ethanolamine,
HOCH,CH;NHj,, but contains a fully N-methylated quaternary am-
monium group. It can therefore be regarded as a structurally related
reference for N/O-bearing products that could arise from progres-
sive methylation of the ethanolamine amino group in the processed
ice. These reference spectra are shown in Appendix Figure Al and
Table A1 and support the tentative association of bands near 2958,
1481, 1355, and 1084 cm™' with N/O-bearing species displaying
choline-like spectral signatures.

Based on this comparison, bands tentatively associated with these
N/O-bearing species become progressively sharper during warming
up to approximately 80 K, particularly the features at 1352, 895,
and 850 cm™!, labelled as bands 13, 19, and 20 in Figure 3. This
sharpening may reflect matrix reorganisation and increased local
molecular ordering of the irradiated material. A contribution from
phase separation or partial crystallisation cannot be excluded; how-
ever, the spectral overlap in this region prevents a definitive structural
assignment.

In addition to these N/O-bearing features, a weak absorption band
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Table 4. Infrared bands observed to persist during TPD of the irradiated
EtA-H;O-CH3OH ice and their possible assignments. Band numbers refer
to those labelled in Figure 5.

Band Product Wavenumber Mode

(cm™)
1 HCOOH? 2964 v(C-H)
2 N/O-bear. spec.”2 2958 C—H-related feature
3 1355 w(CH>), v5(COO™)
4 1481 S(CH3)
9 1084 v(C=C), v(C-0)
5 POMS4E 1376 -
6 1466 -
10 984 -
11 928 -
12 906 -
13 1080 -
HCOO~¢ 1355 v(COO™)
H,CO%f 1714 v(C=0)
8 1178 -

References: ?Bisschop et al. (2007); bPawlukoj(f & Hetmariczyk (2014);
Le Roy et al. (2012); 9Duvernay et al. (2014); ®Bennett et al. (2011);
fSchutte et al. (1993); 8Comparison with reference spectra of aqueous
choline chloride solution; see Appendix Table Al.
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Figure 6. Quadrupole mass spectrum recorded during “temperature-
programmed desorption of the irradiated EtA-H,©@-CH3OH ice between
20 and 310 K.

near 3195 cm™! emerges between 50(and 6Q K. Although absorption
in this region is often associated with O=H stretching modes of water,
the observed band shape and temperature evolution differ from those
expected for pure or mixed amorphous water ice (Oberg et al. 2007;
Mifsud et al. 2022b). Thisssuggests that the feature is unlikely to
originate from bulk-waterand may instead arise from another OH-
bearing species present in the processed material.

Figure 6 shows theé cumulative QMS ion counts recorded during
TPD of the EtA—HpO-CH3OH ice from 20 to 310 K, following ra-
diolyticprocessing. The QMS signal traces volatile species and ion
fragments,released into the gas phase during heating. The spectrum
is/dominated by low-mass ion signals, with prominent features below
mjz = 50 and only a weak higher-mass signal at m/z = 61. The sig-
nal at m/z = 61 is consistent with the nominal molecular ion of EtA
and represents the largest m/z value clearly detected in the spectrum.

No significant signals are observed at higher m/z values, indicating
that volatile species heavier than EtA were not detected in the gas
phase under the present experimental conditions. The lower-mass ion
signals may arise from fragmentation of EtA during ionisation in the
QMS and/or from volatile fragments associated with the processing
of H,O and CH3OH. This behaviour is broadly consistent with previ-
ous time-of-flight mass spectrometry experiments on gas-phase EtA,
which showed that the molecule readily fragments into lower-mass
ions upon ionisation with synchrotron radiation (Quitian-Lara et al.
2025).

TPD analysis shows that several irradiation-induced features re-
main detectable in the solid residue over a broad temperature range
and undergo clear spectral changes during warming. The IR spec-
tra therefore trace the thermal evolution and reorganisation of this
residue, whereas the QMS data indicate that the volatile fraction re-
leased during TPD is dominated by EtA and lower-mass fragiments.
These observations suggest that electron irradiation promotes both
fragmentation and the formation of less volatile residue‘components
whose infrared signatures become more distinct as the ice matrix
reorganises during heating.

