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Abstract

The presence of nucleobases in carbonaceous meteorites on Earth is an indication of the existence of this class
of molecules in outer space. However, space is permeated by ionizing radiation, which can have damaging
effects on these molecules. Adenine is a purine nucleobase that amalgamates important biomolecules such as
DNA, RNA, and ATP. Adenine has a unique importance in biochemistry and therefore life. The aim of this
work was to study the effects of cosmic ray analogues on solid adenine and estimate its survival when exposed
to corpuscular radiation.

Adenine films were irradiated at GANIL (Caen, France) and GSI (Darmstadt, Germany) by 820 MeV Kr***, 190
MeV Calo+, 92 MeV X623+, and 12 MeV C*" ion beams at low temperature. The evolution of adenine molecules
under heavy ion irradiation was studied by IR absorption spectroscopy as a function of projectile fluence.

It was found that the adenine destruction cross section (g4) follows an electronic stopping power (S.) power
law under the form: CS."; C is a constant, and the exponential n is a dimensionless quantity. Using the equation
above to fit our results, we determined g4=4x10"'7 Sel'”, with S, in kiloelectronvolts per micrometer (keV
um_l). New IR absorption bands arise under irradiation of adenine and can be attributed to HCN, CN", CoH4Ny,
CH;CN, and (CH3)sCNC.

These findings may help to understand the stability and chemistry related to complex organic molecules in
space. The half-life of solid adenine exposed to the simulated interstellar medium cosmic ray flux was estimated
as (10+8)x10° years. Key Words: Heavy ions—Infrared spectroscopy—Astrochemistry—Cosmic rays—

Nucleobases—Adenine. Astrobiology 17, 298-308.

1. Introduction

ADENINE, CsHsNs, is the simplest purine nucleobase and
the only nucleobase that does not contain oxygen in its
composition. It is an integral part of biomolecules of unique
importance such as DNA, RNA, and ATP. The adenine
molecule is evolutionarily preserved in all living beings, in-
cluding viruses. Several theories claim that organic complex
molecules or their precursors may have reached early Earth
via comets and meteorites (Ord, 1961; Chyba and Sagan,
1992). There is evidence that comets and meteorites carry
organic molecules such as amino acids and nucleobases or
their precursors (Burton et al., 2014; Wright et al., 2015;
Altwegg et al., 2016). Those molecules were identified in
carbonaceous meteorites on Earth, and the hypothesis that
their presence is due to environmental pollution has been
discarded, given the amount, structure, and non-terrestrial
isotopic composition of these compounds (Shimoyama ez al.,

1990; Cooper et al., 2001; Martins et al., 2008; Callahan
et al., 2011). Moreover, some experiments in the laboratory
have shown that the formation of complex organic molecules
such as amino acids and nucleobases in astrophysical envi-
ronments is a possibility (Horst et al., 2012; Nuevo et al.,
2014). The destruction or resistance of adenine in condensed
phase has been studied with the use of UV photons (Peeters
et al., 2003; Guan et al., 2010), X-rays (Pilling et al., 2011),
and electrons (Evans et al., 2011). Furthermore, films of all
four nucleobases that form the DNA molecule have been
irradiated with Ar* at low energy (30keV), and adenine was
found to be the least radiosensitive of those four nucleobases
(Huang et al., 2014). However, there is no such data about the
effects of heavy ions at high energy (cosmic ray analogues).

Several groups have studied irradiation of ices that con-
tain complex organic molecules such as amino acids, nu-
cleobases, and polycyclic aromatic hydrocarbons (de Barros
et al., 2012; Gerakines et al., 2012; Cataldo et al., 2013;
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Gerakines and Hudson, 2013; Mejia et al., 2013). In the
present study, we focused on the effects on adenine due to
exposure to galactic cosmic ray analogues. Although less
than 1% of galactic cosmic rays consist of heavy ions at
high energy, it has been shown that their effects on the
destruction and formation of new molecules cannot be ne-
glected (de Barros et al., 2012). With the use of different
swift heavy ions, it is possible to determine the destruction
cross section of adenine as a function of electronic stopping
power. Here, we have evaluated the survival of adenine in
the interstellar medium (ISM) and dense clouds (DCs).

2. Experimental Methodology
2.1. Sample preparation

Adenine powder purchased from Sigma-Aldrich (purity
>99%) was dissolved in a solution of ethanol and water
(Krzaczkowska et al., 2004) (60.8% ethanol in water v/v) at
a concentration of 1.0mg mL™!, and the solution was ex-
posed to ultrasound until all solids were visibly dissolved.
Thereafter, drops of this solution were dripped directly onto
a ZnSe window (13 mm diameter, thickness 2mm). The
window was then heated up to 100°C until the liquid solvent
evaporated and, consequently, the solid adenine samples
were obtained.

2.2. Sample irradiation

Adenine films were irradiated at the beam lines IRRSUD
(92 MeV Xe***, 12 MeV C*") and SME (820 MeV Kr***) at
GANIL (Caen, France) and at the M-Branch of UNILAC
(190 MeV Ca“”) at GSI (Darmstadt, Germany).

