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Abstract: The ORGANIC experiment on EXPOSE-R spent 682 days outside the International Space
Station, providing continuous exposure to the cosmic-, solar- and trapped-particle radiation background for
fourteen samples: 11 polycyclic aromatic hydrocarbons (PAHs) and three fullerenes. The thin films of the
ORGANIC experiment received, during space exposure, an irradiation dose of the order of 14 000 MJ m−2

over 2900 h of unshadowed solar illumination. Extensive analyses were performed on the returned samples
and the results compared to ground control measurements. Analytical studies of the returned samples
included spectral measurements from the vacuum ultraviolet to the infrared range and time-of-flight
secondary ion mass spectrometry. Limited spectral changes were observed in most cases pointing to the
stability of PAHs and fullerenes under space exposure conditions. Furthermore, the results of these
experiments confirm the known trend in the stability of PAH species according to molecular structure:
compact PAHs are more stable than non-compact PAHs, which are themselves more stable than PAHs
containing heteroatoms, the last category being the most prone to degradation in the space environment. We
estimate a depletion rate of the order of 85 ± 5% over the 17 equivalent weeks of continuous unshadowed
solar exposure in the most extreme case tetracene (smallest, non-compact PAH sample). The insignificant
spectral changes (below 10%) measured for solid films of large or compact PAHs and fullerenes indicate a
high stability under the range of space exposure conditions investigated on EXPOSE-R.
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Introduction

Aromatic compounds are among the most abundant organic
materials in space (Tielens 2008). Polycyclic aromatic hydro-
carbons (PAHs) have been identified from their vibrational
bands in many space environments and are estimated to
make up *15% of the cosmic carbon fraction (Leger &
d’Hendecourt 1985; Salama et al. 1996; Salama 2008; Tielens
2008). PAHs are also present in Solar Systemmaterials such as
meteorites (Sephton et al. 1998), the outer Solar System satel-
lites (Cruikshank et al. 2008), and possibly in comets (Keller
et al. 2006; Sandford et al. 2010). Circumstellar regions of car-
bon stars support chemical reactions that lead to the formation
of complex carbon compounds, the nature and structure of
which are strongly influenced by physical and chemical para-
meters such as temperature, density and composition (Pascoli
& Polleux 2000; Cherchneff 2011; Contreras & Salama 2013).
At condensation temperatures higher than 3500 K and when
hydrogen is absent, polyynes cross-link to form fullerenes
(Cataldo 2004; Jäger et al. 2008, 2009).

Laboratory studies and theoretical calculations have in-
formed our knowledge of the size and charge-state distribution
of interstellar PAHs (e.g. Salama et al. 1996; Allamandola
et al. 1999; Ruiterkamp et al. 2005; Montillaud et al. 2013).
In the interstellar medium (ISM), PAHs are expected to be
present as a mixture of free, neutral and ionized molecules ran-
ging from small, gas-phase molecules (<20 carbon atoms) to
large clusters. In astronomical environments of strong ultra-
violet (UV) irradiation, PAHmolecules can be partly dehydro-
genated or fragmented (Allain et al. 1996a, b; Vuong & Foing
2000; Le Page et al. 2001; Malloci et al. 2008). The measured
abundance of any particular PAH isomer depends on its for-
mation, destruction, ionization rates and hydrogenation
state. UV survival of PAHs relative to their ionization and/or
dehydrogenation properties has been studied in the context of
the search for these species in the diffuse ISM (e.g. Ehrenfreund
et al. 1995) or by probing environmental effects on the diffuse
interstellar band (DIB) carriers (Sonnentrucker et al. 1997).
The physical conditions in the ISM can favour individual
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PAHs or PAH classes (Ruiterkamp et al. 2005). Two DIBs in
the near infrared (IR) are thought to be associated with the C60

cation (Foing & Ehrenfreund 1994, 1997, Galazutdinov et al.
2000), leading to an estimate of up to 1% of interstellar carbon
being in the form of C60

+. Fullerene compounds containing C60

and C70 neutral molecules have also been reported from their
vibrational signature in the IR spectra of the young planetary
nebula Tc 1 (Cami et al. 2010) and there is evidence of their
presence in other sources (e.g. Sellgren et al. 2010).
The abundance and stability of PAHs in the space environ-

ment make them prime components in the pathways of cosmic
carbon chemistry (Tielens 2008). Fullerenes constitute only a
small fraction of cosmic carbon, but their recent detection in
planetary nebula provides important constraints for their ver-
satile chemistry in various space environments (Ehrenfreund &
Foing 2010; Bernard-Salas et al. 2012). Better knowledge of
the stability of thesemolecules is therefore crucial to our under-
standing of the evolution of organics in space. UV photolysis
and cosmic-ray bombardment predominantly govern the de-
struction of large organic molecules in space. The full range
of energies, fluxes and radiation types present in the space en-
vironment cannot be readily simulated in laboratory facilities
on the ground, making in situ space experiments a priority
(Guan et al. 2010).
The study of astronomically relevant PAHs and fullerenes

