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ABSTRACT 

 

We describe the results obtained on a set of organic samples that have been part 

of the experiment “Photochemistry on the Space Station (PSS)” on the EXPOSE-

R2 mission conducted on the EXPOSE-R facility situated outside the 

International Space Station (ISS). The organic samples were prepared in the 

Catania laboratory by 200 keV He
+
 irradiation of  N2:CH4:CO icy mixtures 

deposited at 17 K, on VUV transparent MgF2 windows. This organic material 

contains different chemical groups, including triple CN bonds, that are thought to 

be of interest for astrobiology. It is widely accepted that materials similar to that 

produced in the laboratory by ion irradiation of frozen ices could be present in 

some astrophysical environments such as comets. Once expelled from comets, 

these materials are exposed to solar radiation during their interplanetary journey. 

In the young Solar System, some of these processed materials could have reached 

the early Earth and contributed to its chemical and pre-biotic evolution. The 

samples were exposed for 16 months to the unshielded solar UV photons. It was 

found that, if an Interplanetary Dust Particle (IDP) containing organic material 

(50% vol) is large enough (>20-30 µm), relevant chemical groups, such as those 

containing the CN triple bond, can survive for many years (>10
4
 years) in the 

interplanetary medium. 
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1. INTRODUCTION 

 

Solar UV radiation is fundamental to organic chemistry and indeed drives most 

chemical evolution processes, via photochemical reactions, in the Solar System 

(Cottin et al., 2015). In recent years, many experimental studies have been 

conducted with the intent to discern the effects of cosmic UV photons on organics 

in different astrophysical environments. These studies have used varying sources 

that emit photons in the range of 100 nm<λ<200 nm. It should be noted, however, 

that none of these sources have the capability to accurately reproduce the full 

solar UV spectrum (Cottin et al., 2015; Cottin et al., 2017). In particular, 

differences as large as a factor >100 in the photolysis kinetic can be found 

between the extrapolation of laboratory results to space conditions and 

measurements of organic samples exposed to low Earth orbit conditions (Guan et 

al., 2010). Earth’s atmosphere blocks all ionizing (λ< 125 nm) and most of the 

harmful (λ< 310 nm) UV solar photons. The International Space Station (ISS) 

offers the unique opportunity to expose, for relatively long periods of time, 

samples to the real, unfiltered solar electromagnetic spectrum. Here, we present 

results obtained from a set of organic samples that were part of the 

Photochemistry at the Space Station (PSS) experiment on the Expose-R2 mission 

(Cottin et al. This Volume, In prep). The Expose R2 mission used the ESA 

Expose-R facility, which is situated outside the ISS on the URIM-D platform of 



 4 

the Russian module Zvezda. Expose-R accommodated three European 

astrobiological experiments (BIOMEX, BOSS, PSS) and one Russian 

(BIODIVERSITY) astrobiological experiment, all of which comprised several 

chemical and biological samples that were exposed to cosmic ionizing radiation 

and solar UV photons. 

Our organic residues were prepared by 200 keV He
+
 irradiation of frozen 

N2:CH4:CO ice mixtures deposited, at 17 K, on MgF2 Vacuum UV (VUV) 

transparent substrates. It is generally understood that materials similar to those 

produced by energetic processing of ices may be present in some astrophysical 

environments such as interstellar grains (Pendleton and Allamandola, 2002). 

We chose an ice mixture that well represents ices that occur at the surface of 

Trans Neptunian Objects (TNOs) and comets in the Oort cloud. Indeed, the 

spectral signatures of solid nitrogen, methane, and carbon monoxide are seen in 

TNOs (e.g., Pluto; see Protopapa et al., 2017). Furthermore, a number of studies 

have obtained evidence of dark organic materials that may have been produced 

by cosmic ion irradiation of TNOs surface ices (e.g., Grundy and Buie, 2002; 

Brunetto et al., 2006). The N2:CH4:CO ice mixture we used in our study is also 

representative of comets in the Oort cloud. It has been proposed that, as a 

consequence of Galactic Cosmic Rays (GCR) irradiation, a refractory crust, 

under which water ice is the dominant species, occurs on comets in the Oort 

cloud (Strazzulla and Johnson, 1991). In particular, the formation of a stable 
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crust, due to the conversion of low molecular weight hydrocarbons into a stable 

organic residue, requires an irradiation dose on the order of 100 eV/16u 

(Strazzulla and Johnson, 1991). Owing to the solar modulation, maximum 

irradiation doses are reached far from the Sun in the local interstellar medium 

(LISM) (Cooper et al., 2003). For comets in the Oort cloud, 100 eV/16u have 

penetrated to a depth of 1-2 meters throughout the age of the Solar System. 

Lower doses of 30 eV/16u penetrate to a significantly greater depth of 5-10 

meters, (see figure 12 of Strazzulla and Johnson 1991).Thanks to Rosetta 

measurements, a complex macromolecular material has been detected in comet 

67P. In particular, it was found that 50% in mass of dust particles ejected from 

the nucleus of the comet are composed of this organic material (Fray et al., 2016; 

Bardyn et al., 2017). When a comet from the Oort cloud or from the Kuiper belt  

(i.e., the TNOs region) enters the inner Solar System, the water ice-dominated 

sublimation at ~3 au (astronomical units) or the sublimation of other more 

volatile species such as CO, CO2, N2, CH4, at much longer heliocentric distance 

(up to ~25 au; see Szabó et al., 2011) ejects gas and dust. Cometary dust 

constitutes a fraction of those Interplanetary Dust Particles (IDPs) that have been 

collected in Earth’s atmosphere by airborne impacting collectors flown at an 

altitude of 18-20 km and of those micrometeorites collected in Antarctica. The 

remaining fraction of IDPs and of the micrometeorites come from asteroids 

(Genge et al., 2008). The Ultra Carbonaceous Antarctic MicroMeteorites 
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(UCAMMs) constitute a particular class of micrometeorites (Dobrica et al., 

2009,2012; Dartois et al., 2013, 2018). It has been shown that UCAMMs have 

a carbonaceous phase with IR signatures similar to those of the organic 

residues described in this work (Baratta et al., 2015). It is believed that these 

high carbon content (> 50% vol.) and high N/C ratio (e.g., 0.12 in DC65) 

micrometeorites originated in the outer Solar System beyond the nitrogen 

snow-line, for example in an Oort cloud comet by cosmic ray irradiation 

(Dartois et al., 2013, 2018). In general, the origin of organic materials present in 

IDPs and micrometeorites is still under debate, though various processes may be 

a contributing factor, such as UV photolysis, cosmic ion irradiation, and grain-

surface chemistry, all of which may act at different evolutionary phases. Comets 

accreted in the cold outer regions of the protoplanetary disk, and hence cometary 

materials may have preserved those original components which formed the Solar 

System (Sandford et al., 2008). Hence, UV and GCR processed interstellar grains 

could have been incorporated into comets. It is important to note that hot-spots in 

some IDPs have a D/H ratio that reaches the value of interstellar molecules, 

which suggests that interstellar molecular-cloud organic materials from the early 

Solar System may have survived (Messenger, 2000). Organic matter in IDPs and 

micrometorites could also have originated in the protoplanetary disk. In the cold 

part of the disk, in particular, ices would have covered small (from sub-

micrometer to mm) refractory grains. During this early phase, the icy mantles 
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would have received large amounts of energy from cosmic rays, solar particles, 

and UV photons that could have transformed a fraction of the ice into organics 

(Dartois et al., 2013). In particular, it has been found that icy grains that 

originated in the outer disk (T<30K) experienced ultraviolet irradiation 

exposures and thermal warming similar to those that have been shown to produce 

complex organics in laboratory experiments (Ciesla and Sandford, 2012). 

Carbonaceous matter that formed in these small grains could then have been 

incorporated into icy proto-/cometary objects and eventually delivered to the 

inner Solar System by comets. Hence, IDPs and micrometeorites could contain 

materials similar to the PSS organic residues if emitted from the external (ion-

processed) layers of a comet or as a heritage of irradiation that occurred in the 

protoplanetary disk phase. During their journey in the interplanetary medium, 

these materials would have been exposed to GCRs, solar UV photons, and the 

solar ion population before reaching Earth or other objects in the Solar System. 

Hence, materials similar to those discussed here could have reached the pre-

biotic Earth. As is shown in the next sections, the organic residues we have 

produced contain astrobiological relevant species such as nitriles (Palumbo et al., 

2000a; Palumbo et al., 2000b; Kaiser and Balucani, 2001). One of the key points 

for the synthesis of the first bio-monomers is the availability of suitable precursor 

organics under primitive Earth conditions. According to Ruiz-Mirazo et al. 

(2014), the role of extraterrestrial organics in providing precursor materials 
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was significant. The aim of the present study was to analyze the 

destruction/modification, induced in space by solar UV photons, of the 

relevant chemical species contained in the organic residue.  

 

2. MATERIALS AND METHODS 

2.1 Sample preparation and characterization 

 

Sample preparation and characterization was described previously in the 

work of Baratta et al. (2015) to which the reader is referred for further details. 

Here, we offer a brief description of the procedures and experimental set up 

that was adopted to prepare and characterize the samples. A schematic view 

of the experimental apparatus can be seen in Fig. 1(a). 