The experiments at GANIL were performed in the CASI-
MIR setup (Seperuelo Duarte et al., 2010; Mejia et al., 2015).
Each sample was mounted on a cold finger located inside a
high-vacuum chamber (10°® mbar). The objective of our
setup was to simulate conditions, that is, temperature and
pressure, within astronomical environments such as DCs and
the ISM. The temperatures within these environments range
from 10 to SOK (Mufioz Caro and Schutte, 2003); thus the
samples were irradiated at low temperature (13K). Un-
fortunately, it is not possible to create the same pressure range
as those that occur in astronomical environments (10° to 10°
atoms cm73) (Muiioz Caro and Schutte, 2003); so the main
difficulty with working at low temperatures, under the pres-
sures our setup was capable of generating, was the deposition
of the residual gas, notably water and CO,. Nonetheless, in
those few hours needed to run our experiment, the condensed
ice on our samples was not thick enough to change the regime
of deposition of energy of the incoming ions.

As illustrated in Fig. 1, the copper shield (which is used
for thermal isolation) was coupled to the cold finger and
both turned together. The irradiation was performed at a
position of 0° then at the intermediary fluences the ion
beam was switched off and the sample turned to 90° and the
IR spectra recorded. To prevent sputtering, one of the
samples was turned to 180° and covered with a thin water-
ice layer (0.22 um) before irradiation began.

The IR absorption spectra were obtained in sifu before and
after irradiation with a Fourier transform infrared (FTIR)
spectrometer [Nicolet Magna 550, mercury-cadmium-telluride
detector cooled with liquid nitrogen], operating in transmission
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FIG. 1. Schematic experimental setup employed for bom-
bardment of solid adenine by heavy ions (Seperuelo Duarte
et al., 2010).

mode. The spectra were acquired by 128 scans in the wave-
number range from 4000 cm ™' to 700 cm™" with a resolution of
lecm™. Note that the background of the ZnSe window was
taken before the irradiation at 300 and 13K to avoid thermal
optical effects.

The average flux was 10° ions cm . Using the Stop-
ping and Ranges of Ions in Matter (SRIM) software (Ziegler
et al. 2012), we calculated the electronic (S.) and nuclear
energy loss (S,) of the ions in pure adenine and adenine
covered with water ice. The projectile and target properties
are summarized in Table 1.

The experimental setup at GSI was similar, though the
irradiation temperature was slightly higher (x20K) (see
Severin et al., 2008; Mejia et al., 2015).

-2 —1
S

2.3. Infrared absorption spectrum of adenine:
band identification

The adenine molecule (Fig. 2) is formed by two hetero-
cyclic rings, one with six atoms (R6) and the other with five
atoms (RS5). Its empirical formula is CsHsNs. It has a mo-
lecular weight equal to 135.13 g mol™", and the adenine film
density adopted was 1.5g cm™ (Evans et al., 2011).

The present adenine IR absorption spectrum at room
temperature (peak position and assignment) is in good
agreement with the results of other authors (Mohamed er al.,
2009; Saiagh et al., 2014). Table 2 presents the comparison
between the present work and the work of the cited authors.

Figure 3 shows the comparison of the adenine spectra at
room temperature and at 13 K. The spectrum of solid ade-
nine at 13K exhibits a new absorption band at 3260 cm™
and a small shift to higher wavenumbers. The band at
3115cm™" becomes thinner, and the absorption peak in the
alpha band is better resolved.

2.4. Sample thickness

Saiagh et al. (2014) referred to the large absorption region
in the adenine spectrum between 3400 and 2000cm ™ as

“alpha band.”” By using different methods such as laser
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TABLE 1. SUMMARY OF THE EXPERIMENTAL PARAMETERS

Energy Electronic stopping Nuclear stopping Adenine film Water-ice Penetration
Ion beam (MeV) power (1 0 keV ,um7l ) power (keV um ") thickness (um) thickness (um) depth (um)
Xe?* 92 11.2 71 0.29 0 16
Kr*¥* 820 5.8 3.6 0.45 0 120
Ca'®* 190 3.1 22 0.22 0 51
Ca'®* 190 3.1 22 0.25 0.22 51
cH 12 1.0 0.9 0.09 0 12
cH 12 1.0 0.9 0.28 0 12
interference and interferometric microscopy, it has been A=Age F 1)

shown that there is a linear relation between the thickness of
solid adenine and its alpha band absorption at room tem-
perature (Saiagh et al., 2014). In the present work, adenine
IR spectra were first recorded at room temperature, and the
thickness of the samples was estimated by using the linear
relationship. Then, the sample was cooled down to around
20K as earlier discussed in Section 2.2. Table 1 summarizes
the experimental parameters.

3. Results
3.1. Adenine fragmentation

During energetic heavy ion irradiation of the adenine film,
its overall IR absorption intensity decreases (Fig. 4). Fur-
thermore, new IR absorption bands clearly arise between
2300 and 2000 cm . According to the Beer-Lambert law, the
absorption area is directly proportional to the column density
(number of molecules per cmz). Therefore, the reduction of
IR absorption area is due to adenine molecule disappearance
caused by either destruction or sputtering. Both effects (de-
struction and sputtering) can be quantified by introduction of
the ‘“‘apparent destruction cross section” (o4) (de Barros
et al., 2012; Mejia et al., 2013). The evolution of the peak
area as a function of the ion fluence can be written as

His Hy,
N
|
M
D=
A~
Hi,

FIG. 2. The structure of the adenine molecule (schematic).

where F is the fluence, A is the initial absorption of a given
peak area, and g4 is the apparent destruction cross section.

