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Abstract

We studied the stability of aromatic compounds in low Earth orbit environment and describe the scientific results and successful flight
of the ORGANICS experiment on-board the BIOPAN V space exposure facility. This experiment investigated the photo stability of
large organic molecules in low Earth orbit. Thin films of selected organic molecules, such as polycyclic aromatic hydrocarbons (PAHs)
and the fullerene Cgo were subjected to the low Earth orbit environment and the samples were monitored before and after flight. PAHs
and fullerenes have been proposed as carriers for a number of astronomical absorption and emission features and are also identified in
meteorites. Our experiment on BIOPAN V was exposed to a total fluence of 602.45kJm~2 for photons in the range 170-280 nm. The
experiment was also intended as a hardware test-flight for a long-term exposure experiment (Survival of organics in space) on the
EXPOSE facility on the International Space Station (ISS). For the small fluence that was collected during the BIOPAN V experiment we
found little evidence of photo-destruction. The results confirm that PAH molecules are very stable compounds in space. The small
differences in destruction rates that are expected to arise among the PAH samples as a function of molecular size and structure will only

show after the longer irradiation fluences that are expected in the exposure experiment on the ISS.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon chemistry in space occurs most efficiently in
circumstellar and diffuse interstellar clouds. The circum-
stellar envelopes of carbon-rich evolved stars are the heart
of the most complex carbon chemistry that is analogous to
soot formation (Henning et al., 2004). Benzene chemistry
in those regions is the first step to polycyclic aromatic
hydrocarbons (PAHs), fullerene-type material and large
aromatic networks (Frenklach and Feigelson, 1989; Pascoli
and Polleux, 2000; Ruiterkamp et al., 2005a). All three
isoforms of carbon; diamond, graphite and fullerene, are
thought to be present in space environments (Cataldo,
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2004). Aromatic macromolecules and PAHs are the
dominant organic material in space (Henning and Salama,
1998; Ehrenfreund and Charnley, 2000; Pendleton and
Allamandola, 2002; Mennella et al., 1998; Allamandola
et al., 1999; Dartois et al., 2004).

Large carbon-bearing molecules, such as PAHs, full-
erenes and unsaturated chains are also thought to be
present in the interstellar medium (ISM) in various charge
states (see Henning and Salama, 1998 and Ehrenfreund
and Charnley, 2000 for reviews). PAHs are observed in
galactic and extragalactic regions and are probably the
most abundant carbonaceous gas phase molecules in space
(Tielens et al., 1999; Yan et al., 2005). Laboratory studies
and theoretical calculations have provided important
insights into their size and charge state distribution (e.g.
Salama et al., 1996; Allamandola et al., 1999; Ruiterkamp
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et al., 2005b). PAHs have been identified in meteorites,
interplanetary dust particles (IDPs) and in comets (see
Ehrenfreund and Charnley, 2000 for a review).

In the ISM mixed neutral and ionized PAHs are thought
to be responsible for the unidentified infrared emission bands
(UIBs) and the UV and visible diffuse interstellar bands
(DIBs) (Allamandola et al., 1999; Herbig, 1995). In UV-
irradiated regions, a significant fraction of PAH molecules
can be partly dehydrogenated or even fragmented (Allain
et al., 1996a; Allain et al., 1996b; Vuong and Foing, 2000;
Le Page et al., 2001) and the abundance of any PAH depends
on its formation, destruction, ionization and hydrogenation
state. We can expect that during the formation process of
PAHs many isomers are formed. The physical conditions in
the ISM will provide a selection mechanism that favors
individual PAHs or PAH families (Ruiterkamp et al.,
2005b). The famous polyhedral molecules first discussed by
Kroto et al. (1985) could be important carriers of carbon in
our Galaxy. Cgy was first isolated by Kréitschmer et al.
(1990). Two DIBs in the near infrared have been assigned to
the Cgq cation (Foing and Ehrenfreund, 1994, 1997). In the
Allende meteorite Cgy and higher fullerenes up to Cyyg have
been detected (Becker and Bunch, 1997).

In order to understand the nature and abundance of
organics in space, knowledge on the survival times (or
destruction rates) of these molecules is crucial. Destruction
of large organic molecules in space is governed predomi-
nantly by UV photolysis and cosmic rays bombardment.