led us to propose a series of experiments to be implemented
in Earth-orbital space, utilizing the Columbus precursor flight
opportunities announced in 1992. The ORGANICS exper-
iment on the BIOPAN/FOTON capsule (Ehrenfreund et al.
2007) was flown as a precursor experiment for the
ORGANIC experiment on the EXPOSE-R multi-user facility
on the International Space station (ISS). Samples for
ORGANIC consist of thin films of PAHs deposited onto
MgF2 windows via vacuum sublimation as described in
Bryson et al. 2011. A detailed discussion of the flight sample
preparation, including pre-flight ultraviolet–visible (UV–vis)
characterization of the samples and ground control monitoring
spectroscopy experiments for ORGANIC measured over 19
months, has been provided in a previous report (Bryson et al.
2011). Here, we report results derived from the analysis of the

returned samples. Demets et al. (this volume) discuss the poss-
ible interference of contaminants affecting the open sample
cells of several EXPOSE-R experiments and the resulting gen-
eral loss in transmission at shorter wavelengths. As a result, in
this paper we only present and discuss qualitatively the results
derived from the analysis of the returned closed sample cells,
which were not contaminated. Further investigations are re-
quired to fully assess the effects of possible contamination on
the open-cell samples.

Experimental details

ORGANIC experiment

The ORGANIC experiment exposed thin films (typically 100–
300 nm) of selected PAH and fullerene-type molecules to an in-
terplanetary environment in low-Earth orbit (LEO) on the
EXPOSE-R facility of the European Space Agency ESA on
the ISS (Bryson et al. 2011). EXPOSE-R is a multi-user facility
mounted on an external platform of the Service Module
Zvezda, part of the Russian Segment of the ISS. The facility
allows defined long-term exposure experiments to solar UV
under space vacuum or a defined atmosphere. The
ORGANIC experiment spent 682 days outside the ISS, provid-
ing continuous exposure to the cosmic-, solar- and trapped-
particle radiation background and *2900 h of unshadowed
solar illumination with a calculated total (full-spectrum) ir-
radiation dose of *14 000 MJ m−2 (*60 MJ m−2 of UV-C;
*1100 MJ m−2 for all wavelengths <400 nm) (Rabbow et al.
this issue).
The ORGANIC experiment on EXPOSE-R consists of 14

samples: 11 selected PAHs and the fullerenes C60, C70 and a
C60/C70/C84 mixture (see Table 1). The samples were exposed
to UV and particle radiation in the ISS environment in a
closed- or open-cell arrangement (Fig. 1). A carrier with ident-
ical samples – not exposed to UV irradiation – was mounted
below the carrier. These samples were designated ‘Dark’ sam-
ples. Testing the relative stability of these PAH molecules
should provide insight into extraterrestrial organic photochem-
istry. Due to the large number of PAH isomers, it is neither

Table 1. Overview of samples and locations in carrier (Fig. 2)

PAH (formula) Configuration Closed cell location

Tetracene (C18H12) Four ring catacondensed linear 4 & 19
Chrysene (C18H12) Four ring catacondensed branched 2
Perylene (C20H12) Five ring pericondensed compact 5 & 20
Coronene (C24H12) Seven ring pericondensed compact 1 & 15
Diphenanthro[9,10-b:9′10′-d] thiophene (C28H16S) Seven ring catacondensed non-compact 6
Ovalene (C32H14) Ten ring pericondensed compact 7
Circobiphenyl (C38H16) Ten ring pericondensed compact 13
Dinaphtho[8,1,2-abc:2′,1′,8′-klm] coronene (C36H16) 11 ring pericondensed compact 16
Dibenzo[jk,a’b’]octacene (C40H22) Ten ring pericondensed non-compact 14
Tetrabenzo[de,no,st,c’d’]heptacene (C42H22) 11 ring pericondensed non-compact 8
Dicoronylene (C48H20) 15 ring pericondensed compact 9
C60 20 hexagons + 12 pentagons 10
C70 25 hexagons + 12 pentagons 11
C60/C70/C84 mixture 12
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feasible to map the spectra nor to conduct space exposure of all
possible structures. A series of structures representative of vari-
ous classes of PAHs were chosen, including small and large
pericondensed species (or compact PAHs), catacondensed
and branched (linear) PAHs, commonly referred to as non-
compact PAHs (Salama et al. 1996 and references therein)
and PAHs containing heteroatoms. All trays carry both
solar-irradiation-exposed and dark samples shielded from
UV photons, enabling discrimination between the effects of ex-
posure to solar photons and cosmic rays (Fig. 1). The thin films
were deposited in a vacuum sublimation system to a thickness
of 100 and 300 nm as described in Bryson et al. (2011).
As noted above, post-flight investigations revealed contami-

nation in the ISS environment affecting the EXPOSE-R sample
carriers. Twomajor routes of contamination, external and inter-
nal, were identified during post-flight examination of returned
space hardware of EXPOSE-R. External contamination most
likely originated from nearby venting ports and thrusters of
the ISS and/or from combustion products released by arriving
or leaving vehicles. Internal contamination is suspected to be
due to outgassing compounds from the EXPOSE-R facility as
well as from the samples they contained, which polymerized in
the presence of UV radiation. More details are provided in
Demets et al. in this volume. As a result, the possibility cannot
be entirely excluded that changes or lack thereof observed in the
absorbances of the samples could be affected by a contami-
nation layer on the outside windows of the EXPOSE-R facility,
limiting the penetration of UV photons (Cottin et al. this vol-
ume; Demets et al. this volume).
During space exposure, several windows of UV-exposed

samples from experiments other than ORGANIC acquired
brown shading on their inward-facing sides, indicating con-
tamination from the interior of the EXPOSE-R facility. The
observed discoloration was caused by a homogenous film of
cross-linked organic polymers (Demets et al. this volume).
Figure 2 presents a schematic drawing of a possible contami-
nation scenario. Samples of the ORGANIC experiment inte-
grated into closed sample cells were not affected by this
contamination, as the rear (uncoated) window protects the
sample (see Fig. 2). Due to these contamination issues on the