3.4 Ex situ ESI-MS analysis of the residue

Ex situ analysis of the residuecobtained-after the irradiation and
TPD experiments was carried outyat the Chemical Instrumentation
Laboratory — LIQ, Faculty of Engineering, Design and Applied Sci-
ences, ICESI University, Colombia, using electrospray ionisation
mass spectrometry (ESI-MS)r Figure 7 shows the mass spectrum
of the residue (top panel), a reference spectrum of choline chloride
(middle panel), and'the blank spectrum (bottom panel). For each sam-
ple, 286 scans'were acquired under the same instrumental conditions.
The spectra shown in Figure 7 correspond to representative individ-
ual scans selected from each dataset. The choline chloride standard
was purchased from Sigma-Aldrich with a purity of 99 per cent, dis-
solyved.in ultrapure water, and introduced into the ESI source. The
blank-Corresponds to a ZnSe substrate mounted in the same ICA sam-
ple holder during the experiment, but without direct EtA deposition
or direct irradiation. This blank was kept in the same experimen-
tal environment and may therefore contain background deposition
of H,O and CH3OH, as well as minor contributions from material
deposited or redistributed during the experiment. The blank should
therefore be regarded as a substrate/background control rather than
as a full non-irradiated analogue of the layered EtA—H,O-CH3;0H
experiment. It allows possible contributions from the substrate, sam-
ple holder, background deposition, and sample-handling procedure
to be assessed, but it cannot by itself isolate the effect of irradiation.
The ESI-MS comparison with the blank is therefore used only as
supporting evidence for the composition of the final residue, while
the irradiation-induced chemistry is primarily established from the
in situ FTIR difference spectra recorded before and after electron
bombardment of the same layered ice.

The residue spectrum shows a distribution of mass families that
resembles the choline chloride reference spectrum more closely than
the blank. In both the residue and the choline chloride reference,
signals are grouped into five families across the analysed range, cen-
tred approximately at m/z = 60-61, 75-80, 90-92, 103-106, and
112-116. This similarity is particularly evident in the relative distri-
bution of the first three families, while the higher-m/z families are
weaker but still detectable in the residue. In contrast, the blank spec-
trum does not reproduce the same family pattern or relative intensity
distribution. This comparison suggests that the processed residue
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Figure 7. ESI-MS spectra of the residue obtained after irradiation and TPD,
choline chloride reference, and blank. For each sample, 286 scans were
acquired under the same instrumental conditions; representative individual
scans are shown. The residue spectrum is categorised into five families. Each
family is numbered from 1-5, with increasing m/z.

contains N/O-bearing products with ESI-MS behaviour similar to
that of methylated amino-alcohol or choline-like ionic species.

The first family, around m/z = 60-61, is not diagnostic on its own,
because several small nitrogen-bearing fragments may contribute in
this region. In processed EtA ices, signals at m/z = 60-61 have
been associated with EtA-related ions, including the intact molecule
at m/z = 61 and an H-loss EtA fragment at m/z = 60 (Bian-
calani et al. 2024). However, this mass range is also characteristic of
trimethylammonium-type fragments in choline-related compounds
(Holm et al. 2003; Wang et al. 2008). Therefore, the presence of an
intense family near m/z = 60-61 in the residue is consistent.with
the formation of low-mass nitrogen-bearing and possibly methylated
fragments, but it cannot be taken as direct evidence for choline

