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The discovery of amino acids such as glycine on meteorites and comets confirms the
role of small bodies as transport and delivery vehicles of building blocks of life on
Earth and possibly on other planetary bodies of our Solar System. Glycine is quite
interesting because it is the simplest of the 20 biogenic amino acids, from which
complex organic molecules might have originated in our evolved Solar System. To
investigate the possible chemical evolution of this molecule in space, it is important to
consider how the interaction with mineral matrices influences its photostability. Indeed,
the presence of minerals can mediate the effects of electromagnetic radiation, catalyzing
photoreactions, or protecting molecules against degradation. Such interactions are
responsible for the preservation/degradation mechanisms of organic molecules in space
environments. Laboratory simulations of UV processing may provide key insights into
the survival of organic molecules in space environment and rocky surfaces, which is
of particular relevance for current missions of sample return from asteroids, such as
NASA OSIRIS-REx and JAXA Hayabusa 2, and in particular, upcoming space exploration
missions on planetary surfaces, such as ESA-Roscosmos ExoMars 2022 and NASA
Mars 2020. In this article, we report a laboratory study of UV irradiation of glycine
adsorbed on various space relevant minerals: forsterite, antigorite, spinel, and pyrite. We
monitored possible changes of glycine functional groups due to UV irradiation through in
situ infrared (IR) spectroscopic analysis. Results show that degradation of glycine occurs
with a half-life of 0.5-2h depending on the mineral substrate. Appearance of new IR
bands suggests the occurrence of catalytic reactions mediated by minerals and UV.

Keywords: astrobiology, biomarker, glycine, laboratory, UV irradiation

INTRODUCTION

Interactions at the interfaces between minerals and prebiotic molecules and their role in the
origin of life are some of the most discussed topics in astrobiology (Bernal, 1951; Luther et al.,
1998; Ertem, 2004; Hazen and Sverjensky, 2010; Lambert et al., 2017). Several processes can be
involved in surface-promoted reactions: e.g., ion exchange, electron transfer reactions, photolysis,
photocatalysis, and photosynthesis (Schoonen et al., 2004). Even before the formation of the
rocky surfaces of planets, asteroids, and other minor bodies, mineral surfaces of dust grains in
the interstellar medium may promote the synthesis of complex molecules (Brucato et al., 2006).
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Moreover, the discovery of organic molecules on asteroids
and comets confirmed the role of small bodies as transport
and delivery vehicles of building blocks of life on Earth and
possibly on other bodies of the Solar System (Rivkin and Emery,
2010). Therefore, it is extremely important to study the role
of mineral-molecule interactions on the chemical evolution
of organic molecules in space and their fate once they are
delivered on planetary surfaces. Rocky surfaces are irradiated
by solar UV photons and cosmic rays and are constantly
subjected to thermal changes determined by their rotation
and orbit. However, we know that UV photons can penetrate
only a few millimeters in regolith (Munoz Caro et al., 2006).
Thus, in the absence of resurfacing processes, organics in the
near subsurface are shielded. Nevertheless, UV-driven chemical
reactions between molecules and the surface can cause the
formation of very reactive species acting as strong oxidants that
can penetrate deeper in the subsurface and degrade organic
matter. Furthermore, the results reported in this work show that
a few hours of exposure to UV may transform organic molecules
during their absorption phase on a mineral substrate, and if
subsequent deposition of a shielding material occurs, such as
dust grains or ices accumulating in deep space or sediments
on a planet, these molecules would be preserved in an altered
state. Therefore, studies on photoprocessing and survivability of
prebiotic molecules on rocky surfaces are fundamental both to
understand their role in the origin of life and to estimate the
likelihood of preservation of possible biomarkers that might be
detected in such conditions by space missions.

Among all the molecules detected in space, the amino acid
glycine (H,NCH,COOH) [from now GLY using the standard
abbreviation] is particularly interesting. It is the simplest amino
acid and one of the 20 ordinary amino acids, or proteinogenic
amino acids, incorporated biosynthetically into proteins during
translation. In solution and solid phase GLY exists mainly as
zwitterion (TH3NCH,COO™) (Rosado et al., 1998). Zwitterion is
the electrically neutral form of a molecule that has both positive
and negative charges localized. Amino acids, in which a basic
amine group (-NH,) acts as a proton acceptor from a carboxylic
acid group (-COOH) that acts as proton donor, form zwitterionic
species as a consequence of an internal acid-base reaction. In
the astrophysical context, GLY plays an important role; along
with other amino acids, it was found incorporated in meteorites
(Kvenvolden et al., 1970) and seems to be the only amino acid
that can survive, sublimating from the surface of a meteorite
during atmospheric entry of a meteoroid (Glavin and Bada,
2004). This amino acid was recently detected by the ROSINA
instrument on board the Rosetta spacecraft in the coma of comet
67P/Churyumov-Gerasimenko (Altwegg et al., 2016; Hadraoui
et al,, 2019), confirming the results of the Stardust mission on
the presence of complex organic molecules in cometary material
(Glavin et al., 2008). However, despite many attempts, it was not
observed in submillimetric observations of interstellar medium
and star formation regions (Snyder et al., 2005).

To investigate the survivability of GLY in space environments,
laboratory studies are an unavoidable step toward a
comprehensive understanding of its fate. Although many
studies have been conducted so far to investigate UV processing

