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A B S T R A C T 

The recent detection of ethanolamine (EtA, HOCH 2 CH 2 NH 2 ), a key component of phospholipids, i.e. the building blocks of 
cell membranes, in the interstellar medium is in line with an exogenous origin of life-rele v ant molecules. Ho we ver, the stability 

and survi v ability of EtA molecules under inter/circumstellar and Solar System conditions have yet to be demonstrated. Starting 

from the assumption that EtA mainly forms on interstellar ice grains, we have systematically exposed EtA, pure and mixed with 

amorphous water (H 2 O) ice, to electron, ion, and thermal processing, representing ‘energetic’ mechanisms that are known to 

induce physicochemical changes within the ice material under controlled laboratory conditions. Using infrared (IR) spectroscopy, 
we have found that heating of pure EtA ice causes a phase change from amorphous to crystalline at 180 K, and further temperature 
increase of the ice results in sublimation-induced losses until full desorption occurs at about 225 K. IR and vacuum ultraviolet 
(VUV) spectra of EtA-containing ices deposited and irradiated at 20 K with 1 keV electrons as well as IR spectra of H 2 O:EtA 

mixed ice obtained after 1 MeV He + ion irradiation have been collected at different doses. The main radiolysis products, 
including H 2 O, CO, CO 2 , NH 3 , and CH 3 OH, have been identified and their formation pathways are discussed. The measured 

column density of EtA is demonstrated to undergo exponential decay upon electron and ion bombardment. The half-life doses 
for electron and He + ion irradiation of pure EtA and H 2 O:EtA mixed ice are derived to range between 10 . 8 –26 . 3 eV/16u. 
Extrapolating these results to space conditions, we conclude that EtA mixed in H 2 O ice is more stable than in pure form and it 
should survive throughout the star and planet formation process. 

Key words: astrochemistry – radiation: dynamics – methods: laboratory: molecular – techniques: spectroscopic – infrared: 
ISM – ultraviolet: ISM. 
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 I N T RO D U C T I O N  

he theory of an extra-terrestrial origin for many of the complex
rganic molecules (COMs) thought to be key to the emergence of life
n Earth is supported by the disco v ery of more than 300 individual
pecies in the interstellar medium (ISM) (McGuire 2022 ), as well as
he detection of various biomolecules such as proteinogenic amino
cids in comets and asteroids (Glavin, Dworkin & Sandford 2008 ; Al-
wegg et al. 2016 ). One class of biomolecule that has received increas-
ng attention from the astronomical and astrochemical communities
s that of phospholipids, the building blocks of cellular membranes.
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ndeed, indirect evidence of their extra-terrestrial origin has appeared
n the form of the detection of their structural sub-components (e.g.
atty acids, alcohols, and phosphonic acids) in meteorites (Cooper,
nwo & Cronin 1992 ; Sephton 2002 ; Pizzarello & Shock 2010 ).
aboratory experiments have also successfully synthesized glycerol
hosphates, precursor molecules for lipid biosynthesis, in interstellar
ce analogues subjected to space conditions (Zhu et al. 2020 ). 

The recent detection of the simplest phospholipid hydrophilic
ead-group, ethanolamine (EtA; IUPAC name: 2-aminoethanol;
ormula: HOCH 2 CH 2 NH 2 or C 2 H 7 NO), in interstellar space (Rivilla
t al. 2021 ), combined with its previously known existence within
he Almahata Sitta meteorite (Glavin et al. 2010 ), further strengthens
he possibility of an exogenous origin for life’s biomolecules.
nterestingly, the work by Rivilla et al. ( 2021 ) suggests that EtA in
he ISM could be seeded to planetesimals during the formation of the
olar System and subsequently transferred to the early Earth. Such
n idea is not unreasonable, particularly in light of the fact that many
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 

http://orcid.org/0000-0002-7202-0719
http://orcid.org/0000-0002-4304-2628
http://orcid.org/0000-0002-3401-5660
http://orcid.org/0000-0001-6468-2467
http://orcid.org/0000-0002-8200-8262
mailto:jin.zhang@qmul.ac.uk
mailto:a.traspasmuina@qmul.ac.uk
mailto:s.ioppolo@phys.au.dk
https://creativecommons.org/licenses/by/4.0/


Ethanolamine ice astrochemistry 827 

Table 1. Summary of the experiments on EtA ices performed as part of our systematic study. Note that, the mass densities of the pure 
EtA ices were assumed to be 1.01 g cm 

−3 (Reitmeier, Sivertz & Tartar 1940 ), while those of the H 2 O:EtA mixed ices were approximated 
by that of ASW which has been reported to be 0.94 g cm 

−3 (Ghormley & Hochanadel 1971 ). 

Ice Sample 1 † 2 3 4 5 6 

Composition Pure EtA Pure EtA Pure EtA H 2 O:EtA (50:1) H 2 O:EtA (20:1) H 2 O:EtA (50:1) 
Temperature (K) 20-225 20 20 20 20 20 
Thickness ( μm) 0.33 0.34 0.04 1.90 0.03 1.40 
Projectile – 1 keV e − 1 keV e − 1 keV e − 1 keV e − 1 MeV He + 
Penetration depth ( μm) – 0.045 0.045 0.050 0.050 5.6 
Stopping power (eV Å−1 ) – 2.22 1.98 2.00 2.00 25.13 
Mass stopping power ( ×10 −15 eV 

cm 

2 /16u) 
– 5.88 5.23 5.69 5.69 71.40 

Spectroscopic analysis IR IR VUV IR VUV IR 

Facility Atomki Atomki ASTRID2 Atomki ASTRID2 Atomki 

Note . † Non-irradiativ e heating experiment. 

p
d  

c
(  

p
o  

m  

m
2

c
t
T
a  

m
a  

i
f
N  

2
E  

(  

E
o  

e  

C
→
r  

w  

2  

e  

c  

U
u  

g
i
f

 

c
u  

b
p
w  

v
w

i  

s
f
(
R  

s
(
t
c
a  

e  

t
V
m

2

E
a
e  

t  

a
p
i
H
c
I
t  

A
i
o  

u  

c
o  

p

2

E
C
s
e  

p
c  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/533/1/826/7725831 by guest on 16 August 2024
rebiotic molecules and biomolecules accreting in circumstellar 
ust are thought to be able to survive the many meteoritic and
ometary collisions that characterized the surface of the early Earth 
Bertrand et al. 2009 ; McCaffrey et al. 2014 ). Once delivered to the
rimitive Earth, EtA could, in principle, participate in the synthesis 
f phospholipids (Or ́o et al. 1978 ; Rao, Eichberg & Or ́o 1987 ), which
ay then go on to form primitive cell membranes within which proto-
etabolisms may arise (Budin & Szostak 2011 ; Monnard & Deamer 

011 ). 
The efficient synthesis and stability of EtA under astrophysical 

onditions are essential pre-requisites for its successful delivery to 
he early Earth and any possible resultant phospholipid formation. 
herefore, it is highly desirable to identify the formation routes 
nd the stability of EtA within the ISM. Thus far, the chemical
echanisms by which interstellar EtA may form remain unclear, 

lthough several possibilities are summarized by Rivilla et al. ( 2021 ),
ncluding: (i) the grain-catalysed hydrogenation of HNCCO (Ehren- 
reund & Charnley 2001 ), (ii) the barrierless reactions between either 
H 3 + C + CO or NH 2 + CH + CO to form NH 2 CHCO (Suzuki et al.
018 ; Krasnokutski 2021 ) followed by further hydrogenation to yield 
tA, (iii) the reaction between CO and NH 2 CH 2 to yield NH 2 CH 2 CO

Suzuki et al. 2018 ) followed by further hydrogenation to form
tA, (iv) non-diffusive chemistry between NH 2 CH 2 + CH 2 OH 

n the surfaces of dust grains (Fedoseev et al. 2015b ; Ioppolo
t al. 2021a ), and (v) the reaction from ethylene, C 2 H 4 + OH →
 2 H 4 OH, followed by the radical–radical reaction C 2 H 4 OH + NH 2 

 NH 2 CH 2 CH 2 OH (Molpeceres & Rivilla 2022 ). Additionally, 
ecent studies have shown that the carbon atom C( 3 P) is reactive
ith components of interstellar ice, such as H 2 O (Potapov et al.
021 ; Molpeceres et al. 2021 ) and CO (Fedoseev et al. 2022 ; Ferrero
t al. 2023 ), and a possible product formed as a result of this
hemistry, :C = C = O, could be a building block for EtA molecules.
nfortunately, none of the aforementioned larger precursors has been 
nambiguously detected in the ISM due either to a lack of laboratory-
enerated rotational spectra or their possible rapid consumption 
n these reactions, and so the interstellar chemistry leading to the 
ormation of EtA remains shrouded in mystery for now. 

