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Abstract

We irradiated the complex organic molecule pyridine and mixtures of pyridine and water in
solid phase (thin icy films) at 12K at different beam lines of the GANIL facility (ARIBE: 90
keV 0%, SME: 650 MeV Zn?®*). The destruction of the initial molecule and the appearance of
radiolytic products were followed by in-situ infrared absorption spectroscopy as a function of
the projectile fluence with the CASIMIR experimental set-up of CIMAP. We measured the
destruction cross section as a function of pyridine concentration. A clear dependence on the
percentage of pyridine in H20 was found: the destruction cross sections are significantly higher
for small concentration, i.e. pure pyridine is more radioresistant than pyridine diluted in water
ice at 12 K. Thus, the presence of water environment significantly modifies the radiation
resistance of the initial complex organic molecules: it enhances radiosensitivity and destruction

of pyridine, with implications for radiobiology and astrochemistry.



1 Introduction

Complex organic molecules (COMs) can be formed in space by interactions between ionizing
radiation and small molecules condensed as thin icy layers on dust grains [1,2]. Micrometeorites
deliver organic matter from space to Earth and thus may have contributed to the emergence of
life [3]. COMs were found in the Murchison meteorite (nucleobases] [4], in comets (amino
acid) [5] and have been detected by ESA’s ROSETTA mission on comet 67P/Churyumov-
Gerasimenko [6-7]. Once formed in space, COMs are also exposed to a complex ionizing
radiation field (UV, x-rays, electrons, cosmic ray ions). The question arises thus, how long can
they survive in space? It is therefore necessary to study their radiation resistance in order to

determine the survival times of complex molecules.

In the following, we present laboratory studies performed at different ion beamlines of GANIL
facility (Caen/France). The effects of heavy ion irradiation on ices of astrophysical interest have
been studied within our collaborations since about ten years [8-9]. Radiolysis of numerous
simple ices and mixtures of up to four simple molecules were studied. Irradiation not only leads
to fragmentation of initial molecules, but also to synthesis of COMs such as glycine. We also
studied to what extend implanted projectiles contribute to the synthesis of molecules.
Furthermore, radiation resistance of COMs such as nucleobases and amino acids was
investigated [10]. In the work presented here, we focus on the COM pyridine with the chemical
formula CsHsN. The structure of pyridine closely resembles that of benzene with one C—H unit
substituted with a nitrogen atom. It has been proposed that small nitrogen containing molecules,
such as pyridine, can play a role in the first steps leading to formation of large nitrogen
containing (polycyclic) aromatic hydrocarbons (PNAH) and of prebiotic molecules such as

nucleobases [11].

In Sec. 2, briefly, the experimental method is described. In Sec. 3, we show results obtained by
FTIR spectroscopy of icy films of pure pyridine and pyridine-water mixtures at low
temperatures (around 12 K) irradiated by different heavy ions (ARIBE and SME), which are
discussed in Sec. 4 in the framework of astrophysical and biological implications. At short

Outlook is drawn in Sec. 5.



2 Experimental procedures

For this experiment at GANIL (Grand Accélérateur National d’Tons Lourds; Caen, France), we
have used two different ion beam lines: the low energy line ARIBE delivered an 608" beam at
90 keV, and the medium energy SME beam line "°Zn?* at 650 MeV. The CASIMIR set-up
(Chambre d’ Analyse par Spectroscopy Infrarouge des Molécules [Rradiées), dedicated to FTIR
spectroscopy with low temperature samples can be mounted on both of these beam lines. This
set-up allows to follow the evolution of structure (compact, porous, amorph, crystalline) and
chemical composition of ices during irradiation with ionic projectiles by performing infrared
absorption measurements. CASIMIR is composed of : i) a high vacuum chamber (base pressure
at room temperature of the order of 5x10" mbar, 2x10® mbar with the target cooling system
working) connected to the accelerator beamlines; ii) a closed-cycle helium cryostat connected
to a sample holder for IR transparent windows on which the thin icy films are prepared. A
heating system allows to adjust the substrate temperature from 12K to 300K ; iii) a Nicolet
Magna 550 FTIR spectrometer in the 4000-500 cm™ range operated with spectral resolution of
1 cm-1; iv) a gas mixing ramp where it is possible to prepare a mixtures of gases or vapors to
be injected onto the cold substrate in the main chamber. The ion beam impinges
perpendicularly on the target. To assure homogenous irradiation of icy samples, the ion
beam is swept uniformly over the whole target surface. The irradiated area is of 10 mm
diameter. A detailed description of experimental set up and sweeping device for high and