of amino acids, and in particular GLY, only few studies
investigated the stability of such molecules in presence of
minerals. Almost 20 years have passed since the first studies
on the formation of GLY within astrophysical ices analogs
were conducted, both experimentally (Bernstein et al., 2002;
Muinoz Caro et al., 2002) and theoretically (Woon, 2002; Holtom
et al., 2005). At the same time, studies on the stability of GLY
were carried out in the simplest way possible: sublimation of
the amino acids on a substrate window and then either UV
irradiation or ion bombardment of the sample, recording mostly
infrared (IR) spectra in transmission. A summary of previous
experiments of UV irradiation of GLY and half-life is reported
in Table 1. Regarding the study of GLY stability, it is worth
mentioning the exposure experiment of GLY carried out in
space. A thin solid film of GLY, both pure and mixed with
montmorillonite clays, was exposed to solar UV irradiation with
the BIOPAN-2 system devised by ESA fixed to the exterior of
a Russian FOTON-11 descent capsule for 10 days (solar light
received 37,428 W m~2) (Barbier et al., 2002). Post-flight free
amino acids were derivatized and analyzed by reverse-phase
high performance liquid chromatography (HPLC). Results
showed that 66% of the original GLY amount (53% in the
presence of mineral) remained unaltered, confirming the
data obtained during previous missions (Barbier et al., 1998).
Then a new photochemistry experiment called UVolution was
performed (Guan et al., 2010) as part of the payload of the
BIOPAN-6 space facility on board Russian satellite FOTON
M3 and supported by laboratory analog analysis. A thin GLY
film with a thickness of a few hundred nm was exposed during
the mission to a flux of 29 solar constant hours in the 220-
280nm range. In first-order kinetic analysis by degradation
of IR bands, the authors evaluated a photodestruction rate of
1-107% 57! corresponding to a half-life of 8 days for GLY at
1 AU. Samples prepared in the same conditions were irradiated
in laboratory for 6h by microwave-powered H,/He-flow
lamp (flux 8 - 10'* photons s'cm™2) and the results show a
photodestruction rate of 8 - 1076 s™! corresponding to a half-life
of 1 day. More recently, in the PROCESS experiment of the
European EXPOSE-E exposure facility on the European Space
Agency (ESA)’s Columbus module of ISS, GLY was deposited as
a homogeneous thin film on a quartz window and exposed for
1.5 yr (Noblet et al., 2012). At the end of the exposure time all
the samples were totally destroyed and the GLY half-life was 8 h.

Several other experiments were conducted on the stability of
GLY to other types of irradiation (X-ray or ion bombardment
simulating cosmic rays) but, although they have considerable
importance in the general framework of understanding the
survival of GLY in various space environments, they are not
mentioned here because they cannot be directly compared with
our results.

In recent years, some researchers have started to investigate
the role of minerals in the stability of GLY, and other
amino acids, with particular relevance for the upcoming in
situ exploration missions on planetary surfaces such as ESA-
Roscosmos ExoMars 2022 (Vago et al., 2015) and NASA Mars
2020 (Williford et al., 2018). Some experiments investigated the
effect of adsorption of GLY on minerals without irradiation.
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TABLE 1 | Recap on literature irradiation experiments with GLY deposited on windows.

Reference

Sample

Irradiation setup

Half-life in laboratory

Extrapolation in space

Ehrenfreund et al. (2001)

Confirmed by Peeters et al.

(2003)

ten Kate et al. (2005)

Poch et al. (2013, 2014)

Orzechowska et al. (2007)

Johnson et al. (2012)

GLY deposited on Csl
window mixed with Ar, No or
H>O ices at 12K to simulate
interstellar environment

GLY deposited on silicon
disc

300 nm, GLY deposit on a
magnesium fluoride (MgF»)
window

GLY in water ice films
sublimated and frozen in
~mm-thick layer on an
OFHC copper substrate
GLY is sublimated in Ar
matrix on KBr window at
18K

Microwave-excited
hydrogen flow lamp, flux
1.10"®photons s~'cm—2
between 110 and 185nm
Hydrogen flow lamp, flux
4.6 -10"photons s~'cm—2
between 120 and 180 nm

Deuterium discharge lamp,
flux 4.9 - 10'3 photons
s~'em~2 between190 and
400nm

Xenon arc lamp, flux
5.570.3 - 10'% photons

s~ 'm~?inrange
200-300nm at 218K and
pressure 6 mbar

Argon mini-arc lamp, flux of
1.2-10"photons s~ 'm—2
between 130 and 335 nm at
100K

Monochromatic resonance
line lamps: Xe lamp at

147 nm, 12 lamp at 206 nm
and a Hg pen-ray lamp at

700-1,000s

4,300s

1.8-10°%s

About 300 h (depending on
sample thickness)

50-3.7h

30 min with Xe, 50 min with
I, and 700 min with Hg
lamp

320 yrand 32 - 10° yrin
interstellar medium

22h and in order of 107 yr
when embedded in regolith
in Mars context

In Mars context estimation
not included

About 10 yr scaled at
Europa

160-5 yr scaled at Europa

254nm (1.09- 10" at
147 nm, 8.68 - 10'8 at

206 nm and

3.41.10'8 photons s~ 'cm—2

at 254 nm)

The table shows a selection of previous experiments on GLY irradiated with UV lamps. The first column reports the reference of experiments, the second and third columns summarize,
respectively, sample preparation and irradiation setup, and fourth and fifth columns display reported results and extrapolation to space environment (if available).

Galvez-Martinez et al. (2019) sublimated and subsequently
adsorbed GLY on pyrite crystals under ultra-high vacuum
(UHV) conditions to study possible surface effects. Interesting
results were observed using in situ XPS. Specifically, the NH7
peak showed a decrease in intensity with increasing time
(from 58 to 35%), indicating that the pyrite surface caused
a transition process from a zwitterionic to an anionic species
over time on the monosulfide-enriched surface. Moving to UV
irradiation experiments, dos Santos et al. (2016) analyzed in
the laboratory the survival of GLY spiked on a large set of
Martian-like minerals. The samples were irradiated with a xenon
(Xe) light source for 28h in a simulated Martian atmosphere
with a thermal cycle —80°C/+20°C of 2h. All the samples
were extracted from minerals and analyzed post-irradiation
with gas chromatography-mass spectrometry. Experiments with
different concentrations of GLY in a spiked solution showed
that minerals such as smectite clays (montmorillonite, non-
tronite, and saponite), sulfates (gypsum and jarosite), and olivine
(forsterite) better preserve amino acids, while augite, basaltic
lava, enstatite, and hematite are less efficient in preserving amino
acids. Regarding the pyrite mineral, de La Cruz-Lépez et al.
(2017) investigated its influence in stabilizing GLY against UV
irradiation. In their experiment, the amino acid was spiked on
pyrite and irradiated with a mercury lamp (with a primary energy

being 254 nm, 5.5 Wm™2) for a period from 1 up to 24 h. Authors
concluded that glycine irradiated in the UV showed no clear
changes, which is consistent with the chemical stability of glycine
against exposure to ionizing radiation.