In this paper we describe the BIOPAN facility and the
ORGANICS experiment package in Section 2. The pre-
flight sample preparation is discussed in Section 3 and we
proceed with the presentation of the results in Section 4
and conclusions in Section 5.

2. The BIOPAN facility

BIOPAN is a multi-user space exposure platform that is
attached on the outer hull of the Russian FOTON capsule
(see Fig. 1). Between 1992 and 1999 BIOPAN successfully
completed three 2-week missions whereby 16 experiments
were conducted in the fields of astrobiology, chemical
evolution, radiation biology and radiation dosimetry
(Demets et al., 2005). In 2002, the fourth flight of BIOPAN
failed when the launcher exploded. FOTON missions
typically spend about 2 weeks in orbit and during this
time the BIOPAN module exposes its payload to the low
Earth orbit (LEO) UV environment (see Fig. 2). BIOPAN
is a “pan” like container that carries its payload experi-
ments on the inner side of the two lids. After successful
insertion in the final mission orbit the BIOPAN is opened
by a tele-command from the ground control center. After
the lid is opened the experiment packages are exposed to
space conditions until a tele-command closes the lid and
seals the payload for re-entry. Exposed samples are then
transported under controlled conditions back to the
investigator’s laboratories. FOTON-M2 and BIOPAN V
were launched successfully on 31st May 2005 on board a
Soyuz carrier rocket and stayed in orbit for 15.8 days. The
BIOPAN module that contained 11 experiment packages
was recovered after landing and the ORGANICS experi-
ment package was shipped back to the PI laboratory
(P. Ehrenfreund/Leiden University).

FOTON-M2 was launched from pad 3 of the Baikonur
launch site on May 31, 2005 at 12:00 UCT and landed June
16, 2005 on a site 170km south of Kostanaya (latitude
51°40'38.9” North, longitude 63°42'44.6” East) at 07:37
UCT. Completing a total of 253 orbits the total flight

Fig. 1. The Foton capsule and the BIOPAN module after touchdown in the Kazachstan tundra. The BIOPAN is the circular object on the right bottom

side of the spherical Foton capsule.
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Fig. 2. Averaged solar spectral irradiance during the BIOPAN flight. The
top panel shows the solar spectral irradiance for the range of the R3D
sensor package. The spectrum was composed of the average of solar
spectra collected during the duration of the BIOPAN flight (31 May-16
June 2005) by the SORCE satellite (http://lasp.colorado.edu/sorce/
sorce_data_access/). The bottom panel shows the high-energy part of
the solar spectrum down to 115 nm. The choice of window materials in the
ORGANICS experiment package allows transmission of wavelengths
down to 120nm. Note that in the solar UV spectrum the Lyman-o
irradiance (121 nm) is 250 times stronger than the directly surrounding
irradiance.

duration was 379 h and 26 min (15 days 19h 26 min = 15.8
days). The FOTON-M2 capsule was inserted into an orbit
with 90 min period and 62.99° inclination. The apogee
shifted from 306.4 initially to 302.1 km at the end of the
mission and the perigee from 257.7 to 253.4 km. During the
entire mission the temperature was recorded and is
graphically displayed in Fig. 3.

Although the mission was nominal in its orbital
characteristics there were some problems with the data
collection of photon and particle fluxes. The on-board
memory shorted out after four orbits probably due to a

heavy particle impact directly on the memory chip. No
data from the primary sensor package were stored after
the heavy particle impact event. All flux and dose
measurements that are presented here were kindly
provided by the R3D experiment team (University
Erlangen-Niirnberg, Department of Plant Ecophysiology.
Prof. D.-P. Hider, Dr. P. Richter, M. Schuster; Bulgarian
Academy of Sciences, Dr. T. Dachev). The R3D experiment
package obtained spectral information in seven spectral
bands ranging from 170 to 770nm (see Table 1 for
definition of the spectral sensor bands). The irradiance
and time integrated irradiance over the BIOPAN flight
(fluence) per sensor is given in Table 1. Additionally the
R3D package contained sensors to record the dose of
ionizing radiation and observed an average daily dose of
213.36 uGyday .