low-energy beam lines can be found elsewhere [12,13].

The thin ice film samples have been obtained by condensation of a room temperature vapor of
pure pyridine (Sigma-Aldrich, purity > 99%) and mixtures of pyridine and water vapor onto the
pre-cooled ZnSe substrate at 12K. Pyridine and deionised water were subjected to multiple
freeze-pump-thaw-cycles under vacuum to remove dissolved gases. The experimental
protocol includes the following steps: i) take a background FTIR spectrum; ii) prepare the pure
pyridine vapor or a mixture of pyridine and water vapor at a certain pyridine percentage; iii)
prepare the thin layers by condensation of the vapor through a needle onto the ZnSe window;
iv) take a FTIR spectra, v) irradiate the samples with a certain projectile fluence; vi) repeat steps
iv) and v) until the desired final projectile fluence is reached; vii) analyze the spectra taken
before and after irradiation by identifying the observed peaks and calculating their area; viii)

trace the evolution of the peak areas as a function of the projectile fluence and calculate the



destruction section from the observed exponential decrease.

The molecular column density of a sample was determined from the relation between optical
depth 7,= In (lo/1) and the integrated band strength A in cm molecules™. In this expression, |
and lo are the intensity of light at a specific frequency before and after passing through a sample,
respectively, and the absorbance measured by the FTIR spectrometer is Abs,= log(lo/1). The

deposited ice column density can be calculated from
N= %f T (v) dv= 2A+3‘I‘Ab8v dv,

where N is the column density in molecules cm™2, Abs,= In(lo/I)/ In(10) = t,/2.3. The effective
initial composition was obtained using the pyridine band at 711 cm™ and the water band at 3250
cm™as reference. The band strengths we adopted for pyridine and water are AcsHsn = 2.4x1078
and An,o0 = 2x107® cm molecules™ taken from McMurtry et al. (2016) [14] and Dartois et al.
(2015) [15], respectively. The sample thickness was calculated by:
N M
4= Somans 10kl
where N is the initial column density (molecules/cm?), M is the molar mass (g/molecules) and

p is the ice density (1g/cm®).



Results

3.1 Pure pyridine

Pyridine (CsHsN) is a liquid at room temperature with a vapor pressure close to that of water
(20 mmHg at 25°C). The pure pyridine icy samples were prepared at 12 K and irradiated with
650 MeV Zn?* and 90 keV O®" and the chemical evolution during irradiation was followed

using FTIR absorption spectroscopy as a function of projectile fluence.
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Fig. 1: FTIR spectra of (a) pyridine ice at 12K before (upper blue line) and after irradiation with a fluence of
1.1x10% ions cm? (bottom red line) by Zn?* (650 MeV) beam and of (b) pyridine ice at 12K before (upper line)
and after irradiation with a fluence of 2.3x10% ions cm™ (bottom line) by O%* (90 keV) beam. The thickness of the
deposited layers is of the order of 8 um. Assignments for the studied bands in this work are indicated on the

spectrum. Note that spectra “before irradiation” were slightly shifted on the absorbance axis for better

visibility.