In this paper, we detail the results of a series of experiments
onducted to assess the radiation stability of EtA ice when impinged 
pon by a 1 keV electron beam as well as a 1 MeV He + ion
eam, simulating a variety of interstellar-relevant ionizing radiation 
rocesses. In order to monitor radiation-induced chemical changes 
ithin the ice, we have made extensive use of in situ infrared (IR) and
acuum-ultraviolet (VUV) absorption spectroscopy. Furthermore, 
e have also collected spectra of the pristine (i.e. unirradiated) EtA 
ce at various temperatures so as to aid in the interpretation of our
pectroscopic results. The results are further supported by density 
unctional theory (DFT), time-dependent density functional theory 
TDDFT), and the domain-based local pair natural orbital (DLPNO; 
iplinger & Neese 2013 ; Riplinger et al. 2013 ) implementation of

imilarity transformed equation-of-motion coupled-cluster theory 
STEOM-CCSD; Nooijen & Bartlett 1997 ), collectively referred 
o as DLPNO-STEOM-CCSD. Our IR and VUV spectroscopic 
haracterizations and our electron and He + ion irradiations constitute 
n important step towards a better understanding of the synthesis and
 volution of primiti ve cell membranes. The IR data will further aid
he interpretation of observational results from the JWST, while the 
UV data will support spectroscopic data collected by interplanetary 
issions such as the Jupiter Icy Moons Explorer ( JUICE ). 

 EXPERI MENTAL  M E T H O D O L O G Y  

lectron and He + ion irradiation experiments of EtA, both pure 
nd mixed with amorphous solid water (ASW), along with heating 
xperiments of pure EtA ice, were conducted to simulate the different
ypes of processing to which EtA ices may be subjected in different
stronomical environments. The first series of measurements was 
erformed at the HUN–REN Institute for Nuclear Research (Atomki) 
n Debrecen, Hungary, where ices were processed by electron and 
e + ion irradiation as well as thermal annealing, and physico- 

hemical changes in the ice were quantitatively monitored using 
R spectroscopy. The second series of measurements took place at 
he AU–UV beam line of the ASTRID2 synchrotron light source at
arhus University, Denmark, where ices were processed by electron 

rradiation and investigated using VUV spectroscopy. The remainder 
f this section is devoted to a description of the experimental set-
ps and techniques used throughout this study, as well as of the
omputational calculations performed to support the interpretation 
f the laboratory work. A summary of the experiments performed is
rovided in Table 1 . 

.1 IR spectroscopy at Atomki 

xperiments performed at Atomki were carried out using the Ice 
hamber for Astrophysics–Astrochemistry (ICA). This experimental 

et-up has been described in detail in previous publications (Herczku 
t al. 2021 ; Mifsud et al. 2021 ), and hence only a brief o v erview is
rovided here. The ICA is an ultrahigh vacuum (UHV)-compatible 
hamber with a base pressure of 10 −9 mbar, which is maintained
hrough the combined action of a rough dry vacuum pump and a
MNRAS 533, 826–840 (2024) 
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urbomolecular pump. Within the centre of the chamber is a gold-
oated, oxygen-free high conductivity (OFHC) copper sample holder
osting a series of ZnSe deposition substrates (see fig. 3 in Herczku
t al. 2021 ) onto which astrophysical ice analogues may be prepared.
he sample holder and deposition substrates can be cooled to 20 K
y a closed-cycle helium cryostat. 
A Thermo Nicolet Nexus 670 Fourier-transform mid-infrared

FTIR) spectrophotometer having a spectral range of 4000–650 cm 

−1 

2.5–15.4 μm) and a nominal resolution of 0.5 cm 

−1 was used
o quantitatively monitor physicochemical changes in our EtA-
ontaining ices induced by thermal or radiolytic processing. In the
resent setup (see fig. 4 in Herczku et al. 2021 ), the transmitted
R beam is detected by using a mercury–cadmium–telluride (MCT)
etector placed outside the main vacuum chamber in a small external
ontainer. A purge box continuously passes purified air through this
CT detector chamber as well as the entire IR pathway so as to

revent absorption by air constituents of variable composition (e.g.
 2 O or CO 2 ). IR spectra were acquired as collections of 256 co-

dded scans. 

.1.1 Heating experiments 

tA purchased from Merck ( > 99.5 per cent purity, CAS 141-43-5)
as first degassed in a glass vial using the standard liquid nitrogen

reeze-pump-thaw technique. It was subsequently dosed into the
ain chamber and directly deposited onto the ZnSe substrates at 20 K

ia a custom-built direct dosing line. After deposition of the ice, an
R absorption spectrum was collected, and the ice was subsequently
armed at a rate of 2 K min −1 with additional spectra collected at
0 K intervals until total sublimation of the ice occurred at 225 K. 
The column density N (molecules cm 

−2 ) and thickness d ( μm) of
 deposited interstellar ice analogue studied using IR spectroscopy
as calculated through the following equations: 

 = 

ln (10) × ∫ 
A ( ν) d ν

A 

, (1) 

 = 10 4 × Nm 

N A ρ
, (2) 

here A ( ν) is the wa venumber -dependent absorbance of a character-
stic IR absorption band, A is the integrated strength constant of that
and, m is the molecular mass of the molecule, N A is the Avogadro
onstant, and ρ is the ice density. As there are no available literature
alues on the density of pure EtA ice at 20 K, we have made use of
 density value of 1.01 g cm 

−3 , which represents the mass density of
tA under standard temperature and pressure conditions (Reitmeier
t al. 1940 ). In the case of EtA mixed with ASW with ratios of 50:1
nd 20:1 in fa v our of H 2 O, the ASW density value of 0.94 g cm 

−3 was
sed to calculate the thickness of the ice (Ghormley & Hochanadel
971 ). Since our study is the first to consider the IR spectroscopy
f an EtA interstellar ice analogue, we cannot make use of previous
iterature values of the integrated strength constants of its absorption
ands. As such, we have followed the procedure previously published
n Fuchs et al. ( 2009 ) that uses isothermal desorption experiments to
stimate the band strength of a molecule as described in section 3.1.2 .

.1.2 1 keV electron irradiation experiments 

lectron irradiation experiments were conducted by means of a
imball ELG-2A electron gun that is affixed to the side wall of the

CA. This gun is able to emit stable, mono-energetic electron beams
aving kinetic energies between 5 –2000 eV. Prior to irradiation, the
NRAS 533, 826–840 (2024) 
eam current, stability, and profile of the 1 keV electron beam used
or this study were determined using the method described by Mifsud
t al. ( 2021 ). 

A pure EtA ice and an H 2 O:EtA (50:1) mixed ice were each
eposited at 20 K, after which an IR absorption spectrum of each
ce was acquired. The ices were subsequently irradiated using 1 keV
lectrons, with incident electrons impacting the ice at an angle of
6 ◦ to the normal at a flux of 3.2 ×10 13 electrons s −1 cm 

−2 . The ices
ere irradiated for a total of 1 h, corresponding to a delivered fluence
f 1.2 ×10 17 electrons cm 

−2 . Additional IR spectra were acquired at
re-defined fluence intervals. 

.1.3 1 MeV He + ion irradiation experiments 

he ion irradiation of an H 2 O:EtA (50:1) mixed ice was also
erformed. Similarly to the electron irradiation experiments, an IR
bsorption spectrum was acquired directly after deposition of the
ce. The mixed ice was then irradiated with a 1 MeV He + ion beam
elivered by a 2 MV Tandetron particle accelerator (Rajta et al. 2018 ;
iri et al. 2021 ), with ions being delivered to the ice at an angle of
6 ◦ to the normal and at a flux of 7.2 ×10 11 He + ions s −1 cm 

−2 

or 1 hour, corresponding to a total delivered fluence of 2.6 ×10 15 

e + ions cm 

−2 . Additional IR spectra were recorded at pre-defined
uence intervals. 

.2 VUV spectroscopy at ASTRID2 

xperiments performed at the ASTRID2 synchrotron facility made
se of the Portable Astrochemistry Chamber (PAC). This chamber
as been described previously (Ioppolo et al. 2020 , 2021b ), and so we
imit ourselves to a brief description of its most salient features. The
AC is a UHV-compatible spheroidal-cube chamber operating at a
ase pressure of 10 −9 mbar. The chamber contains a rotatable OFHC
opper sample holder hosting a MgF 2 substrate that can be cooled to
0 K by a closed-cycle helium cryostat. Interstellar ice analogues can
e prepared via the deposition of dosed gases and vapours, which are
rst introduced into a pre-mixing line before being dosed into the
ain chamber through an all-metal leak valve for direct deposition. 
The PAC is attached to the AU-UV beamline at the ASTRID2

ynchrotron light source, which is able to produce monochromatic
ight o v er a wav elength range of 115 –700 nm using two gratings
Eden et al. 2006 ; Palmer et al. 2015 ). The high-energy grating
sed for the experiments described in this paper has a typical flux
f 10 10 photons s −1 100 mA 

−1 and a photon resolution of 0.08 nm.
he step sizes for data collection in this work are 0.2 and 1 nm.
 photomultiplier tube (PMT) mounted on the PAC chamber is
sed to measure the light produced by the AU–UV beam line being
ransmitted through the MgF 2 substrate and ices. It is important to
ote that the VUV radiation from ASTRID2 is used as a diagnostic
ool to monitor chemical changes within the ices, rather than to
hotoprocess the ices. The VUV irradiation effects on the ices, i.e.
hotodesorption and photochemistry, are negligible due to the low
UV flux and low o v erall photon fluence used. 
Similarly to the work at Atomki, EtA was purchased from Merck

 > 99.5 per cent purity) and was degassed using the standard liquid
itrogen freeze-pump-thaw technique before being used. Prior to
eposition of the ice, the MgF 2 substrate was cooled to 20 K, then
apidly heated to 276 K so as to remo v e an y contaminant species
dsorbed on it, and then re-cooled to 20 K. The substrate was then
otated to face the inlet system of the dosing line, and a pure EtA ice or
n H 2 O:EtA (20:1) mixed ice were deposited in separate experiments.
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he o v erall thickness of the deposited ice was determined by means
f the He–Ne laser interference technique; more information on 
hich can be found in the works of Goodman ( 1978 ) and Born &
olf ( 2013 ). Briefly, this technique allows the thickness of the ice to

e calculated as: 

 = 

λ0 

2 n 1 cos θ
× C, (3) 

here λ0 is the wavelength of the He–Ne laser beam in vacuo 
632.8 nm), θ is the angle of the laser light within the ice, n 1 is
he refractiv e inde x of the ice layer which is estimated from the ratio
f the maxima and minima of the laser interference pattern, and C
s the number of constructive pattern repetitions observed during the 
eposition of the ice. 
It is to be noted that the deposition of an ice for a duration corre-

ponding to a full interference fringe (i.e. C = 1, or one repetition
n the laser interference pattern), oftentimes results in an ice which 
s sufficiently thick to cause saturation of its major VUV absorption 
eatures. In such cases, the deposition time corresponding to a full
nterference fringe was recorded and then the ice was subsequently 
eated from 20 K until sublimation. The known deposition time of
ne fringe and its corresponding ice thickness were then used to 
stimate a shorter deposition time so as to obtain a thinner ice having
 spectrum with no saturated absorption features. 