The second and third families, near m/z = 75-80 andun/z = 90—
92, indicate the presence of residue-derived ions at higher m/z than
the most prominent low-mass EtA-related fragments;ralthough their
assignments remain tentative. The family near'm/z = 75-80 is not
unique to N/O-bearing species, since mass=spectrometric signals in
this region have also been reported for oxygen=sich products formed
during the energetic processing of“methanol ice, including sugar-
related species and their derivatives (Zhang et al. 2024b). Neverthe-
less, the overall distribution of the n7)/z features, particularly the sim-
ilarity between the five mass‘families of the residue and those of the
choline chloride referencessuggests that the residue is not explained
by methanol-derived‘C/H/Q chemistry alone. The intense third fam-
ily near m/z = 90-92 remains unidentified, but a contribution from
POM-related material cannot be excluded. During irradiation in the
present experimentss”H,CO was detected, and recent studies on ir-
radiatedformaldehyde ice analogues have shown that energetic pro-
cessing can lead to short-chain formaldehyde oligomers and POM-
related products (Gong et al. 2025). However, the prominence of this
family in the residue and its similarity to the choline chloride refer-
ence point to a chemically complex residue; these characteristics are
compatible with contributions from methylated amino-alcohol-type
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ionic species or choline-like species, but do not exclude other con-
tributors in the same mass region. Given that the present ESI-MS data
do not provide structural information, these related species can only
be considered as possible contributors to the higher-m /z components
of the residue, rather than products identified with certainty.

The fourth family, around m /z = 103-106, overlaps with the nomi-
nal mass region of the choline cation at m/z = 104. However, because
no isolated diagnostic signal is clearly resolved in the residue, this
overlap is interpreted as part of a broader mass-family distribution
resembling that of the choline chloride standard, rather than as a se-
cure molecular identification. The highest-m/z region is composed
of two weak subfamilies centred approximately near m/z = 108
and 114, which are also present in the choline chloride reference
pattern but cannot be assigned to specific molecular carriers from
nominal m/z values alone. Their presence is nevertheless consistent
with the formation of heavier products in the processed residué. This
interpretation is supported by previous mass-spectrometric studies
of processed EtA ices, where signals above the molecular/ mass’of
EtA, including masses above 120 u, were reported-after itradiation
(Biancalani et al. 2024).

4 DISCUSSION

Electron irradiation of the layered EtA=~H,O-CH3;OH ice results
in a chemically rich set of irtadiationsinduced features dominated
by small O- and N-bearing species, together with tentative spec-
tral evidence for less volatile and chemically more complex residue
components. In this seetion, we discuss the assigned and tentatively
assigned products in the context of established radiolysis pathways
in astrophysical iceianalogues, before addressing evidence for more
complex reaction.channels involving formic acid, POM-like material,
and methylated'amino-alcohol or choline-like mass-spectral features.
A qualitative reaction network summarising the dominant pathways
inferred from the present experiments is shown in Figure 8.

The, estimated apparent layer thicknesses are approximately
104, nm for CH30OH, 34 nm for H,O, and 837 nm for EtA. Since
CH3O0H and H,O were deposited above the EtA layer, the upper two
layers have a combined thickness of approximately 138 nm. CASINO
V2.48 simulations (Drouin et al. 2007) indicate that 2 keV electrons
have a maximum penetration depth of approximately 180 nm in the
present ice configuration. Thus, around 90 per cent of the incident
electrons are expected to be implanted within the CH30H and H,O
layers, while the remaining fraction can reach and interact with the
upper region of the EtA layer. This depth distribution is consistent
with the predominance of products commonly observed in processed
methanol- and water-rich ices, while still allowing EtA-derived chem-
istry through the fraction of primary electrons reaching the upper EtA
layer and through radical-mediated reactions at or near the HyO/EtA
interface. In addition, low-energy secondary electrons generated dur-
ing the deceleration of the incident 2 keV electrons may contribute
to further processing of the surrounding ice, as commonly discussed
for irradiated molecular ices (Arumainayagam et al. 2019).

The pathways shown in Figure 8 are represented by nodes and
links. The colour of each node indicates the parent species or chemi-
cal family to which it is mainly related, while the colour of each link
indicates the reaction type. The reactions are grouped into hydro-
genation (light orange), dehydrogenation (bright blue), polymerisa-
tion (grey), acid—base reactions (light pink), radical-radical reactions
(green), dissociation (red), methylation or methyl-transfer-type path-
ways (bright green), protonation (purple), and radiolytically induced
ionisation (blue). H" and OH" are produced through several pathways
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Figure 8. Proposed qualitative reaction network for the EtA-H,O-CH3OH ice under 2 keV electron irradiation for 60 min. The scheme illustrates the main
fragmentation pathways, radical and ionic intermediates, and products discussed in the text-The network is intended as a summary of plausible formation routes
rather than a complete kinetic model. An asterisk (*) denotes tentatively assigned speci€s; see text for details.

and participate in multiple subsequent reactions; therefore, they are
highlighted as central radical intermediates in the network.