In our laboratory simulations we chose various minerals
from different groups to simulate space environments and in
particular Mars. Phyllosilicates were observed on Mars (Carter
et al., 2009), indicating the occurrence of aqueous alteration in
early Mars history. Among phyllosilicates, we used antigorite,
[Mg, Fe]3Si205(OH)4, which is one of the three common
forms of serpentine. It is a hydrated silicate (with structural
water or hydroxyl groups) and in natural form it has a
lamellar appearance with well-defined cleavages. Serpentines
draw attention in the context of the origin of life because
they are products of serpentinization, probably one of the most
relevant processes in hydrothermal vents (Bach et al, 2006).
Serpentines were also found on Mars (Ehlmann et al., 2009,
2010, 2011; Viviano-Beck et al., 2014). Within the neosilicate
group we selected forsterite Mg,SiOy4, which is the magnesium-
rich end-member of the olivine group. It is a representative of
mafic minerals and one of the most abundant silicate minerals
on rocky bodies (Steel, 1989; Messenger et al., 2005; Brownlee
et al., 2006; Chevrier and Mathé, 2007; Weinbruch et al., 2010;
Poteet et al., 2011). Forsterite is also one of the minerals
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involved in the geological process of serpentinization, which
is then converted into serpentine. These two minerals were
used in a previous work performed in our laboratory (Fornaro
et al., 2018a), and further discussion on their relevance can be
found there.

In addition, we studied interaction of GLY with spinel,
MgAl,Oy4. Spinel-group minerals are found in a wide range of
terrestrial and extratrrestrial geological environments (Bjarnborg
and Schmitz, 2013). Spinel was found in Martian meteorite
SaU008 (Yu and Gee, 2005). The last mineral of our set was pyrite,
FeS,, an iron sulfide found on Mars as small grains (Moriarty
etal., 2010) and in Martian meteorites (Agee et al., 2013).

MATERIALS AND METHODS

Sample Preparation

A 99% sample of glycine was purchased from Merk/Sigma-
Aldrich (catalog no. G6388). Antigorite (from Zloty Stok,
Poland) was purchased from Nuova Didattica, forsterite and
spinel (from Vesuvio, Italy) were purchased from Webminerals
s.a.s., and pyrite (from Cerro de Pasco, Peru) was purchased from
a private geologist.

Natural minerals were ground with Retsch Planetary Ball Mill
PM100 (agate jar and spheres) and subsequently selected in grain
size 20-50 jum by Retsch Vibratory Sieve Shaker AS200. Clearing
of organic contaminants on minerals was performed by washing
with methanol and ultrapurified water ddH20 (18.5 M)
through sonication and ultrasonic bath. Forsterite was further
treated through oxidation of organics with hydrogen peroxide
in a solution of 30% (w/w) because it still showed organic
contaminants after washing with methanol. IR spectroscopy
characterization of mineral after the treatments showed the
absence of bands linked with organic contaminants. These kinds
of treatments were used effectively in previous work carried
out by our laboratory group (Fornaro et al, 2013a,b). The
motivation to apply this grinding is to simulate the powdered
surface of planets and other rocky bodies. Moreover, powdered
mineral samples also allow maximization of molecule-mineral
interactions, as well as molecular diffusion inside the mineral
matrix. Specifically, smaller mineral grain size corresponds to
higher surface area available for molecular interactions.

An incipient wetness impregnation technique (spiking) was
used for rapid adsorption of a controlled number of molecules on
solid mineral grains. First, we estimated in a separate experiment
the impregnation ratio defined as the adsorbed volume of
solvent at incipient wetness per mineral powder mass unit.
We performed this measurement adding ultrapure water to
the support mineral until separate liquid phase was observed.
Measured values of impregnation ratio are reported in Table 2.
We used 300 mg of each mineral and 15mg of GLY molecule
with a molecule/mineral ratio 1:20. Stock solutions with ddH20
were prepared in Eppendorf tubes, and then they were spiked
onto mineral samples. Afterwards, samples were vortex-mixed to
homogenize the suspensions and then dried in an oven at 50°C
for 12 h. In this way, we prepared samples of GLY adsorbed on
four minerals: antigorite, forsterite, spinel and pyrite, with grain
dimensions ranging from 20 to 50 pm.

TABLE 2 | Impregnation ratio estimated values for four mineral samples.

Mineral Impregnation ratio [nL/pg] Solvent [iL]
Antigorite 0.4 120
Forsterite 0.4 120
Pyrite 0.4 120
Spinel 0.5 150

Irradiation Setup and IR Analysis

The UV source used in our experiments is a Newport Xe-
enhanced UV 300W lamp with purified Xe at 5-20 bar
(wavelength range 185-2,000 nm) (Newport, 2020). Xe arc lamps
have a relatively smooth emission curve in the UV-VIS spectrum,
with sun-like emission spectrum and 5800 K color temperature.
The Xe lamp is hosted in Newport Research Arc Lamp Housing
50-500 W. The UV radiation emitted by the lamp was collimated
through an optical system consisting of a first mirror that reflects
the radiation coming from the lamp to a UV-grade fused silica
collimating condenser lens (type Fused Silica Asphere, f-number
{/2.2), which directs collimated UV radiation toward an optical
fiber with an aperture of 800 um. The optical fiber was inserted
into the sample chamber of the interferometer, located at an angle
of 60° with respect to the sample. The area of the irradiated
sample, Ag, was 7.07 mm?. The sample holder was 4 mm thick
with a total volume of V = 0.03mL. The lamp was calibrated
at the National Institute of Optics (INO) in Arcetri (Firenze,
Italy); the total incident flux of UV photons focused on the
samples through the optical fiber per area unit was %‘;‘ =

1.05- 10'7photons s ™! cm ™2 calculated in the range 200-350 nm
where GLY absorption is higher (Saidel et al., 1952; Ehrenfreund
et al., 2001). This range was confirmed in our work collecting
UV spectra of water-GLY solution with different concentrations
using ONDA UV-30 SCAN (UV/Vis) photospectrometer, as
shown in Figure 1. We cannot exclude that a minor fraction of
VIS radiation could be absorbed by minerals (in particular those
containing iron) and used to induce photocatalytic processes.