The intensity of certain bands decreases more rapidly than
that of others, yielding different values of the apparent de-
struction cross section (Appendix Table Al). Effectively,
the destruction cross section for a molecule corresponds to
the highest value. However, some authors prefer to work
with “‘average” cross sections (Peeters et al., 2003; Evans
et al., 2011; Portugal et al., 2014). Here, we choose the cross
section that corresponds to the dissociation of NCN at R5
(914 cm™), because not only does it show one of the highest
observed values, but also the band located at 914 cm™! is not
overlapped by water-ice IR absorption bands and thus can
be analyzed in a straightforward way without deconvolution.
In the case of the samples covered by water ice, only the
absorption peak area located at 914cm™ was taken into
consideration.

Figure 5 shows the evolution of the peak area at 914 cm™
of pure adenine and adenine covered with water ice as a
function of (190 MeV) Ca'®* fluence. Water ice on adenine
film prevents the sputtering. The difference between the two
curves is within the error bar, showing that the evolution of
adenine under irradiation is dominated by radiolysis.
Moreover, since the difference between the two curves is
insignificant, it is not possible to determine the adenine
sputtering yield per incoming ion.

The physicochemical molecular modification induced by
corpuscular irradiation can be divided into direct and indi-
rect effects. The projectiles ionize the target directly; in the
present case, ionization of adenine rings followed by disso-
ciation or even atomization of the entire molecule occurs.
The indirect effects are related to ionization of neighboring
molecules (e.g., if the molecule is embedded in a matrix of
water), which produces free radicals that can diffuse and
interact with adenine and provoke its rupture.

According to Pullman and Pullman (1963), the reaction
with free radicals and nucleobases consists of the addition of
a pair of free radicals to one of the double bonds of the
nucleobase. In the case of adenine, the most probable site of
interaction with free radicals is the bond between the N;-Cg
at RS. This is due to a high free valence of the atoms in this
bond, in this case the free valence of the Cg. Note that the
absorption band at 914 cm™ corresponds to the vibration of
NCN at RS; this is an indication that the interaction between
free radicals and adenine is important for its radiosensibility.

Table 3 displays the apparent cross section (914 cm™) and
the average apparent cross section for different projectiles.

1
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TABLE 2. BAND ASSIGNMENT FOR SOLID ADENINE

v, Assignment Definition Mohamed et al. (2009) Saiagh et al. (2014) Present work
\%2] NH, anti-symmetric stretch 3426vw
Vs NoH Stretch 3347sh 3347
V3 NH, symmetric stretch 3296s 3314 3293
Va4 CgH Stretch 3119vs 3122 3115
2980 2984 2975
2798 2790
2689 2685
Vs C,H Stretch 2980s 2984 2975
Ve NH, deformation (scissors) 1673vs 1665 1668
A CN R(6) ring stretch 1603vs 1600 1600
Vg CC R(6) ring stretch 1603vs 1600 1600
Vo CN R(5) ring stretch 1506sh 1508
Vio CN R(6) ring stretch 1483sh
Vi1 CC R(6) ring stretch 1451m 1451
Vi2 C,H in-plane deformation 1420s 1417 1418
Vi3 Ce¢Nio Stretch 1368w 1366 1367
Vig CN R(5) ring stretch 1335s 1330 1332
Vis CN R(6) ring stretch 1309s 1307 1308
Vie CgH in-plane deformation 1252s 1251 1252
Vi7 CN R(5) ring stretch 1252s 1251 1252
Vig CN R(5) ring stretch 1126m 1120 1126
Vio NoH in-plane deformation 1065sh
Vao NH, Rock 1025m 1023 1022
Vai C,H Wagging 939s 939
Voo NCN R(5) ring deformation 913s 911
Va3 NCN R(6) ring deformation 872sh 874
Vou CgH Wagging 846sh 847
Va5 R(6) ring torsion 797w 797
Vae R(6) breath ring breathing 723m 723

Comparison between our results and those of Mohamed ef al. (2009) and Saiagh et al. (2014).

These values are around 10* times higher than for 5keV
electrons (Evans et al., 2011), 10° times higher than for
UV photons (Guan et al., 2010), 10° times higher than for
X-rays (Pilling et al., 2011), and 10° times higher than for
UV photon degradation of adenine in argon matrix (more
details in Section 3.2). The typical range of cross sections
can be seen in Appendix Table Al for the following: (1)
Xe?¥* (92 MeV) in the order of magnitude of 1072 cm?;

T T T T T T T T T T T
0.35 + room temperature B
{ — 13K

0.30 1 J

0.25 J
o
Q
g 020 J
=
2
2 015

0.10

0.05

0.00 T T T T T T T T T T T T

4000 3500 3000 2500 2000 1500 1000
Wavenumbers [cm’']

FIG. 3. Infrared absorption spectra of solid adenine at 13

and 300 K.

