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ABSTRACT

Experimental results on the processing of NH3:CO ice mixtures of astrophysical relevance by energetic (538 MeV %*Ni*+)
projectiles are presented. NH3 and CO are two molecules relatively common in interstellar medium and Solar system; they may
be precursors of amino acids. **Ni ions may be considered as representative of heavy cosmic ray analogues. Laboratory data were
collected using mid-infrared Fourier transform spectroscopy and revealed the formation of ammonium cation (NH} ), cyanate
(OCN™), molecular nitrogen (N;), and CO,. Tentative assignments of carbamic acid (NH,COOH), formate ion (HCOO™),
zwitterionic glycine (NHy CH,COO™), and ammonium carbamate (NH; NH,COO™) are proposed. Despite the confirmation
on the synthesis of several complex species bearing C, H, O, and N atoms, no N—O-bearing species was detected. Moreover,
parameters relevant for computational astrophysics, such as destruction and formation cross-sections, are determined for the
precursor and the main detected species. Those values scale with the electronic stopping power (S.) roughly as o ~ a S;, where
n ~ 3/2. The power law is helpful for predicting the CO and NHj dissociation and CO, formation cross-sections for other ions
and energies; these predictions allow estimating the effects of the entire cosmic ray radiation field.

Key words: astrochemistry —molecular data—methods: laboratory: molecular —interplanetary medium —cosmic rays—ISM:

molecules.

1 INTRODUCTION

Carbon monoxide (CO) and other volatile species can be readily used
as markers of the evolutionary stage of interstellar medium (ISM)
objects such as molecular clouds and regions of star formation.
Similarly, a more sophisticated analysis of the evolutionary stage
of ISM objects could include measurements of complex organic
molecules (COMs) since the synthesis of COMs can vary both
qualitatively and quantitatively upon the physical characteristics and
evolutionary stage of each astrophysical object, as demonstrated by
several observational, theoretical, and laboratory studies (Bergantini
et al. 2018; Maffucci et al. 2018; Shingledecker et al. 2018).

In fact, COMs include a vast number of chemical species of
prebiotic importance, generally containing several atoms of carbon,
oxygen, hydrogen, nitrogen, and less commonly, phosphor (Turner
et al. 2019), and sulphur (Pilling & Bergantini 2015). COMs are
abundantly found in cold molecular clouds, regions of star formation,
and in Solar system objects such as comets, asteroids, and frozen
moons (Ehrenfreund & Charnley 2000). For decades now, numerous
laboratory and theoretical astrophysicists have tried to understand
how the physical and chemical characteristics of an astrophysical
object determine which COMs — and how much of each of them —
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are synthesized in a specific environment based on the initial and/or
present conditions. So far, there is strong experimental and theoretical
evidence that most COMs are synthesized in the ISM mainly via
non-equilibrium reactions initiated when cosmic rays and secondary
particles interact with ice-coated interstellar grains.

In these objects, the kinetic energy of the impinging particles
can trigger excited-state reaction pathways within interstellar ices at
temperatures as low as 10 K (Bergantini et al. 2018); other relevant
phenomena are also induced, as for instance, shock wave expansion,
sputtering, grain heating, and evaporation (e.g. Watson & Salpeter
1972; Allamandola, Sandford & Valero 1988; Gerlich 1993).

The goal of this work is to investigate the synthesis of COMs in
conditions similar to those found in molecular clouds as well as in
comets and frozen objects of the Solar system. This is achieved
by exploiting the interaction of heavy and highly energetic ions
(538 MeV *Ni%**) with an astrophysical model ice formed by two
inorganic species — carbon monoxide and ammonia (CO:NH3) — in
a Fourier transform infrared (FTIR) spectroscopic study.

CO is one of the most abundant carbon-bearing molecules found in
cold interstellar environments and has been observed as a constituent
of molecular clouds in the gas phase (Wilson, Jefferts & Penzias
1970; d’Hendecourt & Jourdain de Muizon 1986; Menella et al.
2006) as well as in the icy mantle of interstellar grains (Soifer et al.
1979; De Graauw et al. 1996). Other than molecular hydrogen, CO is
the most abundant interstellar species in the gas phase (Winnewisser
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& Ungerechts 1992). Because of its abundance and low sublimation
point, the ice/gas ratio of CO can be used to accurately trace
the distribution of material in dense cores (Oberg et al. 2005;
Seperuelo et al. 2010). Additionally, the depletion of gas-phase
CO is generally associated with the adsorption on to interstellar
grains caused by the temperature decrease related to the collapse of
a pre-stellar core (Aikawa et al. 2001, 2008). The opposite effect is
also observed: Young stellar objects trigger the sublimation of the
surrounding ices, which releases CO and other volatile components
into the gas phase (Talbi & Herbst 2002). Bennet, Jamieson &
Kaiser (2009) have demonstrated that isolated CO molecules in
astrophysical model ices exposed to energetic particles are able to un-
dergo unimolecular decomposition to give suprathermal carbon and
oxygen.

In turn, atoms of both elements participate in the synthesis of
several products such as ozone (O3), carbon dioxide (CO,), and the
ubiquitous formyl radical (HCO™), an ion that occupies a cornerstone
position in the ion—molecule chemistry (Watson 1974).