3.1.1 Spectra

Figure 1 presents the spectra of the pure pyridine ice samples before and after irradiation with
0% (90 keV) and Zn?®* (650 MeV) at 12 K. The infrared spectra of pyridine ice contain several
peaks and bands corresponding to different excitation modes of vibrations at 711, 991, 1030,
1068, 1146, 1438 and 1581 cm™, which are assigned to C-H out —of —deform, ring breathing,
C-H deform and ring stretching [14]. These spectra clearly show the decrease of the intensity
of pyridine bands that can be related to the molecule destruction under irradiation. We
observe that not only the area of the peaks present in the spectra of deposited ice layers
decreases after irradiation, but also new peaks corresponding to new molecular species appear.
Possible origins are formation of new species following radiolysis in the bulk, but also surface
contamination from residual gas molecule absorption. CO2 and CO are identified via the 2342
and 2138 cm™ bands, respectively, but also the H,O bands are seen at 3250 cm™, 1651 cm™ and
760 cm* in the spectrum of pyridine ice after irradiation with Zn?*(650 MeV) beam. As we
can see in the FTIR spectrum of pyridine ice before irradiation, there was a small amount of
CO; visible at 2341 cm™. It is due to the contamination by condensation of residual CO> gas in

the high vacuum chamber.

3.1.2 Projectile fluence dependence

To study the pyridine ice destruction by ion bombardment, we followed the evolution of seven
absorption peaks: 711, 991, 1030, 1068, 1146, 1438 and 1581cm™ with projectile fluence.
These peaks correspond to different modes of vibrations of distinct parts of the pyridine ring.
According to the Beer-Lambert law, the area of an absorption peak is directly proportional to
the column density. The disappearance of COMs was quantified by the "destruction cross
section" o4, which was obtained from the exponential decrease of the peak area (A) as a function

of the fluence F (i.e. the number of projectile ions per unit of area) [8, 13, 15-19]:

A(F) = Aye~%F 1)

where Ao is the initial absorption peak area. The evolution of the column density (N) as a
function of the ion fluence with the initial column density N, of pyridine ice is given by

N(F) = Nye~%F . 2



N(F) and A(F) are measures of the remaining fraction of pyridine molecules in the ice after ion

irradiation.

This simple approach takes into account the collisional fragmentation of the initial molecule,
while neglecting a contribution of sputtering to the disappearance of the initial molecules as
discussed in detail by Seperuelo Duarte et al. [13]. This assumption works for targets thick
enough so that the contribution of sputtering, a surface effect, remains small compared to
fragmentation, a bulk effect. This is indeed the case here for swift MeV/u projectiles which
traverse the target with a final velocity upon exit close to the initial velocity. Furthermore,
sputtering of pyridine may be suppressed following the absorption of even small layers of water
molecules from the residual gas ("layering") [18].

Figure 2 shows the evolution of the column density of the absorption peak at 711 cm™ as a
function of the projectile ion fluence during irradiation with a Zn?®* (650 MeV) beam in July
2019. Irradiation of pure pyridine was also performed at GANIL's low energy ion beam facility
ARIBE with 90 keV O® beams. The experiment was repeated at three different periods:
November 2017, April and November 2018 in order to verify the reproducibility. Table 1
summaries those three experimental conditions. The evolution of the column density of the
peak at 711 cm™ as a function of the projectile ion fluence is shown in Figure 3
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Fig. 2: Evolution of the area of the IR absorption peak of pyridine at 711cm™ with projectile fluence during
irradiation with a Zn%* (650 MeV) beam in July 2019.
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Fig. 3: Evolution of the area of the IR absorption peak of pyridine at 711cm* with projectile fluence during
irradiation with 90 keV O®" for the three experiments. Summary of experimental conditions is presented in
Table 1.