The experimental apparatus used to irradiate frozen ices consists of a 

stainless steel ultra high vacuum (UHV) chamber with a base pressure  lower 

than 10
-9

 mbar. Gas mixtures are prepared in a separate mixing chamber that 

is pre-evacuated to a pressure of ~10
-7

 mbar by using a turbo-molecular 

pump. Once prepared, the gas mixture is admitted through a flow regulated 

valve in the UHV main chamber, where it freezes on an IR transparent 

substrate that is placed in thermal contact with the tail section of a close-cycle 

CTI Helium cryostat (T=16-300 K). The thickness and refractive index of the 

deposited ices can be measured, during accretion, by looking at the 
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interference pattern (intensity versus time) given by a He-Ne laser beam 

(λ=543.5 nm) reflected at near-normal incidence (i=2.9
o
) by the ice-vacuum 

and ice-substrate interfaces (see Urso et al., 2016 and references therein).  

Fast ions, up to an energy of 200 keV (400 keV for double ionization), are 

obtained by a 200 kV Danfysik implanter. The ion beam is electrostatically 

swept over the substrate to obtain a uniform coverage of the irradiated ices. 

The total ion fluence found in different astrophysical scenarios can be easily 

reproduced in the laboratory. Nevertheless, it should be noted that this occurs 

on very different time scales. In general, since it is impossible to reproduce, in 

laboratory, the dose rate found in astrophysical scenarios and obtain 

measurable effects in human lifetime, the results can not depend on the dose 

rate; any experimental result that depends on the dose rate, such as the beam-

induced heating of the target, can not be extrapolated to any astrophysical 

scenario. The ion beam current was kept below 1 µA/cm
2
 to prevent a 

macroscopic heating of the frozen film. It should be noted that a temperature 

increase of 15 K would have caused the complete sublimation of CO and N2 

from the mixture. We have verified many times that the effects induced by 

fast ions on frozen mixtures do not depend on the dose rate for such low ion 

currents. In any case, the extrapolations of the laboratory results to 

astrophysical scenarios implicitly assume that other processes that could 

interfere with the cosmic ion  processing (such as resurfacing and diffusion) 
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do not take place on the astrophysical object. The ion fluence was measured 

by integrating the ion current monitored during irradiation. The irradiation 

dose was calculated by multiplying the ion fluence (ions/cm
2
) and the energy 

loss per unit path length (stopping power; eV cm
2
/molecule) given by the 

SRIM code (Ziegler et al., 2008).  

A FTIR spectrometer Vertex 70 by Bruker (10000-400 cm
−1

=1-25 µm) is 

interfaced to the UHV chamber through two KBr IR transparent windows. 

The spectrometer is placed on a moveable optical bench that allows a precise 

alignment of the IR beam with respect to the substrate. For this purpose,  a 

hole is made on the substrate holder that allows the IR beam of the 

spectrometer, transmitted by the ice film deposited on the substrate, to reach 

the detector. The substrate holder is inclined by 45
o
 with respect to both the 

ion beam and IR beam directions, and hence IR transmission spectra of  the 

irradiated ices can be acquired in situ before, during, and after irradiation. 

To prepare the organic samples for the PSS experiment, we used a C, N, and 

O-bearing ice mixture: N2:CH4:CO (1:1:1). In particular, we used Aldrich 

chemical CH4, CO, and Air Liquide N2. Three fill-pump down sequences 

were performed before introducing the mixture into the UHV chamber. This 

was done to prevent contamination of the mixture by the residual gas (mostly 

water vapor) present in the mixing chamber. Once deposited on a VUV 
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transparent MgF2 substrate (furnished by ESA) at 17 K, the ice mixtures were 

irradiated by 200 keV He
+
 ions at a dose of 110 eV/16u. Under UHV 

condition, almost all the residual gas is made of molecular hydrogen that does 

not freeze on the substrate at 17 K. Hence, contamination, if any, could only 

come from the mixing chamber. Nevertheless, we were not able to recognize 

in the infrared spectrum of the deposited ices any significant amount of 

possible contaminants such as H2O or CO2. We prepared a total number of 30 

samples over three different thicknesses (10 samples for each thickness). The 

average values of the three thicknesses of the ice mixtures were 1.322 ± 0.02, 

0.889 ± 0.01, and 0.456 ± 0.01 µm, which correspond, under our experimental 

conditions, to interference curves of about 6, 4, and 2 fringes, respectively. 

The given uncertainties are the root mean squares on the corresponding 10 

samples; their low values testify to the good reproducibility of the deposited 

ice mixtures thickness. At the end of deposition, an FTIR spectrum of the ice 

mixture was acquired.  Unless indicated otherwise, all the transmittance 

spectra reported in this article are given in optical depth scale. The optical 

depth (τ) was calculated by using the Beer-Lambert law: I=I0e
-τ

 where I0 is the 

normalization continuum. An example of the IR spectra of the deposited ice 

mixtures for the three different thicknesses can be found in  the work of  

Baratta et al. (2015)  (see their Fig. 2). The presence of the CO (2140 cm
-1

) 

and CH4 (3010 and 1300 cm
-1

) features is evident in the spectra. Molecular 
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nitrogen is a homo-nuclear symmetric species, and hence it has no IR active 

vibration. For this reason, no feature due to molecular nitrogen could be seen 

in the deposited ice film. The column density n (molecules/cm
2
) of the 

observed species can be calculated by using the relation:  

          
 

           (1) 

where A represents the band strength (cm/molecule) and        
 

 is the 

band area (cm
-1

) of a given band. The column density of CO and CH4 for all 

the deposited ice mixtures was evaluated by Baratta et al. (2015). By 

supposing that the column density of N2 was equal to the column density of 

both CO and CH4 in the 1:1:1 (N2:CH4:CO) mixtures and by considering the 

measured thicknesses, Baratta et al. (2015) computed the density of the 

deposited ices. In particular, they found the following values: 0.68 g/cm
3
 (6 

fringes), 0.67 g/cm
3
 (4 fringes) and 0.72 g/cm

3
 (2 fringes). These values can 

be considered the same within the experimental uncertainties that are mainly 

due to the procedure used to compute the column density.  

An irradiation dose of 110 eV/16u is representative of the dose that occurs in 

the external layers of comets and TNOs on time scales on the order of the age 

of the Solar System (Strazzulla et al., 2003). This dose is within the dosage 

required for the conversion of low molecular weight hydrocarbons into 
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refractory organic residues stable at room temperature (Strazzulla and 

Johnson, 1991). It is well known that ion irradiation induces several effects, 

including chemical changes (Hudson et al., 2008; Palumbo et al., 2008). The 

IR spectra of the ice mixtures after irradiation for the three considered 

thicknesses are reported in Fig. 2. The presence of many newly formed 

molecular species is evident. The strongest band of HCN (ν3, ~3130 cm
-1

) 

(Hudson and Moore, 2003) is superimposed over a multi-component broad 

band observed between 3600 and 2600 cm
-1

 (see bottom panel of Fig. 2). This 

broad feature is distinctive of many N-H, O-H, and C-H bands. The spectral 

region between 2400 and 2000 cm
-1

 (top panel of Fig. 2) shows the presence 

of several new features, in particular ~2340 cm
-1

 (CO2), ~2338 cm
-1

 (N2), 

~2260 cm
-1

 (HNCO), ~2235 cm
-1

 (N2O), ~2165 cm
-1

 (OCN
-
), ~2101 cm

-1
 (ν1 

HCN), ~2092 cm
-1

 (CH2N2) (see, e.g., Grim and Greenberg, 1987; Hudson et 

al., 2001; Hudson and Moore, 2003; Palumbo et al., 2004; Sicilia et al., 2012). 

This attests to the complex chemistry induced by ion irradiation on simple 

molecular ices. For further details on the chemistry of the irradiated N2:CH4:CO 

ice mixture, the reader is referred to the work of Baratta et al. (2015).  

Once  irradiated, the frozen target was allowed to gently warm overnight and 

under vacuum to room temperature by switching off the cryostat. The day 

after, the organic residue was extracted from the chamber and a blank MgF2 
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window was mounted. We let the pumping system evacuate the chamber for 

at least 24h before the MgF2 window was cooled down to 17 K and another 

mixture was deposited and irradiated. This procedure was repeated for all the 

30 samples prepared. After extraction from the chamber, an infrared (IR) 

spectrum, from 8000 cm
-1

 down to the cut-off limit of the MgF2 window at 

1000 cm
-1

, was obtained for each sample with a Bruker Equinox 55 FTIR 

spectrometer. No significant differences (standard deviation less than 2%) 

were observed between the IR spectrum acquired in air and the IR spectrum 

acquired in the chamber with the sample still under vacuum before extraction.  

In Fig. 3, the IR spectra of the organic residues obtained for the three 

considered thicknesses are reported. The labels 6f, 4f, and 2f in the figure 

indicate the organic residues obtained from irradiation of 6, 4, and 2 fringes 

“thick” ice mixtures respectively. In the figure, the thicknesses of the organic 

residues are also indicated. It should be considered that the thicknesses of 

0.050 µm (2f), 0.135 µm (4f) and 0.180 µm (6f) of the organic residues are 

average thicknesses over all the 30 PSS samples. To obtain a precise 

measurement of the thickness of each individual flight sample, we used the 

optical constants derived by Baratta et al. (2015) to generate theoretical 

spectra that have been compared with the spectra of the corresponding organic 

residues acquired just after their production. For each organic residue, the 

thickness was measured as that which provides the best match between the 
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theoretical and the experimental spectra over an extended range (from the UV 

to the mid-IR). All the volatile species such as CO, CO2, N2 sublimated 

during the slow warm up to room temperature, and hence the thicknesses of 

the residues are considerably reduced with respect to the thicknesses of the 

ice mixtures. Many features are present in the residues. We note that the 

infrared spectra of the residues are quite similar to the infrared spectra of 

many tholins prepared by radiofrequency (RF) plasma discharge of N2:CH4 

gas mixtures (Mutsukura and Akita, 1999; Imanaka et al., 2004; Quirico et 

al., 2008). The broad feature extending from 3500 to 2500 cm
-1

 displays many 

sub-peaks that can be assigned to N-H, O-H, and C-H stretching vibrations. 