The electron irradiations of a pure EtA ice and an H 2 O:EtA (20:1)
ixed ice were examined in separate experiments. An ice was first

eposited at 20 K, after which a VUV absorption spectrum was 
cquired. The ice was then irradiated using 1 keV electrons by means
f a Kimball FRA-2X1-5549 electron gun, with incident electrons 
mpacting orthogonal to the plane of the ice. The ice was irradiated
sing a flux of 2 × 10 13 electrons s −1 cm 

−2 for 1 h, corresponding
o an o v erall deliv ered fluence of 7.2 ×10 16 electrons cm 

−2 . During
ach irradiation, additional VUV absorption spectra were acquired 
t pre-defined fluence intervals. 

.3 Computational details 

alculations were performed to simulate the IR and VUV spectra 
f EtA ice, aiding in the identification and interpretation of exper- 
mentally observed absorption bands. All DFT calculations were 
arried out using the GAUSSIAN 16, Revision C.01 quantum chemistry 
ackage (Frisch et al. 2016 ), while TDDFT and DLPNO-STEOM- 
CSD computations were conducted with ORCA 5.0.4 (Neese 2022 ). 
eometry optimizations were performed with the PBE0 functional 

Adamo & Barone 1999 ; Ernzerhof & Scuseria 1999 ) and the def2-
ZVP (Weigend & Ahlrichs 2005 ) basis set.Dispersion corrections 
ere included in the optimizations using Grimme’s D3 method 

Grimme et al. 2010 ) combined with the Becke–Johnson (BJ) 
orrection (Grimme, Ehrlich & Goerigk 2011 ). This level of theory 
s referred to as PBE0-D3(BJ)/def2-TZVP. We selected this DFT 

unctional based on its pro v en performance for structural properties 
f various small to medium-sized organic molecules, as supported by 
istinct benchmark studies (e.g. Kozuch & Martin 2013 ; Br ́emond 
t al. 2016 ; Sharma & Champagne 2022 ). The calculations were
erformed for distinct conformers of the isolated EtA molecule and 
tA clusters, considering stoichiometries of up to four molecules, 

EtA) 4 . These clusters were built from special cuts of the EtA
rystal structure obtained by Romanini et al. ( 2019 ) and from
elected structures taken from Vorobyov, Yappert & DuPr ́e ( 2002 ).
ndeed, cluster-based quantum chemical calculations employing 
FT offer a robust approach for simulating and interpreting the 
ibrational (Chizallet et al. 2007 ; Yuan et al. 2018 ; Zhang et al.
021 ; Kalout et al. 2022 ) and electronic (Craciunescu et al. 2023 )
roperties of condensed-phase systems and molecular crystals. This 
s contingent upon the proper consideration of available crystal X-ray 
ata and cluster symmetry (Katsyuba et al. 2020 ; Craciunescu et al.
022 ). All optimized geometries are characterized as minima on the
orresponding potential energy surfaces by vibrational frequency 
alculations, which revealed that all eigenvalues of the Hessian 
atrices are positive. A scaling factor of 0.96 was applied to

ll vibrational frequencies obtained in this study to account for 
pproximations in electronic structure calculations and vibrational 
nharmonic ef fects. This v alue, which depends on the level of theory
nd basis set used, was chosen based on recommendations from 

he NIST Computational Chemistry Comparison and Benchmark 
atabase (CCCBDB; Johnson 2022 ). 
Vertical excitation energies considering up to 20 singlet states were 

omputed for distinct conformers of EtA (see the Supplementary data 
or further information) utilizing the TDDFT approach in order to 
imulate their UV-vis spectra. These were done using the long-range 
orrected ωB97X-D3(BJ) hybrid functional (Chai & Head-Gordon 
008 ) and the quadruple- ζ def2-QZVPP basis set. A Lorentzian 
roadening with band width at half height of 10 nm was applied
o all transitions. Additional electronic excitation calculations were 
erformed at the DLPNO–STEOM–CCSD (Nooijen & Bartlett 1997 ; 
iplinger & Neese 2013 ; Riplinger et al. 2013 ) level of theory and
ere used to validate the TDDFT results. For these, the quadruple- ζ
ef2-QZVPP basis set was also applied. The characterization of the 
lectronic excitations was done by performing the natural transition 
rbital (NTO) analysis (Martin 2003 ). Inspired by recent studies 
n which accurate absorption spectra of organic semiconductor thin 
lms were obtained by a cluster approach (Craciunescu et al. 2022 ,
023 ), we extended our investigation to EtA oligomers. Ho we ver, the
ifferences between the vertical excitation energies of a single EtA 

olecule and its oligomers turned out to be negligible, so we limit
he discussion of the calculated absorption spectrum to our results 
or the isolated molecule. All TDDFT electronic energies discussed 
erein are calculated at the ωB97X-D3(BJ)/def2-QZVPP//PBE0- 
3(BJ)/def2-TZVP level of theory. 

 RESULTS  A N D  DI SCUSSI ON  

.1 Deposition and heating studies 

.1.1 Deposition of pure EtA ice 

he IR spectrum of pure EtA ice with a thickness of 330 nm deposited
t 20 K is displayed in Fig. 1 . The absorption bands are listed
n Table 2 , and are assigned to corresponding vibrational modes
ccording to published literature and our computational calculations. 
he intense peaks at around 3300 cm 

−1 are assigned to the NH 2 

oiety; more precisely, to the symmetric and antisymmetric NH 2 

undamental stretching modes that are respectively identified at 
287 and 3353 cm 

−1 (Krueger & Mettee 1965 ; Silva et al. 1999 ;
nop, Lindner & V ̈ohringer 2011 ). Additionally, the OH funda-
ental stretching mode is located at 3187 cm 

−1 , and there are two
H stretching modes at 2857 and 2933 cm 

−1 (Knop et al. 2011 ).
ompared to the gas-phase spectrum, these absorption bands show 

lear shifts to longer wavelengths, which is due to the formation
f hydrogen bonds in the solid phase (Novak 1974 ; Kandratsenka,
chwarzer & V ̈ohringer 2008 ). This is also evident when comparing

he computed IR peak of the OH stretching mode of the most stable
as-phase conformer of EtA (Radom et al. 1973 ; Silva et al. 1999 )
ith that of the (EtA) 2 - I dimer, which features an intermolecular
MNRAS 533, 826–840 (2024) 
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Figure 1. IR absorption spectrum of pure EtA ice after deposition at 20 K 

having a spectral resolution of 0.5 cm 

−1 . The absorption band at 1615 cm 

−1 

has been highlighted by a dashed blue rectangle. The 3D image of the global 
minimum structure of gas-phase EtA (Silva, Duarte & Fausto 1999 ) is also 
shown. 

Table 2. Band assignments for the pure EtA ice deposited at 20 K. 

Band No. Wavenumber (cm 

−1 ) Mode References 

1 3353 νas (NH 2 ) a, b, c 
2 3287 νs (NH 2 ) a, b, c 
3 3187 ν(OH) a 
4 2933 νas (CH 2 ) a, c, d 
5 2857 νs (CH 2 ) a, c, d 
6 1615 δ(NH 2 ) c, d 
7 1455 δ(CH 2 ) c, d 
8 1365 ω(CH 2 ) c, d 
9 1240 τ (CH 2 ) c, d 
10 1178 ρ(CH 2 ) c, d 
11 1083 ν(C −O) c, d 
12 1035 ν(C −N) c, d 
13 968 ω(NH 2 ) c 
14 870 ν(C −C) c 

a Knop et al. ( 2011 ); b Krueger & Mettee ( 1965 ); c Silva et al. ( 1999 ); d Tseng 
et al. ( 2010 ). 
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Figure 2. (a) Molecular structure and computed OH · · · X (X = NH 2 , OH) 
vibrational frequencies of selected dimeric (EtA) 2 systems. (b) Simulated 
IR absorption spectra for EtA and different EtA dimeric systems. A scaling 
factor of 0.96 is applied to all calculated frequencies. In (EtA) 2 - II , the two 
large peaks in the 3000 −3500 cm 

−1 region correspond to the OH · · · NH 2 

(3203 cm 

−1 ) and OH · · · OH (3391 cm 

−1 ) vibrations, respectively. In (EtA) 2 - 
IV , the wavenumber values represent the positions of the symmetric ( sym ) 
and antisymmetric ( antisym ) OH · · · NH 2 vibrations, which are coupled in 
this isomer. For comparison, the OH stretching of the most stable conformer 
of EtA in the gas phase is found at 3587 cm 