Ammonia (NH3) is a building block in biologically impor-
tant molecules such as the proteinogenic amino acids that en-
code for protein synthesis in eukaryotes. Indeed, almost all the
proteinogenic amino acids carry the amino (NH,) moiety [e.g.
alaninde (C,H4(NH,)COOH), Valine (C4Hg(NH,)COOH), Leucine
(CsH;o(NH,)COOH), etc.], the only exception being Proline, which
has the NH group in its structure instead]. Ammonia is among the
most extensively observed species in the ISM (Ho & Townes 1983;
Schmidt et al. 2016), being detected in solid and gas phases in several
ISM objects (Bell et al. 1982; Knacke et al. 1982; Salinas et al. 2016).

Ammonia is commonly detected in the Solar system in the
atmospheres of all the gas giant planets (Hofstadter & Muhleman
1989; Lindal 1992; Atreya et al. 2003), and is a constituent of the
surface ice of satellites such as Miranda, Mimas, Enceladus, Tethys,
and Rhea (Whittet et al. 2001; Bauer et al. 2002; Emery et al. 2005).
Because of the possible link between the availability of NH; and the
synthesis of amino acids in frozen astrophysical objects (Bergantini
etal. 2014), here we have focused on the (tentative) detection of NH,-
bearing (amino group) species, with special attention to carbamic
acid (NH,COOH) and glycine (NH,CH,COOH).

Carbamic acid is considered the simplest unstable amino acid,
since it only contains one amino group and one carboxylic acid
(COOH) group (Chen et al. 2007), whereas glycine is considered the
simplest stable amino acid. The connection between the existence
of interstellar amino acids and the emergence of life has been
extensively contemplated in the literature (e.g. Bernstein et al. 2002,
and references). Only few studies on the formation of carbamic
acid in astrophysical environments exist so far, as this species is
difficult to be characterized in laboratory. Even though carbamic acid
(NH,COOH) has not been detected in the ISM yet, some studies have
indicated that it can be formed within ammonia-bearing astrophysical
ices both via non-thermal processes using UV radiation (Khanna &
Moore 1999; Chen et al. 2007; Bossa et al. 2008b) and from thermal
processes initiated on icy grains (Bossa et al. 2008b).

Performing fitting of vibrational bands with Gaussians, we have
tentatively assigned prebiotic species such as zwitterionic glycine
(NH;CHZCOO*), carbamic acid (NH,COOH), and ammonium
carbamate (NH;NH,COO™), along with smaller species such as
carbon dioxide (CO,), cyanate ion (OCN™), formate ion (HCOO™),
ammonium (NHJ), and molecular nitrogen (N;). Although results
from mathematical fitting of FTIR signals are not considered
irrefutable evidence of new species, the technique is a reliable
and useful tool to understand spectroscopic phenomena in certain
situations, such as those discussed in this work. The objective of
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establishing a correlation between the mathematical fit and the real
phenomena was undertaken with the following criteria in mind:

(1) Itis usually easier to fit any given infrared spectrum by adding
several peaks to the fitting until the sum of peaks matches the actual
spectrum; however, the experience shows that this approach is, in
most cases, just a mathematical fluke. Therefore, in this study the fit
of each section of interest was done by adding the fewest possible
number of peaks that still resulted in a good fit, which was evaluated
based on the calculated residual value;

(i1) A set of fitted peaks should work as an adequate starting point
for the fitting of that same band in the next fluence (as this process
was done for each band at every spectrum);

(iii) As the fits were done in ascending order of fluence, the central
position of each fitted peak should be approximately the same as the
central position of the same peak in the previous fluence (i.e. within
2 cm™!). Bands that shifted more than 2 cm™! relative to the same
band in the previous fluence were rejected, and the process was
started over.

By following these criteria, we have found results that are
consistent and reliable. In addition to the qualitative study, we
have quantified the physicochemical evolution of the parent and
daughter species formed within the sample as a function of fluence
to determine parameters relevant to astrophysical models, such as
destruction and formation cross-sections of the species. Our results
show that the destruction cross-section was found to be a function
of the electronic stopping power (S.) roughly as o ~ a S., where
n ~ 3/2; these predictions allow for a comprehensive estimate of
the effects caused by the cosmic ray radiation field. The results are
discussed in the light of their relevance to the chemical evolution of
ices in the ISM and Solar system.

2 EXPERIMENTAL

The experiments were carried out in a high vacuum chamber (1078
mbar) at the IRRSUD beamline of the French National Heavy lon
Accelerator (GANIL — Grand Accélérateur National d’lons Lourds).
A detailed description of the experimental apparatus can be found
in, e.g. de Barros et al. (2011a, b, c). Briefly, the NH3:CO sample
was deposited on a cesium iodide (Csl) substrate attached to a cold
finger cooled at 14 K by a closed cycle helium cryostat. After
deposition, the sample was irradiated by 538 MeV *Ni** ions (8.4
MeV u~!). The ion beam impinged perpendicularly on the sample
at an average flux of 5.1 x 10% ion cm~2 s~!. The final fluence of
the experiment was 1.0 x 10'3 ions cm™2. A sweeping mechanism
assured a homogeneous irradiation of the sample’s surface.