This broad band is consistent with the presence of -NH2 and possibly -NH- 

functional groups of primary and secondary amine functions respectively. In 

particular, features extending from 3500 cm
-1

 to 3300 cm
-1

 are consistent with 

NH2 groups connected to either aromatic and/or aliphatic functions, while the 

peak at ~3220 cm
-1

 could be consistent with either ali-NH2 or a -NH- 

functional group (Quirico, et al., 2008). Sub-peaks at ~2980 cm
-1

 and ~2940 

cm
-1

 indicate the presence of -CH3 and -CH2- stretching vibrations. The 

position of these peaks, shifted at higher wavenumbers with respect to that of 

alkyl chains, indicates the presence of CH2 and CH3 groups that are connected 

to nitrogen atoms, although the specific chemical groups involved cannot be 

identified  (Quirico et al., 2008). 
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The middle of the spectral range reveals a structured feature that peaks at 

~2200 cm
-1

. This feature is due to -C≡N (nitrile) and -N≡C (iso-nitrile) 

terminal groups (Mutsukura and Akita, 1999; Imanaka et al. 2004); the 

carbodiimide function (-N=C=N-) has also been proposed to give a 

contribution to this feature (Imanaka et al., 2004). This structured feature also 

exhibits a well-resolved shoulder that peaks at ~ 2150 cm
-1

. The shoulder is 

better resolved with respect to the other sub-peaks observed, and its width is 

similar to that of the OCN
-
 feature detected in the irradiated ice mixture 

before warming up. Although the OCN
-
 feature peaks at 2165 cm

-1
 at 17 K, its 

peak position shifts to lower wavenumbers, and its intensity significantly 

decreases during warm up toward room temperature (Palumbo et al.,  2004, 

Accolla et al., 2018). Hence, the shoulder seen at ~2150 cm
-1

 could be due to 

residual OCN
-
 trapped in the organic residue.  

At lower wavenumbers, a structured broad asymmetric feature, peaking near 

1600 cm
-1

 and extending down to the cut-off limit of the MgF2 window, is 

present. In analogy to some tholins, the two main peaks at 1650-1630 cm
-1

 

and 1560 cm
-1

 could be indicative of the presence of the following functional 

groups: C=C aromatics, C=N heteroaromatics, aromatic- and aliphatic-NH2 

bend (Imanaka et al., 2004; Quirico et al., 2008).  A contribution to the 1630 

cm
-1

 feature could also be due to O-H bending vibrations. We noted the 
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presence of a weak shoulder at 1710 cm
-1

 that is due to C=O stretching 

vibrations. Three weak sub-peaks are present at 1450 cm
-1

, 1415 cm
-1

, and 

1380 cm
-1

; the first two are probably due to the bending modes of the -CH3 

and -CH2- groups, which give rise to the stretching modes seen at ~2980 cm
-1

 

and ~2940 cm
-1

, while the peak at 1380 cm
-1

 points to the presence of C-CH3 

or C-(CH3)2 groups (Quirico et al., 2008). With regard to the remaining sub-

peaks, the feature that peaks at 1339 cm
-1

 can be assigned to C-N (aromatic) 

stretching vibration (Imanaka et al., 2004), while we were not able to identify 

the feature seen at 1240 cm
-1

. A summary of the IR features seen in the 

organic residue is reported in Table 1. 

From this analysis, the chemical complexity exhibited by the organic 

residues becomes evident; in particular, many chemical groups have been 

assigned, although no specific molecular species have been recognized. 

Furthermore, we know that the residues probably contain complex species 

that have not been detected by IR spectroscopy. As an example, complex 

molecules such as succinonitrile 'NCCH2CH2CN', 3-amminocrotonitrile 

'(CH3)C(NH2)CHCN' etc., have been identified in the organic residues 

obtained by ion irradiation of nitrile (CH3CN) containing ice; these 

astrobiologically relevant molecules have a very low abundance and have 

been identified by gas chromatography-mass spectroscopy (GC-MS), while 
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they are difficult or even impossible to identify by IR spectroscopy (Hudson 

et al. 2008). Furthermore, by comparing the results obtained on residues 

produced by UV photolysis and ion irradiation of different ice mixtures, 

Hudson et al. (2008) suggested that energetic processing of almost any ice 

mixture containing C, H, N, and O atoms probably results in the formation of 

aminoacid precursors that, if hydrolyzed, give rise to the aminoacids 

themselves. Similar conclusions have been drawn by Materese et al. (2014), 

who found, in the organic residue of a far-UV irradiated N2:CH4:CO (100:1:1) 

ice mixture, complex molecules such as glyceric acid, lactid acid, urea, etc. 

Hence, even if IR spectroscopy does not reveal them due to its relatively low 

sensitivity (Hudson et al., 2008; Materese et al., 2014), complex molecules of 

astrobiological interest are probably present in the organic residues described 

in this work. 

In addition to FTIR spectroscopy, the 30 organic samples were characterized 

by vacuum-UV and UV-Vis-NIR transmission spectroscopy. In particular, on 

the basis of the transmission spectra acquired on the 30 samples over the three 

different thicknesses, Baratta et al., (2015) derived the optical constants (n 

and k) of the organic residue in the range of 500-84000 cm
-1

 by adopting the 

Kramers-Kronig constrained variational dielectric function (KKCVDF) fitting 

procedure (Kuzmenko, 2005). In particular, Baratta et al. (2015) obtained a 

Kramers-Kronig constrained set of optical constants as the best fit solution to 
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the experimental transmission spectra together with the three average best fit 

thicknesses of the 6f, 4f, and 2f residues. The optical constants of the organic 

residue are available on line at the link: 

http://www.oact.inaf.it/weboac/labsp/ORPSS.html.  

2.2 Exposure on the International Space Station 

The samples of all the experiments of the Exposer-R2 mission were placed in 

special carriers accommodated in three different trays, in particular all the PSS 

samples were placed in tray number 3 (see Cottin et al. in prep for further 

details). PSS samples, placed in individual sample containers called cells, were 

integrated in two stacked carrier layers each in three compartments of tray 3. 

Only the samples in the top carriers were exposed to the solar UV radiation, 

while the samples in the underlying carriers were completely shaded, providing 

the respective “in-flight” dark controls. Three temperature sensors were 

attached to the bottom side of each tray. In addition, tray 3 was equipped  with 

the active dosimetry R3D-R2, a radiation sensor package for ionizing radiation 

and UV measurements. Environmental data of the Expose R2 mission 

(temperatures, UV exposure, etc.) were collected every 10 s and stored and 

down linked as telemetry.  

On the night of  2014 July 23, the cargo 56P progress carrying the three trays 

of the Expose R2 mission was launched from Baikonur (Kazakhstan) to the 
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ISS. After docking on 2014 July 24, the three trays were stored inside the ISS. 

On August 6, the trays were integrated in the monoblock Expose-R2 that 

remained inside the ISS until it was installed outside on the URM-D platform, 

during the EVA (Extravehicular Activity) -39 on 2014 August 18. The vacuum 

exposure period of the mission began on 2014 August 20, when the venting 

valves, of the still covered Expose-R2, were opened remotely by the Mission 

Control Center in Moscow (MCC-M).  During the next 62 days, Expose-R2 

was subjected to an out gassing period while shielded from solar UV 

irradiation. On 2014 October 22, the Expose-R2 cover was removed during 

EVA-40, starting the  UV exposure of the experiments. Solar UV exposure 

ended on 2016 February 3, when Expose-R2 was returned to the ISS interior 

during EVA-42. On 2016 March 2, tray 3 landed at Karaganda (Kazakhstan), 

on-board the Soyuz 44S return capsule. The exposure of the samples to solar 

UV radiation in low Earth orbit outside ISS lasted 469 days, while the total 

exposure to space vacuum was 531 days. 

In parallel to the space experiment, a Mission Ground Reference (MGR) 

experiment was performed at the German Aerospace Center (DLR), Cologne, 

Germany. The experiment used a set of trays and carriers similar to those 

exposed outside ISS. In particular, three ground trays identical to the flight 

trays, with respect to the sample interface, were loaded with a full set of 

samples identical to the flight ones. The trays were placed in a temperature-
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controlled interface and connected to the vacuum facility of the PSI (Planetary 

and Space Simulation Facilities) at DLR. Automated temperature simulation of 

the MGR trays started with application of transport temperatures. As soon as 

the Expose-R2 temperatures in orbit became available by telemetry, they were 

applied and updated every 10 seconds, with a maximum delay of two months 

due to the reformatting and analysis process of data. The highest and lowest 

temperatures experienced by Expose-R2 trays in orbit were 58
o
 C (tray 3, 

compartment 4) and -20.9
o
 C (tray 3, compartment 2), respectively. In orbit, 

temperature fluctuations follow warm periods (temperatures up to 50
o
 C on 

average), which are followed by cold periods (temperatures down to -20
o
 C on 

average) with a slow periodicity of about 1 month due to the variation of the 

ISS orbital plane. Superimposed to this slow variation, Expose-R2 trays 

experienced a fast variation of temperature, with a periodicity of nearly 90 

minutes due to the ISS day/night times of each orbit. Day/night temperature 

fluctuations were approximately 10
o
 C during warm periods and a few degrees 

during cold periods.  