−1 . Relative electronic energies 
corrected by zero-point energy (kcal mol −1 ) are as follows: (EtA) 2 - I : 7.4; 
(EtA) 2 - II : 1.2; (EtA) 2 - III : 3.9; (EtA) 2 - IV : 0. All calculations were performed 
at the PBE0-D3(BJ)/def2-TZVP level of theory. 
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H · · · NH 2 hydrogen bond (see top panel of Fig. 2 ). While the
H stretching mode of monomeric EtA is located at 3587 cm 

−1 ,
he OH · · · NH 2 stretching vibrational mode of the dimer (EtA) 2 - I is
ound at 3351 cm 

−1 , corresponding to a redshift of 236 cm 

−1 . Similar
edshifts are found for other (EtA) 2 isomers featuring OH · · · NH 2 

ontacts, including the cyclic dimer (EtA) 2 - IV , which was identified
y Vorobyov et al. ( 2002 ) as the one featuring the highest OH · · · NH 2 

nteraction energy. The computed IR absorption spectra for both
he monomeric system as well as the various dimeric systems are
isplayed in the bottom panel of Fig. 2 . The fingerprint region of the
tA spectrum shown in Fig. 1 contains a rather complicated series
f absorption bands mainly due to bending vibrations within the
olecule (Stuart 2004 ), for which the corresponding assignments

re listed in Table 2 . Among these bands, the band at 1615 cm 

−1 

orresponding to the NH 2 bending mode is a relatively isolated
ne, as denoted by the blue rectangle therefore it will be used in
NRAS 533, 826–840 (2024) 
ater subsections for the estimation of the integrated band strength
onstant and column density. 

.1.2 Heating of pure EtA ice 

wo independent heating studies of pure EtA ices were carried out.
he first was a gradual heating study o v er a temperature range
f 20 –225 K performed to determine the temperatures at which
hermally induced phase changes and sublimation of the ice occurred,
hile the second study was a rapid heating experiment from 180

o 210 K followed by isothermal desorption so as to estimate the
ntegrated band strength constant of a characteristic EtA absorption
and, thus allowing for the deposited column density and thickness
f the ice to be estimated. 
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Figure 3. IR spectra of thermally annealed pure EtA ice acquired at 
temperatures ranging between 20 –225 K. Spectra are vertically offset from 

one another for ease of viewing. 
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.1.2.1 Phase change study A pure EtA ice deposited at 20 K was
equentially heated in an effort to understand the physicochemical 
hanges occurring within the ice as a function of temperature. Once 
 post-deposition IR absorption spectrum was acquired, the ice was 
armed to a temperature of 225 K at a rate of 2 K min −1 , with further

pectra being acquired at 10 K intervals. The spectra acquired at 
emperatures of 50, 80, 110, 150, 180, 200, 220, and 225 K are
hown in Fig. 3 . An analysis of the spectral data presented in this
gure reveals that IR spectra collected between 20 and 150 K are
ll fairly similar, indicating that no large-scale structural changes 
ccurred within the ice o v er this temperature range and that the EtA
ikely remained largely amorphous. 

At 180 K, ho we ver, changes to the spectrum became noticeable.
n particular, absorption bands became sharper and narrower and 
ere more easily distinguishable from neighbouring features. Such 

hanges in the appearance of the spectra indicate a phase transition of
he EtA ice from amorphous to crystalline. Indeed, further warming 
o 200 K caused the absorption bands to further sharpen and narrow,
nd absorption bands became even more easily distinguishable from 

heir neighbours. This is especially true in the fingerprint region of
he spectrum, where a series of distinct absorption features becomes 
pparent. Further warming to 220 K resulted in a reduction in the
bsorbance of the bands, indicating some degree of sublimation- 
nduced mass-loss from the crystalline ice. At 225 K, no absorption 
eatures attributable to EtA can be observed in the acquired IR
pectrum, indicating the complete sublimation of the ice. This 
rocess was also confirmed by complimentary gas-phase quadrupole 
ass spectrumetry (QMS) measurements, which initially recorded 

he presence of desorbed EtA at a temperature of about 203 K.
pon further increases in temperature, more e xtensiv e desorption 
as observed by the QMS, with significant and rapid sublimation of

he ice occurring abo v e 220 K. In agreement with IR results, complete
ublimation of the ice was recorded at 225 K. 

.1.2.2 Isothermal desorption study Following the procedure de- 
cribed in Fuchs et al. ( 2009 ) (see their fig. 3), we performed an
sothermal desorption experiment of pure EtA to estimate the value of 
he integrated strength constant of the absorption band at 1615 cm 

−1 
NH 2 bending mode), indicated by the blue dashed rectangle in 
ig 1 . Pure EtA ice was deposited at 180 K and then rapidly
eated to 210 K. Once the ice had equilibrated at this temperature,
pectra were acquired at regular time intervals and the decline in
he integrated absorbance of the absorption band at 1615 cm 

−1 due
o the gradual sublimation of the ice was measured as a function
f time (Fig. 4 ). By subjectively defining the point at which this
ecay trend changes, we have been able to estimate the integrated
bsorbance when the ice thickness shifts from the multilayer regime 
o the (sub)monolayer one, at which point the column density is
n the order of 10 15 molecules cm 

−2 . By following the method of
uchs et al. ( 2009 ), we have approximated a value for the apparent
bsorption band strength of the EtA absorption band at 1615 cm 

−1 .
e emphasize that this estimated value is set-up specific and there

s a large uncertainty ( ±50 per cent ) due to the fact that EtA may
ot adequately wet the ZnSe surface. Therefore, additional studies 
re required to adequately quantify the IR integrated band strength 
onstants of solid EtA. Ne vertheless, our deri ved v alue for this band
trength constant is still meaningful in estimating the radiolytic 
estruction half-life of EtA. 

.2 Irradiation studies 

ur work on the electron and He + ion irradiation of EtA-containing
ces provides new insights into the radiolytic destruction of this 
pecies in astronomical environments. In this section, we present the 
esults of irradiation experiments on EtA ices, pure and mixed with
SW at 20 K. IR and VUV spectroscopic data were respectively

cquired at Atomki and ASTRID2, and are discussed separately. 

.2.1 Pure EtA ice 

.2.1.1 IR spectroscopy of 1 keV electron irradiated pure EtA ice A
ure EtA ice having a thickness of 340 nm was deposited at 20 K and
rradiated with 1 keV electrons. Changes in the IR spectral profile of
he pure EtA ice as a result of electron irradiation were assessed by
ubtracting the spectrum collected directly after ice deposition from 
MNRAS 533, 826–840 (2024) 
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Figure 5. Change in the IR absorption spectrum of pure EtA ice during 1 keV electron irradiation. Spectra are vertically offset from one another with increasing 
irradiation dose for ease of viewing. The absorption bands corresponding to products are labelled using numbers, and the corresponding product species are 
listed in Table 3 . Downward peaks including the ones in the dashed box indicate the destruction of EtA. 

Table 3. Reaction products detected by means of IR spectroscopy during the 
1 keV electron irradiation of pure EtA ice. Band numbers correspond to those 
shown in Fig. 5 . 

Band No. 1 2 3 4 5 6 

Wavenumber 
(cm 

−1 ) 
3200 2830 2340 2160 2140 2080 

1650 1350 1295 
770 1250 

1195 
Product H 2 O H 2 O 2 CO 2 OCN 

− CO CN 

−
References a b c, d e f g, h 

Band No. 7 8 9 10 11 
Wavenumber 
(cm 

−1 ) 
1720 1445 1390 1080 1030 

1490 985 1050 
885 

Product HCHO C 2 H 4 C 2 H 5 OH NH 3 CH 3 OH 

References i j k l m, n 

a Mifsud et al. ( 2022 ); b Hudson & Moore ( 2006 ); c Sandford & Allaman- 
dola ( 1990 ); d Isokoski, Poteet & Linnartz ( 2013 ); e Mat ́e et al. ( 2012 ); 
f Gerakines et al. ( 1995 ); g Moore & Hudson ( 2003 ); h Noble et al. ( 2013 ); 
i Vinogradoff et al. ( 2013 ); j Molpeceres et al. ( 2017 ); k Terwisscha van 
Scheltinga et al. ( 2018 ); l Pilling et al. ( 2010 ); m Sandford & Allamandola 
( 1993 ); n Ehrenfreund et al. ( 1999 ). 

t  

d  

d  

T  

a  

a  

a  

a  

s  

c  

d  

a  

a  

l  

o  

1  

r  

d  

i  

n
 

E  

r  

f  

M  

C

N

N

T  

(  

o

N

H  

b  

R

H

N  

b  

h  

a

N

H

T  

e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/533/1/826/7725831 by guest on 16 August 2024
he spectra collected during irradiation, as shown in Fig. 5 . The large
ownward bands are indicative of the radiolytic destruction of EtA; a
etailed quantification of which will be presented later in this paper.
he emergence of upward bands is associated with the growth of
bsorption features attributable to newly formed species (see Fig. 5
nd Table 3 ). It is evident that H 2 O is formed as a result of irradiation,
long with other product molecules such as CO 2 , CO, H 2 CO, NH 3 ,
nd C 2 H 4 . We have ruled out the possibility that the observed H 2 O is
ourced from contamination of the ice by background gas within the
hamber because we have quantitatively measured the background
eposition of contaminants from the residual atmosphere in the ICA
nd have found that, in the worst case scenario, it does not exceed
NRAS 533, 826–840 (2024) 
 rate of 2 × 10 15 molecules cm 

−2 per hour if a deposited ice is
eft undisturbed. Since our irradiation experiments were conducted
n deposited ice samples with column densities on the order of
0 17 molecules cm 

−2 , and since the irradiation of our ice should have
educed the deposition of background contaminants to at least some
egree, we can safely assume that the amount of H 2 O in our irradiated
ce sourced from the deposition of background contaminants is
egligible. 
H 2 O may be formed as a result of the radiolytic dissociation of

tA via a number of reaction steps. For instance, the dehydrogenation
eactions shown in equations ( 4 ) and ( 5 ) could have resulted in the
ormation of H · in a similar fashion to that described by Hudson &

oore ( 2018 ) and Johnsen ( 1961 ) for the radiolysis of CH 3 OH and
 2 H 5 OH. 