EXPOSE-R facility, we present only the results of the closed
sample cells of the ORGANIC experiment. We note that the
presence of contaminants may have affected the irradiation
flux that impacts the samples with a general loss in trans-
mission at shorter wavelengths as described by Demets et al.
(this volume) that prevents a full quantitative analysis of the
return samples.

Mission Ground Reference and Ground Control Samples

Mission Ground Reference sample carriers were exposed with
a time shift of 2 years, relative to the ISS exposures, in a plan-
etary simulation chamber at the Microgravity User Support
Center (MUSC) at the German Aerospace Center (DLR).
Vacuum, UV radiation and temperature fluctuations were si-
mulated according to the telemetry data measured during
flight. Samples from these carriers will be referred to as
Experiment Sequence Test (EST) samples. EST UV samples
were irradiated with a Solar simulator for 13 722 h with an ir-
radiation dose of 1300 MJ m−2 in the range 200–400 nm,
which is very similar to the 993 MJ m−2 exposure outside ISS
for wavelengths <400 nm, although the simulated solar spec-
trum lacks the high-energy but low total irradiance contri-
bution due to the Lyman-α hydrogen emission. As in the ISS
flight experiment, EST Dark samples were located in close
proximity to the UV-photolysed EST samples but were com-
pletely shielded from UV exposure.
In addition to the EST samples, a complete set of Ground

Control Samples was stored under dark conditions at room
temperature in a desiccator from the time of film deposition
in August 2009. Spectra indicate that the thin films have re-
mained stable over a period of 5 years thus far, as described
in Bryson et al. (2011).

UV–vis spectroscopy of returned carriers

UV–vis absorbance was collected for the returned and EST
sample carriers in the Astrophysics and Astrochemistry
Laboratory at NASA Ames Research Center. Spectra of the
films in the sealed cells in the sample carrier were recorded
using an Ocean Optics HR4000 UV–vis spectrometer
equipped with a Velmex high-precision x–y–z translation

Fig. 1. (A) Layout of the closed carrier. Somemolecules are present in duplicate within the closed-cell sample carrier (including tetracene, perylene
and coronene). Due to problemswith the deposition of triphenylene, the sample is not presented in this report. (B, C) Returned sample carriers with
closed sample cells of the ORGANIC experiment exposed on the ISS in the EXPOSE-R facility for 18 months. (B) Flight UV carrier; (C) Flight
Dark carrier (located below the Flight UV samples, exposed to cosmic radiation but not to UV irradiation).
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stage. The spectral light source was an Ocean Optics
DH-2000-S-DUV Deuterium Tungsten Halogen light source,
which combines the continuous spectra of deuterium and
tungsten-halogen light sources in a single optical path, provid-
ing wavelength coverage in the 190–1700 nm range. The
HR4000 UV–vis spectrometer has a 300 lines mm–1 variable
blazed grating and 10 μm entrance aperture. It has a spectral
coverage of 200–1100 nm and an optical resolution of 0.91
nm (full-width at half-maximum). The spectrometer includes
an SMA 905 fibre connector that aligns the entrance slit and
fibre, ensuring fibre concentricity. One of the blank sealed
cells in the sample carrier was used as the reference to compute
absorbance.

Fourier transform infrared (FTIR) spectroscopy of returned
carriers

A Digilab FTIR spectrometer was used for IR measurements.
The Velmex high-precision x–y–z translation stage was also
used with this spectrometer to handle the carriers inside an
Ar-filled glove bag. A total of 256 scans at a resolution of
0.5 cm–1 were averaged for the reported spectra. The resulting
spectra were filtered and baseline-corrected for presentation
purposes using the Digilab Resolutions Pro software. As in
the UV–vis spectra, a blank-sealed cell was utilized as the
reference.

Vacuum ultraviolet (VUV) spectroscopy of returned carriers

VUVabsorption of the open cells wasmeasured at the synchro-
tron facility at ISA, Centre for Storage Ring Facilities, Aarhus
University (AU), Denmark (Miles et al. 2007, 2008). The
AU-UV beamline is designed for circular dichroism and UV
spectroscopy with a typical flux of 2 × 1011 photons s−1. The
samples were measured in a nitrogen-purged chamber and

the spectra were recorded in the VUV wavelength region,
from 120 to 250 nm, at a spectral resolution of 1 nm.