As in space, only the top carriers of the Expose-R2 MGR were irradiated with 

a SOL2000 metal halide lamp-based solar simulator (by Dr. Hönle GmbH), 

which provided a continuum spectrum with wavelength >200 nm; the spectral 

irradiance of the solar simulator can be found in figure 3 in the work of Onofri 

et al., (2008). The MGR tray compartments were irradiated at ground 
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individually with the same UV fluences accumulated by the Expose-R2 trays 

outside ISS during the entire mission. Unfortunately, due to a malfunction of 

the system, irradiation was not performed under vacuum. The UV fluences 

were provided by RedShift Design and Engineering BVBA, Belgium, 

contracted by ESA (calculated ultraviolet radiation fluence data). It should be 

noted that the samples were not always facing the Sun because ISS orbits around 

Earth and changes its orientations relative to the Sun. In addition, shadows by 

solar panels and the ISS environments in the vicinity of the Expose-R2 facility 

(radiators, etc.) significantly decrease the effective insulation. The orientation of 

the ISS has been computed and the UV fluence at each sample position has been 

evaluated taking into account the daily variation of insulation along the whole 

mission duration. The UV sensor data have been used to verify the adopted 

models. The variation of the solar irradiance due to the eccentricity of the Earth 

orbit and to the solar activity have also been taken into account. This was done 

by RedShift considering the actual solar spectrum, averaged along the mission 

duration,  measured by the satellite SORCE. The transmittance of the windows, 

weighted by the solar spectrum, has also been considered. Hence the mean UV 

fluence for samples in each compartment has been determined. Fluences, in the 

wavelength range (200-400 nm), have been applied individually on the 

corresponding compartment and experiment during the MGR. In order to find out 

any possible modification induced by the thermal cycles experienced in orbit and 
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at ground, in the case of the PSS experiment, an additional ground reference  full 

set of samples has been stored under vacuum at a constant temperature of 5
o
 C 

during the MGR for comparison. The scheme showing the experimental 

breakdown of samples between the ISS and DLR Cologne, and the 

environmental conditions to which they have been exposed is reported in Fig. 

1(b). 

With regard to our samples, as previously indicated, we prepared 30 organic 

residues that had three different thicknesses (10 samples for each thickness). 

Twelve of them were accommodated in Expose-R2 outside ISS. In particular, 

two samples for each thickness (six in total) were exposed in the top carrier of 

tray 3  to solar UV photons, ionizing cosmic radiation, and temperature cycling. 

The remaining flight samples (two for each thickness) were placed in the 

underlying carrier where they were exposed only to ionizing cosmic radiation 

and temperature cycling, providing the in-flight dark controls. The remaining 18 

samples were part of the ground MGR simulation experiment. Referring to the 

ground samples, two samples for each thickness were exposed to the PSI solar 

simulator and temperature cycling in the top carrier of Expose-R2 MGR 

facilities, whereas the other two dark control samples for each thickness, were 

exposed only to temperature cycling in the underlying carrier. Lastly, the 

remaining two ground samples for each thickness were stored under vacuum at 

5
o
 C. 
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Following the work of Baratta et al. (2015), we evaluate here the irradiation 

doses suffered by the flight exposed organic residues. UV photons (i.e., E > 3.1 

eV, λ < 400 nm) have enough energy to break chemical bonds and initiate 

substantial chemical changes (Stern, 2003), where a photon energy of 3 eV 

corresponds to the dissociation threshold in the gas phase of relatively weak 

bounded species such as CH2 (Heays et al., 2017).  

By considering the absorption coefficient of the organic residue (Baratta et al., 

2015) and the ASTME-490 standard solar spectrum for space application (that is 

given down to λ=119.5 nm) over the range  (119.5 < λ < 400 nm), the UV 

irradiation dose suffered by the 2f (50 nm) organic residue over the 2111 hours  

of equivalent to perpendicular solar irradiation, as determined by RedShift, is  

4.7x10
5
±5% eV/16u. If we consider only the more energetic, vacuum UV, solar 

photons (E > 6.2 eV, λ < 200 nm) the irradiation dose over the range (119.5 < λ < 

200 nm) is 1.2x10
3
±14% eV/16u. The errors given derive from the uncertainties 

associated with the equivalent to perpendicular solar irradiation exposure time; 

they were provided by RedShift and depend on the particular frequency band 

considered. The main sources of uncertainties are as follows: the geometrical 

model (depends on samples position), window transmission (depends on the 

frequency band), variation in solar irradiance (depends on the frequency band), 

and reflections (depend on the samples position and the frequency band). For the 

Expose-R2 mission, the total contribution of ionizing radiation given by GCRs, 
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South Atlantic Anomaly (SAA) protons and Outer Radiation Belt (ORB) 

electrons, reached dose values up to 1 Gray (Gy)  (Berger et al., 2018 this 

volume). One Gy corresponds to 1.7 10
-7

 eV/16u, and hence the effects given by 

ionizing radiation are negligible with respect to those given by solar UV photons, 

even by considering only the more energetic (E > 6.2 eV) solar photons. 

An accurate description of the Expose-R2 and MGR hardware and of the 

different mission phases can be found in the work of Rabbow et al. (2017). 

 

3. RESULTS 

3.1 Comparison between the sample controls 

 

The post-flight FTIR, UV-Vis-NIR, and VUV spectra of the organic residues 

were acquired by using the same conditions (i.e., resolution, sampling, etc.) that 

were adopted for the pre-flight samples. In this article, we focus on the results 

obtained by FTIR spectroscopy. In particular, FTIR spectra were acquired in air 

at normal incidence, with a resolution of 1 cm
-1

 and a sampling of 0.25 cm
-1

. 

Every sample on the ISS and at ground was realized in duplicate. We observed 

no significant differences in the profile of the IR features between the duplicates, 

and only a small variation in the intensity of the IR features was observed. In 

particular, with regard to all the duplicates, we found an average percentage 



 26 

variation of the intensities of the 3220, 2200, and 1600 cm
-1

 features of 10% ± 

6%, 10% ± 8%, and 12% ± 9% respectively. To improve the signal to noise ratio 

of the IR spectra of the organic residues, in the following for any thickness and 

typology, we use the average spectrum obtained from the duplicates. 

In Fig. 4, a comparison between the in-flight dark controls and the DLR (MGR) 

controls is reported for the three different thicknesses. From Fig. 4, it is evident 

that, for each thickness, no systematic differences can be found between the 

controls. In particular, the differences observed between the IR spectra of 

different controls are similar to the differences found between the IR spectra of 

duplicates. Hence, the organic residues are very stable with respect to the 

temperature cycles experienced in orbit. On the other hand, by comparing Fig. 4 

and Fig. 3, a decreased intensity of the -C≡N feature at ~2200 cm
-1

 with respect 

to the other two main broad features at ~3220 cm
-1

 and ~1600 cm
-1

 and the 

disappearance of the ~2150 cm
-1

 shoulder is evident in the post-flight 

samples. To discern any temporal modification of the FTIR spectra of the 

organic residues that we prepared for the PSS experiment, we also prepared 

an additional set of samples identical to the flight ones that we monitored by 

FTIR spectroscopy during the Expose-R2 mission. We found that the two 

main broad features displayed very small changes, while the -C≡N feature 

decreased at a rate that was fast at the beginning but slower and slower with 
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time. We verified that the fast decrease of the -C≡N feature, observed for 

several days after the production of the residue, occurred as well for the 

organic residues kept under UHV condition. In Fig. 5, the band area of the -

C≡N feature of the lab-control organic residues is reported versus the time 

elapsed since their production. In the same figure, the band area obtained for 

the flight control PSS residues is also reported. Note that in order to minimize 

any possible damage or contamination, only the band area obtained just after 

the production of the organic residue was measured for the flight samples.  

Indeed, just after their production and spectra acquisition, all the PSS organic 

residues were stored in special teflon containers thought to preserve the 

samples from moisture, contamination, and damage. All our samples are, at 

present, still stored in these containers. After the end of the mission, two 

additional spectra were acquired. For each thickness, the lab-control and 

flight-control samples showed a common trend in Fig. 5. In particular, after a 

fast decrease at the beginning, the -C≡N feature band area almost stabilizes 

after 200 days and did not vary further, within uncertainties, after 700 days. 

The two vertical dashed lines in the figure indicate the start and the end of 

exposure outside the ISS; hence, the organic residues were already stabilized 

during exposure to the solar UV photons. The reason of the decrease of the 

2200 cm
-1

 feature is not clear. It could be either due to some volatile, that is, 

C≡N bearing species that leave the residue, or to the reaction and 
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modification of a -C≡N bearing species with other species in the matrix. If the 

shoulder seen at ~2150 cm
-1

 in the pre-flight organic residues is actually due 

to OCN
-
, the reduction of the intensity of the 2200 cm

-1
 feature could have an 

alternative explanation. In particular, we know that ion irradiation of a 

different mixture (N2:CH4:H2O, 1:1:1) leads to the formation of an organic 

residue that exhibits a feature peaking at 2158 cm
-1

, with a different profile 

with respect to the 2200 cm
-1

 feature seen in the PSS organic residues that is 

attributed to OCN
-
 (Accolla, et al., 2018). The authors observed that, in those 

experiments, the OCN
-
 feature exhibits a gradual reduction in intensity over 

time, decreasing by 60% after two weeks and almost by 100% after 150 days, 

that is, with similar a time scale of the reduction of the 2200 cm
-1

 feature. 

Hence, it is possible that the decrease of the 2200 cm
-1

 feature seen in the PSS 

organic residues is due to the decrease of the OCN
-
 ion/salt either desorbing 

or reacting with time. After the complete disappearance of the OCN
-
 from the 

matrix, the 2200 cm
-1

 does not change further, which indicates that the 

nitriles/isonitriles terminal groups are stable in the organic residue.   