H 2 CH 2 CH 2 OH −→ NH 2 CH 2 

. 

C HOH + H · (4) 

H 2 CH 2 CH 2 OH −→ NH 2 CH 2 CH 2 O · + H · (5) 

he dissociation of EtA could also have concei v ably yielded ·OH
see equation 6 ), which has also been observed during the irradiation
f alcohols (Hudson & Moore 2018 ). 

H 2 CH 2 CH 2 OH −→ NH 2 CH 2 

. 

C H 2 + ·OH (6) 

 2 O could then form as a result of the radical combination reaction
etween H · and ·OH (Ioppolo et al. 2008 ; Dulieu et al. 2010 ;
omanzin et al. 2011 ). 

 · + · OH −→ H 2 O (7) 

H 3 is likely to be formed through the cleavage of the C –N
ond in the EtA molecule (Sladkova et al. 2014 ) followed by
ydrogenation of the resultant ·NH 2 radical (Fedoseev et al. 2015a ),
s per equations ( 8 ) and ( 9 ). 

H 2 CH 2 CH 2 OH −→ ·NH 2 + ·CH 2 CH 2 OH (8) 

 · + · NH 2 −→ NH 3 (9) 

he combination of ·CH 2 CH 2 OH from equation ( 8 ) and H · from
quation ( 4 ) or ( 5 ) could result in the formation of C 2 H 5 OH, as per
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quation ( 10 ). 

CH 2 CH 2 OH + H · −→ C 2 CH 5 OH (10) 

 2 H 4 could be formed through the dissociation of the EtA molecule
ia the simultaneous cleavage of its C −N and C −O bonds (see
quation 11 ). Such a mechanism is qualitatively similar to that 
hought to be responsible for the formation of C 2 H 4 during the
adiolysis of C 2 H 5 OH (Freeman et al. 1974 ). 

H 2 CH 2 CH 2 OH −→ ·NH 2 + C 2 H 4 + ·OH (11) 

 2 CO could be formed through the cleavage of C –C bond in the EtA
olecule, followed by dehydrogenation of the resultant ·CH 2 OH 

adical (see equations 12 and 13 ). 

H 2 CH 2 CH 2 OH −→ NH 2 

. 

C H 2 + ·CH 2 OH (12) 

CH 2 OH −→ H 2 CO + H · (13) 

he irradiation-induced decomposition of H 2 CO could also explain 
he formation of CO within our irradiated EtA ices (see equation 14 ). 

 2 CO −→ CO + H 2 (14) 

H 3 OH could be formed through two routes, either through the 
ydrogenation of CO formed through equation ( 14 ), or via the
ecombination of the ·CH 2 OH radical formed through equation ( 12 )
ith H · formed through equations ( 4 ) and ( 5 ) (Fuchs et al. 2009 ). 

O + 4H · −→ CH 3 OH (15) 

CH 2 OH + H · −→ CH 3 OH (16) 

inally, CO 2 could be formed through the reaction between CO and 
OH (Ioppolo et al. 2011 ). 

O + ·OH −→ CO 2 + H · (17) 

In order to e v aluate the radiolytic destruction of the EtA ice when
rocessed by 1 keV electrons, we have quantified the column density 
f EtA using equation ( 1 ) and have made use of our estimated
ntegrated band strength constant for the EtA absorption band at 
615 cm 

−1 (see section 3.1.2.2 ). It is important to note that the
650 cm 

−1 absorption band of H 2 O partially o v erlaps with the EtA
and of interest, and thus may lead to an underestimation of EtA
adiolytic destruction. To compensate for this effect, we have used 
he H 2 O absorption band at 770 cm 

−1 to estimate the area of the band
t 1650 cm 

−1 based on the known ratio of the areas of these bands in
 pure ASW ice at 20 K as measured in the same set-up under similar
xperimental conditions (Mifsud et al. 2022 ). The calculated area of
he 1650 cm 

−1 H 2 O absorption band was then subtracted from the
easured area of the 1615 cm 

−1 band in irradiated EtA, thus refining
ur analysis. 
The initial column density of EtA before irradiation was found 

o be 3 . 3 × 10 17 molecules cm 

−2 . Fig. 6 shows that the EtA col-
mn density decreases with increasing radiation dose, and that 
he o v erall change after 1 h of irradiation is a loss of 9 . 76 ×
0 16 molecules cm 

−2 , corresponding to 29 per cent of the EtA having
een destroyed. The irradiation dose D administered to the ice is
alculated as follows: 

 = F × S, (18) 

here F denotes the fluence, and S is the mass stopping power
hich, in the case of 1 keV electrons impacting pure EtA ice, is
 . 88 × 10 −15 eV cm 

2 /16u (see Table 1 ). The irradiation dose D is
n units of eV/16u to allow for the convenient characterization of
hemical changes and for easier comparisons of experimental results 
Strazzulla & Johnson 1991 ; Kobayashi et al. 2017 ). Fig. 6 also
hows that most of the EtA survived irradiation due to the fact that
he penetration depth of a 1 keV electron in pure EtA ice, which is
alculated to be 45 nm (see Table 1 ) through a simulation performed
sing the CASINO software (Drouin et al. 2007 ), is much smaller than
he thickness of the deposited EtA ice (340 nm). The profile of the
ata points in Fig. 6 suggested that the EtA column density followed
n exponential decay trend during ice processing by 1 keV electrons,
nd the function N = 5 . 43 × 10 16 exp ( −D/ 30) + 2 . 4 × 10 17 could
e fitted to the data points. The half-life dose of pure EtA ice in
ur electron irradiation experiment is estimated as being 20.8 eV/16u 
rom the fitted function. The exponential decay can also be described
y the equation: 

N 0 − N 

N 0 
= α

(
1 − e −σF 

)
, (19) 

here N and N 0 respectively represent the column density after 
uence F and the initial column density, α is the destruction fraction,
nd σ is the apparent destruction cross-section. By combining 
quations ( 18 ) and ( 19 ), and comparing with the fitted function,
is calculated to be 2 ×10 −16 cm 

2 . 

.2.1.2 VUV spectroscopy of 1 keV electron irradiated pure EtA ice
omplementary to the IR results, the VUV spectral data allowed us

o qualitatively demonstrate the destruction of EtA during electron 
rradiation and the concomitant formation of new species. VUV 

pectra of pure EtA ice prior to and during its irradiation by 1 keV
lectrons are shown in Fig. 7 . The lower wavelength limit of detection
t λ = 120 nm is set by the transmission properties of the MgF 2 

indows associated with the PAC set-up. Furthermore, it should be 
oted that the thickness of the pure EtA ice deposited in the VUV
pectroscopic study was significantly less than that deposited during 
ur IR spectroscopic study (40 versus 340 nm, respectively), due 
o the higher VUV absorption cross-sections of the ice which cause
bsorption features in the acquired spectra to saturate at much smaller
hicknesses. 
MNRAS 533, 826–840 (2024) 
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Figure 7. VUV spectra of deposited and electron irradiated EtA ice. (a) VUV 

(120 –330 nm) spectra of pure EtA ice deposited at 20 K before and during 
1 keV electron irradiation. The spectral ranges between 120 –220 nm and 
220 –330 nm were respectively obtained with step sizes of 0.2 and 1 nm. (b) 
Simulated VUV spectrum of gaseous monomeric EtA from TDDFT calcu- 
lations at the ωB97X-D3(BJ)/def2-QZVPP//PBE0-D3(BJ)/def2-TZVP level 
of theory. The inset orbitals are the hole and electron NTOs corresponding 
to the S 0 → S 1 transition (isovalue: 0.03 au). The oscillator strength of this 
n N → Rydberg electronic transition at the aforementioned level of theory 
and the calculated (TDDFT and DLPNO–STEOM–CCSD) and experimental 
wavelengths are shown for comparison. The S 5 , S 9 , and S 10 states, which are 
the main contributors to the EtA portion of the experimental feature observed 
around 143 nm, are also highlighted. 
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The VUV spectrum of pure condensed EtA (Fig. 7 ) consists of an
bsorption feature that peaks at λ < 120 nm, a broad-band centred
t λ = 142 nm, and a smaller band centred at λ = 193 nm. Since this
s the first study of the VUV absorption spectroscopy of EtA ice,
here are no references in the literature that may aid in assigning
hese bands to particular transitions. Therefore, we have performed
DDFT and DLPNO–STEOM–CCSD calculations in conjunction
ith the NTO analysis to aid in the interpretation of the acquired
UV spectra (see Section 2.3 for further details). 
The band centred at λ = 193 nm is attributed to the NH 2 chro-
ophore group of the amine moiety (see e.g. table 6.1 in Gokel 2004