The destruction cross section o4 can be quantified from the fluence dependence of the area of
selected absorption peak, which is proportional to the column density. The destruction cross
section is determined from a best fit of the equation (2) to the experimental data obtained with
the high energy with Zn?* (650 MeV) beam. It is important to note that the energy loss of the
projectiles in the thin ice film can be neglected with respect to the initial kinetic energy. The
beam passes through the target with approximately constant velocity. This is not the case for
the 90 keV O%* beams with a range of about 0.4 microns in the ice film, smaller than the target
thickness. Therefore, the projectiles are implanted, and a part of the ice films is not modified.
In this case, a modified function taking into this zone of constant number of not irradiated

molecules N2 and a linear term

N(F) = Nye~%aF+ N1F+N; 3)

is used concerning the irradiation of pyridine with O®" (90 keV) beam were N is related to a
constant sputtering yield and N2 is the number of not irradiated molecules. Values of destruction
cross section of pyridine ice obtained during irradiation of pyridine with O®* (90 keV) and Zn?*
(650 MeV) beam lines are displayed in Table 1.

Table 1 Date, beam energy, initial and final column density values, final projectile fluence, ice thickness and

destruction cross section of pyridine (peak 711 cm™) for each experiment analyzed in this work.

Ninitial Nfinal Ffinal Destruction
Date Beam Energy %1018 %1018 x10%  Thickness Cross
(MeV) (molecules (molecules (ions (um) section o4
cm?) cm?) cm?) (10%5cm?)
November 1606+ 0.09 4.02 2.54 281 5.30 1.66
2017
April 2018 1606+ 0.09 6.33 4.32 229 8.30 2.61
November 1606+ 0.09 1.60 0.40 63.7 2.10 3.53
2018
July 2019 70Zn26+ 650 6.31 1.62 1.10 8.30 114




3.1.3 Stopping power dependence of destruction cross sections
The stopping power S corresponds to the energy loss per unit of path length (Z—i). The

destruction cross section as a function of the electronic stopping power Se is shown in Figure
4. In addition to the data of the present work obtained with 90 keV O%" and 650 MeV Zn2%*
ions, a value obtained with high energy uranium projectiles (116 MeV) at GANIL's IRRSUD
beamline taken from [19] was included. Stopping powers were calculated with the SRIM
software [20]. Several authors have observed that the destruction cross section of molecules
obeys a power law: o4~ Se¢" (see e.g. [8, 13] and references therein). This is indeed what we
also observe for pyridine, a slightly stronger than linear dependence n=1.07 is found in this

specific case.
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Fig. 4: The dependence of pyridine destruction cross section on the electronic stopping power. The cross sections
are found to follow a power law as a function of the electronic stopping power o4 ~ Se" with a slightly stronger
than linear dependence n = 1.07 in this specific case. The data obtained with uranium projectiles (116 MeV) at

GANIL's IRRSUD beamline is taken from [19]. The stopping power was calculated with the SRIM software [20].
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3.2 Pyridine in water ice

In addition to pure pyridine ices, pyridine and water (Py: H2O) icy samples at different
molecular concentrations were irradiated with Zn?* (650 MeV) and O%* (90 keV). In all cases,
prepared mixed ices before irradiation have amorphous and porous structure, which is
reflected by the wide OH stretching band profile about 3300 cm™ (in contrast to the finer
peak observed with crystalline ice) and the presence of OH dangling bond signatures
[15,21]. This comes closer to real conditions in space, where most molecules are mixed with
water. Such a procedure allows us to verify if the icy environment modifies the radiation
resistance of the initial molecule and/or the synthesis of daughter molecules and a
comprehension of how the pyridine ice is affected in the presence of water ice. At low

concentrations of pyridine, this would correspond to a COM embedded in a water matrix.