The sample package for the ORGANICS experiment on
BIOPAN consists of eight arbitrarily selected small PAHs
and the fullerene Cgo (see Fig. 4.). The goal was to test
the stability of such compounds when exposed to space
conditions. PAH molecules such as shown in Fig. 4 are
stable and are expected to survive the harsh interstellar
conditions. It was our goal to identify the most stable
PAH and fullerene species to gain insights into PAH
chemistry and to guide our laboratory spectroscopy
program. Due to the large number of possible PAH
isomers it is not feasible to obtain accurate spectra for an
entire set. We have specifically selected small PAHs that
contain 3, 4, 5 or 7 aromatic rings. We assume that larger
PAHs are formed from smaller ones that act as precursors.
Differences in photo-stability will lead to higher abun-
dances of the more stable PAH precursor molecules during
synthesis thereby leading to specific homologue series as
reaction products. If, for example, 1,2-benzanthracene is
more stable than 2,3-benzanthracene for UV and cosmic
ray particle irradiation, it is more likely that the homologue
series based on 1,2-benzanthracene (i.e. 1,2-benznaphta-
cene; 1,2-benzpentacene,...) will prevail over homologue
series based on 2,3-benzanthracene (i.e. 2,3-benznaphta-
cene; 2,3-benzpentacene,...) in the ISM. We have selected
all PAHs with 3 and 4 aromatic rings that are readily
available and are not toxic or carcinogens. Additionally,
we selected perylene and coronene as PAHs with 5 and 7
aromatic rings, respectively. The major decomposition
products of small PAHs and Cg that are expected for those
experiments are a variety of dehydrogenated PAHs, C>H»,
H, and possibly C, and other radicals in case of PAH
skeleton destruction.

The solar spectrum at LEO can be scaled exactly to any
interplanetary conditions (by correction to the inverse
square of distance). Therefore, BIOPAN can obtain
information directly relevant for studying the survival of
interplanetary organics. However, cosmic rays and solar
particle penetration is different in LEO compared to
interplanetary and interstellar space. Solar UV can
be simulated in the laboratory by combining a Xenon
lamp (above 200nm) and an H, lamp (with emission
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Fig. 3. Temperature profile for the ORGANICS experiment package, kindly provided by the Department of Plant Ecophysiology; University Erlangen-
Niirnberg; D.P. Hdder, P. Richter, M. Schuster. The maximum temperature was experienced during integration and did not exceed 20 °C. The minimum
temperature was obtained just after opening of the BIOPAN lid and did not drop below —22.5°C.

Table 1
Irradiance and fluence at the sample level of the BIOPAN V mission

Area Wavelengths Irradiance Fluence
(nm) (Wm™3) (kJm™3)
UV-C1 170-280 6.1228 602.45
Uv-C 11 200-280 6.0333 629.04
UV-C 111 215-280 5.7691 638.71
UV-B 280-315 26.8294 4721.53
UV-A 315-400 226.6663 49300
Vis I 400-700 439.5055 97790
Vis 11 400-770 469.0552 91920

Data were collected in seven spectral bands ranging from 170 to 770 nm
(data were kindly provided by the R3D experiment team).

at 120 and 160 nm, simulating solar Lyman « and vacuum
UV emission). However the operational lifetime of such
a laboratory simulation is limited in practice to 24 h. Above
24h vacuum and radiation conditions are not anymore
reliable due to background water accretion and small in-
leaks that lead to compounds such as OH radicals that
influence the destruction rate of organic molecules.
Furthermore, the formation of color centers in UV
transparent windows reduces the UV flux after a few
hours of irradiation. For processes relevant to the energy
range at 7eV, space exposure experiments such as
BIOPAN (380 h, with 15% effective solar pointing) can
simulate 600 years diffuse interstellar radiation field and
future solar pointing facilities may achieve more.

The objectives of the ORGANICS experiment on
BIOPAN are: (i) to study the photo-stability of selected
PAH and fullerene-type molecules in interplanetary envir-
onment to allow a comparison with space data and, in
particular, with the spectra of DIBs; (ii)) to identify
promising target molecules for further space exposure
studies; (iii) to allow an estimation of dissociation regimes
for organic molecules in different space environments
(interstellar, interplanetary, Earth atmosphere, etc.) and
(iv) as test flight for EXPOSE.