nd Goyal et al. 2008 ). The TDDFT calculations for the gaseous
onomeric EtA are in perfect agreement with the experimental

esults in the condensed phase, with a band feature at λ = 190 nm.
n these calculations, the monomeric geometry, taken directly from
he crystal structure and optimized at the PBE0-D3(BJ)/def2-TZVP
evel, was considered. Similar results were obtained for other
NRAS 533, 826–840 (2024) 
tA conformers. Inspection of the computed data (bottom panel
n Fig. 7 ) reveals that this band is associated with the S 0 →
 1 electronic transition. As the analysis of the frontier molecular
rbitals points to a mixed contribution between the HOMO →
UMO (17 per cent) and the HOMO → LUMO + 1 (78 per cent)
xcitations (HOMO: highest occupied molecular orbital; LUMO:
owest unoccupied molecular orbital), the character of the S 0 →
 1 electronic transition is analysed through NTO calculations. The
esults show that this transition involves electronic excitation from
he nitrogen lone pair to a Rydberg-type orbital, and is therefore
abelled as n N → Rydberg. The calculated oscillator strength ( f osc ) at
he ωB97X-D3(BJ)/def2-QZVPP//PBE0-D3(BJ)/def2-TZVP level 
s 0.021. Similar results for both λ and f osc are found for the
onomeric EtA at the DLPNO–STEOM–CCSD level ( λ = 192 nm;
 osc = 0 . 019) and for EtA oligomers at the TDDFT level ( λ =
81 –194 nm; f osc = 0 . 010 − 0 . 031), all featuring the same type of
 xcitation. Giv en the striking qualitative and quantitative similarity
etween the computed and measured data, and the growing number
f condensed-phase systems where confined Rydberg transitions are
bserved (Ozaki & Tanabe 2016 ), we suggest that the 193 nm VUV
pectral band of the pure EtA ice is indeed of the Rydberg type. 

There is an intense feature centred at λ = 142 nm, and our TDDFT
esults show that the band is caused by different electronic states, the
ost intense being the S 0 → S 5 , S 0 → S 9 , and S 0 → S 10 transitions.
or the S 5 state, two NTO pairs have important contributions, one
elated to n N → Rydberg (68 per cent) and the other to n O 

→
ydberg (30 per cent). For the S 9 and S 10 states, the excitation is

olely dominated by an n O 

→ Rydberg character. Again, confined
ydberg-type transitions appear to be at play in the VUV spectrum
f the EtA ice. 
It is possible to observe that the NH 2 peak at λ = 193 nm decreases

ith increasing dose of electron irradiation, showing that the EtA is
radually destroyed by 1 keV electrons. By the end of the irradiation,
he NH 2 peak disappears, indicating that almost all of the EtA
ad been destroyed by the electron bombardment. The major band
142 nm) still remains; ho we ver, it is shifted to lower wavelengths
nd its intensity is lower. The dashed–dotted green spectrum in Fig. 7 ,
orresponding to the final electron irradiation dose of 377 eV/16u,
s qualitatively similar to a VUV spectrum of a deposited mixed
 2 O:EtA (20:1) ice as discussed in the next section (see Fig. 11 ).
herefore, we assign the band at 140 nm mostly to the transition
 b 1 : ̃  X 

1 A 1 → 4 a 1 : ˜ A 

1 B 1 of H 2 O ice rather than to just EtA (Cruz-Diaz
t al. 2014 ). Finally, CASINO simulation results of the implantation
f 1 keV electrons into pure EtA ice (see Table 1 and Drouin et al.
007 ) indicate that the penetration depth of 1 keV electrons into pure
tA ice is 45 nm, which is comparable to the total thickness of the
eposited ice in our VUV spectroscopy experiments. Therefore, we
xpect that the EtA ice layer is fully exposed to the incident 1 keV
lectrons and hence it is nearly all converted into other species. This
s in agreement with the IR experiments shown in Section 3.2.1.1 . 

It is important to note that contamination due to deposition of
ackground gases in the PAC during irradiation and VUV scanning
f the EtA ice is negligible, as the spectral features of the EtA were
ot affected during the longer high-resolution VUV scans. This is in
greement with a previous work making use of the same experimental
et-up and protocols (Dawes et al. 2017 ). 

.2.2 EtA in ASW 

he irradiation of EtA in ASW (H 2 O:EtA = 50:1) deposited at 20 K
as investigated with a mixing ratio having been chosen so as to
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Figure 8. IR absorption spectrum of H 2 O:EtA = 50:1 as deposited at 20 K, 
acquired with a spectral resolution of 0.5 cm 

−1 . The ice thickness is 1.40 μm. 
A spectrum of pure H 2 O ice deposited at 20 K is also shown for comparison. 
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reate a realistic analogue to ISM conditions, where H 2 O is the main
ce component in interstellar icy grain mantles and EtA is embedded 
n the porous ASW. The obtained IR spectrum from 4000 –650 cm 

−1 

or this ice analogue is shown in Fig. 8 . It is worth noting that this IR
pectrum is very similar to that of pure H 2 O ice as indicated by the
lue dotted spectrum, but also preserves many of the EtA absorption 
ands shown in Fig. 1 . The electron irradiation of H 2 O:EtA mixed
ces were studied using IR and VUV spectroscopy and, to further
imulate cosmic ray (CR) irradiation of interstellar ices, we also 
onducted the He + ion irradiation of the ice, and collected IR spectra
o analyse the physical and chemical effects of ion irradiation. 

.2.2.1 IR spectroscopy of 1 keV electron irradiated H 2 O:EtA mixed 
ce As was the case for the electron irradiation of pure EtA ice,
e spectroscopically followed changes in the H 2 O:EtA mixed ice 

nduced by irradiation by subtracting the IR absorption spectrum 

cquired after deposition of the mixed ice from spectra subsequently 
cquired during irradiation (see Fig. 9 ). Here, downward bands are 
ndicative of EtA or H 2 O destruction as a result of the processing
f the ice by impinging electrons, while the appearance of new 

bsorption features is indicative of the formation of radiolytic product 
pecies (Fig. 9 and Table 4 ). Spectral changes of H 2 O ice under
lectron irradiation are negligible as shown in the work of Ioppolo 
t al. ( 2021b ), due to an equilibrium being established between the
issociation of H 2 O molecules and the recombination of H atoms and
H radicals at 20 K. Similar to the irradiation of pure EtA ice, H 2 O

s formed as a result of the electron irradiation of the mixed ice, along
ith other products such as C 2 H 5 OH, CO 2 , CO, and NH 3 , that formed
y reaction equations ( 7 ), ( 10 ), ( 17 ), ( 14 ), and ( 9 ), respectively. 
To e v aluate the radiolytic destruction of EtA in the ice mixture, we

ave analysed the variations in its column density as a function of the
dministered dose (Fig. 10 ) in a similar way to what was done for the
ure EtA ice. A mass stopping power of 5 . 69 × 10 −15 eV cm 

2 /16u for
 keV electrons impacting the mixed ice was used to obtain the dose
see equation 18 ). The column density of EtA in the mixed ice prior
o any irradiation was found to be 1 . 08 × 10 17 molecules cm 

−2 , and
ur analysis has revealed that, after 1 h of electron irradiation, only
 per cent of the EtA in the mixed ice had been destroyed. As shown
n Fig. 10 , the column density evolution of the EtA ice as a function
f increasing dose seemed to broadly follow an exponential decay. 
sing the fitted function to this exponential decay trend, we have
een able to estimate the half-life dose D 1 / 2 as being 26.3 eV/16u.
oreo v er, using the fitted function together with equations ( 18 )

nd ( 19 ), the apparent destruction cross-section σ is calculated to
e 1.5 ×10 −16 cm 

2 . 

.2.2.2 VUV spectroscopy of 1 keV electron irradiated H 2 O:EtA 

ixed ice The irradiation of an H 2 O:EtA (20:1) mixed ice at 20 K
as also investigated using VUV spectroscopy at ASTRID2. The 
UV spectra of the H 2 O:EtA mixed ice prior to and during its

rradiation by 1 keV electrons are shown in Fig. 11 , which consists
f an absorption feature that peaks at λ < 120 nm (only partially
isible), and a broad band centred at λ = 143 nm. Due to the
redominance of H 2 O in the mixed ice, the acquired spectra are very
imilar to that of pure H 2 O ice (Ioppolo et al. 2021b ), and the NH 2 

eak cannot be clearly seen. As the irradiation dose increases, there
s a downward shift of the spectra, which provides complimentary 
ualitati ve e vidence for the destruction of the EtA component of the
ce. 