3.2.1 Spectra

Figure 5 shows the FTIR absorption spectra of three mixtures of Py with H20 before and after
irradiation with 650 MeV Zn?%* projectiles at 12K. The mixture Py:H20 (1:20) was irradiated
up to a fluence of 1.1x103 jons cm™ (a), the mixture Py:H20 (19:1) ice up to 6x10*ions cm’
2 (b) and the mixture Py:H20 (1:0.73) ice up to 3.5x10'2 jons cm™ (c). Spectra obtained with
90 keV Q% projectiles at 12K are shown in Fig. 6: Py:H2O (1:5) ice, fluence 1.4x10% ions
cm? (a); Py:H20 (1:1) ice, fluence 2.12x10° ions cm? (b); and Py:H20 (3:1) ice, fluence
8.04x10 ions cm (c), respectively. The decrease of the intensity of the pyridine bands (see
above, sect. 3.1) due to the disappearance of this molecule is clearly observed. In contrast, the
intensity of the broad bands of H,O around 3300 cm™, 1650 cm™ and 803 cm™ do not change
drastically. They should decrease much more slowly compared to pyridine, since water is much
more radiation resistant, although radiolysis and sputtering occur. The radiolysis of water is
verified by the appearance of a band at 2850 cm™ from the formation of H,O,. In fact, the
intensity of the water bands may even increase due to a persistent deposition of water from the
residual gas. Other new bands also appear after irradiation of pyridine-water mixed ices
corresponding to the formation of new molecular species: a CO2 band is seen at 2342
cm* while a CO band appears at 2138 cm (indicating that new species containing atoms
coming from both initial molecules). Note that their column density increases as a
function of ion fluence (therefore CO2 molecule is formed during ion irradiation and not

due to contamination by condensation of residual gas during sample preparation).
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Fig. 5: FTIR spectra of (a) Py:H2O (19:1) ice before (upper line) and after irradiation with a fluence of 6x10?

ions cm? (bottom line), of (b) Py:H.O (1:0.73) ice before (upper line) and after irradiation with a fluence of

3.5x10% jons cm and of (c) Py:H,0 (1:20) ice before (upper line) and after irradiation with a fluence of 1.1x103

ions cm2 (bottom line) by Zn%* (650 MeV) beams at 12K. Spectra “before irradiation” were slightly shifted

on the absorbance axis for better visibility.
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3.2.2 Destruction cross sections as function of pyridine concentration

As for the study of pure pyridine ice destruction by Zn?®* (650 MeV) and O°* (90 keV), we use
the same equations (1) and (3), respectively, to follow the evolution of the peak area as a
function of the projectile fluence for the mixtures Py:H>O at different molecular concentrations.
Destruction cross sections are determined from a best fit of the corresponding equation to the
peak areas as a function of fluence. Again, we analyzed the evolution of the areas of six pyridine
absorption peaks at 991, 1030, 1068, 1146, 1438 and 1581cm™, which do not overlap with water
and/or formed daughter species. The results for the cross sections obtained by this procedure
for each of the above mentioned absorption peaks in the four experimental campaigns are
summarized in Table 2 (650 MeV Zn?®* beam) and Table 3 (90 keV O®"). As a general trend
observed in all experimental campaigns, the destruction cross section decreases with increasing

pyridine concentration.

Tab. 2: Irradiation of Py:H,0O ices with 650 MeV Zn?* beam at 12 K. The percentage of pyridine, peak areas for

the indicated IR absorption lines and destruction cross section are given.

Mixture Pyridine Peak Peak Peak Peak Peak Peak
Py :H,O percentage 991 cm 1030 cm'?! 1068 cm? 1146 cm? 1438 cm? 1581 cm!
(%) 6d(10 cm?)  64(10° cm?)  6d(102cm?)  64(108cm?)  64(10cm?)  64(10 cm?)

(1:20) 4.76 3.44 6.34 6.72 8.40 103 4.03

(1:4) 20 3.16 271 1.71 6.50 6.50 2.66
(1:0.73) 58 1.02 1.12 1.12 1.58 - 2.96
(3:1.11) 73 1.17 1.47 1.23 1.28 1.34 1.22
(19:1) 95 1.17 1.29 1.03 1.22 1.46 1.26

14



Tab. 3: Irradiation of Py:H,0 ices with O%* (90 keV) beams at 12 K in November 2017 (a), April 2018 (b) and
November 2018 (c). The percentage of pyridine, peak areas for the indicated IR absorption lines and destruction

Cross section are given.