(2) Kr*** (820 MeV) between 107'% and 107" cm?; (3)
Ca'® (190 MeV) 1073 cm?; and (4) C** (12 MeV) between
107" and 107" cm?.

Figure 6 shows the apparent destruction cross section as a
function of the electronic stopping power (S.). Several

07— T
| Fluence [x10" ions cm™]
0 0.1
0.6 |
—0.5
r——1.0
05 | 20 0.0
| ——4.0 918 912 906
. ——6.0
SR p—
=1
g
g 03
172}
O
<
0.2
0.1
0.0
T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
-1
Wavenumbers [cm ]
FIG. 4. Infrared absorption spectra of adenine at 13K

under irradiation of (92 MeV) Xe>** at different fluences.
Inset: Infrared absorption peaks at 914 cm™" at different ion
fluences.
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FIG. 5. Evolution of peak areas at 914cm™" of pure ad-
enine film and adenine film covered with water ice as a
function of fluence of (190 MeV) Ca'®*.

authors have observed that the destruction cross section
obeys a power law: =CS." (de Barros et al., 2011, 2014;
Andrade et al, 2013; Dartois et al., 2013; Mejia et al.,
2013). Using this equation to fit the experimental data as a
function of the electronic stopping power, calculated with
SRIM (Ziegler et al., 2012), we find 6=4x 1077 5.7 with
S. in kiloelectronvolts per micrometer (keV um_l). These
experiments were performed at two different laboratories
(GANIL and GSI). Note that the adenine destruction cross
sections obtained at those two different accelerators and
with two different experimental setups fall onto one curve;
this shows a good consistency and reproducibility of our
experiments. Moreover, adenine destruction cross sections
for electrons at SkeV (Evans et al., 2011) match with our
curve. The average destruction cross section is close to our
curve, with n=1.08.

3.2. Formation of new molecules

After a deposited local dose higher than 1eV/molecule,
all samples started to exhibit a new absorption band between
2300 and 2050 cm™". Moreover, vibration modes of C=N
(1654, 1478, and 800 cm™") were observed. Those vibration
modes are expected for a primary amine (Giinzler and
Gremlich, 2002) and are correlated to the opening of the
adenine rings. To analyze the formation of new molecules,
we deconvoluted the large band (2300-2050 cm™) that ap-
pears when adenine is irradiated by Xe®** at high fluence

TABLE 3. THE APPARENT DESTRUCTION CROSS SECTIONS
OF ADENINE AND THE AVERAGE DESTRUCTION CROSS
SECTION OF ADENINE FOR DIFFERENT PROJECTILES

Apparent destruction
cross section

Average apparent
destruction cross

Projectile (X 0" cmz) section (x 107" cmz)
Xe?* 222403 14+1

K33t 10.9+0.2 7.840.9

Call* 45404 3.0+0.8

cH 1.24+0.06 0.87+0.02

I I T T L | R S s
10" 4 E x> 02 Mev) 3
] e 9l4cm AGOME
N-E ] o Average o IRRSUD - GANIL]
5 on Ca (190 MeV) ©
g UNILAC - GSI «¥ s0mev) 3
5 1 SME - GANIL
2 s _
5 1073 3
2 E Z7 A+ E
2 C (12 MeV)
2 ] IRRSUD - GANIL
2 1074 3
Q 3 3
3
=
3
E 1045_ E
= E
& 107 ] o Electrons 5 keV o= C Se ]
< E Evans et al. 2011 E
—rrrr S — S =
10° 10' 10° 10° 10 10°
-1
S, [keV um']

FIG. 6. Adenine destruction cross section (914cm™") and
the average destruction cross section as a function of the
electronic stopping power.

(1x10" jons cm™) as shown in Fig. 7. This region is
characteristic of C=N and C=C absorption, which is ob-
servable through the deconvolution of absorptions at 2044,
2070, 2092, 2100, 2124, 2144, 2174, 2212, 2240, and
2262cm™.

Since the adenine IR absorption spectrum is complex, it is
difficult to identify new molecular species formed by the
fragmentation of these nucleobases, and it is probable that
new absorption bands overlap with the bands from residual
adenine.

Nevertheless, it is possible to speculate on some candidates
of new molecular species responsible for observed absorp-
tion. Some molecules are natural candidates, such as HCN
(21000rn71) (Moore and Hudson, 2003; Burgdorf et al.,
2010), CN (209Ocm_1) (Moore and Hudson, 2003), and
C,HyN, (2212 and 2174cm™") (Gerakines et al., 2004). The
molecule (CH3);CNC, which has an absorption peak at
2140cm™ (Hudson and Moore, 2004), makes it yet another

0.07 4 Spectrum |
) —Fit

1 —2262cm’” 1

0.06 4 ——2240 e’ n

{1 —2212¢m’ E

0.05 4 ——2173cm’ -

b4 ] —2147em” J
= ——2124cm’

< 0.04 —
2 ——2100 cm”

2 1 ——2090 e |

j:D 0.034 — 2070 cm’ N

2044 cm’ 1

0.02 -

0.01 i

0.00 —%~ T T T T T — T T
2300 2250 2200 2150 2100 2050 2000

Wavenumbers [cm'l]