.2.2.3 IR spectroscopy of 1 MeV He + ion irradiated H 2 O:EtA mixed
ces A mixed H 2 O:EtA ice (H 2 O:EtA = 50:1) deposited at 20 K
as irradiated using 1 MeV He + ions. The IR absorption spectrum
f this ice is virtually identical to the one shown in Fig. 8 and,
nce again, pro v ed to be similar to that of H 2 O ice while retaining
everal absorption features of EtA. The thickness of the mixed ice
rocessed by 1 MeV He + ions was estimated to be 1.40 μm using
quation ( 2 ). The absorption spectra acquired during 1 MeV He + 

on irradiation of the H 2 O:EtA mixed ice allowed us to quantify the
adiolytic destruction of EtA. Similar to the protocol followed during 
he electron irradiation experiments, we have subtracted the spectrum 

f the mixed ice acquired upon its deposition from subsequent 
pectra acquired during irradiation (Fig. 12 ). In this case, H 2 O was
bserved to form as a result of He + ion irradiation. Additionally,
reater quantities of CO 2 and CO were noted to form compared to
he previous electron irradiation experiments, as indicated by the 
arger absorption features of these species in Fig. 12 compared to
igs 5 and 9 . Other radiolysis products were also detected (Table 5 ),

ncluding NH 3 , HNCO, OCN 

−, CH 3 CHO, and HCHO. 
Changes in the molecular column density of EtA in the mixed ice as

 result of its irradiation by 1 MeV He + ions (Fig. 13 ) were estimated
n the same way as for the 1 keV electron irradiation experiments.
he fluences and the mass stopping power of the incident 1 MeV
e + ions (the latter being 7 . 143 × 10 −14 eV cm 

2 /16u) were used to
alculate the doses (as per equation 18 ). Prior to irradiation, an EtA
olumn density of 7 . 99 × 10 16 molecules cm 

−2 was present within
he mixed ice. He + ion irradiation was found to be very ef fecti ve at
estroying the EtA in the ice, with 99.6 per cent of the EtA being
estroyed after 1 h of irradiation (Fig. 13 ). By fitting the exponential
ecay curve N = 7 . 46 × 10 16 exp ( D/ 15 . 54) + 7 . 79 × 10 14 to the
ata points plotted in Fig. 13 , we have been able to determine the half-
ife dose D 1 / 2 as being 10 . 8 ± 1 . 2 eV/16u. Almost no EtA is left in the
ixed ice at the end of the 1 MeV He + ion irradiation. This greater

estruction percentage of EtA compared to the analogous 1 keV 

lectron irradiation experiment can be due to the greater penetration 
epths of the ions within the ice combined with their larger molecular
estruction cross-sections. Indeed, a SRIM simulation (Ziegler, 
iegler & Biersack 2010 ) revealed that the penetration depth of
 MeV He + ions into the mixed ice is up to 5.6 μm, far exceeding the
ce thickness (1.40 μm) in this experiment (see Table 1 ). The apparent
MNRAS 533, 826–840 (2024) 
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M

Figure 9. Change in the IR absorption spectrum of a mixed H 2 O:EtA ice (H 2 O:EtA = 50:1) during 1 keV electron irradiation. Spectra are vertically offset 
from one another for ease of viewing. The absorption bands corresponding to products are labelled and the nature of the product species are listed in Table 4 . 

Table 4. Reaction products detected during the 1 keV electron irradiation of 
H 2 O:EtA = 50:1 mixed ice. 

Band No. 1 2 3 4 5 6 

Wavenumber 
(cm 

−1 ) 
3250 2980 2810 2340 2260 2160 

1650 1390 1350 660 1295 
790 1045 1250 

875 1200 
Product H 2 O C 2 H 5 OH H 2 O 2 CO 2 HNCO OCN 

−

References a b c d, e f g 

Band no. 7 8 9 10 11 12 
Wavenumber 
(cm 

−1 ) 
2140 2080 1650 1720 2890 1028 

1070 1440 2810 
1350 1720 
1130 1500 

Product CO CN 

− NH 3 CH 3 CHO HCHO CH 3 OH 

References h i, j k b l m, n 

a Mifsud et al. ( 2022 ); b Terwisscha van Scheltinga et al. ( 2018 ); c Hudson & Moore 
( 2006 ); d Sandford & Allamandola ( 1990 ); e Isokoski et al. ( 2013 ); f Lowenthal, 
Khanna & Moore ( 2002 ); g Mat ́e et al. ( 2012 ); h Gerakines et al. ( 1995 ); i Moore & 

Hudson ( 2003 ); j Noble et al. ( 2013 ); k Pilling et al. ( 2010 ); l Vinogradoff et al. 
( 2013 ); m Sandford & Allamandola ( 1993 ); n Ehrenfreund et al. ( 1999 ). 

d  

i  

i

4

O  

m  

t  

w  

E  

d  

a  

i  

S  

Figure 10. Calculated column density of EtA molecules in an 
H 2 O:EtA = 50:1 ice mixture deposited at 20 K before and during 
1 keV electron irradiation. The exponential decay function N = 5 . 97 ×
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estruction cross-section σ is calculated to be 4.6 ×10 −15 cm 

2 , which
s significantly larger than that calculated for the analogous electron
rradiation experiment. 

 A S T RO C H E M I C A L  IMPLICATIONS  

ur IR and VUV spectroscopic analyses of the irradiated pure and
ixed EtA ices have allowed us to demonstrate that, when subjected

o electron irradiation (analogous to secondary electrons released
ithin the ice) and He + ion irradiation (analogous to galactic CRs),
tA ice is destroyed and new radiolytic products are formed. The
oses of electron and He + ion irradiation required to destroy a given
mount of EtA can be used to estimate its survi v ability and stability
n icy grain mantles in dense interstellar clouds and in icy outer Solar
ystem bodies such as comets or Kuiper Belt Objects (KBOs). EtA
NRAS 533, 826–840 (2024) 
n interstellar icy grain mantles and icy Solar System objects is likely
iluted by other species, most notably H 2 O, and is impinged upon
y CRs which release a cascade of secondary electrons throughout
he ice. Therefore, we use our derived half-life dose for a mixed
 2 O:EtA ice in Subsection 3.2 together with literature values for

rradiation dose rates in the dense ISM and KBOs to estimate the
alf-life of EtA in interstellar icy grain mantles and on the surface
f icy Solar System objects. It is worthwhile noting that the mixed
ce is an approximate representative for the ice in space where CO 2 

nd other species are also present. Our derived half-life dose of He + 

on irradiation in the mixed ice (10.8 eV/16u) is the lowest among
ur three calculated values. The EtA half-life T 1 / 2 is calculated as
ollows: 

 1 / 2 = 

D 1 / 2 

R 

, (20) 
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Figure 11. VUV (120 –330 nm) photoabsorption spectra of H 2 O:EtA (20:1) 
mixed ice deposited at 20 K before and during 1 keV electron irradiation. Note 
that the indicated irradiation doses are upper limits of the delivered doses in 
this experiment. VUV spectra were obtained with a step size of 1 nm. 

Figure 12. Change in the IR absorption spectrum of an H 2 O:EtA = 50:1 
mixed ice during 1 MeV He + ion irradiation. Spectra are vertically offset 
from one another for ease of viewing. The absorption bands corresponding 
to products are labelled and the nature of the product species are listed in 
Table 5 . 
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Table 5. Reaction products detected during the 1 MeV He + ion irradiation 
of an H 2 O:EtA = 50:1 mixed ice. 

Band No. 1 2 3 4 5 6 7 8 

Wavenumber 
(cm 

−1 ) 
3200 2340 2280 2260 2240 2170 2140 2090 

1700 660 1305 
800 

Product H 2 O CO 2 13 CO 2 HNCO N 2 O OCN − CO CN −
References a b, c d, e f d, e g h d, e 

Band no. 9 10 11 12 13 14 15 
Wavenumber 
(cm 

−1 ) 
1390 1040 1015 1690 2820 1720 1720 

1095 1350 1350 1500 
1055 

Product C 2 H 5 OH O 3 CH 3 OH NH 2 CHO H 2 O 2 CH 3 CHO HCHO 
References i j k l m j n 

a Mifsud et al. ( 2022 ); b Sandford & Allamandola ( 1990 ); c Isokoski et al. ( 2013 ); d Moore & Hudson 
( 2003 ); e Noble et al. ( 2013 ); f Lowenthal et al. ( 2002 ); g Mat ́e et al. ( 2012 ); h Gerakines et al. ( 1995 ); 
i Terwisscha van Scheltinga et al. ( 2018 ); j Hudson ( 2018 ); k Ehrenfreund et al. ( 1999 ); l Mart ́ın- 
Dom ́enech, ̈Oberg & Rajappan ( 2020 ); m Hudson & Moore ( 2006 ); n Vinogradoff et al. ( 2013 ). 

Figure 13. Calculated column density of EtA molecules in an H 2 O:EtA = 

50:1 mixture deposited at 20 K before and during 1 MeV He + ion irradiation. 
The exponential decay function N = 7 . 46 × 10 16 exp ( D/ 15 . 54) + 7 . 79 ×
10 14 is fitted to the data. 

Table 6. Estimated half-life of EtA ice in interstellar icy grain manltes in 
cold dense clouds and in cometary or KBO ices. † . 