Time-of-flight secondary-ion mass spectrometry
(TOF-SIMS) of returned carriers

Analyses were performed using a TOF-SIMS IVt (ION-TOF
GmbH) spectrometer. Ion imaging was performed using a
25 keV clustered Bi3+ beam at a pulsed current of 0.3 pA, ras-
tered over areas of 150 × 150 μm for*100 s. A clustered beam
minimizes molecular fragmentation by the ion beam. The ac-
cumulated primary ion dose never exceeded 1.25 × 1010 ions
cm−2, which is below the static limit (the point where the
same location is statistically sampled more than once) of 1012

ions cm−2 for organic molecules. Analyses were performed
with the instrument optimized for high mass resolution
(bunched mode: m/Δm of at least *8000 at m/z 30, where m
is the mass of the molecular fragment and z its charge).

Results and discussion

UV–vis spectroscopy

Figures 3–5 show the spectra collected for selected samples de-
scribed in Bryson et al. (2011). The spectra for the other 11 sam-
ples are provided in supplementary figures S1–S11 online. In
these figures, the top panel shows the absorption spectra of
the samples while the bottom panel presents the calculated re-
sidual spectra that illustrate the effects (or lack thereof) of UV
photolysis and/or cosmic radiation: (1) the effects of space UV
photolysis alone were revealed by subtracting spectra of Flight
Dark fromFlightUV samples; (2) the effects of cosmic radiation
alone were examined by subtracting spectra of Ground Control
orESTDark fromFlightDark samples; (3) the combined effects
of UV photolysis and cosmic radiation together were revealed

Fig. 2. Post-flight investigations indicated a contamination issue (see Demets et al. this volume). Displayed is a schematic drawing of closed sample
cells (A) and open sample cells (B) of the EXPOSE-R facility. The UV radiation enters through the MgF2 window and penetrates the thin-film
samples. Contaminants from the outside environment of the ISS and/or the interior of the EXPOSE-R facility may be present as indicated above
(for details see Demets et al. this volume). In the open sample cells, contaminants from the interior of the EXPOSE-R carrier could form an
additional layer in direct contact with the thin-film sample. In the closed sample cell configuration, the thin films are protected from direct contact
to the contaminants (see also Figure 6).
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by subtracting spectra of Ground Control from Flight UV sam-
ples; and (4) the effects of solar irradiation outside the ISS were
compared to the effects of the Solar Simulator by subtracting
spectra of EST UV from Flight UV samples. In some instances,
nominally identical samples, or the same compound with differ-
ent deposited thicknesses, were compared for identical space ex-
posures by taking the difference of their spectra; these results are
also included in the bottom panels of Figs. 3–5.
The UV–vis spectral characteristics of the closed-cell sample

films indicate that most of the samples are stable under space

exposure conditions. Tetracene, molecular formula (MF)
C18H12, (Fig. 3) shows the most depletion due to UV ir-
radiation (Flight UV-Flight Dark), a result that is expected
due to its small size and its linear structure. Diphenanthro
[9,10-b:9′,10′-d]thiophene, a non-compact hetero PAH of
MF C28H16S (Fig. 4), shows also an increased loss of absor-
bance due to UV photon radiation (Flight UV – Flight
Dark). Ovalene, however, which is a compact, and hence
more stable PAH of MF C32H14 (Fig. 5), shows small spectral
changes of ovalene thin films subjected to UV photolysis in the
space environment. The absorption band peaks and band sys-
tems were previously discussed in detail for all samples (Bryson
et al. 2011), and are listed for all the samples in Table 2. Some

Fig. 3. UV–vis spectra of tetracene films deposited on MgF2 disks integrated into two different closed sample cells at positions 4 and 19 (top
panels) and calculated residual spectra (bottom panels). The samples exposed to space conditions (Flight UV) show strong changes in absorbance
due to UV photolysis leading to absorbance spectral residuals of the order of 10–20% for bands in the 400–600 nm range that correspond to a
depletion rate of 85 ± 5% over the 17 equivalent weeks of continuous unshadowed solar exposure.

Fig. 4. UV–vis spectra of diphenanthro[9,10-b:9′,10′-d]thiophene thin
films deposited on MgF2 disks integrated into sample cells (top panel)
and residual spectra (bottom panel), which provide evidence for
significant depletion (>95% as we cannot measure any of the
corresponding spectral bands) of this specific PAH molecule in the
UV-exposed sample cells. Diphenanthro[9,10-b:9′10′-d]thiophene is
non-compact, includes a hetero atom, and is expected to be less stable
than compact PAHs.