. Pyridine Peak Peak Peak Peak Peak Peak
Mixture percentage  991cm*  1030cm™® 1068 cmt  1146cm™  1438cm? 1581 cmt
Py :H20 (%) 64(1015 64(101 64(1015 6d(10° 64(101 6a(10°

cm?) cm?) cm?) 5ecm?) cm?) cm?)
a) November 2017
(1:16.5) 6 6.30 1.00 8.41 2.65 8.47 11.27
(1:7.25) 12 4.00 571 6.25 5.54 5.00 5.67
(1:5) 16.6 4.57 6.40 5.80 5.17 5.17 5.07
(1.5:1) 60 6.25 3.33 4.37 3.00 3.00 2.07
b) April 2018
(1:11) 9 7.40 7.10 8.30 7.30 7.00 6.90
(1:5) 16.7 6.00 7.00 6.00 7.80 6.40 6.00
(1:1) 50 5.60 5.60 4.60 5.60 4.60 5.56
(3:0.6) 83 5.60 5.60 6.00 7.20 4.00 1.90
¢) November 2018
(1:14) 7 6.40 - - 6.40 10.57 -
a7 14 4.60 8.13 6.90 5.80 3.90 8.51
(1:3) 25 5.80 5.20 5.50 - 4.60 7.78
(1:1.5) 40 4.60 2.92 6.87 5.76 3.91 5.62
3:1) 75 5.08 5.10 3.83 4.67 5.25 4.05

15



4. Discussion

As can be seen from Tables 2 and 3, the intensity of some bands decreases more rapidly with
projectile fluence than that of others, thus yielding slightly different values of the associated
destruction cross section. In published studies on ion irradiation of COMs (nucleobases and
amino acids), individual peaks and/or an average value (mean value of all analyzed peaks) were
used to determine the radiation sensitivity [17, 22-27]. If such data are to be applied e.g. for
estimating survival times of COMs exposed in space to cosmic rays, the most pertinent choice
strictly speaking, the effective destruction cross section for a molecule should correspond to the
highest value. Another possibility to analyze the data is the following: we propose to sum up
all the areas of the observed absorption peaks and perform the above mentioned fitting
procedure with equations (1) and (3) on the summed-up values. This approach is based on the
study of other COM-adenine, which exhibits a large absorption region between 3400 and 2000
cm* referred to as "alpha band" (see e.g. [17,19]). In a certain sense, the sum of all resolvable

vibration mode peak areas would correspond to such a broad absorption feature for COMs.

However, some authors work with individual absorption peak values, which we present in
Tables 2 and 3. The average cross sections, i.e. the mean value of the cross sections obtained
from the individual peaks, are shown in Table 4. In this table, we also included the results
obtained from the sum over the six analyzed absorption peaks. These two quantities are plotted
in Figure 7a-d. As can be seen, in all cases, a clear tendency is observed: ices of pure pyridine
are more resistant to swift ion irradiation than ices of pyridine dissolved in water. The
destruction cross sections c4(%) decrease with increasing percentage of pyridine in the water
ice. Figure 8 compares the results obtained with the two different ion beams. Averaged
destruction cross sections, normalized to o4 = 1 for 100% pure pyridine as a function of pyridine
percentage are shown for Zn?* (650 MeV) and 0% (90 keV). The effect is obviously stronger
for the higher energy beam Zn?%* (650 MeV) than for the lower energy beam 90 keV O°*.

This finding is related to the energy loss mechanisms involved: (1) elastic collisions with the
target nuclei (nuclear stopping Sn), (2) inelastic collisions involving the target electrons
(electronic stopping Se by excitation and ionization) and (3) electronic excitation promoted by
the potential energy of highly charged ions (due to electron capture from the target). The latter
can be neglected here for radiolysis in the bulk, but might contribute a small effect to sputtering

of molecules from the surface. For the high velocity Zn?®* (650 MeV) projectiles, electronic
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stopping S. dominates energy deposition and Sy can be neglected. For O%* (90 keV) projectiles,