FIG. 7. Deconvolution of the band between 2300 and
2000 cm ™" of adenine film irradiated with (92 MeV) Xe*** at
fluence of 1.0x 102 ions cm™2.
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promising candidate. Its full width at half maximum
(FWHM) of this absorption peak is 26.4 cm™". Hence, we can
disregard CO as a candidate because even with the same
absorption peak at 2140cm™' as (CH3);CNC, its FWHM
peak at 1.6cm ™" is too small for it to be CO (van Broekhuizen
et al., 2006). The IR absorption band located at 2240 cm s
certainly made by a nitrile that has absorption peaks close
within that region (Hudson and Moore, 2004; Evans et al,
2011). However, the interaction between the molecules in
their neighborhood can shift the IR absorption peaks and
make it difficult to determine which molecule is truly re-
sponsible for this absorption. The absorption peak at around
2260cm™ is the typical vibration of C=N; for example,
some molecules and radicals like HCNO (Peeters et al., 2003)
and cyanomethyl radical (CH,—C=N) (Pilling et al., 2012)
have this absorption band. It is important to mention here
that, despite the absence of oxygen in an adenine molecule,
pollution from residual gases like water and CO, is not ex-
cluded; therefore, formation of molecules containing oxygen
cannot be eliminated. We were unable to attribute any can-
didates to the absorption peaks at 2044 or 2070 cm™". There is
also a probability of the formation of N,, but these symmetric
molecules are difficult to detect by FTIR.

Exposing solid adenine to electromagnetic ionizing radi-
ation did not produce new IR absorption bands. Guan et al.
(2010) and Pilling et al. (2011) obtained just 2% of photo-
lyzed adenine. Probably, the number of new molecules
generated by the adenine photodegradation is under the limit
of detection by IR absorption spectroscopy. In fact, in our
case we only observe new IR absorption bands after the
degradation of at least 20% of initial adenine. Poch et al.
(2014) also exposed thin films of complex organic mole-
cules to UV radiation. Among those molecules adenine was
also photolyzed for a long time (2.5 days). Their results
are in agreement with ours; for example, they observed a
new IR absorption band that emerged from the adenine ra-
diolysis. They assigned those absorption peaks to the vi-
bration of isonitrile groups (R-N=C) and/or nitrile groups
(R-C=N), the stretching of C=C and C=N corresponding
to a vibration of a primary amine. Furthermore, they ob-
served an absorption peak at 2173 cm™'; we believe that this
absorption peak also could be attributed to C;H4N, as in the
case of our experiments. Moreover, note that one more in-
dication of the absence of new absorption peaks in the ex-
periments of Guan et al. (2010) and Pilling ez al. (2011) is a
low susceptibility of adenine to UV photons (Table 4). The
photon fluence used by Poch et al. (2014) was around 1
order of magnitude higher than that used by Guan et al.
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(2010) and 4 orders of magnitude higher than that used by
Pilling et al. (2011).

The adenine fragmentation by SkeV electrons (Evans
et al., 2011) produced an absorption band at 2235cm™’,
assigned as R—C=N. With heavy ions, we also observed
the emergence of this band after irradiation (2240 cmfl).
The formation of HCN or CN™ was not detected by Evans
et al. (2011). Their samples were covered with thin O, ice.
Indeed, they describe new bands at 2108, 1035, 702 (O;),
1871 (R—C=0), 1750 (R—C=0), 1610 (C—0—-C), 1242
(C—0—C), and 737 (C—O—C) cm . In our work, these
bands were not observed. The difference between our
observations and those of Evans et al. (2011) are proba-
bly caused by the reactions with O, ice layers in their
samples.

4. Discussion

4.1. Comparison between different sources
of radiation

The comparison of molecular radiation damage provoked
by different radiation sources needs to be analyzed with at-
tention because electromagnetic and corpuscular radiation
have different energy loss mechanisms. Moreover, the
physical state and the environment of the irradiated molecule
are important factors for its survival. Guan et al. (2010) ex-
posed adenine films to 10.2eV photons in the laboratory.
Using the BIOPAN 6 facility, which was set outside the
automated Russian science satellite Foton M3, they also ex-
posed adenine films directly to the solar winds of Earth’s
orbit. They reported an adenine half-life 10° times higher than
that of adenine in an argon matrix exposed to 10.2eV photons
(Peeters et al., 2003). Guan et al. (2010) claimed that this
difference is due to the adenine’s physical state; in an argon
matrix, the Van der Walls force and H bonding would be
weaker, which would favor molecule fragmentation.