Fig. 5. UV–vis spectra of ovalene thin films deposited on MgF2 disks
integrated into sample cells (top panel) and calculated residual spectra
(bottom panel). The residual spectra show minor depletion (<10%) of
ovalene thin films in the UV-exposed flight cells.
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Table 2. Overview of UV–Vis band peaks

PAH (formula) Phase
Band system
1 (nm)

Band system
2 (nm)

Band system
3 (nm)

Band system
4 (nm) References Stability

Tetracene (C18H12) Flight UV 278 414, 440, 472, 504, 522 P.S. Significant depletion
Flight Dark 278 400, 420, 442, 472, 504, 532 P.S.
Ground 221 278 400, 420, 442, 472, 504, 532 Bryson et al. (2011)

Chrysene (C18H12) Flight UV 272 304, 317 338, 348, 357, 366 405, 480 P.S. Minor depletion
Flight Dark 272 304, 317 338, 348, 357, 366 405, 480 P.S.
Ground 216, 246, 272 304, 317 338, 348, 357, 366 405, 480 Bryson et al. (2011)

Perylene (C20H12) Flight UV 263, 300 328, 342, 384, 435, 467 P.S. Stable
Flight Dark 263, 300 328, 342, 384, 435, 467 P.S.
Ground 210 263, 300 328, 342, 384, 435, 467 Bryson et al. (2011)

Coronene (C24H12) Flight UV 315 373 409 P.S. Stable
Flight Dark 315 373 409 P.S.
Ground
Deposition 1

315 373 409 Bryson et al. (2011)

Diphenanthro[9,10-b:9′10′-d]
thiophene (C28H16S)

Flight UV 264 323 358, 386 P.S. Significant depletion
Flight Dark 269 326 357, 386 P.S.
Ground 209 269 326 357, 386 Bryson et al. (2011)

Ovalene (C32H14) Flight UV 265 (sh), 311 (sh), 350 416 (w), 439 476, 510 P.S. Stable
Flight Dark 265 (sh), 311 (sh), 350 416 (w), 439 476, 510 P.S.
Ground 219, 265 (sh), 311 (sh), 350 416 (w), 439 476, 510 Bryson et al. (2011)

Circobiphenyl (C38H16) Flight UV 364 407 455 P.S. Stable
Flight Dark 364 407 455 P.S.
Ground 364 407 455 Bryson et al. (2011)

Dinaphtho[8,1,2-abc:2′,1′,8′-klm]
coronene (C36H16)

Flight UV 258, 287 (sh) 377 444, 464 P.S. Stable
Flight Dark 258, 287 (sh) 377 444, 464 P.S.
Ground 258, 287 (sh) 377 444, 464 Bryson et al. (2011)

Dibenzo[jk,a’b’]
octacene (C40H22)

Flight UV P.S. Moderate depletion
Flight Dark P.S.
Ground 196, 226 278 351 Bryson et al. (2011)

Tetrabenzo[de,no,st,c’d’]
heptacene (C42H22)

Flight UV 280 381 P.S. Moderate depletion
Flight Dark 225 281 381 P.S.
Ground 225 281 381 Bryson et al. (2011)

Dicoronylene (C48H20) Flight UV 247, 288 342, 360 464 (b), 544 nm P.S. Stable
Flight Dark 247, 288 342, 360 464 (b), 544 nm P.S.
Ground 201 247, 288 342, 360 464 (b), 544 nm Bryson et al. (2011)

C60 Flight UV 270 345 435, 615 P.S. Stable
Flight Dark 270 345 435, 615 P.S.
Ground 223 270 345 435, 615 Bryson et al. (2011)

C70 Flight UV 214 237 – – P.S. Stablea

Flight Dark 250, 337 383 475 P.S.
Ground 218 250, 337 383 475 Bryson et al. (2011)

C60/C70/C84 mixture Flight UV 270 345 440, 615 P.S. Stable
Flight Dark 270 345 440, 615 P.S.
Ground 218 270 345 440, 615 Bryson et al. (2011)

Note–These assignments are tentative in the absence of supporting theoretical calculations. The comparisons were published in Bryson et al. (2011). Abbreviations: sh, shoulder; w, weak; b, broad; str, strong;
P.S., Present Study.
aThe disappearance of specific C70 bands at 330 and 380 nm is reminiscent of spectral changes reported during the formation of the C140 dimer (Lebedkin et al. 2000).
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peaks listed in Table 2 fall outside the wavelength range of the
spectrometer system (220–900 nm) and do not appear in the
spectra shown in the figures.

UV–vis spectroscopy and contamination

In order to verify that the samples in the closed cells did not
evaporate and redeposit on the rear (nominally uncoated) win-
dows, spectra were collected of the individual windows after
opening the cells. For samples where no significant degra-
dation was observed, no redeposition was observed (for exam-
ple, see Fig. 6(a)). In the samples where significant depletion of
the sample is observed after space exposure (e.g. diphenanthro
[9,10-b:9′10′-d]thiophene, see Fig. 4), no features of the orig-
inal deposited sample are present on the rear window.
However, a general loss in transmission toward shorter wave-
lengths is observed for the rear window, confirming the con-
tamination effect described in the section ORGANIC
Experiment by Demets et al. (this volume)

Additional analysis techniques

To further confirm the diagnostics derived from UV–vis spec-
troscopy measurements, additional analyses were performed
on selected samples. The additional analytical studies included
IR spectroscopy measurements of all carriers, VUV spec-
troscopy measurements of the open flight carriers at the
synchrotron facility ASTRID, and TOF-SIMS analysis.
Selected spectra are shown to illustrate the cases. The spectra
for the other samples are also provided in supplementary fig-
ures online.