Se dominates upon entrance, but while slowing down its contribution becomes less and less

important, while the contribution of S, increases until the projectiles are stopped when reaching

final projectile range (implantation). This behavior is the reason for -at first glance- large and

somewhat unusual error bar for Se of O%*(90 keV) in Figure 4. The upper limit corresponds to

the initial electronic energy loss; the data point was put at a mean value covering the trajectory

until zero velocity.
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Fig. 7: Destruction cross sections as a function of pyridine percentage: average destruction cross section (dotted

line) and destruction cross section from the sum of all peak areas (full line). See text for more details. a)-c)

with O% (90 keV) beams at 12 K in November 2017, April 2018 and November 2018, respectively. d) Zn?¢*(650
MeV) beam, July 2019.
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Tab. 4: Destruction cross sections values obtained for the experiment with O%* (90 keV) (mean values of individual
peaks, sum over all peak areas) in: a) November 2017, b) April 2018 and ¢) November 2018, and d) for experiment
in July 2019 with 650 MeV Zn?®* ions.

Destruction Average destruction

Mixture Pyridine cross section from the cross section
Py :H20 percentage (%) sum of a!l peak areas (1075 ¢rm?)
(105 cm2)
a) November 2017
(1:16.5) 6 8.46 6.35
(1:7.25) 12 6.41 5.36
(1:5) 16.6 5.30 5.36
(1.5:1) 60 2.56 3.72
(1:0) 100 3.48 3.72
b) April 2018
(1:11) 9 8.33 733
(1:5) 16.7 6.61 6.63
(1:1) 50 5.30 5.26
(3:0.6) 83 3.76 5.05
(1:0) 100 4.00 5.38
c) November 2018
(1:14) 7 10.15 7.80
1:7) 14 8.95 6.30
(1:3) 25 7.16 5.78
(1:1.5) 40 6.34 4.95
(3:1) 75 3.34 4.66
(1:0) 100 5.18 6.72
d) July 2019

Destruction Average destruction

Mixture Pyridine cross section from the cross section
Py :H20 percentage (%) sum of a!ispeak areas (102 )
(10 cm?)
(1:20) 4.76 8.86 6.54
(1:4) 20 7.76 3.88
(1:0.73) 58 4.82 1.56
(3:1.11) 73 1.47 1.28
(19:1) 95 1.38 1.24
(1:0) 100 0.94 0.85
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Figure 4 contains important information allowing the estimation of half-life times of pyridine
molecules exposed to cosmic rays in space, since it presents a scaling law with the amount of
deposited energy per molecule (dose) quantified by Se (see sect. 5). The destruction cross
sections scale with a power n of Se, o ~ Se", with a stronger than linear dependence. This
behavior is universal and has been observed for many simple and more complex molecules [8,
16, 17, 27].

Similar experiments on the radiation stability of COMs in solid water were performed with
amino acids (glycine, alanine, phenylalanine) [23, 24] and the nucleobases thymine [25], which
resembles the structure of pyridine in that it contains one aromatic ring. Also, the photolysis of
PAHSs (polycyclic aromatic hydrocarbons) in water ice matrix was investigated (as an example,
see [28]). The results reported with thymine show the same tendency as those observed here
with pyridine: the radiation resistance of thymine decreases as the dilution of thymine in water
increases [25]. The same is true for photolysis of PAHSs in solid water, destruction of the
aromatic PAHSs is more efficient for lower than for higher PAH concentrations [28]. This shows

that a water environment significantly modifies the radiation resistance of the initial molecule.

Several experimental and theoretical studies have been carried out on the protonation of
pyridine in water clusters as a function of the number of attached water molecules [32-34]. It
has been shown that protonation of the pyridine molecule (pyridinyl radical) in a cluster of
hydrogen-bonded water molecules occurs by abstracting a hydrogen ion from a water molecule.
The result is a hydrated cation (PyrH*), charge-balanced by a hydroxyl group. The efficiency
of the formation of the pyridinyl radical depends on the number of water molecules.
Experimentally it has been evidenced that at least four water molecules were necessary to
observe one protonated pyridine molecule [33]. The observation of the splitting of the water
due to the presence of a pyridine molecule in the clusters may have also applications in the
present studies of ion irradiation of pyridine-water ice samples. It is worth noting that reactive
the radical OH can be formed not only via direct water molecule fragmentation by also “build

up” due to formation Py enH>O complexes in the ice.