3.2 Space exposed organic residues 

In Fig. 6, a comparison between the IR spectra of the flight solar UV exposed 

organic residues (solid lines) and the corresponding in-flight dark controls 

(dotted lines) is reported for the three considered thicknesses. The presence of 
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relatively strong -CH3 and -CH2- stretching features (2950, 2930, and 2860 

cm
-1

) and bending features (1458 and 1380 cm
-1

) is evident in the exposed 

samples. We notice that the intensity of these features is inversely correlated 

with the thickness of the samples, and the features are not observed in the in-

flight dark controls. As was already observed for the former Expose-R 

mission (Demets et al., 2015), the aliphatic features are due to a 

contamination layer deposited on the inner side of the solar exposed MgF2 

windows. It is thought that the contamination is due to the release of 

outgassing products from the facility itself and its samples, which were 

subsequently photo-processed by solar UV at the inner window surfaces into a 

thin contamination layer (Rabbow et al., 2017). In general, the contamination 

observed on Expose-R2 seems to be lesser than after the Expose-R mission. 

This improvement was due substantially to three reasons: 1) Expose-R2 used 

the Expose-R module that has been already outgassing in orbit during the 

Expose-R mission, 2) the duration of exposure to solar UV was shorter for 

Expose-R2, 3) Expose-R2 has been subjected to a 62 days outgassing period 

while shielded from solar UV irradiation; this procedure has not been 

previously adopted for Expose-R (Rabbow et al., 2017). It should be noted 

that the organic residues are on the internal surfaces of the MgF2 windows, 

and thus the contamination layer is accreted on the organic residues from the 

opposite side with respect to that exposed to solar UV photons. Hence, the 
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contamination layer did not interfere with the solar UV exposure. To “clean” 

the spectra from the contaminant features, we acquired a transmission 

spectrum of a flight exposed MgF2 clean (blank) window on which the 

contamination layer was formed. Once normalized to the continuum and 

converted in optical depth units, the contamination spectrum was subtracted 

from each sample thickness by using a different scaling factor that was chosen 

to minimize the contribution of the contaminant CH features on the residual 

spectra. The corrected flight exposed sample spectra are reported in Fig. 6 

dashed lines. We notice that the contaminant features almost disappear in the 

corrected spectra. Furthermore, thicker residues correspond to thinner 

contamination layers. On the other hand, thicker organic residues absorb more 

UV light, and hence the contamination layers can be considered to have a 

common composition and different thicknesses that are directly related to the 

UV fluences transmitted by the MgF2 plus organic residues assemblies. 

From the comparison between the flight exposed and the in-flight dark 

control samples we notice the following: 1) An overall decrease in the 

exposed samples of the two mains broad features and of the -C≡N feature for 

all the thicknesses except for the thickest 6f sample. In particular, an increase 

in intensity of the broad 1600 cm
-1

 feature was observed in the region 

between 1600 and 1240 cm
-1

, for the 6f sample. 2) Thinner is the sample, 

stronger is the reduction of intensity for the two mains broad feature and for 
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the -C≡N feature. 3) The reduction in intensity of the features is accompanied 

by more or less evident changes of the profile of the bands. All these effects 

are particularly evident in the 2200 cm
-1 

-C≡N
 
feature. 

It should be noted that the solar UV flux is exponentially attenuated into the 

film, and hence thinner residues received higher average UV doses. The 

higher UV doses absorbed by thinner residues explains why the relative 

reduction of intensity of the features increases from the thickest 6f to the 

thinnest 2f organic residue. In Fig. 7, the normalized spectra of the in-flight 

dark controls and the flight exposed samples are presented. Very small 

differences, having standard deviation with respect to the average normalized 

spectrum of about 2%, are evident in the profile of the main features for the 

three considered thicknesses in the flight control samples; this points out that 

the organic residue is quite homogeneous versus the thickness as already 

observed by Baratta et al. (2015). On the other hand, a variation of profile of 

the 3220, 2200, and 1600 cm
-1

 features is evident in the exposed samples with 

respect to the dark controls. Nevertheless, for the 3220 and 2200 cm
-1

 

features, the profile is very similar for the three different thicknesses in the 

flight exposed samples. Hence, the relative abundance of the species that 

contribute to the 3220 cm
-1

 (-NH2, -NH-, etc.) and 2200 cm
-1

 (-C≡N, -N≡C, 

etc.) features changes at low UV irradiation doses but does not change further 

at higher doses from the thickest 6f to the thinnest 2f flight exposed organic 
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residue. On the other hand, the profile of the 1600 cm
-1

 (C=C, C=N, etc.) 

feature still changes up to the highest doses corresponding to the 2f thinnest 

sample. A possible explanation for this trend is given in the Discussion 

section.  

3.3 VUV, UV-Vis-NIR Spectroscopy 

The transmission spectra of the flight exposed samples in the UV-Vis-NIR 

and VUV range were also acquired. Although the contaminant layer deposited 

on the inner side of the flight exposed samples did not interfere with the solar 

UV exposure, it strongly affects the transmission spectra in the UV-Vis range. 

This was evident when we acquired the transmission spectra of the 

contaminated flight exposed blank MgF2 window (see section 3.2) in the UV-

Vis-NIR and IR range. To clean the UV-Vis-NIR spectra, we followed the 

same procedure described in section 3.2 using the same scaling factors 

determined for the IR spectra. We found that, in the Vis-NIR range between 

400 and 1200 nm, the absorption coefficient increases with the dose from the 

thickest (6f) to the thinnest (2f) sample. Only small differences of the 

absorption coefficient (within 7%) were found, between the different 

thicknesses, in the UV range (200-400 nm). Nevertheless, unlike the IR case, 

we could not perform any normalization to the continuum to correct the 

spectra. This is because the variations of transmittance due to the variation of 
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absorption and continuum (dispersion and interference effects) cannot be 

easily disentangled in the UV-Vis range. Hence, the conclusions given above 

on the variation of the absorption coefficient must be considered indicative.  

3. 4 The 2200 cm
-1

 feature 

Since the 2200 cm
-1

 feature does not overlap with any other feature, we can 

try to obtain semi-quantitative information on the relative abundances of -

C≡N and -N≡C species by adopting a fit procedure (Quirico et al., 2008). We 

were able to obtain a good fit by using 5 Gaussian components with peak 

positions similar to those used by Mutsukura and Akita (1999). In Fig. 8, the 

best fit to the 2200 cm
-1

 feature for the 6f flight control and flight exposed 

samples is reported. The best fit output parameters and the corresponding 

uncertainties are reported in Table 2. Following the work of Mutsukura and 

Akita (1999), the peaks at 2105, 2145, and 2190 cm
-1

 are associated to 

terminal -N≡C iso-nitrile units, while the peaks at 2220 and  2252 cm
-1

 are 

associated to terminal -C≡N nitrile units. By assuming that the band strength 

of the five sub-components is the same, we obtain a relative amount of nitrile 

over iso-nitrile terminal units (-C≡N/-N≡C) of 0.23 and 0.9 before and after 

UV space exposure respectively. Nevertheless, these relative amounts should 

be considered as indicative for two reasons: 1) according to Quirico et al., 

(2008), conjugation can lower the nitrile band position down to 2180 cm
-1

, in 
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this case the 2190 cm
-1

 sub-component would be due to a nitrile terminal unit, 

2) the band strength can be different for the five sub-components. 

By using the spectra obtained for the three different thicknesses, it is possible 

to discern the effect of solar UV photons at different depths in the organic 

residue. In particular, following the work of Baratta et al. (2002), we indicate 

with    ,    , and     the optical depths of the 2f, 4f, and 6f organic 

residues respectively. Since the residues have been exposed to the same UV 

fluences, the optical depth of the slab at a depth between 50 nm (2f) and 135 

nm (4f) is given by the relation:               , and the optical depth of 

the slab between 135 nm and 180 nm (6f) is given by:               . In 

Fig. 9, the spectra of the slabs at different depths for the flight exposed and 

in-flight dark control organic residues are reported. From Fig. 9, it is evident 

that the decrease in intensity of the 2200 cm
-1

 feature is larger at lower depths 

into the organic residue, and hence deeper layers received a lower UV dose.  

To evaluate the lifetime at 1 au of the -C≡N plus -N≡C bearing species 

versus the depth in the organic residue, we assume that the cumulative band 

area is proportional to the number of -C≡N plus -N≡C terminal units and the 

band strength is 4.0x10
-17

 cm/molecule (Demyk et al., 1998). In the 

following, we also use the suffix CN to mean the cumulative number of -C≡N 
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and -N≡C terminal units. We assume that the decrease of the number of CN 

can be described by an exponential decay, in particular: 

         
      

                   (2) 

where:      is the number of CN per square centimeter contained in a layer 

of thickness    after an exposure time   at a depth   in the organic residue; 

   
       is the effective UV flux at a depth  ;       is the destruction cross 

section and    
  is the number density of CN (cm

-3
) before exposure. We can 

also write: 

   
          

                        (3) 

where    
       is the incoming effective UV flux and          is the 

effective UV absorption coefficient. If we indicate the decay rate with 

     
            , by integrating (Equation 2)  we obtain: 

         
  

  
    

         
             

  
       (4) 

where     is the column density (cm
-2

) of CN contained in the slab at a depth 

between    and    after an exposure time  . 

The computed CN column densities of the flight exposed and flight dark 

control samples versus the thickness are reported in Fig. 10. As expected, the 
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control samples stay along a straight line that passes through the origin. We 

compute the initial number density of CN as the slope of the linear best fit to 

the flight dark controls; in particular, we found:    
  = 1.94x10

21
 cm

-3
 that, 

for a density ρ=1.17 g cm
-3 

(Baratta et al., 2015) of the organic residue, 

corresponds to an abundance of the CN units of nearly 7% in weight.  