The induced ice modifications were probed by a Nicolet Magna
550 FTIR Spectrometer, covering the 5000-600 cm™! region at a
resolution of 1 cm™!. The Lambert—Beer relationship was used to
calculate the column densities N of both the reactants as well as
some of the products. The variation of the column density N as a
function of fluence (F) was calculated by equation (1) where N is the
ratio between the IR-band area S and the absorption coefficient A,,
multiplied by a constant:

S(F)

N(F) = IHIOAU(F)'

ey

To determine the thickness L of the sample (in pm), we have used
equation (2):

N, M
L=—"" " x10%, 2)
6.02 x 108 p
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Table 1. Values of the initial column density Ny, layer thickness (L), molar mass (M), and mass density (p) for the reactants CO and NH3. One reference band
per reactant was used in the determination of Ny.

Reactant Reference band L P No Absorption coefficient
(em™Hy/(pum) (pm) (g cm™3) (x 10" molec cm™—2) (x 10717 ¢cm molecule™")
CO 2138/9.39 0.49 + 0.08 0.81¢ 7.1 £ 0.7 1.14b
3co 2090/4.78 0.49 +0.08 0.81¢ 0.07 £ 0.01 1.320:b:¢
NH3 1062/4.68 0.21 £0.03 0.74¢ 10.6 + 0.8 1.63¢
Note. “Gerakines et al. (1995). ?Jamieson, Mebel & Kaiser (2006). “Bouilloud et al. (2015).
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Figure 1. Evolution of the IR spectrum over the full range of fluences of the experiment. Fluence increases from bottom to top, with the lowermost spectrum
corresponding to the unirradiated sample. Data are presented in the 5000-650 cm™! wavenumber range. Only the main bands of the reactants are indicated in

this figure.

where N is the initial column density (in molecules cm™2), M is
its molar mass, and p is the mass density in solid phase as a pure
substance. One IR band of reference was used for the determination
of the N from each reactant: The 1062 cm~' band was used for
NH; and the 2136 cm™! band was used for CO. Table 1 displays
the initial column density, the layer thickness, molar mass, and mass
density for the precursors. Based on the parameters from Table 1, the
molecular ratio of the NH3:CO mixture was 1:0.67. The peak fitting
was performed in GRAMS/AI SPECTROSCOPY SOFTWARE, version
9.2.

3 RESULTS

3.1 FTIR spectroscopy

From measuring the areas under the IR bands detected in the
experiment, the initial column density (Ny) and layer thickness (L)
were determined. Both Ny and L were calculated using absorption
coefficients from the literature, presented in Table 1, which also
shows the reference band for each parent species, as well as their
density (p) in amorphous ice phase. The depiction of the CO:NHj3
FTIR spectra over the entire experiment can be seen in Fig. 1,
where the fluence increases from bottom to top, with the lowermost
spectrum belonging to the unirradiated sample at 14 K. The most

prominent IR features of NH3 are seen in the 3500-3000 and 1700-
900 cm™! regions, and the intense CO and '3CO bands are seen at
2136 and 2090 cm™!, respectively. Two features seen at 4270 and
3740 ~! are due to absorption by the supporting CsI substrate.

Several radiolysis products were detected by FTIR during the
irradiation. Peak shifts for some of the IR bands are observed; very
likely, they are caused by changes in the amorphous structure of the
ice due to the nature of the heavy and energetic impinging ions, which
also induces intense sputtering in the sample. To better examine the
transformations within the ice sample, Fig. 2 shows the spectrum
regions were IR bands, either from parent or daughter species, have
been observed. The fluence of the experiment in Fig. 2 increases
from bottom (0 ions cm~2) To Top (I x 10'3 ions cm~2). Here it is
easy to notice that many IR bands are in fact the result of the overlap
of multiple absorptions (e.g. Figs 2b, c, f, g, h, i, and k). It is also
possible to notice that some bands shift significantly (e.g. Figs 2f, i,
and k), which could be due to ice porosity loss (Loeffler, Moore &
Gerakines 2016).

For this reason, the FTIR spectra are displayed in two categories:
the non-overlapping bands, characterized in Table 2 and seen in
Fig. 2 without asterisk, and the fitted bands, which appear with an
asterisk in Fig. 2. Additionally, the fittings of the overlapping bands
are shown in detail in Fig. 3 for selected fluences of the experiment,
being characterized in Table 3. These results are discussed next.

MNRAS 00, 1 (2020)
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Figure 2. Detailed view of all the IR bands observed in the experiment before and during the irradiation. Fluence increases from bottom to top. The positions
of the IR bands are indicated by their wavenumbers (see Table 2). Asterisk indicates overlapping bands. See Fig. 3 and Table 3 for details on these bands.
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Table 2. Infrared absorption features observed before and after the irradiation of the CO:NHj3 ice mixture at 14 K.