Location of ice Ice Dose rate (eV · Half-life of EtA 

lifetime (yr) molecule −1 yr −1 ) (yr) 

Cold dense cloud 10 7 3 ×10 −7 a (3 . 6 ± 0 . 4) × 10 7 

KBO (depth: < 1 ×10 −6 cm) 4.6 ×10 9 5.6 ×10 −3 b (1 . 9 ± 0 . 2) × 10 3 

KBO (depth: 1 ×10 −3 cm) 4.6 ×10 9 1.6 ×10 −8 c (6 . 8 ± 0 . 8) × 10 8 

Notes. † We consider similar environments to Mat ́e et al. ( 2018 ). 
a Moore, Hudson & Gerakines ( 2001 ). 
b Cooper et al. ( 2003 ). We consider a CR dose rate for surface ices of thickness < 

1 × 10 −6 cm. 
c Strazzulla et al. ( 2003 ). We consider a CR dose rate for ices at 
depths of 1 × 10 −3 cm. 
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here D 1 / 2 is the calculated half-life dose and R is the irradiation
ose rate in the corresponding environments. We consider similar 
stronomical conditions to those considered by Mat ́e et al. ( 2018 ),
ncluding dose rate, etc. It is important to note that the resultant
alf-life values are only meaningful in terms of their order of
agnitude, as the literature values for CR doses themselves include 
any approximations (Mat ́e et al. 2018 ). 
The results of our half-life calculations are summarized in Table 6 .

he half-life of EtA ice in cold dense interstellar clouds is 3.6 ×10 7 yr
hich is on the same order of magnitude as the lifetime of interstellar
cy grain mantles, thus indicating that EtA should be very stable
n such ices in the dense ISM. This stability, together with the
ontinuous formation of COMs on icy grains, would suggest the 
bundant presence of EtA in the ISM. Conversely, a half-life of just
900 yr is obtained for EtA ices on KBOs (thickness < 1 × 10 −6 cm),
uggesting a lo w survi v ability on the top surface of objects in the
cy outer Solar System. Ho we ver, if the EtA is embedded in the
BO surface at a depth of 1 × 10 −3 cm, the half-life increases to
MNRAS 533, 826–840 (2024) 
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 . 8 × 10 8 yr, demonstrating the radiolytic stability of EtA embedded
ithin icy Solar System objects. Such a result helps to explain the
resence of EtA on comet Wild-2 (Glavin et al. 2008 ), and aligns
ith the theory of an exogenous origin for life’s biomolecules. 
The recent detection of EtA toward the G + 0.693 −0.027 molec-

lar cloud by gas-phase rotational transition spectroscopy in the
illimetre-wave band (Rivilla et al. 2021 ) demonstrated the abundant

resence of gas-phase EtA in the cold cloud. Based on the proposed
ormation routes for EtA on dust-grain surfaces (Charnley 2001 ;
hrenfreund & Charnley 2001 ; Bernstein et al. 2002 ), Rivilla et al.
 2021 ) inferred that EtA is ubiquitously present in the icy grain
antles in the cold cloud and that desorption from the ices has

ontributed to the gas-phase EtA detected. To confirm this, it is
esirable to use IR observations to search for the presence of EtA in
he ices in the cold, dense regions of the ISM. The IR spectroscopic
ata of EtA presented here will guide a potential future detection of
tA in the solid phase by means of space-borne observatories such
s JWST. 

The earlier detection of EtA in the Almahata Sitta meteorite
Glavin et al. 2010 ) also suggests the presence of EtA on Solar
ystem objects. This is in agreement with our present analysis that
emonstrates the stability of the EtA if it is embedded in KBO
urfaces deeper than 1 × 10 −3 cm. Therefore, searches for EtA in
he Solar System should also be conducted by means of IR and UV
bservatories. The JWST is already in mission, and collected IR
bservational data for Solar System objects should be analysed and
ompared with our laboratory data to identify the potential presence
f EtA. In addition, the recently launched JUICE mission may carry
ut both IR and UV observations and, upon its arrival at the Jovian
ystem, will generate new data on the surface compositions of the
alilean satellites which may be compared against our laboratory
ata in the search for EtA (as well as other COMs) on those moons. 

 C O N C L U S I O N S  

n this study, we hav e inv estigated the stability of EtA-containing ices
n the icy ISM and Solar System through experiments that simulate
he conditions in these astronomical environments. The experiments
ere primarily analysed using IR and VUV spectroscopic techniques.
eating studies of a pure EtA ice were performed, and IR spectra
ere collected at various temperatures. The results demonstrated a

hermally induced solid phase change from an amorphous structure
o a crystalline one at 180 K and full desorption at about 225 K. We
ave also analysed the stability of EtA-containing ices under electron
nd ion irradiation, and have calculated half-life doses for each type
f irradiation. In particular, our experiments showed that He + ion
rradiation is ef fecti ve at destroying EtA due to its strong penetration
apabilities and higher molecular destruction cross-sections. 

The half-life doses calculated for electron irradiated pure and
ixed EtA ices and for He + ion irradiated mixed EtA ice are

0.8 eV/16u, 26.3 eV/16u, and 10.8 eV/16u, respecti vely. It is e vident
hat EtA mixed in H 2 O ice is more stable against radiolytic decay
han when it is in a pure form. Irradiation of the EtA ice produced
 variety of product molecules, including H 2 O, CO, CO 2 , OCN 

−,
NCO, NH 3 , C 2 H 5 OH, and CH 3 CHO, which were detected during

he IR spectroscopy-based experiments conducted at Atomki. Using
he ASTRID2 synchrotron, we have successfully obtained the VUV
bsorption spectra of EtA-containing ices and have made use of
omplementary TDDFT and DLPNO–STEOM–CCSD calculations
o characterize the main absorption features of the pure EtA ice.
he VUV spectra acquired during electron irradiation of the EtA-
NRAS 533, 826–840 (2024) 
ontaining ices also demonstrated the radiolytic destruction of EtA
nd formation of product molecules. 

Moreo v er, we hav e applied our calculated half-life doses so as
o gauge the survi v ability of EtA in interstellar icy grain mantles in
old dense clouds as well as in KBOs in the outer Solar System. Our
nalysis has shown that EtA diluted in H 2 O ice in cold dense clouds
as a half-life of 3.6 ×10 7 yr, indicating that EtA is stable in the dense
SM. If it is present on the surfaces of KBOs in the Solar System, it
as a half-life of only 1900 yr. Ho we ver, if EtA is embedded under
he surface of the KBO at a depth of just 1 × 10 −3 cm, then the
alf-life increases to 6 . 8 × 10 8 yr, suggesting that it is significantly
ore stable when embedded in icy Solar System objects. Finally, the

R and VUV spectroscopic characterizations of EtA presented here
ill guide its future detection in the ISM and in the Solar System by
eans of space-borne observatories such as JWST and JUICE. 
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e dedicate this article to the memory of Professor Harold Linnartz,
ur dear friend and colleague, who will be sadly missed by the whole
eam. 

The authors acknowledge support from the Europlanet 2024 RI
hich has been funded by the European Union’s Horizon 2020
esearch Innovation Programme under grant agreement no. 871149.
he main components of the ICA set-up at Atomki were purchased
sing funds obtained from the Royal Society obtained through
rants UF130409, RGF/EA/180306, and URF/R/191018. Further
evelopments of the installation are supported in part by the E ̈otv’os
or ́and Research Network through grants ELKH IF-2/2019 and
LKH IF-5/2020. This work has also received support from the
uropean Union and the State of Hungary; co-financed by the
uropean Regional Development Fund through grant GINOP-2.3.3-
5-2016-00005. Support has also been received from the Research,
ev elopment, and Inno vation Fund of Hungary through grant
128621. This paper is also based on work from the COST Action
A20129 MultIChem, supported by COST (European Cooperation

n Science and Technology). 
JZ and SI also acknowledge support from the Royal Society. ATM

s grateful to Queen Mary University of London for funding. KC, LC,
nd FF thank Dr Timothy M. Kinnear and the University of Kent for
roviding high-performance computing resources through the Tor
luster. KC, FF, and NJM gratefully acknowledge partial financial
upport from the European Commission through the RADON project
GA 872494) under the H2020-MSCA-RISE-2019 call. ATM, JCS,
I, and HL acknowledge support from the Danish National Research
oundation through the Centre of Excellence ‘InterCat’ (grant
greement no. DNRF150). ZJ is grateful for the support of the
ungarian Academy of Sciences through the J ́anos Bolyai Research
cholarship. The research of ZK is supported by the Scientific
rant Agency Ministry of Education, Science, Research and Sport
f the Slovak Republic and Slovak Academy of Sciences (grant
o. VAGA 2/0059/22) and the Slovak Research and Development
gency (contract no. APVV-19-0072). 

ATA  AVAI LABI LI TY  

ata will be made available to interested parties upon reasonable
equest of the corresponding authors. 

EFERENCES  

damo C. , Barone V., 1999, J. Chem. Phys. , 110, 6158 
ltwegg K. et al., 2016, Sci. Adv. , 43, e1600285 

http://dx.doi.org/10.1063/1.478522
http://dx.doi.org/10.1126/sciadv.1600285


Ethanolamine ice astrochemistry 839 

B  

B  

B
B  

B  

B
C
C  

C  

C  

C  

C
C
C  

D  

D  

D  

E  

E  

E
E
F  

F  

F  

F  

F  

F  

F  

G  

G
G  

G
G

G
G  

G  

G
H
H

H
H
I  

I  

I
I
I
I
J
J  

K  

K  

K  

K  

K
K
K
K
L  

M
M
M  

M  

M  

M
M
M
M
M
M  

M  

M
M  

N
N  

N
N
O  

O
P
P  

P  

P
R  

R
R
R
R
R  

R

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/533/1/826/7725831 by guest on 16 August 2024
ernstein M. P. , Dworkin J. P., Sandford S. A., Cooper G. W., Allamandola
L. J., 2002, Nature , 416, 401 

ertrand M. , Van Der Gaast S., Vilas F., H ̈orz F., Haynes G., Chabin A.,
Brack A., Westall F., 2009, Astrobiol. , 9, 943 

iri S. et al., 2021, Eur. Phys. J. Plus, 136, 247 
orn M. , Wolf E., 2013, Principles of optics: Electromagnetic theory of

propagation, interference and diffraction of light. Cambridge Univ. Press, 
Cambridge 
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