We use a non-linear best fit routine, written in IDL language, to fit the 

column densities of the flight exposed residues with Equation (4). In Equation 

(4), we used the    
  value determined above and an exposure time  , over the 

whole duration of the mission, of 2111 hours of equivalent to perpendicular 

solar irradiation at 1 au. The equivalent exposure time was provided by RedShift 

and has been corrected for the transmission losses of the MgF2 windows. In Fig. 

10, the good agreement between the theoretical fit (solid curve) and the 

experimental points is evident; the corresponding best fit values of the free 

parameters          and   are 5.1 µm
-1

 and 10.6 yr
-1

 respectively. If we 

consider a thin (< 50 nm) organic residue, the lifetime   of the CN units 

within the film is quite short, in particular   
 

 
  0.1 yr. On the other hand, 

the UV solar flux is exponentially attenuated within the organic residue, and 

hence CN units at greater depths in thicker organic residues can survive much 

longer times. By using Equation (4) and the determined          and   

values, we can predict the survival time of the CN units versus the depth at 1 
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au. In particular, we compute the CN column density, within a 50 nm thick 

slab, at variable depth and at different exposure times. The calculated survival 

curves are reported in Fig. 11. The first curve on the left corresponds to the 

PSS equivalent to perpendicular solar irradiation exposure, and the solid black 

circles are the interpolated column densities corresponding to the 2f, 4f, and 

6f exposed organic residues. From Fig. 11, it is evident that the CN bearing 

species can survive many years in organic residues thicker than 1 µm.  

3.4 MGR exposed organic residues 

In the case of the MGR samples that were irradiated with the solar simulator 

SOL2000, only wavelengths greater than 200 nm have been used. On the other 

hand, for Expose-R2 in space, the MgF2 windows let photons with wavelength 

down to 110 nm to reach the samples. One of our objectives was to compare the 

effects on space exposed samples and ground exposed ones in order to reveal 

the contribution of the more energetic (below 200 nm) vacuum UV solar 

photons to modify the samples. Unfortunately, our MGR samples exposed to 

the solar simulator were contaminated during the ground exposure by a 

relatively thick film accreted on the MgF2 windows from the opposite side to 

that where the organic residues were deposited and, hence, from the same side 

of UV exposure. We noted that this contaminant layer was present, with 

variable amount, on all our MGR samples exposed to the solar simulator but 
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not in any other unexposed MGR sample. From the infrared analysis, we know 

that the contaminant MGR layer spectrum presents a broad strong feature 

peaking ~ 3450 cm
-1

, indicating the presence of -NH- stretching vibrations 

(Imanaka et al., 2004). This feature strongly affects the 3220 cm
-1

 band of the 

organic residues. Furthermore, since the contaminant layer is on the same side 

of the incoming UV photons, it interfered with the exposure to the solar 

simulator. For this reason we decided not to use the spectra of the MGR UV 

exposed samples for any quantitative comparison with the flight exposed 

samples. Due to a technical problem, irradiation was not performed under 

vacuum conditions. In these circumstances, the contamination may have an 

atmospheric origin. Nevertheless, after cleaning an MGR exposed sample (4f) 

from the contaminant layer, by polishing the corresponding MgF2 window face, 

we saw that the effects produced by the solar simulator on the IR spectrum 

were similar, from a qualitative point of view, to the effects seen on the 

spectrum of the corresponding flight exposed organic residue. This should 

imply that, even less energetic solar UV photons with wavelength greater than 

200 nm, were effective in modifying the chemical structure of the organic 

residues.  

4. DISCUSSION 

4.1 Solar UV modification of the organic residue 
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We saw in section 3.2 that one general effect of the exposure to the UV solar 

photons is the decreased intensity of the main infrared features except for the 

1600 cm
-1

 feature that, in the region between 1600 and 1240 cm
-1

, gets more 

intense at low exposure doses (6f). The reduction in intensity of the features is 

accompanied by a more or less evident variation of the profile. For the 3220 

cm
-1

 and 2200 cm
-1

 features, the profile does not change after the initial 

variation corresponding to the thickest (6f) organic residue. This circumstance 

seems to indicate that functional groups that give rise to the 3220 cm
-1

 (-NH2, -

NH-, etc) and 2200 cm
-1

 (-C≡N, -N≡C, etc.) features decrease in number at 

higher UV exposure without changing their relative amounts. On the other 

hand, the profile of the 1600 cm
-1

 feature still changes up to the highest dose 

(2f sample). In particular, while the peak at 1590 cm
-1

 decreases more in 

thinner (higher UV doses) exposed samples (Fig. 6), the wing at lower 

wavenumbers does not significantly decrease, with respect to the dark control 

samples, for the three considered thicknesses. Except for the CH bending, 

according to Ferrari et al., (2003), C=C or mixed C=N both in sp
2
 chains and 

rings are responsible for the broad feature seen in the 1000-2000 cm
-1

 region 

for N rich hydrogenated amorphous carbon nitride (a-C:N:H). We tentatively 

attribute the initial increased intensity of the wing of the 1600 cm
-1

 feature to 

the possible partial conversion of the -C≡N/-N≡C terminal units lost by the 

2200 cm
-1

 band into  C=N units added to the C=C skeleton. Indeed it is 
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generally found that nitrogen increases the intensity of the 1600 cm
-1

 feature 

seen in a-C:N:H (Ferrari et al., 2003). This can be understood if it is taken 

into account that nitrogen polarizes all the sp
2
 bonds of the conjugated system 

to which nitrogen is a terminal atom. Thus, it increases the dipole moment of 

each C=C bond giving rise to an increase in the IR intensity that is larger for 

longer conjugation. Furthermore, N addition also increases the clustering of 

the sp
2
 phase, and this also increases the IR intensity. In particular, the 

integrated absorbance in the 1000-1800 cm
-1

 region can be used as an 

indicator of the N content (Ferrari et al. 2003). 

Sharp 1600-1580 cm
-1

 peaks are typical of a-C:N:H with high hydrogen 

content (Ferrari et al., 2003). In particular, these authors observed, in a high H 

content a-C:N:H film, a sharp peak at 1580-1600 cm
-1

 that was as intense as 

twice the broad wing at 1300 cm
-1

. We interpret the decrease of the peak at 

1590 cm
-1

 with respect to the wing at 1300 cm
-1

, observed in the flight 

exposed residues, as due to a progressive loss of hydrogen during solar UV 

exposure.  The loss of hydrogen is also evidenced by the progressive decrease 

of the broad feature at 3220 cm
-1

 due to -NH-, -NH2, -CH3, -CH2-, and 

possibly -OH functional groups.  
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Hence, as a consequence of the solar UV exposure, the organic residue is 

stabilized into a C=C/C=N amorphous carbon network, while loosing -NH-, -

NH2 (amine) and -C≡N/-N≡C (nitrile/iso-nitrile) functional groups. 

To determine           and  , we implicitly assumed that the thickness of 

the flight exposed samples did not change as a consequence of exposure to 

solar UV photons. On the other hand, we know that the number of functional 

groups such as amines and nitriles decreased in the flight exposed samples, 

and hence it is plausible that the thickness decreased accordingly if the 

missing/destroyed species, or some fragments of them, left the UV exposed 

samples. If we indicate with   and      the thickness before and after UV 

exposure respectively, in first approximation we can assume that:         

 , where the scale factor   is a constant   1.  

By substituting        in equation (4), the best fit effective absorption 

coefficient becomes            and the destruction rate   does not change. 

Since the effective absorption coefficient would increase (   ), we assume, 

by continuing to suppose that the thickness after solar UV exposure does not 

change, a conservative point of view with respect to the nitriles survival 

ability at a given depth in the organic residue. Furthermore,  although in 

principle the thickness of the exposed samples could decrease greatly, we 

observed that the wing of the 1600 cm
-1

 feature at low wavenumbers does not 
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significantly decrease in the flight exposed samples, with respect to the dark 

controls, for the three considered thicknesses. In particular, we observe that, 

due to the solar UV exposure, the organic residue stabilizes into a C=C/C=N 

amorphous carbon network, and hence the scaling factor   is not too far from 

1. On the other hand, the scaling factor itself could depend on the sample 

thickness; nevertheless the good fit obtained in Fig. 10 should indicate that 

the scaling factor    is nearly constant. So far we have implicitly assumed that 

         does not vary as well with the solar UV exposure, and thus it is 

constant versus the thickness. On the other hand, the conversion of -C≡N into 

C=N/C=C units probably determined an increase of the absorption coefficient 

in the UV-Vis range. Hence, we would expect an increase in the average 

(versus thickness) absorption coefficient. In this case, the scaling factor c 

defined before should decrease with the sample thickness. Nevertheless , we 

already noted that the scaling factor c is not too far from 1. Hence, we do not 

expect a dramatic variation of the absorption coefficient in the range of the 

UV photons that are effective in destroying the -CN units. This confirms the 

small variation of the absorption coefficient versus the thickness found in the 

UV range (see section 3.3). In any case, in addition to the wavelength of the 

solar UV photons, the          coefficient obtained by the fit procedure 

should be regarded as effective also with respect to the UV exposure. If we 

suppose, in first approximation, that the absorption coefficient of the pre-
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flight organic residue is equal to the absorption coefficient of the organic 

residue after solar UV exposure, we can obtain some additional information 

on the wavelength of the solar UV photons that were active in modifying the 

chemical structure. The absorption coefficient   is related to the imaginary 

part of the complex index of refraction   trough the relation:         , 

where   is the wavelength. By considering the optical constants of the pre-

flight organic residues given by Baratta et al. (2015), and the effective 

absorption coefficient derived by the best fit procedure          = 5.1 µm
-1

, 

we obtain an effective wavelength     = 0.342 µm, confirming that less 

energetic solar UV photons, with wavelength greater than 200 nm, were 

effective in modifying the organic residues chemical structure. One could 

wonder why less energetic UV photons significantly contributed to the 

destruction of the nitriles units. This can be easily understood if it is noted that 

the number of absorbed solar UV photons is much larger in the 200-400 nm 

range. In particular, the UV dose absorbed by the organic residue in the 200-

400 nm range was 390 times larger than the dose absorbed in the 119.5-200 nm 

range (see section 2.2). 
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4.2 Survival in the Interplanetary Medium 

Once a comet enters the inner Solar System and the coma develops, a large 

quantity of dust is lost; it is thought that this dust constitutes a significant 

fraction of those IDPs that reach the Earth atmosphere (Sandford, 1987).  