IR analysis was carried out with a Bruker VERTEX 70v
interferometer interfaced with Harrick Praying Mantis™ for
DRIFTS analysis. Spectra were acquired in the wavenumber
range from 8,000 to 400 cm~! with resolution of 2 cm™!.
OPUS software was used to perform our analysis; we used the
basic algorithms available in the software to evaluate band areas
and peak position. Spectroscopic analysis of photodissociation
process was performed during irradiation without moving the
samples and saturating the Praying Mantis™ with nitrogen
atmosphere in order to rule out any oxidation due to air at room
temperature (25°C). IR diffuse reflectance spectra of the samples
were recorded at regular intervals of UV irradiation time in order
to monitor the degradation process in real time by observing
changes in the IR spectrum features. From recorded spectra,
degradation kinetics was investigated and the rate of band
intensity reduction was evaluated. In particular, we calculated
band areas assuming their proportionality to the number of
molecules. The degradation rate B was obtained by fitting the
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FIGURE 1 | Water—glycine adsorption UV spectra at various concentrations: dotted line, 10 mM; dashed line, 100 mM; and continuous line, 1,500 mM.

fraction of unaltered molecules, N;y/ Ny, estimated by the band
area at irradiation time f normalized on the band area pre-
irradiation, vs. time, using an exponential function:

NGO _ pete 4 ¢

No

where Nj is the initial number of molecules in the sample, B is
the fraction of molecules that interact with UV radiation, and C is
the fraction of molecules that do not interact with UV radiation
due to their position in deep layers of the solid samples. From
the degradation rate we can obtain the half-life (time required to
destroy 50% of the initial material) as t;/, = In(2/B), and the
UV destruction cross section o, which represents the probability
of interaction between UV radiation and the adsorbed molecule.
For the cross section, the relation with g is

<Dt0t

B=<7A0

During the irradiation of GLY adsorbed on pyrite, we observed
the formation of new bands. In this case, we investigated the
kinetics through the function

Nf(t) = Nﬁ) (1 — e—at)

where N¢(t) is the number of molecules formed at time ¢, Ny,
is the maximum number of molecules formed, and o is the
formation rate. Similarly to the previous case, this function gives
best fits for band formation processes. In this case, the cross
section of the formation process oy is linked to a by the relation

. Dot
o= Gf A()

More details on the methods used for analyzing the degradation
kinetics can be found in previous works (Fornaro et al., 2013b,
2018a; Potenti et al., 2018).

RESULTS

Band Assignment and Spectral Changes

Due to Molecular Adsorption

Peak assignments of pure GLY spectrum based on experimental
and theoretical data from the literature (Holtom et al., 2005;
Pilling et al, 2013) are reported in the first two columns
of Table3. We focused our analysis of the IR spectrum of
GLY on the range 3,800-400 cm~!, because the spectrum of
pure solid GLY shows 15 identified vibrational modes in this
range (assignments are shown in Figure 2), while above 3,800
cm~! unidentified absorption peaks are present. We noted
that vibrational modes are distributed within two distinct main
regions: one from 1,900 to 400 cm ™! characterized by vibrational
modes of carboxylate -COO™ and a second one, at higher
wavenumbers (shorter wavelengths), due to very weak vibrational
modes such as the stretching bands of the protonated amine
group NH;‘. The full-range spectrum of pure GLY is reported in
Supplementary Figure A1. The presence of modes of the NH
functional group, such as its asymmetric stretching at ~3,200
cm~!, and carboxylate modes, such as symmetric stretching at
~1,400 cm™!, confirms that GLY in solid phase is mainly in the
zwitterionic form.

An example of how spectral features can change before
and after GLY adsorption is reported in Figure 3 for pyrite,
where spectra of pure GLY, pure pyrite, and GLY adsorbed on
pyrite are shown. The spectra before and after adsorption for
all the samples are reported in Supplementary Figures A2-A5.
Our peak assignment for GLY adsorbed on mineral samples is
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TABLE 3 | Band assignment for pure GLY and GLY adsorbed on minerals.

Mode Peak position (cm')
Pure GLY GLY on forst. GLY on pyr. GLY on spin. GLY on antig.
Peak Int. Peak Int. Peak Int. Peak Int. Peak Int.
wCOO~ 614 w n.o. - 614 w n.o. - n.o. —
3COO~ 713 w n.o. - 705 w n.o. — n.o. —
vCC 884 w n.o. — 866 w n.o. — n.o. —
901 895
oCH> 920 m n.o. — 916 m n.o. — n.o. -
vCN 1,038 w n.o. — n.o. — n.o. — n.o. —
oNHg* 1,120 w 1,130 w 1,120 vw n.o. — 1,118 w
1,136 1,136 1,134
twCH, 1,315 VW 1,311 W 1,310 w 1,313 w 1,312 w
wCH» 1,336 m 1,335 s 1,337 m 1,333 m 1,333 w
vsCOO~ 1,400 m 1,393 s 1,418 w 1,392 m 1,391 w
1,419 1,413 1,411 1,412
8CH> 1,444 w 1,444 w n.o. — 1,443 w 1,444 w
SNH3™ 1,503 s 1,501 m 1,498 w 1,503 m 1,503 w
1,535 1,523 1,622 1,530 1,513
1,530
V2sCOO™ 1,610 Vs 1,601 s 1,605 w 1,585 w n.o. -
1,640 1,661 1,611
vNH3 "t + tNH3 ™ 2,130 VW 2,134 m 2,127 w 2,118 w 2,116 w
vNH3" + vCN 2,654 VW 2,615 w 2,615 w 2,620 w 2,621 w
vasNH3 ™ 3,200 VW 3,177 m 3,178 w 3,165 m 3,169 M

Vibrational modes: v, stretching; 8, bending; w, wagging; p, rocking; t, torsion; tw, twisting; s, symmetric; as, asymmetric. Band intensities: vw, very weak <1%, w, weak 1-4%, m,
medium 4-8%; s, strong 8-10%; vs, very strong >10%. Several unidentified combination bands were observed between 2,000 and 3,000 cm~". [n.o. stands for “not observed”].

T T T T T T T T T T T T "

pure GL

0.5

0.45

T T T T
L
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e
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(&)

wCOO™

o
>
L L

o
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|
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2500
Wavenumber [cm"]

PR |
4000 2000

FIGURE 2 | Infrared spectrum of pure GLY in the range 4,000-400 cm~" with peaks assignment from Holtom et al. (2005) and Pilling et al. (2013). Vibrational modes
legend: v, stretching; §, bending; w, wagging; p, rocking; t, torsion; tw, twisting; s, symmetric; as, asymmetric.

reported in the last four columns of Table 3 with relative band  mineral surfaces, with the lowest number of bands observed in
intensities. As it is possible to notice, a number of vibrational  the case of spinel and antigorite (nine peaks). Interestingly, some
modes of pure GLY are missing when GLY is adsorbed on  of the characteristic bands of pure GLY disappear, especially in
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TABLE 4 | Best-fit values for the degradation rate B, cross section oy, and
half-life time t1 21a for pure GLY irradiated in laboratory conditions.