We now compare the effects of different sources of ra-
diation on solid adenine. As discussed by Loeffler et al.
(2005), the radiation yield G is a useful scaling factor with
which to compare effects from different ionizing radiation
such as corpuscular and electromagnetic radiation. The
definition of G for 10.2eV photons and corpuscular radia-
tion can be found in their work. To estimate the adenine
destruction cross section and the G value for photons of
10.2eV, we used the results of Guan et al. (2010) and
Saiagh et al. (2014). Table 4 shows the destruction cross
section and radiation G yield for various charged projectiles
and electromagnetic radiation. The radiation G yield in the

TABLE 4. THE RADIATION YIELD G AND THE DESTRUCTION CROSS SECTION FOR SOLID ADENINE
IRRADIATED BY DIFFERENT PROJECTILES AT DIFFERENT ENERGIES

Radiation Apparent destruction
Projectile vield G (ev!) cross section (sz) Reference
Xe** (92 MeV) 13.13 (2.240.3)x 1072 This work
Kr¥* (820 MeV) 12.56 (1.1£0.2)x107"2 This work
Ca'®" (192 MeV) 9.70 (4.5+04)x10713 This work
C* (12 MeV) 8.29 (1.24£0.06)x 107" This work
Electrons (5keV) 1.98 (1.071£0.24) x 1071° Evans et al, 2011
UV photons (10.2eV) 49%x107° (5£2)x 1072 Guan et al., 2010; Saiagh er al., 2014

X-rays (150eV) —

3x 107"

Pilling et al., 2011
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present case is defined as the number of adenine molecules
destroyed per 100 eV absorbed. Note that the effect of swift
heavy ions is 10 times higher than that of SkeV electrons
and around 10° times higher than that of 10.2eV photons.
This finding clearly shows that, even with low abundance,
heavy ions play an important role in the survival of adenine.
It was not possible to calculate the radiation G yield for
solid adenine irradiated with 150eV photons because its
absorption cross section is unknown. Moreover, the irradi-
ation of adenine by soft X-rays (Pilling et al., 2011) and UV
photons (Guan et al., 2010) was performed at room tem-
perature, and the radiation damage depends on temperature
(Fryer et al., 1992; Portugal et al., 2014).

Evans et al. (2011) estimated the destruction cross section
for 1 MeV and 1 keV protons under the assumption that they
can be obtained by scaling the 5keV electron data by the
stopping power ratio. We can also estimate the destruction
cross section for protons using our findings (Fig. 6). Cal-
culating the electronic stopping power of protons by using
the SRIM code (Ziegler et al., 2012) together with the ob-
served power law allows us to estimate the destruction cross
section for protons at those energies (1 MeV and 1 keV). We
obtain the values ¢=1.5x10"'% and 6=2.6x10""> cm” for
1keV and 1 MeV protons, respectively. The cross sections
reported by Evans et al. (2011) are 40% lower. However,
this approximation is of the same order of magnitude as our
calculation, which shows the validity of their extrapolation.
It is important to say that the observed power law is valid in
the electronic stopping power domain. In the case of 1 MeV
and 1keV protons, the electronic stopping power is at least 1
order of magnitude higher than the nuclear stopping power.

Our findings also allow us to compare the radiosensibility
of adenine with the radiosensibility of other organic mole-
cules. Portugal er al. (2014) performed an irradiation of
glycine with Ni''* (46 MeV) beams at different tempera-
tures (14 and 300 K). Using the SRIM code (Ziegler et al.
2012) to estimate the electronic stopping power of adenine
for Ni''* (46 MeV), we estimate an adenine destruction
cross section of 6=1.16x 1072 cm? for this projectile. This
is half the value reported for glycine at 14 K (Portugal e al.,
2014). This demonstrates that adenine is less radiosensitive
to radiation than glycine, a finding that can probably be
explained in terms of aromaticity. Adenine is an aromatic
molecule, and it is well known that aromatic molecules are
more radioresistant than aliphatic molecules (Pullman and
Pullman, 1963; Sawyer et al., 2008). The delocalization of
the electrons allows the absorbed energy to spread out in the
aromatic rings and prevents bonds between two individual
atoms to be broken. In non-aromatic molecules, the ab-
sorbed energy is confined to the bonds that make the dis-
sociation more probable.

4.2. Astrophysical implications

Radio spectroscopy is currently the most precise tech-
nique with which to detect molecules in outer space.
However, there is a limitation to the detection of molecules
in their solid phase. Despite some theoretical predictions,
adenine was not detected in gas phase in space. It has been
suggested that formation of adenine can occur inside or on
the surface of the interstellar grains (Evans et al., 2011;
Chakrabarti et al., 2015), and the presence of complex or-
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ganic molecules including nucleobases in carbonaceous
meteorites (Martins et al., 2008; Callahan et al., 2011) is an
indication of abiotic synthesis of those molecules in astro-
physical environments.

Therefore, if adenine exists in the ISM, its evolution
probably happens inside and/or on the surface of icy grains
in DCs. Our experiments are close to this scenario: con-
densed phase at low temperature. However, in icy grains the
complex organic molecules are in a matrix of different el-
ements, notably water. Gerakines and Hudson (2013) re-
ported that organic molecules in water matrix (at different
ratios) have distinct radiosensibility; when glycine is em-
bedded in a water matrix, the radiation G yield is 1 order of
magnitude smaller. Furthermore, astrochemical processes in
space are far from being trivial. In this work, we do not take
into account reactions that can happen on the surface of
grains. Hence, it is important to mention that the present
study is a first attempt to understand adenine radiolysis and
an extrapolation to astrophysical environments.