A major concern regarding the synthesis of biological monomers is the 

availability of precursor materials under primitive Earth conditions (Ruiz-

Mirazo et al., 2014). In this context, two possible sources are commonly 

considered: endogenous (terrestrial) synthesis and exogenous delivery by 

comets, meteorites, and IDPs. Among the endogenous processes that could 

have sown the early Earth with suitable precursor materials there are (i) the 

synthesis of organic aerosols in a neutral or more reducing atmosphere than 

today (Trainer, 2013; Ferus et al., 2017) or (ii) hydrothermal synthesis 

(Lemke et al., 2009). The relative amount of organic matter brought by 

endogenous versus exogenous sources is unknown. 

It has been estimated that the delivery of organic carbon (mostly by IDPs, 

comets, and meteorites) on the early Earth was in the order of 10
8
 kg yr

−1
, or 

10
16

 kg per 100 million years (Chyba and Sagan, 1992). Since there is about 

6×10
14

 kg of organic matter in the present biosphere, it is likely that the role 

of extraterrestrial organics was significant (Ruiz-Mirazo et al., 2014). 

Micrometeorites represent the dominant source of extraterrestrial material 
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accreted by Earth today (Taylor, et al. 1998). Carbonaceous matter in 

Antarctic micrometeorites (except UCAMMs) is up to a few % in weight 

(Matrajt et al., 2003). UCAMMs are rare. They represent a few percent of the 

micrometeorites in the CONCORDIA collection. Although UCAMMs have an 

exceptional high carbonaceous matter content (from ~35% to ~55% in 

weight; Dobrica et al., 2009), they may not be representative of the majority 

of the carbonaceous mass delivered to early Earth. Nevertheless, even for 

very low abundances (a few parts per billion), it is thought that nitriles could 

be key intermediates to form biologically relevant molecules (Kaiser and 

Balucani, 2001); indeed nitriles can be hydrolyzed and react via multistep 

synthesis ultimately to amino acids.  

When not part of an active meteor stream, IDPs spend up to 10
5
-10

6
 years 

spiraling toward the Sun (Rietmeijer, 2009). In active meteor streams, the 

orbital age is shorter but not more than a few millennia (McNaught and 

Asher, 1999). From Fig. 11, it is evident that a significant fraction of the 

contained nitriles, provided that there is enough organic residue within the 

IDPs, has a chance to survive in the interplanetary medium for a long time. 

Note that, in Fig. 11, we are implicitly assuming that the nitriles present in the 

unexposed organic residue will be stable for very long periods. From Fig. 5, 

we are confident that nitriles will be present for many years in residues that 
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are not exposed to UV, but we cannot say whether they continue to be present 

after 10
2
-10

3
 years or more. Nevertheless, we already know that a few 

UCAMMs (Dartois et al., 2013, 2018) have a carbonaceous phase with IR 

signatures similar to those of the PSS organic residues (Baratta et al., 2015). 

In particular, these micrometeorites present a -C≡N band peaking at around 

2220 cm
-1

 (Dartois et al., 2013, 2018), which is close to the peak position of 

the nitrile feature observed in the organic residues after solar UV exposure. It 

is thought that this high organic carbon content (ranging from ~50% to ~85% 

in volume; Dobrica et al., 2009) and high N/C ratio micrometeorites 

originated in the outer Solar System beyond the nitrogen snow-line, for 

example in an Oort cloud comet in 100 millions to billions of years by cosmic 

ray irradiation (Dartois et al., 2013, 2018). Hence, nitriles can survive in 

UCAMMs for a very long time. On the other hand, according to the results 

presented in this work, nitriles can be destroyed by exposure to solar UV. In 

the following, we try to discern the fate of the nitriles contained in an IDP, 

flying inward from long heliocentric distance, in the hypothesis that the same 

volume fraction of organic matter presents in the UCAMMs previously 

discussed is made of the PSS organic residue. The objective of this 

assumption is to take into account, in some way, that in a real IDP other 

minerals that may have a low absorption efficiency in the UV range are 

present; this increases the UV field within the IDP with a consequent decrease 
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of the nitriles lifetime. In the following, we assume that 50%  of the IDP 

volume is occupied by the organic residue, while the remaining 50% is 

occupied by crystalline forsterite that has a very low absorption coefficient at 

    = 0.342 µm.  To describe the absorption, reflection, and refraction of 

light in the composite material, we use the Maxwell-Garnet effective medium 

formula. In particular, the effective (average) dielectric constant of the 

composite medium         
  (where    is the complex index of refraction) is 

given by the relation: 

         
   

    

     

    
    

     

                                                         

where    is the dielectric constant of the matrix,   and    are the dielectric 

constant and the volume fraction of the inclusions respectively. We assume 

that the organic material is the matrix and the inclusions are made of 

crystalline forsterite in equation 5. By considering the absorption coefficient 

         = 5.1 µm
-1

 and the optical constants of the organic residue (Baratta 

et al. 2015), we obtain                 at     =0.342 µm. For crystalline 

forsterite,                           (Pitman et al., 2013). At last, by 

considering a volume fraction   =0.5, we obtain from equation (5):       

            at     =0.342 µm. The Maxwell-Garnett formula reported 

above was derived in the hypothesis of an inhomogeneous medium of a two-
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component mixture composed of inclusions embedded in an otherwise 

homogeneous matrix. The inclusions are spherical and small compared with 

the wavelength. On the other hand, the UCAMMs consist of sub-micrometer 

sized minerals embedded in carbonaceous material, where most of the 

minerals are present in the form of assemblages with sizes in the range from 

100 nm up to 4 µm (Dobrica et al., 2012). Hence, inclusions are not always 

small compared with the wavelength. Thus, the average complex index of 

refraction obtained above should be regarded as just an approximation to take 

into account that the minerals present in the UCAMM, may absorb less than 

the organic material. At any rate, since other minerals found in the UCAMMs 

may absorb efficiently in the UV (i.e., iron-sulfides), the average complex 

index of refraction obtained by using equation 5 should be considered as a 

conservative estimation. 

 Here, we consider IDPs of spherical shape and different diameters. We 

suppose that during their journeys in the interplanetary medium, IDPs assume 

random orientation with respect to the Sun; hence, the radiation field can be 

considered isotropic with an intensity that is proportional to R
-2

 where R is 

the heliocentric distance. We consider also IDPs with size significantly larger 

than the wavelength, and hence, in first approximation, geometrical optics can 

be used to evaluate the field within the particles. In particular, we adopt a ray 

trace method developed by Liu et al. (2002). In this method, the authors 
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derive the internal differential absorption in a sphere of radius      of 

complex index of refraction         at a wavelength  , illuminated by an 

isotropic field. We indicate with                the fraction of the incident 

radiation field transmitted within a sphere of radius      down to a distance   

from the center. For a sphere equation (4) can be modified in: 

         

    

 

       
      

 

 
                     

    

 

                   

where the quantity                is computed by using the ray trace method   

and     is the volume fraction of the organic residue contained in the IDP. In 

the hypothesis that the spherical grain is uniformly irradiated, the 1/4 factor in 

the exponent takes into account the ratio between the geometrical cross 

section and the whole surface. At last, the fraction     of survived -C≡N 

units, within a sphere of radius      at 1 au after a time t, is given by: 

    
   

      
  

 
     

 
 

 

    
     

 

 
                     

    

 

             

 

The resulting survival curves versus the size (diameter) of the IDP are 

reported in Fig. 12.  
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The time of flight of an IDP evolving inward (spiraling) under Poynting-

Robertson (P-R) drag force from a heliocentric distance   down to 1 au is 

given in the work of Pepin et al., (2000): 

                  
                                                     (8) 

where   and   are the diameter and the density of the particle in c.g.s units 

respectively,   is the starting heliocentric distance, and    is the distance that 

corresponds to 1 au. Especially for IDPs coming from great heliocentric 

distances, it should be noted that they spend most of the time far from the Sun 

and, hence, at much lower UV flux with respect to the flux experienced at 1 au. 

Baratta et al. (2004) computed the fluence, due to solar wind ions and solar 

energetic particles, suffered by IDPs under P-R drag force, in the hypothesis that 

the solar particles flux is proportional to    . In particular, by using equation (8), 

Baratta et al., (2004) found that the fluence suffered by an IDP during its P-R 

drag from a heliocentric distance   down to 1 au is the same as that the IDP 

would suffer at 1 au in a   times shorter period, where              

      
    This relation can be used to evaluate the equivalent exposure time to 

the solar UV photons at 1 au since the solar photon flux is also proportional to 

   . 