4.1 Formation of small and intermediate radiolysis products

Most of the species assigned or tentatively assigned-during irradi-
ation, including CO,, CO, H,0,, NH3, OCN=, H>CO, NH;CN™,
CH3;CHO, and HCO, are consistent with“products commonly ob-
served in electron-, proton-, and soft-X-ray-processed interstellar ice
analogues dominated by water and4methanol (Sullivan et al. 2016;
Pilling et al. 2019; Mifsud et al. 2021,2023a). Their appearance in
the present ternary system indicatessthat the inclusion of EtA does
not suppress the primary fadiolytic chemistry driven by H,O and
CH3;OH, but also allowssadditional nitrogen-bearing reaction chan-
nels. This interpretation is, consistent with the QMS data recorded
during TPD, which ‘are dominated by low-mass volatile species and
ion fragments.

Electron-induced-fragmentation of EtA can proceed through cleav-
age of C£C, C—Njeor C-O bonds, producing radicals such as CH,OH",
CHZNH‘Z, NH‘Z, CH,CH,OH", and CHZCHZNH'2 (Sladkova et al.
2014; Zhang et al. 2024c¢; Suhasaria et al. 2024). In Figure 8, these
bond-cleavage processes are represented by red links and classified
as dissociation pathways. More complex fragmentation processes in-
volving the simultaneous cleavage of multiple bonds have also been

reported, yielding fragments such as OH", NH;, and C;Hy4 (Zhang
etal. 2024c¢).

Fragmentation of CH3OH under electron irradiation likely pro-
duces primary radicals such as CH;, CH,0H’, and CH30O" (Schmidt
et al. 2021; Herczku et al. 2021). The formation of CO, has been
discussed by Schmidt et al. (2019), Herczku et al. (2021), and Mif-
sud et al. (2023a), either through reactions between CO and atomic
oxygen to form CO», or through OH-mediated oxidation of CO via
HO-CO intermediates (Ioppolo et al. 2011; Mifsud et al. 2023a). In
addition, CH3OH may also be regenerated during irradiation through
sequential hydrogenation of CO or through radical recombination be-
tween CH,OH' and H' (Zhang et al. 2024c).

Hydrogen peroxide (H,O;) is readily explained by radical-radical
recombination of OH" fragments generated during water and EtA
radiolysis (Mifsud et al. 2022b), as indicated by the green links in
Figure 8. Water itself can be regenerated during irradiation through
recombination of H" atoms, released by dehydrogenation of EtA and
CH3OH, with OH" radicals. Radiolytically induced ionisation of H,O
during electron bombardment can also produce H,O", followed by
proton transfer to a neighbouring H,O molecule to form H3;O* and
an OH’ radical (Arumainayagam et al. 2019), as indicated by the
purple and blue links in Figure 8.

Formaldehyde (H,CO) bands are observed within the first minute

of irradiation, consistent with rapid methanol dehydrogenation
(Schmidt et al. 2021), as indicated by the bright blue link in Figure 8.
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An additional contribution to H,CO formation may arise from further
processing of CH,OH" fragments originating from EtA or CH3;0H
dissociation (Pilling et al. 2010; Butscher et al. 2017; Schmidt et al.
2019; Zhang et al. 2024c), as shown in Figure 8.

Acetaldehyde (CH3CHO) may form either through radical-radical
recombination between CH}; and HCO", or through the reaction of
HCO with atomic carbon to form HCCO, followed by sequential
hydrogenation to yield CH3CHO (Terwisscha van Scheltinga et al.
2018). Since the infrared bands assigned to CH3CHO overlap with
other carbonyl-containing species, this pathway is included as a plau-
sible contributor rather than as a unique assignment.

Finally, nitrogen-bearing species such as NHz and NHj are formed
primarily through hydrogenation and proton-transfer reactions in-
volving NH;, radicals (Sladkova et al. 2014). HNCO may form
through reactions involving CO and NH/NH,-bearing fragments
(Fedoseev et al. 2015, 2016). The detection of OCN~ is consis-
tent with the well-established acid—base reaction between ammonia
and isocyanic acid following energetic or thermal processing (van
Broekhuizen et al. 2004; Raunier et al. 2004), as indicated by the
pink links in Figure 8.