Before irradiation After irradiation Assignment Characterization References
(em™) (em™)

- 4685 2v3 CO, Overtone [1]
3402 (sh) - NH3:CO Complex 2], [3]
3370 - v3 NHj3 Sym. stretch [4]
3307 - 2v4 NH3 Deformation [3]
3243 - NH;3 Dimer [3]
3207 - v; NHj3 Sym. stretch [5]
- 2346 (sh) (NH3),:CO, Complex [6]

- 2342 vz CO, Asym. stretch [4]
- 2326 v No N= N stretch [7]
- 2275 v3 3CO, Asym. stretch (41
- 2160 vz OCN™ CN stretch [8]
2136 - v; CO Stretch [4]
2090 (see Table 3: 2110-2080 region) - - -
1648 (sh) - NH3 Trimer bending [2]
1626 - v4 NHj3 Deformation [41, [9]
- 1500 (see Table 3: 1540-1460 region) - -

- 1367 -CH3(N) Bending §s [10], [11]
1090 (see Table 3: 1190-980 region) - - -

- 660 vy CO, Bend [4]

Note. References: [1] Bernstein, Cruikshank & Sandford (2005), [2] Bossa et al. (2008a), [3] Bossa et al. (2008b), [4] Bouilloud et al. (2015), [5] Zheng &
Kaiser (2007), [6] Bertin et al. (2009), [7] Bernstein & Sandford (1999), [8] Demyk et al. (1998), [9] Ferraro, Sill & Fink (1980), [10] Schutte et al. (1999), and

[11] Khanna & Moore (1999).

For example, Fig. 2(b) depicts the 3500-3100 cm ™! region, where
several NH; bands occur. These are the 3402 cm™! shoulder (due to
the NH3:CO complex), 3370 (v3), 3307 (2v4), 3243 (NH3 dimer), and
3207 (v1) cm~! (see 2 for details and references). In addition to the
aforementioned bands, the data fitting shows that at least one extra IR
band is present in this region at 3273 cm™!, which is not distinguished
in experiments with similar mixtures. According to Sammes (1972),
this band, seen in detail in Fig. 4, is due to a stretching mode of N-H.
The Fig. 2(c) shows the predictable 2342 cm™' v3 mode of CO,, plus
a shoulder at 2346 cm™' due to (NH3):CO, complexes (Bertin et al.
2009). The profile of this peak gives indication that one extra band
is present. According to Figs 3(a)—(c), the fitting of the data reveals
a signal at 2339 cm™!, which could be due to the v3 mode of C'#0,
(Maity, Kaiser & Jones 2014) or due to CO:NHj; complexes (Altun,
Bleda & Trindle 2019; Table 3). However, the most interesting peak
in Fig. 2(c) is seen at 2326 cm™! because, according to Bertin et al.
(2009), at low temperatures and in the presence of NH3, the infrared
forbidden fundamental mode of N, can be enhanced enough to be
detected near 2326 cm~!. The fact that this band appears in the
current spectra as a small, but comparatively wide peak reinforces
this assignment to N,. The bands at 2275 and 2160 cm™', seen in
Figs 2(d) and (e), are from '*CO, and OCN™, respectively.

The shape of the IR band at 2136 cm™', which corresponds to the
v; mode of CO, changes significantly throughout the experiment, as
seen in Fig. 2(f). The asymmetry of this peak allows for the fitting
of at least three additional signals, at 2140, 2138, and 2133 cm™!.
According to the literature, the 2140 and 2133 cm~! bands are due
to CO:NH3 complexes (Bossa et al. 2008a) and ammonia (NH;3)
complexes in argon matrix. As the fluence increases, a slight change
of phase of the ice shifts the 2136 cm™' CO band to 2138 cm™!,
creating the odd-shaped spectra seen in Fig. 2(f). Details on the
fittings of this band are seen in Figs 3(d)—(f).

The asymmetry of the 2090.5 cm~! band of the unirradiated ice
seen in the bottom of Fig. 2(g) also indicates that more than one IR
signal is present, which is made evident by the shoulder (sh) that
appears as the fluence increases, and also by the blueshift at higher

fluences. The fitting of the 2090.5 cm™! band can be seen in Figs 3(g)—
(i), which reveals two bands at 2092 and 2088 cm™!, belonging to v;
mode of 1*CO and '8CO, respectively. Therefore, based on literature
data (see Table 3), we have concluded that although the maximum
intensity of this band is found at 2090.5 cm ™!, it is instead comprised
of two peaks at the aforementioned positions.

Another band that can be fitted with additional signals is seen
in Figs 2(h) and 3(j)—~(1). The bands at 1648 and 1626 cm™! are
assigned to a bending mode of NHj trimers and to v4 mode of NH3,
respectively (see Table 2). As the fluence increases, two products
appear. The first one, at 1697 cm™', attributed to vC=0 mode
in carbamic acid (see Table 3), is an important prebiotic species
previously synthesized in similar experiments only in CO,:NHj ices
(Bossa et al. 2008a, b; Altun et al. 2019). A band of the other
product is seen in Fig. 2(h) at 1580 cm™!; it is assigned to formate
ion (HCOO™; Schutte et al. 1999), an important precursor of both
carbamic acid and glycine (Bossa et al. 2008a; Rimola, Sodupe, &
Ugliengo 2012; Nhlabatsi, Bhasi & Sitha 2016).