The molecules may be fragmented directly by the impact of the projectile leading to
ionization/excitation (Se) or knock-on displacement of atoms (Se). An indirect effect is also
possible: reactive species (radicals) from radiolysis of the water molecules (or even the COM)
may contribute to the destruction of neighboring molecules. The observation that the observed
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effect is stronger with the higher velocity projectiles in the electronic stopping regime points
toward this argument. Indeed, more radicals are produced along the track within a track radius
much larger than for the slower projectiles, due to secondary ionization by high energy delta
electrons [8]. Furthermore, H.O may act as proton acceptor thus enhancing chemical reactions
following radiolysis in ices [24]. Also, COMs ionized in a primary event may show a higher
probability for recombination with an electron from a neighboring molecule so that ionization
becomes less efficient at high COM concentrations [28].
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Fig. 8: Averaged destruction cross sections, normalized to 64 = 1 for 100% pure pyridine as a function of pyridine
percentage for Zn?*(650 MeV) (triangles) and O%*(90 keV) (upside-down triangles).

Upon a closer inspection of Figures 7 and 8, one might speculate about a minimum of the curve
at concentration close to 70%. This could be related to this recombination effect and is

supported by observations with hydrated nucleobase clusters [29-30]. Here the nano-
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environment (surrounding molecules) has a significant influence on the fragmentation
dynamics, providing an overall protective effect: molecular fragmentation is strongly reduced.
In this context it is worth to mention that we also performed experiments on the emission of
secondary ions from pure water ice and mixed pyridine-water ice [10, 31] irradiated with 90
keV O%* projectiles. Experimental details are presented in [31]. As shown in [10], mass spectra
of positive secondary ions from pyridine ice shown as most prominent peak that of pyridine (or
hydrogenated pyridine) at mpy/z = 79. At higher masses m > mpy, clusters of pyridine (Py)n with
n up to 4 are visible. Strikingly, with the Py-H>0 mixed ice, the smallest cluster (Py): is still
observed, but not the larger clusters n > 2. Pyridine is effectively embedded in H2O, which
seems to effectively surround the COM pyridine. Further studies with ices of lower pyridine

concentration would be useful.

5 QOutlooks

The survival times of COMs in outer space depends on their radio-resistance to the impact of
energetic particles to which they are continuously exposed. Taking into account the measured
scaling of destruction cross sections (Figure 4) and the flux distribution of ionizing particles,
the half life time of COMs in space environments can be estimated [8,17, 25-27]. To give an
example, deep inside a dense molecular cloud, where only secondary UV photons induced by
cosmic rays are present and primary UV radiation from surrounding stars cannot penetrate, the
survival time of solid adenine exposed to cosmic rays was estimated to be of the order of 10
Myr [17]. This time is comparable to the lifetime of dense molecular clouds and, consequently.

It seems likely that adenine may survive in the "nurseries" of star formation.

The destruction cross sections reported in the present work are of the same order that those
observed for adenine so that the same half life time could be expected for pyridine exposed to
cosmic rays inside a dense cloud. The estimated survival times of thymine [23] are more than
one order of magnitude lower in a similar space environment. If embedded in water, the survival

times would be significantly shorter (by up to nearly an order of magnitude, see Figure 8).
Finally, we note that understanding of fragmentation of COMs mixed with water is of

significance for radiation biology (radioprotection, ion beam therapy) [35, 36]. In all living

beings, be it humans, animals or plants, biomolecules are always immersed in a water
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environment, but at higher temperature than those relevant for space environments [23-25].
Thus, it would be interesting to perform studies on radio-resistance of COMs at higher
temperatures up to about 350 K.
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