The presence of these nitrogen-bearing products indicates that
EtA contributes to the observed chemistry, even though most of the
deposited energy is expected to be absorbed within the overlying
CH3OH and H,O layers. As discussed in Section 3.3, the tentative
assignment of selected N/O-bearing infrared bands was guided by
comparison with reference spectra of aqueous choline chloride solu-
tion. The corresponding reference spectra and band assignments are
presented in Appendix Figure Al and Table Al. EtA contribution
may arise from the fraction of primary electrons that reaches the
upper EtA layer, as well as from low-energy secondary electrons and
radicals generated within the irradiated ice (Arumainayagam et al.
2019). The nitrogen-bearing products observed during irradiation
are therefore consistent with a limited but chemically relevant con-
tribution from EtA processing, in agreement with the ex situ ESI-MS
analysis of the final residue discussed in Section 3.4.

4.2 Formic acid formation

Several infrared features observed at 2964, 1720, 1660, 1380, 1210,
and 1067 cm™! are consistent with vibrational modes of fornfic acid
(HCOOH). Although partial overlap with water and formaldehyde
bands cannot be excluded, the correlated appearance of these'features
supports a tentative assignment to HCOOH.

Formic acid formation under energetic processing-has.been inves-
tigated in CO:H,0 and H,0:CO; ice systems (Schutte et al. 1999;
Pilling et al. 2010; Bennett et al. 2011). In,CO:H,O ices, HCOOH
formation proceeds through a mechanism involving (i) water disso-
ciation into H" and OH’, (ii) formation of the formyl radical via H" +
CO, and (iii) barrierless recombination of HCO" with OH’, consistent
with the pathways summarised in Figure 8. All necessary precursors
are present in the present BtA—-H,O—-CH3OH system, making this
pathway viable withoutdnveking EtA-specific chemistry. The tenta-
tive identification of HCOOH therefore highlights the role of water-
and CO-derived radicalsyinthe product inventory. Formic acid may
also form through recombination of OH" and CO, or the addition of
a hydrogen atom to,CO, to form HOCO, followed by hydrogenation
(Goumans et al. 2008; Bennett et al. 2011; Schmidt et al. 2019).

4.3 Polyoxymethylene formation and thermal evolution

Polyoxymethylene-like material formation is inferred from charac-
teristic C—O and C-H vibrational features that emerge following ir-
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radiation and persist during subsequent heating. POM formation has
been reported previously under UV photolysis and thermal process-
ing of formaldehyde-containing ices (Schutte et al. 1993; Bernstein
et al. 1995; Butscher et al. 2019). In these experiments, ammonia
has been proposed as a polymerisation catalyst (Schutte et al. 1993).
In the present experiment, the early appearance of H,CO provides a
natural precursor for polymerisation.

During temperature-programmed desorption, bands assigned to
POM-like material remain detectable up to approximately 190 K,
above which they disappear. This comparatively low thermal stabil-
ity suggests the formation of short-chain POM oligomers, consistent
with formation in a chemically complex ice matrix (Le Roy et al.
2012; Duvernay et al. 2014). Delayed sublimation of formaldehyde
relative to its pure-ice desorption temperature (135 K; Noble et al.
2012) likely reflects trapping within the mixed ice structure (Duver-
nay et al. 2014). Thus, the POM-related features are best intetpreted
as evidence for formaldehyde-driven oligomerisation within the pro-
cessed residue, rather than as a definitive assignment“of a’ specific
polymer chain length or distribution.

4.4 N/O-bearing complex residue components and methylation
pathways

Several spectral features observed insthe irradiated EtA-H,O-
CH3OH ice, notably those near 895%and“850 cm™!, are compat-
ible with vibrations associateéd with quaternary ammonium or N-
methylated species (Pawlukoj¢ & Hetmarczyk 2014). These bands
show similarities with aqueous choline chloride solution reference
spectra presented in AppendixFigure Al and Table Al. Their emer-
gence during irradiation suggests that methylation of EtA-derived
fragments could ‘occur jin the presence of CH3OH under electron
bombardment;-although these assignments remain tentative.