We consider now an IDP flying from a relatively large heliocentric distance  

  7 au, with a size similar to UCAMM-D65 (       ) and a density 
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         . Using equation (8), we obtain:           years and       

    . Finally, the resulting equivalent exposure time at 1 au is given by     

        years. From Fig. 12, it is evident that a significant fraction of nitriles 

can survive within the IDP. As already noted, cometary IDPs that are part of an 

active meteor stream may have orbital ages as short as a few millennia; in this 

case, the amount of nitriles that can survive within a 40 µm size IDP would be 

more than 50%. Nevertheless, even by considering these short exposure periods, 

nitriles are almost all destroyed in IDPs with sizes smaller than 6-8 µm. If we 

consider an IDP with a diameter        , flying from 3 au, we obtain: 

          years,             and             years. From Fig. 12, 

we estimate that only the 5% of the initial nitriles would survive. There could be 

some exceptions to the results found so far for relatively small IDPs. In 

particular, it has been proposed that it is possible to identify dust from comets 

that formed Earth-crossing dust trails (Messenger, 2002). Unlike the majority of 

IDPs collected in the stratosphere, which spend millennia or more in space before 

the Earth encounter, the dust particles may, in this case,  have been in space for a 

few decades or less (Messenger and Walker, 2011). For such ”fresh” IDPs, it is 

evident, from Fig. 12, that a significant fraction of nitriles could have survived 

even in a 10 µm particle.  
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It is important to stress that the results reported in Fig. 12 are strictly applicable 

to an IDP that contains organic matter similar to that of the organic residue 

studied here. It is of interest to compare the amount of the nitriles found in the 

PSS organic residues with the amount of nitriles found in UCAMMs. We saw 

that the amount of nitriles units in the PSS organic residues is 7% in weight. We 

do not have this information for UCAMMs, but we can estimate the relative 

contribution of the strength of the IR -C≡N feature with respect to the C=C 

feature. In particular, for the UCAMMs studied by Dartois et al. (2018), only 

three of the eight studied present a -C≡N IR feature with intensity ratios I(-

C≡N)/I(C=C) in the range (0.055-0.027).  For the PSS flight control organic 

residue, the intensity ratio is I(-C≡N)/I(C=C)=0.18, which is 3-7 times higher 

than that found in UCAMMs. At any rate, provided that the effective absorption 

coefficient          and destruction rate   are the same of that found for the 

PSS organic residues, the survival fraction given by equation (7) for an IDP 

should not depend on the initial amount of nitriles units given by       
 .  

5 Conclusion 

 In the present study, we saw that materials similar to the PSS organic 

residues could be present on the surface of Solar System objects, such as 

comets in the Oort cloud, beyond the nitrogen snow-line. When a comet 

enters into the inner Solar System and the coma develops, a large quantity of 
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dust is lost. This dust constitutes a significant fraction of the IDPs that reach 

the Earth atmosphere. Hence, materials similar to that we have produced in 

laboratory could have reached the prebiotic Earth.  

According to Ruiz-Mirazo et al. (2014), the role of extraterrestrial organics, 

in providing precursor materials for the synthesis of biological monomers, 

was significant. Among the organics that could have had a role in providing 

the bricks from which life could be initiated, there are the nitriles.  We know 

that the nitriles and amines contained in some UCAMMs can survive the 

heating suffered during a present-day atmospheric entry. However, modeling 

the interaction with the primordial terrestrial atmosphere, to determine the 

role of UCAMMs as carrier of pre-biotic molecules, deserves consideration 

(Briani et al., 2013).  

On the basis of the results obtained on the organic residues exposed outside 

the ISS, we have shown that the nitriles contained in relatively large IDPs 

(>20-30 µm) could have survived in the interplanetary medium, and hence 

they could have reached the prebiotic Earth. From Fig. 6, it is evident that the 

NH amine functional groups appear to be more resistant than nitriles to the solar 

UV photon irradiation. Hence, it is expected that a significant fraction of amines 

could also have reached the prebiotic Earth. However, we note that UCAMMs 

represent a few percent of the micrometeorites in the CONCORDIA 
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collection, and hence they are probably not representative of the majority of the 

mass delivered to early Earth. Nevertheless, even for very low abundances (a 

few parts per billion), nitriles are of particular importance because they are 

thought to be key intermediates to form amino acids, thus providing one of 

the basic “ingredients” for life (Kaiser and Balucani, 2001). 
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Table 1. Assignment of the IR features observed in the organic residues 

 

Wavenumber (cm
-1

) 

 

 

Implied functional group 

 

Reference 

3500-3300 ali-NH2, aro-NH2 str. (a) 

3220 ali-NH2, -NH- str. (a) 

2980 -CH3 str. (a) 

2940 -CH2- str. (a) 

2200 

 

2150 

1710 

-C≡N, -N≡C,  

-N=C=N- 

OCN
-
 

C=O str.
 

(b, c) 

(c) 

(d) 

(a) 

1650-1630, 1560 

 

1450 

1415 

1380 

1339 

1240 

arom. C=C, he-aro. N=C 

ali-/aro-NH2 bend    

-CH3 bend 

-CH2- bend 

C-CH3, C-(CH3)2 

C-N arom. str. 

unidentified 

 

(a, c) 

(a) 

(a) 

(a) 

(c) 

 

 

References: (a)= Quirico et al. 2008, (b)= Mutsukura and Akita, 1999, 

(c)= Imanaka et al. 2004, (d)= Palumbo et al., 2004 
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Table 2. Five Gaussian curves best fit parameters of the 2200 cm
-1 

feature observed 

in the 6f flight control and 6f flight exposed  organic residues. For each Gaussian 

curve, the FWHM and the band area are reported. The peak positions of the 

curves (fixed) and the corresponding assignment  (Mutsukura and Akita, 1999) 

are also reported in the table. 

 

  

peak position 

 (cm
-1

) 

assignment flight control 

area (cm
-1

) 

flight control 

FWHM (cm
-1

) 

flight exposed 

area (cm
-1

) 

flight exposed 

FWHM (cm
-1

) 

2105 -N≡C 0.0179 ± 0.0006 32.6 ± 0.6 0.0075 ± 0.0002 44.5 ± 1 

2145 -N≡C 0.159 ± 0.003 43.7 ± 0.6 0.0228 ± 0.0006 38.5 ± 0.9 

2190 -N≡C 0.847 ± 0.006 56.1 ± 0.4 0.111 ± 0.001 46.0 ± 0.6 

2220 -C≡N 0.193 ± 0.004 36.9 ± 0.6 0.1165 ± 0.001 32.9 ± 0.3 

2252 -C≡N 0.0483 ± 0.001 24.7 ± 0.3 0.0037 ± 0.0003 19.9 ± 0.6 
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Figure Legends 

 

FIG.1 (a) Schematic view of the experimental apparatus used to produce the 

organic residues. (b) Scheme showing the experimental breakdown of samples 

between the ISS and DLR Cologne, and the environmental conditions to which 

they have been exposed.  

 

FIG.2 Spectra after 200 keV He
+
 irradiation of the ice mixtures for the three 

considered thicknesses. 

 

FIG.3 Spectra of the organic residues obtained after irradiation at a dose of 110 

eV/16u at 17 K followed by a slow warm up to room temperature and sublimation 

of the volatile species.  Each displayed spectrum is the average of the 10 different 

samples realized for each thickness. 

 

FIG.4 Comparison between the spectra of the ground and in-flight dark controls. 

 

FIG.5 Temporal evolution of the 2200 cm
-1

 (-C≡N) band area of the laboratory 

and in-flight dark control unexposed samples. The two dashed vertical lines 

correspond to the start and the end of exposure to the solar UV photons 

experienced in orbit by the exposed samples. The best fit to the data was obtained 
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by using the equation: y=sc*(y0+A1*exp(-t/t1)+A2*exp(-t/t2)). Once the best fit 

solution was found for the thickest (6f) samples with sc set to 1, the other two 

thicknesses were fitted by adjusting only the sc scaling factor. 

 

FIG.6 Comparison between the in-flight dark controls (dotted lines) and the flight 

exposed samples before (solid lines) and after (dashed lines) the correction for the 

contamination spectrum. 

 

FIG.7 Comparison of the normalized spectra, for the three different thicknesses, 

between the in-flight dark controls (upper curves) and the flight exposed (lower 

curves) samples in the three spectral regions of interest. 

 

FIG.8 Fives Gaussian with fixed peak position (thin grey lines) best fit (thick 

grey lines) of the thickest 6f in-flight dark control (upper curves) and flight 

exposed (lower curves) samples. The 95% confidence interval of the best fit is 

indicated with black dashed lines. The best fit output parameters and their 

uncertainties are reported in Table 2. 

 

FIG.9 Comparison of the 2200 cm
-1

 CN feature between the in-flight dark control 

(dotted lines) and flight exposed (solid lines) samples at different depths (see the 

text). 
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FIG.10 CN column density of the in-flight dark control (open squares) multiplied 

by a factor 1/2 and flight exposed (closed squares) samples versus the thickness. 

The solid curve is the best fit to the flight exposed column density obtained by 

using equation 4. The fit is for 2111 h of solar irradiation at 1 au. The dashed 

straight line is the linear best fit to the in-flight dark control column density 

values. 

 

FIG.11  Residual CN column density contained in a 50 nm thick slab at different 

depths in the organic residue and different exposure time at 1 au. The horizontal 

dashed line is the column density value for the unexposed organic residue. The 

solid line correspond to the equivalent to perpendicular solar exposure suffered by 

PSS samples on the ISS. The full circles are the interpolated flight exposed 

samples data for the three different thicknesses.  

 

FIG.12 Residual fraction of the CN units contained in spherical IDPs of different 

radius and different exposure time at 1 au obtained in the hypothesis that the 

organic residue is diluted by a factor of 50 % in volume and the remaining 

fraction is made of crystalline forsterite. 

 

 