By using the observed power law (Section 3.1) and the
SRIM code (Ziegler et al., 2012), it is possible to deter-
mine the destruction cross section for the 10 most abundant
ions in galactic cosmic rays at different energies. Figure 8
shows the adenine destruction cross section as a function of
energy. To estimate the adenine half-life (zy/;) in the ISM,
the same method used by Portugal ef al. (2014) was applied
in Eq. 2:

103 -

1p=In2|4ny, / o(Z,E)0(Z,E)dE 2)
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0(Z, E) is the adenine destruction cross section, and ®(Z, E)
is the differential flux of cosmic ray ions of atomic number
Z (the summation was obtained by using the 10 most
abundant ions in galactic cosmic rays).

The distribution of cosmic rays is well known at energies
above 1 GeV per nucleon (GeV/n) (Webber and Yushak,
1983; Shen et al., 2004). However, particles at low energies
can be expelled from the heliosphere by solar wind and

10
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FIG. 8. Adenine destruction cross section for different
ions as a function of energy.
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planetary magnetic fields. The spectra of cosmic rays ob-
served from Earth are therefore modulated; hence the flux of
cosmic rays is full of uncertainties, especially at low ener-
gies due to this modulation (Shen et al., 2004; Padovani and
Galli, 2013). Webber and Yushak (1983) showed that Eq. 3
well represents a simulation of the observable cosmic ray
distribution.

C(Z)E®?

3
(E+Eo)’ ®

D(E,Z) =

C(Z) is a normalization constant. The numerical values of
the constant C(Z) can be found in the work of Portugal et al.
(2014). E, is a parameter that modifies the flux at low en-
ergy but does not have an impact at high energies. Ac-
cording to Shen et al. (2004), E,=400 MeV per nucleon
(MeV/n) is the most accurate value to simulate the observed
cosmic ray flux. Although Eq. 3 is just an estimation of the
flux of cosmic rays, Dartois et al. (2013) showed that, with
different values of the parameter E, (200, 400, and 600
MeV/n), it is possible to evaluate cosmic ray ionization
rates, which are in agreement with astronomical observa-
tions (Indriolo et al., 2007). Following this procedure, we
adopted different values of the parameter E, (200, 400, and
600 MeV/n) to understand the survival of adenine exposed
to cosmic rays.

The destruction rate, that is, the product of the destruction
cross section and the flux of cosmic rays, will determine the
survival of adenine exposed to cosmic rays (Eq. 2). Cosmic
rays are ions with a broad energy range from a few mega-
electronvolts per nucleon to teraelectronvolts per nucleon.
The energy range adopted in this study is from 107" to 10°
MeV/n because it is the range with the most intense cosmic
ray flux, as it is also within the range that S, is in, which is at
least 2 orders of magnitude higher than S,. Our power law
(Fig. 6) is valid in the electronic stopping power regime
only. As an example, we plotted (Fig. 9) the loss of energy
per unit of path length of iron nuclei in solid adenine as a
function of energy; in Fig. 9 both electronic (S.) and nuclear

77‘103 MR | MR | MR | MR | T MR | MR |
6x10°
5x10}—-
4x10°
3x10°

2x10" |

Stopping power [keV pm‘l]

1x10°

Energy [MeV per nucleon]

FIG. 9. Electronic stopping power (S.), nuclear stopping
power (S,), and the total stopping power (S.+S,) as a
function of the projectile energy in solid adenine.
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FIG. 10. Adenine destruction rate for different ions as a
function of energy. Ey=400 MeV/n.

(Sn) stopping power are included. It should be kept in mind
that maximum energy deposition occurs between 0.1 and 10
MeV/n. Thus, the ion beams employed in this work are good
analogues for cosmic rays. Set aside from that, ions with
energies above 1 GeV/n deposit a very little amount of
energy electronically. There is also the possibility of nuclear
reactions.

Figure 10 shows the destruction rate (g4 X ®@) as a function
of energy for different ions. As can be seen in the figure,
iron and protons are the biggest contributors to adenine
destruction despite the fact that the flux of iron is much
smaller than that of protons. This shows the importance of
heavy ions: even if less abundant, their contribution cannot
be neglected. Table 5 displays the half-life of solid adenine
exposed to cosmic rays for different values of E, in the ISM
and the average adenine half-life (the error given is the
standard deviation).

As discussed by Peeters et al. (2003), the half-life of
adenine is different within distinct regions of outer space
due to UV deterioration. The scattering provoked by the
grains and dust within DCs shields their interior against UV
photons emitted from neighboring stars. The secondary UV
radiation induced by the impact of cosmic rays on hydrogen
plays an important role in those regions, but its flux is 5
orders of magnitude smaller in comparison with UV flux in
the diffuse interstellar medium (DISM) (Ehrenfreund et al,,
2001; Moore et al., 2001; Palumbo et al., 2008). By using
the results of Peeters ef al. (2003) together with the UV
destruction cross section of solid adenine we calculated by

TABLE 5. THE HALF-LIFE OF SOLID ADENINE EXPOSED
TO CosMIC RAYS FOR DIFFERENT VALUES OF THE
PARAMETER E;; AND THE AVERAGE ADENINE HALF-LIFE