Features shown in Fig. 2(i) can be fitted by the sum of two peaks
at 1515 and 1495 cm ™' (see Figs 3m—o and Table 3). Both bands are
assigned, in similar experiments, to species that resemble glycine and
carbamic acid. The 1515 cm~! band and the 1495 cm™~! band are in
the same region where Khanna & Moore (1999) detected zwitterion
glycine (NH; CH,COO™), while the 1495 cm™! band was assigned
to the bending mode of NH} in ammonium carbamate by Bossa et al.
(2008a), Chen et al. (2007), and Schutte et al. (1999). The 1367 cm™!
band shown in Fig. 2(j) is assigned to the formate ion (HCOO™) by
Schutte et al. (1999) and Khanna & Moore (1999), an important
precursor of glycine and carbamic acid.

The v, mode of pure solid ammonia in thin films is normally
detected at 1097 cm™! (Zheng & Kaiser 2007), far from the peak
detected at 1062 cm™' seen in Fig. 2(k). However, this could
be explained by the presence of CO in the ice mixture (Bossa
et al. 2008a), although it is important to note that this band shifts
considerably and gradually throughout the experiment, being centred
at 1094 cm™! in the final spectrum taken at the fluence of 1 x 10'3 ions

MNRAS 00, 1 (2020)



6 A. L. F deBarros et al.

0.008 Fluence: 2.5x10"" cm2 (a) 043 7 Flyence: 5.0x10 e 2 (d) 0.006 | Fluence: 0 cm? (g)
’ [—— 2342 cm™ band ——2136 5’“;‘ band |—— 2090 cm™ band
—— Cumulative fit 0.32 4 Cumulative fit Cumulative fit
0.006 | Peak 1 (2346 o) Peak 1 (2140 cm) —— Peak 1 (2092 cm)
Peak 2 (2342 cm™) Peak 2 (2138 cm™) - Peak 2 (2088 cm™)
0.004 Peak 3 (2339 cm™) 0.21 4 Peak 3 (2136 cm™) 0.003
- Peak 4 (2133 cm™),
0.002 | 2326cm’ | 0.10 4
0.000 4 0.000
T T T T T T T H‘ . T T T 0.010 4 T T T L T T
0.021 | Fluence: 7.5x10" em 2 ( b) 0.45 - Fluence: 2.5x10™" cmi Fluence: 5.0x10" cm 2 h
2342 cm! band ——2136 cm”" band (e) —— 2090 em! band ( )
—— Cumulative fit — Cumulative fit Cumulative fit
0.014 _|—— Peak 1 (2346 cm™") —— Peak 1 (2140 cm':) e Peak 1 (2092 cm'™)
Peak 2 (2342 cm') 0.25 Peak 2 (2138 cm”) - Peak 2 (2088 cm™)
-1
—— Peak 3 (2339 cm™) Peak 3 (2136 cm™)
0.007 4 ——Peak 4 (2133 cm™)
0.05 0.000 4
0.000 -
T T T T T T T T T T T T T T T T T T
Fluence: 6.0x10™ cm' 2 Fluence: 6.0x10'2 cm™2 0.005 | Fluence: 6.0x10'2 cm2 ( I)
0.048 4 —— 2342 cm" band (c) 0.22 | ——2136 cm" band (f) ——2090 cm”" band
—— Cumulative fit — Cumulative fit —— Cumulative fit
g —— Peak 1 (2346 cm™) Peak 1(2140 cm™) 0.004 4 —— Peak 1 (2092 cm™)
o 00824 Peak 2 (2342 cm'™) 015+ Peak 2 (2138 cm) Peak 2 (2088 cm™)
=. —— Peak 3 (2343 cm™) Peak 3 (2136 cm™)
o — - Peak 4 (2133 cm™) 0.003
S 19:016 1 .08
(5]
> 0.002
S 0000 0014 T T T T T T T T T T T T
T T T T T T
_g 2380 2370 2360 2350 2340 2330 2320 2150 2145 2140 2135 2130 2115 2110 2105 2100 2095 2090 2085 2080 2075
é 0.024 - Fluence: 0 om2 ( ) Fluence: 5.0x10" cm2 Fluence: 0 cm' 2
3 —— 1626 cm'" band ) —— 1500 cm" band (M)| o.08 4— 1062 e band (p)
< o Cumulative fit 0.005 4 cumulative fit —— Cumnulative fit
< 0181 Peak 1 (1648 cm™) Peak 1 (1515 cm™) Peak 1 (1085 cm™)
—— Peak 2 (1626 cm™) 0.003 4~ Peak 2 (1485 cm) 0.05 4 Peak 2 (1057 cm™")
0.012 | :
0.006 | 0.002 4 I 0.03 4
0:000] « | 000

0.001

T T
( k) Fluence: 3.5x10"2 cm'?
—— 1500 cm" band
0.006 — Cumulative fit

T
0.020 - Fluence: 2.5x10"" cm2
1626 cm™" band
Cumulative fit

T
Fluence: 2.5x10"" em’2
0.07 |—— 1062 cm"' band
—— Cumulative fit

(q)

00159 peak 1 (1648 cm) —— Peak 1 (1515 cm™) —— Peak 1 (1090 cm)

—— Peak 2 (1626 cm™) 0.004 4—— Peak 2 (1495 cm™) 0.04 | Peak 2 (1060 cm)*
0.0104 : Peak 3 (1111 cm™)

® “shifted from 1185 cm’!
0.002 - *shifted from 1057 cm™!
0.005 | 0.014
T T T T 0.000 T T T T T T T T
0.019 | Fluence: 6.0x10"2 cm'2 G667 Fluence: 1.0x10' cm’2 Fluence: 1.0x10™ em2
4 007 - k
éGZS ¢I:m_ b?nd (I) 1500 em™! band 003 — 1062 cm‘ band ( r)
umulative fit . Cumulative fit —— Cumulative fit .