Mode B [min~"] o1ab [cm?] t; [min]
NHg* group domain: no degradation

3,400-1,900 cm~!

COO™ group | domain: 2.033-107* (1.94 + 0.04)- 1072 3, 409
1,900-810 cm™!

COO™ group Il domain: 3.724 .10 (3.55 + 0.07)- 1072 1, 861

810-470 cm™!

Analysis was conducted on three different spectral domains.

the spectrum region under 1,000 cm~! where mineral features
are predominant. On the contrary, some peaks become more
distinguishable in the region 3,500-2,000 cm~!. In the case
of GLY adsorbed on forsterite some bands become stronger.
Moreover, we observed that peak positions of GLY adsorbed
on mineral surfaces are not the same for all samples. All
the spectra show two regions characterized by GLY bands: a
series of weak overlapping bands extending from 3,300 to 2,000
cm~!, corresponding mainly to the NH, CH, or CN stretching
vibrations or some combination bands, and another region of
more intense bands from 1,600 to 1,300 cm ™!, which are bending
spectral signatures of ~-COO~, C-H, and -NHJ . In detail, the
only sample showing molecular bands under 1,000 cm~! is GLY
adsorbed on pyrite. Here we observed shifts of about 4-18 cm™!
toward smaller wavenumbers in almost all bands; the higher
shift of 18 cm™! was observed for the stretching mode of CC,
indicating some interactions of GLY with pyrite through the CC
group. The wagging mode of COO™ at 614 cm™! is the only

unmodified GLY peak in this spectral region. In the spectral
region 1,600 to 1,300 cm ™! we observed GLY bands in almost all
the samples with the exception of NH; " rocking mode missing
on spinel and CH, bending mode missing on pyrite. In this
spectral range, shifts are smaller compared to lower wavenumbers
and some bands do not change position at all, such as the NHz ™
rocking mode and CH; bending mode. Symmetric stretching of
COO™, which in pure GLY is present as a peak and a shoulder
at 1,400/1,419 cm™!, shifts toward smaller wavenumbers in all
the samples, with shifts of 7/4 cm™! in the case of forsterite,
8/8 cm™! in the case of spinel and 9/7 cm™! in the case of
antigorite. This indicates that the carboxylate functional group of
GLY interacts with the mineral surface sites in all cases. On pyrite,
such band has only one peak at 1,418 cm™!. Also, the asymmetric
stretching of COO™, located at 1,610/1,640 cm™! pure GLY,
shifts in position in almost all samples with the exception of
antigorite. At higher wavenumber, between 3,500 and 2,000
cm~!, we observed several bands related to the combination
mode of NH;". Here the intensity of bands increases after the
adsorption and all the peaks shift toward smaller wavenumber.
For asymmetric stretching of NH37, located at 3,200 cm~! in
pure GLY, we observed a shift of about 30 cm™! toward smaller
wavenumbers when GLY is adsorbed on minerals, with the bigger
shift of 35 cm™! in the case of spinel and the smaller shift of 22
cm~! in the case of pyrite.

Irradiation Experiments

Pure GLY powder was ground using a mortar and pestle and
placed directly in the sample holder. Sample irradiation occurred
under a nitrogen atmosphere for 7-8h at room temperature,
recording IR spectra at intervals of 1h. No changes in band
intensities were observed, so we tried a long irradiation for 61.5h
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FIGURE 5 | Superimposition of infrared spectra of GLY adsorbed on pyrite in the range 2,000-500 cm~" during 7 h of UV irradiation. Spectra were collected in situ at

at room temperature. In this case, we collected only the final
spectrum, and we noticed some weak changes by comparison
with the pre-irradiation spectrum. To estimate degradation
parameters, we used a more simplified equation for degradation

kinetics: In [%{?] o —pt. This formula is more suitable for

integration on extended domains [a similar procedure is used
in Guan et al. (2010)]. Results on degradation rates, cross
sections, and half-life are reported in Table 4, while spectra
before and after UV irradiation are shown in Figure4. As

reported, pure GLY shows half-life of the order of a few days in
laboratory conditions.

UV photodissociation analysis was then performed on GLY
adsorbed on four minerals: antigorite, forsterite, spinel and
pyrite. In such cases, after a total time of 7h of irradiation
in laboratory conditions (room temperature under nitrogen
flux) for each sample, several GLY bands showed non-negligible
degradation. In Figure 5 we report the spectra at subsequent
irradiation times for GLY adsorbed on pyrite in the range
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TABLE 5 | Best-fit values of the degradation rate 8, the fraction of molecules that interact with UV radiation B, and the fraction of molecules that do not interact with UV

radiation C, for GLY adsorbed on minerals UV irradiated in laboratory conditions.

Peak [cm™] Mode B [min~1] B [+ Xn?uf
GLY adsorbed on forsterite

1,130 pNH5™ 0.037 £+ 0.011 0.080 + 0.002 0.920 + 0.002 0.965
1,311 and 1,335 twCH, and wCH, 0.015 £+ 0.002 0.118 + 0.004 0.882 + 0.004 0.965
1,393-1,413 vsCOO~ 0.012 £+ 0.002 0.135 + 0.005 0.865 + 0.005 0.958
1,444 S8CH> 0.02 + 0.011 0.11 £ 0.01 0.89 + 0.01 0.742
1,501-1,523 SNH3 ™ 0.028 £+ 0.018 0.054 + 0.005 0.946 + 0.005 0.747
1,601 v2sCOO™ 0.0061 + 0.0013 0.12 £ 0.01 0.88 + 0.01 0.949
2,134 vNHzt + tNH3* 0.031 £+ 0.010 0.078 + 0.002 0.922 + 0.002 0.940
2,615 vNH3" 4+ vCN 0.023 £ 0.008 0.081 + 0.004 0.919 + 0.004 0.895
3,177 vasNH3 ™ d.n.e.

GLY adsorbed on antigorite

1,118-1,134 pNHg ™ d.n.e.

1,312 and 1,333 twCH, and wCH, 0.0104 + 0.0014 0.071 + 0.003 0.929 + 0.003 0.977
1,391-1,412 vsCOO~ 0.014 £+ 0.004 0.097 + 0.006 0.903 + 0.006 0.904
1,444 8CHy d.n.e.