Half-life ©\/, (million years)

Ey (MeV/n)

200 1.40
400 7.96
600 22.2
Average adenine 10+8

half-life (million years)
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referring to the work of Guan er al. (2010), it is possible
to estimate the half-life of solid adenine exposed to UV
photons in the DISM and DCs: 7y,=4.5x% 10° and
T1p=4.5X% 10" years, respectively. The attenuation of the
cosmic rays made by the diffuse gas in the DISM is negli-
gible; even in DCs the cosmic ray flux attenuation is only of
the order of 10 times smaller than in the ISM (Ehrenfreund
et al., 2001). Therefore, the evolution of adenine in the
DISM would be dominated by UV radiation, while inside
the DCs it would be dominated by corpuscular radiation.
These findings are in agreement with the results of Evans
et al. (2011). The average time of survival of a DC is around
10 million years (Ehrenfreund et al., 2001). This is indeed
close to the order of magnitude of the half-life of adenine
evaluated in this work. Our findings suggest that, if adenine
was once formed in DCs, it could be possible that those
molecules still remain today.

5. Conclusion and Outlook

In the present work, the destruction of pure adenine by
heavy ions in the electronic stopping power domain was
studied. The destruction cross section was determined as a
function of electronic stopping power in the form CS.”, with
n=(1.17%£0.06).

Our results exhibit an adenine destruction cross section about
10° times higher than for UV photons, 10° times higher than for
soft X-rays, and 10 times higher than for 5keV electrons. The
yield G is around 1 order of magnitude higher for heavy ions in
comparison with 5keV electrons and 10° times higher than for
UV photons. Our results show that destruction of adenine ex-
posed to cosmic rays is dominated by iron nuclei and hydrogen.
This is necessary for an understanding of formation and, in
particular, survival of nucleobases in outer space.

Moreover, the adenine half-life was estimated inside DCs
as 7y, =(10%£8) million years, which means there is the
possibility of still finding remnants in those regions.

New IR absorption bands that come from the degradation
of adenine under irradiation were detected. Molecules such
as HCN, CN’, and C,H4N, are possible candidates for these
absorption bands. The present results can be of help toward
the understanding of the abundance and origin of those or-
ganic molecules.
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Abbreviations Used

DCs = dense clouds
DISM = diffuse interstellar medium
FTIR = Fourier transform infrared
FWHM = full width at half maximum
ISM = interstellar medium
SRIM = Stopping and Ranges of Ions in Matter

Appendix

TABLE Al. APPARENT DESTRUCTION CROSS SECTIONS FOR SELECTED ABSORPTION BANDS

Xe Kr Ca C
Apparent Apparent Apparent Apparent
destruction destruction destruction destruction
cross sectlon cross section  cross section cross sectlon
(><]0 cm) (x10™ 4cm2 (X] cm) (><]07 cmg
Absorption Se=1.12x10" Se=58x10" Se=3. 13><1703 Se=1.0x10°
Vi band (cm™) Vibration keV pum™! keV pm™! keV ! keV pm™'
Vae 724 C6N1, C2N3-R(6) Breathing 139+6 62+£2 24+2 8.910.5
Vas 797* C6N10-R(6)-Wagging 75+6 — 30+2 6.6+0.3
A 848 C8H-R(5)-Wagging 150+50 150+ 10 4514 11.1£0.5
Va3 886 NCN-R(6)-Deformation 139+4 130£3 43+1 10.1+0.6
Voo 914 NCN-R(5)-Deformation 222+3 1092 45+1 12.4£0.6
Vo1 940 C2H-R(6)-Wagging 1325 57+2 21.910.6 6.1310.02
Vao 1025 NH2-R(6)-Rock 1014 47+9 19£2 5.6+£0.4
Vis 1128 CN-R(5)-Stretch 148+7 752 290+2 8.0£0.6
* 1162 18217 100+4 56+4 15+2
Vi7, Vie 1255 C8H-in-plane deformation 84+4 37.2+0.8 8.4+04 4.4+0.1
CN-R(5)-Stretch
Vis 1309 CN-R(6)-Stretch 1357 49.4+0.3 24.5+0.9 7.3%£0.1
Vig 1335 CN-R(5)-Stretch 1167 64.6+0.5 25+1 8.5+0.2
Vi3 1369 C6N10-Stretch 190+ 10 99+1 51+1 14+1
Via 1420 C2H-in-plane deformation 985 33+1 24.6+0.5 6.41+0.2
Vi1 1457 CC-R(6)-Stretch 270120 8 — 9.6+£0.9
Vo 1503 CN-R(5)-Stretch 9613 — — IR absorbtion
intensity too weak
Vg, V7 1605 CN-R(6)-Stretch 114%5 32+1 6.5+0.2 8.71£0.3
CC-R(6)-Stretch
Part of alpha 141.9+0.7 7314 28.3+£0.3 6.1+0.1
band**
Average 140.7 78.5 31.0 8.7

#To avoid a contribution of a new arising band at 800 cm™", just half the peak area at 797 cm™' was taken into consideration.
**To avoid contribution of water ice absorption, just part of the alpha band was taken into account (2880-2375cm™ ).