IR spectroscopy

The IR spectra of Chrysene are shown in Fig. 7. Main absorp-
tion band peak positions are listed in Table 3 for three rep-
resentative samples. The peaks have been matched to
spectral positions reported in the literature (Hudgins &
Sandford 1998; Schettino et al. 2002; Boersma et al. 2013;
Mattioda et al. 2014), taking into account the shifts expected
for thin films and the fact that the samples were exposed to
air and therefore water before flight. No peaks are observed
at higher energies than 4000 cm–1 (Fig. 7). Based on compari-
son with published data, the IR spectra of the samples exhibit
minimal spectral variations. No new bands that can be asso-
ciated with photoproducts were observed. These observations
are in agreement with the conclusions derived from the UV–vis
spectra: the samples undergo only minor degradation as a re-
sult of space exposure in the ISS environment.

Vacuum UV–vis spectroscopy

The VUV spectra of ovalene are presented in Fig. 8. Although
the VUV spectra were only collected for open flight carriers, we
present the results nonetheless because they offer an additional
region of the spectrum. The spectra show little change due to
space exposure and no new additional features are observed.
The ovalene spectra shown in Fig. 8 indicates that the samples
are stable and confirm the diagnostics derived from UV–vis
and FTIRmeasurements for compact regular PAHs. The spec-
tra measured at the synchrotron facility match well the spectra
published in the literature (Malloci et al. 2004).

TOF-SIMS of tetracene

The space-exposed and ground control samples of tetracene
(C18H12) were analysed with TOF-SIMS in order to further in-
vestigate the observed degradation and to characterize UV
penetration of this sample. The examined flight samples
showed deterioration of the originally deposited material.

Fig. 6. Example of UV–vis spectra of the bottom (rear, nominally
uncoated) windows of closed cells. Panel (A) shows no change in
absorbance of the rear window of the chrysene closed cell, where little
spectral change of the sample was observed as a result of UV exposure.
Panel (B) shows that the depleted sample of UV-exposed diphenanthro
[9,10-b:9′10′-d]thiophene also displays a general loss in transmission
on the outside rear window (due to internal contamination from the
EXPOSE facility, see section on ORGANIC Experiment). Although it
does not affect the spectral results from our closed cells, this
measurement proves that UV penetrates both windows and
polymerizes the contamination layer on the outside rear window. This
general loss in transmission at shorter wavelengths is described by
Demets et al. this volume.

Fig. 7. Comparison of the FTIR spectra of thin films of chrysene
(C18H12) for flight UV-exposed (red), Flight Dark (black), and
Ground Control (blue) cells. Minimal spectral variations and no new
bands associated with photoproducts are observed, indicating that the
sample is stable to exposure to the near-ISS space environment.
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Table 3. Overview of IR band peaks in selected samples (chrysene, dibenzo[jk,a’,b’]octacene and C60)

Reference spectra1 Closed flight UV Closed flight dark Ground

wavenumber (cm−1) Intensity (km mol−1) cm−1 Peak absorbance cm−1 Peak absorbance cm−1 Peak absorbance

Chrysene
1162.8 0.45752 1144 1.15 × 10−3 1143 8.37 × 10 −4 1141 1.78 × 10 −3

1193.4a 4.5752 1193 4.59 × 10−3 1193 2.86 × 10−3 1193 5.98 × 10−3

1235.9a 4.5752
1264 10.234 1265 4.08 × 10−2 1264 2.43 × 10−2 1265 4.97 × 10−2

1270.6a 2.2876
1302.3 2.2876 1361 3.72 × 10−3 1359 3.06 × 10−3 1361 5.38 × 10−3

1429.7 18.06 1434 2.21 × 10−2 1434 1.28 × 10−2 1434 2.69 × 10−2

1490.6 12.642 1486 6.29 × 10−3 1486 2.86 × 10−3 1486 7.87 × 10−3

1523.2 1.1438
1601.2a 6.622 1594 1.02 × 10−2 1594 5.26 × 10−3 1594 1.15 × 10−2

1805 1.32 × 10−3 1804 1.25 × 10−3 1803 2.10× 10−3

1946.1a 4.5752 1922 4.01 × 10−3 1921 2.51 × 10−3 1922 4.62 × 10−3

3012 4.16 × 10−3 3012 2.20 × 10−3 3012 3.89 × 10−3

3020 4.10× 10−3 3020 2.21 × 10−3 3020 3.67 × 10−3

3063.9b 126.42 3051 8.33 × 10−3 3051 5.23 × 10−3 3052 8.20 × 10−3

3084 3.95 × 10−3 3084 2.34 × 10−3 3084 3.75 × 10−3

3094 3.26 × 10−3 3094 2.06 × 10−3 3094 2.92 × 10−3

dibenzo[jk,a’,b’]octacene2

1120.1 9.88 1115 3.04 × 10−3 1117 3.20 × 10−4 1116 9.92 × 10−4

1133.6 16.028
1168.4 5.973
1190 4.497 1189 2.06 × 10−4 × 10−4 1189 1.20 × 10−3 1190 1.70 × 10−3

1214.3 1.043
1238.2 3.21
1249.5 1.632
1285.5 41.272 1285 4.15 × 10−3 1285 1.84 × 10−3 1285 3.80 × 10−3

1310.2 8.714
1327.8 3.928
1340.8 3.886
1344.5 4.33 1360 6.50 × 10−4 1361 5.30 × 10−4 1361 9.48 × 10−4