1,503-1,513-1,530 SNH3™ 0.006 + 0.004 0.078 + 0.017 0.922 + 0.017 0.749
2,116 vNHst + tNHs* d.n.e.

2,621 vNHzt + vCN 0.005 £ 0.003 0.034 + 0.009 0.966 + 0.009 0.843
3,169 VasNHa ™ No degradation

GLY adsorbed on spinel

1,313 and 1,333 twCHy and wCH, 0.0047 + 0.0016 0.029 + 0.005 0.971 + 0.005 0.938
1,392-1,411 vsCOO~ 0.0053 + 0.0014 0.027 + 0.003 0.973 + 0.003 0.956
1,443 SCH> d.n.e.

1,503-1,530 SNH3™ 0.009 + 0.002 0.031 + 0.002 0.969 + 0.002 0.925
1,585-1,611 12sCOO~ No degradation

2,118 vNHat + tNHa* d.n.e.

2,620 vNHz* + vCN No degradation

3,165 VasNH3 ™ No degradation

GLY adsorbed on pyrite

614 wCOO~ No degradation

705 8COO~ No degradation

866-895 vCC 0.007 £+ 0.004 0.060 + 0.013 0.940 + 0.013 0.758
916 pCH> 0.006 + 0.002 0.099 + 0.012 0.901 + 0.012 0.923
1,120-1,136 pNH3™ 0.0017 + 0.0012 0.22 +£ 0.12 0.78 £ 0.12 0.967
1,310 twCHo 0.021 £+ 0.002 0.142 + 0.009 0.858 + 0.009 0.988
1,337 wCHy 0.0187 + 0.0019 0.158 + 0.003 0.842 + 0.003 0.989
1,418 vsCOO~ 0.009 + 0.004 0.056 + 0.006 0.944 + 0.006 0.846
1,498-1,522 SNH3™ 0.047 £+ 0.0017 0.064 + 0.011 0.936 + 0.011 0.934
1,605-1,661 vsCOO™ d.n.e.

2,127 vNH3 4+ tNH3™ 0.008 + 0.002 0.097 + 0.009 0.902 + 0.009 0.987
2,615 vNH3t + vCN No degradation

3,178 VasNHg ™ No degradation

Except pyrite, twCH»> and «CH» were evaluated together due to band overlapping. d.n.e. stands for “degradation not evaluable” when samples showed degradation but analysis was

not possible. In the gof column is reported the chi square evaluated for the fitting procedure.

2,000-500 cm~!. Best fit values for 8, B, and C for single bands
in all the samples are reported in Table 5. The destruction cross
sections and half-life derived from photodissociation parameters
are reported in Table 6. We noted a generic cross section decrease
at increasing wavenumber (shorter wavelength). Some minerals

do not show band reduction at higher wavelength, and the
degradation seems to be more intense within the region 1,100-
1,300 cm~!, as inferred by photodissociation parameters and
cross section values. Some differences were observed among
minerals, with some minerals having generally lower degradation
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TABLE 6 | Destruction cross sections ojz, and half-life t1 2 1 in laboratory
conditions for single bands of GLY adsorbed on minerals under UV irradiation.

Peak [cm™1] Mode Olaplem?] t1/2 1ap[min]
GLY adsorbed on forsterite

1,130 pNHz* (3.5 + 1.1)-1071° 18 + 5

1,311 and 1,335 twCH, and wCH» (1.4 £ 0.2)-1071° 47 £ 6

1,393-1,413 vsCOO~ (1.1 £ 0.2)-1071 58 + 9

1,444 8CHo (1.9 + 1.0)-1071° 34 + 19

1,501-1,523 SNHs™ 2.6+ 1.7)-10719 25 + 16
1,601 12sCOO~ (5.8 + 1.3)-10720 113 + 24
2,134 vNH3™ + tNHs™ (2.9 + 1.0)-107"° 22 +£7

2,615 vNHs* + vCN (2.2 £ 0.8)-107"° 30 £ 10
GLY adsorbed on antigorite

1,312 and 1,333 twCH, and wCH» 9.9 + 1.5)-107° 67 £ 9

1,391-1,412 V2sCOO0™ (1.4 £ 0.4)-1071° 46+ 12

1,503-1,513-1,530 SNH5™ 6+ 4)-10720 109 + 68
2,621 vNH3 4+ vCN (5 4+ 3)-10720 136 + 80
GLY adsorbed on spinel

1,313 and 1,333 twCH, and wCHz (45 + 1.6)-10% 146 + 49
1,392-1,411 1sCO0~ (151 + 1.4)-10720 130 + 34
1,503-1,530 SNH3* B8 +£2-10-%° 78 + 18

GLY adsorbed on pyrite

866-895 vCC (7 £ 4-102° 99 + 57

916 pCHo 6 +2-10% 106 + 33
1,120-1,136 pNH3* (1.6 + 1.2)-1070 405 + 284
1,310 twCH, (2.1 £ 0.2)-1071° 32 £33

1,337 wCHp (1.8 + 0.2)- 1010 37 + 4

1,418 vsCOO~ 9 + 4)-10720 73+ 30

1,498-1,522 SNHg* 5+ 2-10720 147 + 53
2,127 vNH3 " + tNH3 ™ B8 +2-10-%° 86 + 21

Pyrite, twCH», and «CH» were evaluated together due to band overlapping. Cross
sections and half-life in table are reported only for bands where photodissociation
parameters were evaluated.

rates. This is reflected in half-life values as can be seen in
Table 6. We found almost an order of magnitude difference
among minerals. Similar to the case of pure GLY, we evaluated
also degradation parameters and derivate values for extended
spectral domain, generally encompassing a domain in the region
dominated by NH; bands and one or two domains in the region
dominated by -COO~ and C-H bands, according to spectral
features. Results are reported in Tables 7, 8.

During irradiation of pyrite, we observed the formation of
new bands, as shown in Figure 6; a new band, related to CO,,
appeared at 2,340 cm~!. Some modifications of spectral shape
were also observed in the region 2,500-2,400 cm~!. The best
fit values for CO, band formed at 2,340 cm™! are: formation
rate @ = 0.0176 % 0.0019 min~! and formation cross sections
of = (1.7£0.2)-107 Yem?.

DISCUSSION

In this work, we investigated the UV photodestruction process
of GLY, either pure or adsorbed on minerals, by monitoring
the disappearance in the IR spectrum of some characteristic

signals related to the main amino acid functional groups during
irradiation. The photodestruction rate constants obtained in this
study can be used to predict amino acid survival in different
extraterrestrial environments.