Methanol radiolysis is known to generate CH; radicals (Schmidt
et al/2021). Although these radicals are not directly observed in
the. present/experiments because of their short lifetimes, their par-
ticipation'in secondary ice chemistry is well established. Sequential
methylation of EtA-derived intermediates to N-methylethanolamine
and N,N-dimethylethanolamine represents a chemically plausible
pathway, analogous to methylation reactions reported in other irra-
diated amine-containing systems (Pham et al. 2023). In the present
layered ice, such reactions would require spatial overlap between
methanol-derived methyl radicals and EtA-derived amino-alcohol
fragments, most likely near the CH3OH/H,O/EtA interfacial region
or through secondary-electron-driven chemistry.

The final methylation step leading to a quaternary ammonium
species such as the choline cation, however, is expected to be chal-
lenging in the solid phase. Formation of a stable quaternary ammo-
nium cation likely requires either highly localised ion—molecule en-
counters or transient cationic intermediates. In this context, oxidation
of dimethylethanolamine to a radical cation, potentially mediated by
radiolytically induced ionisation of water to H,O*", provides a con-
ceivable alternative pathway (Arumainayagam et al. 2019; Zhang
et al. 2024a). Reaction of such a radical cation with a nearby CH;
radical could, in principle, provide a route towards the choline cation
or a related quaternary-ammonium-type ion, as represented in Fig-
ure 8. This pathway should therefore be regarded as a proposed route
rather than a confirmed mechanism.

The comparatively weak intensity of the choline-related infrared
bands suggests that this channel is inefficient, consistent with the
known radiosensitivity of choline reported in earlier irradiation stud-
ies (Lindblom et al. 1961; Symons 1972). In addition, the limited
penetration of 2 keV electrons means that only the upper region of
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the EtA layer is expected to be directly processed, while most of
the deposited energy is absorbed within the overlying CH3;0H and
H;O layers. This restricted access to EtA may further limit the for-
mation of methylated EtA-derived products, and rapid destruction of
newly formed choline or choline-like species under continued irradi-
ation may further suppress their net abundance. This interpretation
is consistent with the ESI-MS data, where the fourth and fifth mass
families show similarities with the choline chloride reference spec-
trum, as shown in Figure 7. Although no isolated diagnostic signal
at m/z = 104 is clearly detected, the mass-family distribution of
the residue resembles that of the choline chloride reference. This
suggests that methylated amino-alcohol-type ions, choline-like ions,
or related fragments may contribute to the residue, while a secure
identification of choline itself cannot be made from the present data.

Other N/O-bearing products cannot be excluded in the processed
residue. For example, formamide (NH,CHO) formation has been
investigated by Jones et al. (2011), who proposed a pathway involv-
ing initial hydrogenation of CO to form the formyl radical, HCO",
followed by recombination with the amino radical, NH;. This route
is relevant to the present experiments because both CO and NH;-
bearing fragments can be produced during irradiation of the EtA—
H;O—CH3O0H ice. Furthermore, glycine has been investigated in sev-
eral experimental and theoretical studies under energetic processing
conditions (Holtom et al. 2005; Maté et al. 2011; Portugal et al. 2014;
Joshi & Lee 2022). However, in the present work, formamide- and
glycine-related assignments should be regarded as tentative because
of extensive band overlap in the infrared spectra and the lack of
structural confirmation from the ESI-MS data.

5 ASTROCHEMICAL AND ASTROBIOLOGICAL
IMPLICATIONS

These experiments show that EtA, deposited beneath H,O and
CH3;OH layers, remains spectroscopically detectable after 60 min
of 2 keV electron irradiation while participating in a network of
radiation-driven reactions relevant to dense molecular cloud envi-
ronments. The predominance of small molecules among the radiol-
ysis products is consistent with efficient fragmentation and radical
chemistry in the processed ice, whereas the persistence of EtA spec:
tral signatures after irradiation suggests that, when embedded within
stratified HyO- and CH3OH-rich grain mantles, a fraction of EtA
may survive energetic processing and remain available for further
chemical evolution during ice warming, desorption;orincorporation
into larger icy bodies.