0.013 _|——Peak 1 (1697 cmq) ooE] Peak 1 (1515 cm'™) —— Peak 1 (1090 cm™)

—— Peak 2 (1648 cm™) g Peak 1 (1495 cm') Peak 2 (1060 cm™)

- =
Peak3(16265m1) 0.02 |——Peak 3 (1111 cm™)
0.007 4 Peak 4 (1580 cm ) 0.003 4
g 0.01
0.001 _ - 0.001
T B e e e e o e B B A — 7T [ T T T T T T T T
1750 1700 1650 1600 1550 1600 1580 1560 1540 1520 1500 1480 1460 1250 1200 1150 1100 1050 1000

Wavenumbers (cm!)

Figure 3. Gaussian fittings of the IR bands marked with asterisk in Fig. 2. For clarity, only selected fluences are shown. In each panel showing three spectra,

the fluence increases from top to bottom.

cm™2. To better understand these changes, we have tried innumerable
parameters to fit the data across the full range of fluences of the
experiment, and the most consistent results are seen in Figs 3(p)—(r)
and Table 3. According to the current investigation, the asymmetrical
1062 cm~! peak can be fitted as two overlapping peaks centred
at 1085 and 1057 cm™' (Fig. 2p). We believe that these peaks
are due to the coexistence of two different phases (i.e. cubic and
amorphous) of solid NH3 (Ferraro et al. 1980; Zheng & Kaiser
2007).

However, as fluence increases, the 1085 and 1057 cm™! peaks
shift to 1090 and 1060 cm™!, respectively, which could be explained
by ice porosity loss (Loeffler et al. 2016), a common occurrence in
samples exposed to irradiation. Additionally, a new band appears at
1111 cm™! (see Figs 3q and r). The absorbance of this band increases
with the fluence, which shows that it is a daughter species. In the
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literature, this band is assigned to zwitterion glycine by Khanna &
Moore (1999) and to ammonium carbamate by Bossa et al. (2008b).
Finally, the band at 660 cm™! (Fig. 2I; Table 2) is due to the v, mode
of CO,.

Therefore, based on the presented results, we suggest a (simple)
reaction mechanism for the synthesis of carbamic acid within the
CO:NHj3; sample. A tentative reaction mechanism begins with the
direct dissociation of the reactants due to cosmic rays (¢):

NH; —¢ NHj+H° 3)
CO —!{ C+o0, “)

where the radicals are marked with dots. Then, simplest way to
produce carbamic acid within our sample would be via NH,CO*
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Table 3. Infrared absorption features of fitted peaks recorded before, during, and after irradiation of the CO:NHj3 ice mixture at 14 K.
IR region Fitted peaks Assignments Characterizations References
(em™) (cm™")
3500-3100 3273 (Parent) NH/ 8 [1],[2]
2360-2320 2339 (Daughter) Cc80, V3 [3]
2140 (Parent) CO:NH3 Complex 4], [5]
2150-2130 2138 (Parent) Cco Vi [6]
2133 (Parent) CO:NH3 Complex [4]
2110-2080 2092 (Parent) Bco vy (7]
2088 (Parent) c®o vy (7]
1720-1560 1697 (Daughter) NH,COOH v C=0 [8]
1580 (Daughter) HCOO™ COO™ Asym. stretch [9]
1540-1460 1515 (Daughter) NH;CH2COO‘ NOH bend [10]
1495 (Daughter) NH} NH,HCOO~ 3 [51, 191, [11]
1085-1090 (Parent) NH3 v amorphous [12]
1190-980 1111 (Daughter) NH; NH,COO™~ and/or NHY CH,COO~ 1,CO0~ (101, [11]
1057-1060 (Parent) NH;3 v; cubic [13]

Note. References: [1] Sammes (1972), [2] Schutte et al. (1999), [3] Maity, Kaiser & Jones (2015), [4] Bossa et al. (2008a), [5] Chen et al. (2007), [6] Bouilloud
et al. (2015), [7] Maity et al. (2015), [8] Bertin et al. (2009), [9] Schutte et al. (1999), [10] Khanna & Moore (1999), [11] Bossa et al. (2008b), [12] Zheng &

Kaiser (2007), and [13] Ferraro et al. (1980).