We found that, in our laboratory conditions, pure GLY has
a half-life of 1-2 days, consistent with the findings of Guan
et al. (2010), although in other simulated space conditions it
seems to be less photostable, with a reported half-life time of
700-1,000 s in Ehrenfreund et al. (2001). This result is therefore
consistent with the chemical stability of GLY against exposure to
ionizing radiation, in agreement with previous works also with
other types of radiation (de La Cruz-Lopez et al., 2017). However,
we have to consider the possibility that glycine features do not
show significant changes in band intensities because DRIFT
spectroscopy involves a sample layer much thicker than the
one affected by UV irradiation. As a consequence, any possible
changes occurring at the very outermost GLY monolayers could
be too small to be detected because the spectrum arising from the
UV-unaftected deeper layers could predominate.

In the case of GLY adsorbed on minerals, before the
irradiation experiment, we observed a different spectroscopic
behavior as a consequence of molecular adsorption onto
minerals, as reported in Table 3 and in the Results section. The
observed changes, such as band disappearance and frequency
shifts, are linked to different adsorption configurations of GLY
on the selected minerals. In our samples we observed that (1)
the GLY bands are missing in particular below 1,000 cm ™! in all
samples except pyrite; (2) some other bands are missing at higher
wavenumbers; and (3) the lowest number of bands is observed
on spinel and antigorite. Disappearance of molecular features or
their changes in intensity could be related to molecular spatial
arrangements as imposed by surface selection rules (Fornaro
et al., 2013a). Shifts of vibrational frequencies due to molecule—
mineral interactions were also observed in all cases. Shifts of
band peak position of molecular functional groups to higher
wavenumber values can be interpreted as a strengthening of
the chemical bonds of these functional groups due to molecular
adsorption; on the other hand, a shift toward lower wavenumber
values indicates a weakening of the chemical bonds of these
functional groups as a consequence of interactions with mineral
surface sites.

It is worth noting that the observation of such shifts in peak
position of GLY adsorbed on different mineral phases is an
essential piece of information for spectroscopic matching of data
acquired from IR instruments on board space missions. Referring
to spectra of pure minerals and molecules in the process of
feature identification can lead to misinterpretation if the possible
shifts in peak positions due to molecule-mineral interactions
are not considered. Analysis of samples obtained with physical
adsorption processes under plausible space-like conditions is
fundamental to support present and future space missions in the
search for organic matter and biomarkers in the Solar System.

We expected also that the differences in molecule-mineral
interactions, coupled with the different catalytic properties of the
minerals, could lead to UV irradiation specificity. We observed
degradation in all GLY-mineral samples during 7 h of irradiation.
The degradation generally seems to be more intense around
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TABLE 7 | Best-fit values of the degradation rate B, the fraction of molecules that interact with UV radiation B, and the fraction of molecules that do not interact with UV
radiation C, for spectral domains of GLY adsorbed on minerals UV irradiated in laboratory conditions.

Spectral domains [cm~] B [min~"] B c X34
GLY adsorbed on forsterite

NHz* group domain: 3,396-2,302 d.ne.

COO~ group domain: 1,983-1,280 0.022 + 0.004 0.090 + 0.002 0.910 + 0.002 0.969
GLY adsorbed on antigorite

NH3 ™ group domain: 3,340-2,298 0.005 + 0.002 0.044 + 0.009 0.956 + 0.009 0.918
COO~ group domain: 1,925-1,050 0.017 + 0.007 0.0116 + 0.009 0.9884 + 0.009 0.829
GLY adsorbed on spinel

NH3™ group domain: 3,425-2,298 No degradation

COO~ group domain: 1,900-1,080 d.n.e.

GLY adsorbed on pyrite

NHg* group domain: 3,440-2,367 No degradation

COO~ group | domain: 1,800-1,268 0.012 + 0.003 0.056 + 0.003 0.943 + 0.003 0.942
COO~ group Il domain: 1,267-875 0.005 + 0.002 0.016 + 0.003 0.983 + 0.003 0.982

d.n.e. stands for “degradation not evaluable” when samples showed degradation but analysis was not possible. In the Xgof column is reported the chi square evaluated for the

fitting procedure.

TABLE 8 | Destruction cross sections o, and half-life ¢4 /2 iab N laboratory
conditions for spectral domains of GLY adsorbed on minerals under UV irradiation.

Spectral domain [cm~1] olab [cm?] t1)2 1ap[min]

GLY adsorbed on forsterite

NHz* group domain: 3,396-2,302 d.n.e.

COO~ group domain: 1,983-1,280 (21 £ 0.4)-1071° 32 +5
GLY adsorbed on antigorite

NH3z* group domain: 3,340-2,298 @4 +£2-107° 145 + 60
COO™~ group domain: 1,925-1,050 (1.64 0.7)-1071° 41 + 17
GLY adsorbed on spinel

NH3" group domain: 3,425-2,298 No degradation

COO~ group domain: 1,900-1,080 d.n.e.

GLY adsorbed on pyrite

NHg* group domain: 3,440-2,367 No degradation

COO~ group | domain: 1,800-1,268 (1.14 0.3)-107"° 56 + 13
COO~ group Il domain: 1,267-875 5+ 2)-10"%° 135 + 53

d.n.e. stands for “degradation not evaluable” when samples showed degradation but
analysis was not possible.

the region 1,300-1,500 cm ™!, which is characterized by spectral
signatures of —-CH;- and ~-COO™. This trend confirms previous
studies that localize mostly UV irradiation effects on the carboxyl
groups, as we will discuss later in this section. By proper
comparison of results obtained with different samples, we can
investigate the interactions between GLY and different minerals
in an original approach. From Table 6 we note that GLY adsorbed
on forsterite and pyrite has a shorter half-life compared with GLY
adsorbed on antigorite and spinel; in particular, GLY adsorbed on
spinel did not show degradation in most of its bands during the
7-h irradiation session. Table 9 reports results relative to bands
that showed degradation in all samples. In detail, we considered