EtA has been detected in the GC molecular cloud G+0.693-0.027
(Rivilla et al. 2021), a chemically rich regionswhere low-velocity
shocks and enhanced cosmic-ray orX-ray processing have been pro-
posed to play an important role in the obsefved molecular inventory
(Zeng et al. 2018, 2020). The present results show that, in a lay-
ered ice containing EtA, H»O, and CH3OH, EtA can participate
in irradiation-driven chemistry leading to N/O-bearing products of
increasing complexity, Although the present data do not provide se-
cure evidence for’efficient choline formation, and although choline-
containing salts are known to be radiosensitive (Lindblom et al.
1961; Symons, 1972); partial methylation of EtA-derived fragments
by CH3OH-derived radicals remains a plausible route for expand-
ing the chemical inventory available in processed interstellar ices
(Schmidt etal. 2021; Pham et al. 2023).

If preserved during subsequent thermal evolution and later in-
corporated into planetesimals or cometary material, such processed
N/O-bearing residues could contribute to the molecular complex-

ity delivered to young planetary systems. This possibility is con-
sistent with studies linking interstellar organic chemistry, cometary
and meteoritic material, and the exogenous delivery of prebiotic
compounds to the early Earth (Chyba & Sagan 1992; Ehrenfreund
& Charnley 2000; Mumma & Charnley 2011). The detection of
prebiotic molecules in cometary material, including glycine, fur-
ther supports the relevance of small-body reservoirs as carriers of
molecular complexity (Elsila et al. 2009; Altwegg et al. 2016).
While the present work does not demonstrate efficient synthesis of
fully formed biomolecules, it shows that EtA-containing ices are
chemically active systems capable of supporting complex nitrogen-
and oxygen-bearing chemistry under energetic processing, consistent
with previous laboratory studies showing that irradiation of interstel-
lar ice analogues can produce complex organic residues and prebiotic
molecules (Muiioz Caro et al. 2002; Meinert et al. 2016).

6 CONCLUSIONS

In summary, we have investigated the radiation-driven chemistry of
a layered EtA-H,O—-CH3OH interstellar ice-analogue under 2 keV
electron irradiation at 20 K, followed by temperature-programmed
desorption up to 310 K. In situ FTIR spectroscopy was used to mon-
itor parent-species evolution and irrddiation-induced product forma-
tion, while in situ QMS followed the volatil€ fraction released during
TPD. Complementary ex situ(ESI-MS janalysis provided additional
information on the composition of the final residue.

Electron irradiation produces a chemically rich set of products, in-
cluding CO,, CO, H,€0, H, 0Oy, and nitrogen-bearing species such as
NHs3, NHI—related features; and OCN™. These assignments are con-
sistent with fragmentation, radical recombination, proton-transfer,
and acid-base'pathways commonly observed in processed water- and
methanol-containing molecular ice analogues. The product distribu-
tion _therefore indicates that the addition of EtA does not suppress
the.dominant H, O/CH3OH radiolysis chemistry, but introduces ad-
ditional N-bearing reaction channels.

Signatures consistent with more complex products, including
formic acid and polyoxymethylene-like material, are also ob-
served, indicating that carbonyl chemistry and formaldehyde-driven
oligomerisation can operate alongside molecular fragmentation in
this ternary layered ice. The persistence and sharpening of selected
residue features during TPD further suggest that irradiation generates
less volatile material whose spectral signatures become more distinct
as the ice matrix reorganises during warming.

Comparison with choline chloride—H, O reference spectra supports
the tentative association of irradiation-induced bands in the 895-
850 cm™! region with methylated N/O-bearing species displaying
choline-like spectral signatures. The ex situ ESI-MS data likewise
show mass-family distributions that resemble the choline chloride
reference more closely than the substrate/background blank. In par-
ticular, weak higher-m/z families near the nominal mass region of
choline-related ions are observed in both the residue and choline
chloride reference, whereas no corresponding signals are detected in
the blank under the same ESI-MS measurement conditions. How-
ever, a secure identification of choline itself cannot be made from
the present data because of infrared band overlap, matrix effects, the
lack of isolated diagnostic mass-spectral features, and the absence of
structural information from the ESI-MS measurements.