— Unirradiated ice
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i | i ; -1
! 3370 cm! 3307 cm™’ ! 3243 cm™’ ! F|t peak 3370 cm
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| : | : : Fit peak 3273 cm
—~ 0.10 - ! i E i i ! Fitpeak 3243 cm
= ] : ! : : : Fit peak 3207 cm*
< E E E E E E Cumulative fit peak
N’ ] 1 1 1 1 1 1
) : : i ' ) :
g | 1 I | 1 1
0.08 i i 1 ' ' |
s ‘ i i ' ‘ i
) : : \ : : .
I~ ' ' , . ' ;
= 1 ' | | | i
4y i | i i i |
< : : : : ! :
DisS) | i : : - ; Unirradiated ice
| / E E E E E /;umulative Fit Peak
L I
—_— —_— _—
3450 3400 3350 3300 3250 3200 3150 3100

Wavenumbers (cm™)

Figure 4. Gaussian fit of the IR bands in the 3450 cm™! to 3100 cm~! range. The assignment of the IR bands can be found in Tables 2 and 3.

(Chen et al. 2007):

NH; + CO — NHCO®, ()
which recombines with OH (available from reactions 3 and 4):
NH,CO* + OH®* — NH,COOH. (6)

It is possible that glycine could be produced from carbamic acid by
singlet methylene 'CH,** insertion (Bergantini et al. 2018):
NH,COOH + 'CH}* — NH,CH,COOH. (7)

However, the preferred synthetic route to glycine within astrophys-
ical ices, according to the literature, is via the barrierless reaction

(Maeda & Ohno 2004):

NH; + 'CHy + CO, — NH,CH,COOH. 8)
Other important routes are (Chen et al. 2007)

NH; + CO — H®+HNCO )
and

NH; + HNCO = NH} +OCN-, (10)

which could explain the production of ammonium and cyanate within
the sample.

MNRAS 00, 1 (2020)
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Table 4. Destruction cross-section (o ¢*?) of the precursor species in the
mixture NH3:CO were obtain with equation (11). The 04® values obtained
for the precursors were used to determine the formation and destruction cross-
sections of the daughter species (equation 13). The constant a is used in the
stopping power relationship of equation (12).

Precursor Wavenumber oq?P a
(cm™1h) 107 B em?) 10718 cm? (keV pm )32
NH;3 1062 1.1 £045 1.324+0.16
Cco 2136 1.6 +£0.35 0.38 £0.05
3co 2090 1.84+0.92 -

3.2 Physical parameters

It is worth to determine physicochemical parameters relevant to the
development of both chemical and astrophysical models (e.g. Herbst
1995; de Barros et al. 2015; Bergantini et al. 2018). The column
density is determined by plugging the areas under the infrared bands
and the absorption coefficients (A-values) from the literature in
equation (1). The IR bands and A-values of reference for CO and
NHj; are listed in Table 1. For the daughter species, the reference
band used for CO, and '*COs is the v; mode at 2342 and 2275 cm™',
respectively, and A-values of (7.6) and (7.8) x 10~'7 cm molecule ™,
respectively (Gerakines et al. 1995); the reference band for OCN~
was the v3 mode at 2160 cm~! with an A-value of 4.0 x 10~ cm
molecule™! (Gerakines et al. 1995). The evaluations of the column
densities as a function of the fluence for the aforementioned species
are displayed in Fig. 5(a). Fig. 5(b) shows the N(F)/N, ratio of the
column density of the daughter species over the column density of
its parent species as a function of fluence.

3.3 Precursor molecules — destruction cross-section

By applying equation (11) for each of the two precursors (reactants),
and assuming a negligible variation of absorbance coefficients with
fluence [i.e. A,(F)], the destruction cross-section can be obtained as
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a dependence of column density on fluence:
N(F) = Nyexp[—a " F], an

where N, is the initial column density for each precursor (i.e.
measured from the unirradiated ice — F = 0) and 0" is the apparent
destruction cross-section of the parent molecule. Here, apparent
means that the sputtering yield is included in the o 4. Indeed, FTIR
measures only the evolution of the intact precursors: The missing
ones may disappear either by dissociation (radiolysis) or by ejection
(sputtering). The evolution of the reactants’ column density can
be seen in the upper part of Fig. 5(a); equation (11) was used to
determine the 0" values shown in Table 4.

3.4 Stopping power and cross-section relationship

The electronic and nuclear stopping powers (S, and S, respectively)
for 538 MeV *Ni*** ions interacting with the NH3:CO ice mixture
were calculated using the TRIM code (Ziegler, Ziegler & Biersack
2010). Results are: S, = 2.2 x 10° keV um~!, S, = 1.4 keV pm~',
and penetration depth of ~15 pwm. Therefore, the destruction cross-
section can be considered constant along the track, since the projec-
tiles traversed the ice films with approximately constant velocity.

The dependence of the apparent destruction cross-section on the
stopping power was found to be (de Barros et al. 201 1b; Pereira et al.
2019)

oqr =asSy, (12)

where a and n are constants that depend on the type of solid, being
determined empirically by the analysed data (see Fig. 6). The units of
Se and o4 are keV w~! and cm?, respectively. The fitting parameters
for the CO and the NHj; destruction cross-sections are given in
Table 4. Assuming n = 3/2, the parameter a values, found by best
fitting, are also presented in Table 4 for CO and NHj3 precursors.

To extend the range of equation (12), literature data are included
in the analysis (Moore et al. 2007; Seperuelo et al. 2009; Loeffler &
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Baragiola 2010; Pilling et al. 2010; Seperuelo et al. 2010; Bordalo
et al. 2013, and references within); see Fig. 6. Points are scattered,
but the average value n ~ 3/2 is reasonable. The conclusion is that
molecular destruction by fast ions is an overlinear phenomenon as a
function of the transferred energy rate.