three bands of three different types of functional groups that
showed degradation in all samples. (1) For wagging and twisting
mode of ~CH;, located around 1,311/1,333 cm™!, we found
comparable shorter half-life times between forsterite and pyrite,
while spinel turned out to be the most effective mineral in slowing
down the reaction involving GLY. (2) Looking at the symmetric
stretching of ~-COO™ group, we found again the longest half-life
time when GLY is adsorbed on spinel. (3) for bending of NH;, we
could not make any considerations due to larger uncertainties.
Generally speaking, we can say that the whole set of samples
can be divided into two subgroups: the first formed by spinel
and antigorite with lower values of photodissociation parameters;
the second group formed by forsterite and pyrite with higher
values. The fact that pyrite and forsterite show a higher catalytic
effect could be linked to typical high reactivity of iron-bearing
minerals (Fornaro et al., 2018b). Spinel and antigorite did not
show any significant catalytic effect. The serpentine minerals,
such as antigorites, are characterized by high surface areas and
lamellar structure with optimal interlayer sites for adsorption and
shielding of organic molecules. These findings agree with the UV
irradiation studies of amino acids adsorbed on various minerals
under Martian-like conditions carried out by dos Santos et al.
(2016), revealing that phyllosilicates have a greater tendency to
preserve GLY degradation with respect to other minerals. The
lower catalytic effect of antigorite with respect to forsterite was
also observed in recent works carried out in our laboratory using
different classes of prebiotic molecules (Fornaro et al., 2018a;
Potenti et al., 2018). The catalytic activity of some minerals may
be related to a proximity effect, i.e., their ability to increase
the local concentration of molecules through adsorption onto
the mineral surfaces and, consequentially, the probability of
molecular self-association and chemical reactions. Moreover,
molecular adsorption may take place with a configuration that
facilitates interactions between reactive functional groups of
molecules close to each other on the surface. According to
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TABLE 9 | Comparison of half-life of GLY adsorbed on forsterite, antigorite, spinel,
and pyrite for three common bands.

Mode Half-life time t 1 [min]

Forsterite Antigorite Spinel Pyrite
twCH, and wCHo 47+ 6 67 +£9 146 + 49 32+3
vsCOO~ 58+9 46+ 12 130+ 34 73+ 30
SNH3™ 25 + 16 109 + 68 78+ 18 147 +£ 53

previous works, antigorite seems to have lower catalytic effect
than forsterite (Fornaro et al., 2018a; Potenti et al., 2018) or
pyrite. We also observed lower catalytic properties in the case
of spinel.

Formation of new peaks was observed when we irradiated
GLY on pyrite (Figure 6). The newly formed peak is associated
with carbon dioxide, specifically with asymmetric stretching of
CO,. Ehrenfreund et al. (2001) suggest that the photodissociation
process of GLY (reported in the text that follows in its
non-zwitterionic form) starts with the separation of the
carboxyl group:

H,NCH,COOH + hv — H,;NCH; + COOH

According to Guan et al. (2010), after hydrogen atom transfer
between COOH and H,NCH,; radicals, the formation of CO, and
methylamine (CH3NHy,) is quite straightforward, being followed
by the formation of HCN. Since GLY in our samples is in
its zwitterionic form, the aforementioned transfer has already
occurred and so CO; can form directly. The persistence of a
long period of CO, bands in laboratory conditions can be due
to an entrapment in deeper layers of the sample from which

they cannot easily escape. Only bands attributable to CO, were
revealed in the spectra, neither CH3NH, nor HCN bands were
visible. The CO, band formation has also been observed in other
laboratory experiments with GLY and pyrite irradiated with the
same lamp in vacuum under pressure of 10~° mbar (data not
shown), confirming that the appearance of this band CO; band is
linked with GLY dissociation.

Observation of degradation of GLY bands and formation of
new peaks in about 7 h of irradiation under ambient temperature
suggest that short-time photoprocessing active in the equatorial
region of Mars close to noon can affect strongly GLY fate.
Rovers such as Exomars 2022 and Mars 2020 will perform in
situ analysis, drilling the subsurface for sample collection. Our
work shows how the presence of organics such as GLY can
be seriously affected according to irradiation history along the
drill depth. We could also think about pioneering experiments
in which the samples extracted from subsurface are exposed to
UV radiation to study Mars photo-reactions directly to infer the
effects of possible resurfacing processes that can affect exposed
biomolecules extracted from the subsoil. On the other hand, this
may also suggest that if this adsorbed GLY is exposed to UV
for a short time and then is covered later on by another layer
that protects from UV, the molecule that is preserved would
be different, altered, and would show different bands from the
original one.

To conclude our discussion, as inferred from our work,
hydrated phyllosilicates such as serpentine show the lowest
catalytic photodegradation activity among the tested minerals,
especially if compared with the other minerals such as pyrite
and forsterite. These results, while confirming the resistance of
glycine against UV irradiation, give us new hints in seeking
organic material in space, helping interpretation of ExoMars 2022
data in searching for organics on Mars.
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CONCLUSIONS

In our work we analyzed the UV irradiation of pure GLY and
adsorbed on space-relevant minerals that are abundant in a wide
range of environments across the Solar System: the serpentine
antigorite, olivine forsterite, oxide mineral spinel, and iron-
sulfide mineral pyrite. Among organic relevant molecules we
chose glycine [GLY], the simplest amino acid, one of the 20
included in terrestrial biology, and already found in meteorites
and comets.

After sample preparation, we were able to assign GLY
molecular peak positions on molecule-mineral samples from
the previous literature. We generally observed a decrease of
band intensity and peak shifts with respect to pure GLY as a
consequence of adsorption.

We performed UV irradiation of several hours following in
real time the kinetics of degradation to evaluate parameters
such as cross sections and half-life of GLY adsorbed on
selected minerals. We found differences in degradation processes
depending on the mineral used as adsorbent. In our study, we
highlight a lower efficiency of antigorite and spinel in catalyzing
GLY photoreaction compared with forsterite and pyrite. The
half-life changes between the four GLY-mineral samples from
a factor of about 2 up to a factor of about 4 times, as
reported in our work. From o values estimated in our laboratory
conditions, it is possible to derive the half-life values experienced
under the Martian UV flux [estimated by Patel et al. (2002)
as 1.4 x 10'° photons s~! cm™2 in the 190-325nm spectral
range] by using the same relations between o, 8, and ®yy. In
particular, we found that GLY adsorbed on pyrite has a half-
life of about 40h; in comparison this value can be doubled
in the presence of antigorite, with a half-life of 80 Martian
hours. Instruments such as MOMA on board ExoMars 2022
will need this kind of information to increase the probability
of detection of organic material before taking the decision to
move forward in the analysis with single-use ovens (Goesmann
et al, 2017). Generally speaking, in the present and future
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