The layered geometry is expected to shape the observed chemistry
by controlling where the primary electron energy is deposited and
where interfacial radical-mediated reactions can occur. The CH;OH
and H,O layers lie above the thicker EtA layer and are therefore

920z Jequieldas /| uo 1sanb Aq 052088//S/ | BeIS/SeIuw/S60 L 0 | /10p/3[o1e-80UBAPE/SRIUW/WO9 dNO dIWSpEeI. WO} PAPEOJUMOQ]



expected to receive most of the primary electron energy deposition.
This is consistent with the dominance of products typical of pro-
cessed methanol- and water-rich ices, while still allowing chemically
relevant EtA processing through direct irradiation of the upper EtA
region, interfacial radical chemistry, and secondary-electron-driven
reactions.

Further work will be valuable for establishing how broadly the
trends identified here apply across different astrochemically relevant
ice conditions. In particular, systematic comparisons between layered
and fully mixed EtA—H,O—CH3OH ices, together with variations in
ice composition and morphology, will help establish how these fac-
tors influence the balance between fragmentation, radical recombina-
tion, and molecular growth. Experiments spanning a broader range of
electron energies and fluences, complemented by more structurally
diagnostic analyses of the resulting residues, would further clarify
the connection between the reaction pathways identified here and the
chemical evolution of irradiated interstellar ices.

Our results show that layered EtA-containing ices are chemically
active systems in which fragmentation, radical recombination, and
formation of less volatile residue components can occur simultane-
ously under energetic processing. They support the view that ice
composition and layering influence the balance between destruction,
preservation, and functionalisation of complex organic molecules,
with implications for the evolution of N/O-bearing organic chem-
istry in irradiated interstellar environments such as the molecular
cloud G+0.693-0.027 and for the potential delivery of processed
organic material to nascent planetary systems.
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APPENDIX A: INFRARED BANDS OF AQUEOUS CHOLINE CHLORIDE SOLUTION
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Figure A1l: Mid-infrared spectrum of the choline chloride reference. The inset shows the spectral features between 1520 and 600 cm~! in more
detail. The assignment of each band is listed in Table Al.

Table Al: Observed infrared bands and vibrational assignments for the choline chloride reference. The band numbers refer to the band
assignments of choline in Fig. Al.

Band Wavenumber (cm™') Mode Band Wavenumber (cm™T) <Mode
1 3222 v(O-H) 17 1272 p(€H3)
2 3025 v(CH3), v(CHy) 18 1241 P(CH3)
3 3014 v(CH3), v(CH) 19 1219 p(CH3)
4 3005 v(CH3), v(CHy) 20 1151 p(CH3)
5 2958 v(CH3), v(CHy) 21 140 p(CH3)
6 2923 v(CH3), v(CHy) 22 1085, v(C-C), v(C-0)
7 1639 5(H,0) 23 1056 p(CHy)
8 1481 6(CHz) 24 1012 p(CH)
9 1460 6(CHz3) 25 959 p(CH3), v(N-CHy)
10 1452 6(CH3) 26 951 v(N-CHy;)
11 1442 8(CH3), Oiss.(CHg) .27 891 v(N-CHj3), N(CH3)j
12 1424 6(COH) 28 863 v(N-CH3), N(CH3)}
13 1412 Osciss.(CHp) 29 844 N(CH3)}
14 1375 6(CH3) 30 712 v(N-CHj3), N(CH3)3
15 1349 w(CHy) 31 631 7(0-H)
16 1330 w(CHy)

Modes: v (stretching), & (bending), w (umbrella)p (rocking), T (twisting).

Assignments: Based on previous studies by Miller etal. (1988); Pawlukoj¢ & Hetmariczyk (2014); Golestanifar & Reza Sardarian (2025).

The choline chloride reference was prepared(from a\0.1’M aqueous choline chloride solution, which was drop-cast onto the ZnSe substrate before
introduction into the chamber at room temperature, approximately 310 K.
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