Figs 6(a) and (b) show the dependence of 04(CO) and o 4(NH3),
respectively, on S.. Similar power laws have been obtained for
CH;OH and CHj ices (de Barros et al. 2011b) and N,O /N,O:CO,
ices (Pereira et al. 2019).

Concerning the dependence on the CO, formation cross-sections
on the stopping power dependence is depicted in Fig. 7. Effectively,
a7 ~ $3/2 is the trend for the CO, similar to results for ices reported
in the literature and included in the analysis of Fig. 7 (e.g. Seperuelo
et al. 2009; Seperuelo et al. 2010; Raut et al. 2012). The constant a
obtained in this case is (3.14 £ 0.39) 1072° cm? (keV pm~")=32,

A further discussion of the theoretical foundation and further
implications of this particular scaling relation is beyond the scope
of this work. However, the ensemble of results obtained with

MeV ions suggests such a tight relationship (power law) between
disappearance cross-sections and the electronic stopping power. The
values of the exponent n of the power law are typically within the
range 1.2-1.5, depending on the irradiated ice. Similar relationships
for radiation effects in matter have often been reported in the
material science context for ion beams ranging from keV to MeV
(e.g. Papaleo et al. 1996).

3.5 Products — formation and destruction cross-sections

The column-density evolution of each product behaves according to

the expression used previously in similar analyses (de Barros et al.

2011b; Pereira et al. 2018; Mejia et al. 2020):

Ni(F) ~ No— " [exp(—oq, F) — exp(—oy F)], (13)
0d — 04,

where N;(F) is the column density of the product i and Ny is
the initial column density of the parent molecule from which the
product has originated. The formation and destruction cross-sections,
oy; and og;, respectively, are extracted by the ratio [N;(F)/Ny] as
the fluence increases. In Fig. 5(b), the solid lines correspond to
equation (13) fittings, which gives the values of both formation
(o) and destruction o 4; cross-sections. Because of the high energy
deposited in the sample by the Ni projectiles, the daughter species
are also subjected to destruction, which is evident in Figs 5(a) and
(b) for fluences above 6 x 10'? jons cm™2.

To determine these daughter species cross-sections, the initial
column density Ny (Table 1) and the destruction cross-section oy
of the precursors (Table 4) have been used. The results are presented
in Table 5.

4 DISCUSSION AND CONCLUSIONS

Surprisingly, the IR spectrum of the irradiated CO:NHj3 ice does
not exhibit bands due to N-O bonds (e.g. nitrogen oxides), despite
the large availability of O and N ions within the sample. So far,
only four N—O-bearing species have been found in the ISM: NO,
N,0, HNO, and HONO (Coutens et al. 2019). Even though the
formation mechanisms of these species in the ISM are not completely

MNRAS 00, 1 (2020)
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Table 5. Formation cross-section (o'¢;) and destruction cross-section (o 4,;)
of daughter species formed in NH3:CO radiolysis.

Species ot O eff oq,; ¢
(10~14 cm?) (10713 cm?) (10713 cm?)
CO, 0.92 £ 0.08 1.79 + 0.25 0.20 £ 0.09
13co, 1.5+05 1.85+0.45 0.75+0.15
OCN~ 0.19 £ 0.05 1.63+0.22 0.10 £ 0.08

Note. “ The destruction (04, ;) is defined as: oeff — 0 4.

known yet (Coutens et al. 2019), the current results suggest that
NH; and CO are not the main precursors of nitrogen oxides in
the ISM, a finding that is in line with that made by Martinez
et al. (2014) in similar experiments. Moreover, understanding the
transformations that ensue in astrophysical model ices is an important
step towards the understanding of real ISM and Solar system
processes. As our knowledge on this matter evolves, it becomes
more challenging to discover new information, which prompts
the scientific community to find device-full ways to explore the
acquired data. In this work, individual absorbances were determined
after fitting of experimental spectroscopic data with Gaussians. In
addition, the calculation of physicochemical parameters, such as
destruction and formation cross-sections of parent and daughter
species due to heavy ion bombardment, yielded new information
on CO:NH; systems, validating previous studies on the electronic
stopping power relationship regarding parent species in high-energy
irradiation experiments. Finally, although the fitting of experimental
FTIR spectroscopic data must be interpreted carefully, our results
tentatively detected carbamic acid, a species reported before in
analogous experiments only in CO,-bearing ices (exposed to thermal
and/or low energy processing), in addition to glycine and ammonium
carbamate. These molecules share similar structure and are a key
factor in understanding how amino acids are synthesized in space, a
question that may have fundamental implications for the emergence
of life as we know it. Moreover, as fluence increases, the IR features
in the region between 3450 and 3100 cm ™! (see Fig. 4), where many
vibrational modes of amine-bearing species are found, become less
distinctive (see Fig. 2b), making unattainable the fitting of such
bands. Nevertheless, new studies exploiting complementary tech-
niques, such as mass spectrometry (see Gobi, Bergantini & Kaiser
2017), could be exploited in future studies to verify our findings.
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