1383.1 0.974
1409.1 53.473
1416.4 5.661
1423.5 8.758
1436.9 92.302 1433 1.17 × 10−3 1432 2.67 × 10−3 1432 4.31 × 10−3

1465.8 1.909 1476 2.32 × 10−4 1522 3.28 × 10−4 1522 4.18 × 10−4

1528.6 6.371
1560.8 4.496
1571.1 34.45
1584.9 0.768
1593.6 4.877
1599.7 9.67 1596 2.32 × 10−3 1594 4.82 × 10−4 1593 9.16 × 10−4

1612.3 12.859
1629.1 3.499
1634.7 7.966
1669.7 7.719
1688.6 15.502 1672 1.77 × 10−3 1673 8.76 × 10−4 1673 1.55 × 10−3

1709.7 2.896
1732.2 1.998 1740 1.25 × 10−3 1733 2.75 × 10−4 1724 5.44 × 10−4

1793 14.316 1793 1.93 × 10−4 1796 3.10× 10−4

1851.7 11.247 1851 2.09 × 10−4 1845 1.66 × 10−4 1845 1.71 × 10−4

1903.8 4.267
1926.1 5.894 1917 2.03 × 10−4 1916 2.40 × 10−4

1937.4 5.177
2817 1.35 × 10−4

2962.2 2.004 2888 2.73 × 10−4 2853 1.15 × 10−4 2850 4.70 × 10−4

3031.1 43.351 3016 7.68 × 10−4 2925 3.09 × 10−4 2919 6.05 × 10−4

3061.5 111.67 3046 8.40 × 10−4 3047 1.34 × 10−3 3047 1.41 × 10−3

3094.7 35.592 3742d 1.74 × 10−3 3745d 3.64 × 10−4

Continued
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Figure 9 shows the TOF-SIMS spectra of tetracene (C18H12):
ground control (top panel) and flight (bottom panel) samples.
Tetracene has a monoisotopic mass of 228.09 amu, the main
peak displayed in the ground control sample (Fig. 9).
C18H10, C17H11 andC16H10 are common fragments of themol-
ecule, and their intensities relative to tetracene are less than
10%. The spectrum of the space-exposed sample shows that
although a fraction of tetracene is preserved, fragments of
the molecule become significantly more abundant during
space exposure (C17H11 intensity is up to 50 from 10% in the
ground control samples), consistent with the depletion of the
starting material as revealed by the UV–vis spectra (Fig. 3).
This strongly suggests molecular fragmentation occurred dur-
ing exposure to the space environment. Since TOF-SIMS
analyses the region of the thin film furthest from the supporting
MgF2 window, the fragmentation pattern in Fig. 9 indicates
penetration of solar UV photons through the entire thin film.
We used tetracene to estimate the level of sample depletion

for three reasons: (i) tetracene is a prototype for small (four
ring), non-compact PAHs and, as such, it can provide an
upper limit on the extent of degradation to be expected for reg-
ular PAHs when exposed to the space (ISS) environment; (ii)

Table 3. (Cont.)

Reference spectra1 Closed flight UV Closed flight dark Ground

wavenumber (cm−1) Intensity (km mol−1) cm−1 Peak absorbance cm−1 Peak absorbance cm−1 Peak absorbance

C60
3

1073 1065 3.38 × 10−4 1071 1.06 × 10−3 1071 2.15 × 10−3

1105 1118 4.39 × 10−3 1120 1.14 × 10−3 1119 2.27 × 10−3

1177
1190 1183 3.19 × 10−3 1182 7.92 × 10−3 1183 1.06 × 10−2

1220
1251 1257 3.10× 10−3 1269 2.86 × 10−3 1267 4.66 × 10−3

1277
1308
1343
1345
1426 1378 2.18 × 10−3 1378 1.38 × 10−3 1376 2.09 × 10−3

1431 1429 7.27 × 10−3 1429 9.69 × 10−3 1429 1.33 × 10−2

1435
1473
1507
1535 1539 6.23 × 10−4 1539 1.29 × 10−3 1539 2.07 × 10−3

1576
1585

1729 1.13 × 10−2 1728 6.12 × 10−3 1729 9.80 × 10−3

2077 4.55 × 10−4 2077 5.61 × 10−4

2191 6.25 × 10−4 2191 8.46 × 10−4

2847 1.85 × 10−3 2849 3.05 × 10−3 2849 3.61 × 10−3

2918 3.14 × 10−3 2920 6.23 × 10−3 2921 7.70 × 10−3

2950c 1.78 × 10−3 2951c 3.65 × 10−3 2951c 5.25 × 10−3

3743d 1.88 × 10−3 3736d 7.28 × 10−4

1Boersma et al. 2013, Hudgins & Sandford 1998.
2Boersma et al. 2013, Mattioda et al. 2014.
3Schettino et al. (2002).
aPosition of strongest band in a set of ‘complex’ band features.
bMajor feature in the CH stretching region.
cThe feature at 3000 cm−1 is also present in pre-flight FTIR spectra and therefore most likely a contamination and not part of the C60 spectra.
dThe *3750 cm−1 feature is representative of problems with our purge system and not of the sample.

Fig. 8. VUV spectra of thin films of ovalene from open Flight
UV-exposed (red) and open Flight Dark (black) cells measured at the
ASTRID synchrotron facility.
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the absorption spectrum of tetracene in the UV–Vis (Fig. 3) ex-
hibits a set of four discrete absorption bands that can be easily
used as a tracer of the changes induced in the sample by ex-
posure to the space (ISS) environment; and (iii) tetracene was
measured in closed cells at two positions (cells 4 and 19; Fig. 1),
increasing the ‘statistical’ accuracy of the measurements. By
measuring the loss in absorbance normalized to the total
band absorbance for each of the four absorption bands in the
two closed cells, we derive an average of 10–20% residual of the
tetracene thin film over the continuous exposure to the cosmic-,
solar- and trapped-particle radiation background. This degra-
dation due to UV photolysis is confirmed by high-resolution
TOF-SIMS measurements, see Fig. 9, with loss of H, H2,
CH and 2 × CH. This is consistent with predictions that in as-
tronomical environments characterized by high levels of UV ir-
radiation, PAH molecules can be expected to be partly
dehydrogenated or fragmented (Allain et al. 1996a, b; Vuong
& Foing 2000; Le Page et al. 2001; Malloci et al. 2008).

Effects induced by UV exposure: comparing dark and exposed
flight samples

We measured the UV absorbances for specific bands and com-
pared the dark flight samples and the ground samples. For such
pairs of samples, the ratio of absorbances is between 0.9 and 1.1,
indicating a good stability of flight samples not exposed to UV
light, and providing an estimate of reproducibility of sample ab-
sorbance measurement with an uncertainty below 0.1.

For compact PAHs, the survival rates are high (estimated by
ratiosofUVabsorbances exposed/dark), indicatinggood stability
to UV exposure. For non-compact PAHs, the survival rates are
lower, indicating fragility under UV exposure. The Buckyball
C60 also shows high stability, while the C70 spectra indicate a de-
pletionof absorbance that could be interpreted as beingdue to the
formation of the dimer C140 (Lebedkin et al. 2000).
The differences observed among PAHsmight be explained by

differences in ‘atom loss’ properties of the various species. In par-
ticular, Jochims et al. (1994) calculated the critical internal en-
ergy Ec for H atom loss for various PAHs. They estimated
Ec= 8.26 eV for tetracene, a non-compact PAH and Ec= 10.6
eV for coronene, a compact PAH. This seems consistent with the
relative survival of these two UV-exposed compounds, and with
the detection of dehydrogenated products in the measured
TOF-SIMS for the exposed tetracene film (Figure 9).
The superior UV survival of chrysene compared with that of

its tetracene isomer measured on EXPOSE-R and in the lab-
oratory is consistent with a more effective vibrational relax-
ation process precluding dissociative loss of H. This is also
consistent with ionization and dehydrogenation processes re-
ported by Vuong & Foing (2000) and Le Page et al. (2001).

Summary and conclusions

A set of measurements and analyses has been performed on the
returned samples from the ORGANIC experiment on the

Fig. 9. TOF-SIMS positive spectra of a tetracene thin film exposed to UV radiation (bottom panel) and ground control (top panel). They indicate
products with loss of H2, CH and 2 ×CH.
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EXPOSE facility, comparing dark and exposed flight samples.
The returned samples were also compared to the ground con-
trol measurements discussed in Bryson et al. (2011). The ana-
lytical studies relied primarily on spectral measurements of the
thin films in the UV and visible, and included VUV and IR
spectroscopy measurements as well as analyses of tetracene
with mass spectrometry (TOF-SIMS).
Samples were also compared to ground control samples and

samples in simulated UV and temperature conditions (‘EST’
samples). In most cases, the samples exhibit minimal spectral
variations in the UV–vis range when exposed to the radiation
environment outside the ISS. The minor degradation observed
in the UV–vis absorbance of the original samples and the fact
that no new bands could be associated with photoproducts all
point to the known stability of PAHs and fullerenes, which un-
dergo only minor degradation upon exposure to the LEO radi-
ation environment.
We report the following findings from these exposure

experiments:
(1) Observations and measurements point to the high stability

of the PAH and fullerene solid films under space exposure.
(2) The expected trend in the stability of PAHs as a function of

size, structure and composition (Pullman & Pullman 1955;
Gutman & Cyvin 1989) is observed. Thin films of compact
regular PAHs such as perylene, coronene, ovalene, circobi-
phenyl, dinaphtocoronene, dicoronylene and the fullerenes
are found to be the most stable, followed by non-compact
(branched and linear) PAHs such as tetracene, chrysene,
dibenzooctacene and tetrabenzoheptacene that exhibit
some minor level of degradation. Hetero PAHs, i.e.
PAHs that include a heteroatom in their molecular struc-
ture such as diphenanthrothiophene, are the most fragile
and show the highest degradation rate with exposure. To
learn more about the time profile of sample depletion
and the formation rate of secondary products onboard
spectral measurements such as performed with O/
OREOS nanosatellite and as proposed for future exposure
experiments on the ISS are required.

Supplementary materials

Supplementary material accompanies this paper on the
Journal’s website (http://journals.cambridge.org/IJA).
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