3. Materials and methods

PAHSs and fullerenes were deposited onto MgF, sub-
strate windows (thickness = 1 mm, radius = 7mm) by
heating a PAH-loaded furnace under vacuum. The deposi-
tion chamber had a diameter of 30 cm and was evacuated
to a pressure of 1 x 10> mbar by a rotary vane roughing
pump (SaveVac 140) and molecular turbo pump unit
(Pfeiffer Vacuum D35614 Asslar). Substrate windows were
positioned directly above the sublimation furnace at a
distance of 20 cm. The furnace was heated by a 5Q resistor
(Arcol HS10) and the temperature was monitored by a
PT100 temperature sensor. The sublimation temperature
could be set to temperatures up to 360 °C. During vacuum
deposition the sublimed PAH sample coated the MgF,
sample windows. The sample thickness was monitored by
observing the interference fringes in a laser signal (670 nm)
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Fig. 4. Polycyclic aromatic hydrocarbons (PAHs) and fullerene Cg that were selected for the ORGANICS experiments. The PAH samples contain 4, 5 or

7 aromatic units.

that was reflected off the sample surface. Using this method
we were able to create thin (< 1pum) films of the PAH
sample material. PAH samples were selected based on
availability and molecular size and include fluoranthene
(Ci¢H1p, Aldrich 99%), pyrene (Ci¢H1g, Aldrich sublimed
99%), 1,2-benzanthracene (Ci;gH;,, Aldrich 99%), 2,3-
benzanthracene (C;gH,, Aldrich 98 %), chrysene (C;gH»,
Aldrich zone-refined 98%), triphenylene (C;gH;,, Aldrich
98%), perylene (CroH,, Aldrich 99%), coronene (C,4H >,
Aldrich sublimed 99%), and fullerene Cg, (SES Research
99,9+ %,). After deposition, the film thickness was
recorded a second time using atomic force microscopy
(AFM, Digital instruments, multimode scanning probe
microscope) in contact mode (see Fig. 5 for a typical
film surface). This was performed by scratching the
film to uncover the substrate level and measuring the
thickness across the scratch. Typical film thicknesses were
100-600 nm. Before and after exposure to space conditions
infrared (IR) spectra, using a Biorad Excalibur FTS 4000
and UV/Vis spectra (Varian Carry UV), were recorded.
The experimental hardware used in the ORGANICS
experiment on BIOPAN is depicted in Figs. 6 and 7.
Samples were contained in aluminum hexagonal sample
cells that are closed by two 1 mm thick MgF, windows that
allow transmission down to 120 nm. These windows are
separated by a Viton O-ring and kept in place by a delrin
fitting ring which is itself fitted with a viton O-ring to keep

it in place (see Fig. 5). This allows us to perform in situ
spectroscopy through the closed sample cell without
opening the cells (Note: MgF, cuts off transmission in
the IR region of the electromagnetic spectrum at
1000cm™"). The sample cells are contained in aluminum
sample containers that are closed by stainless-steel bolts
(M3). All aluminum surfaces were treated with Alodine
12008 to ensure electrical conductivity, in order to prevent
discharges during flight. Samples were deposited as thin
(0.3-0.6 um) solid films on the MgF, window, facing
zenith. All samples were closed in a sealed glove-box and
stored under ~1 atm argon. All samples were accompanied
by unexposed counterparts that were positioned just
underneath the sample trays exposed to solar photons.
The bottom and top samples are separated by a thin
aluminum sheet that blocks all UV and visible solar
photons. This configuration allows only passage of
energetic particles to the bottom samples. The sample
holder is fixed on a base-plate that is mounted on the
BIOPAN experiment plate (see Fig. 7).

The experimental parameters that are compatible with
the experimental setup and choice of materials ensured the
passage of photons with a wavelength between 120 and
1000 nm, and provided a shielding of 1 gem ™2 above the
deepest nested samples. The solar electrons and protons
with energies between 5 and 40 MeV/nuc are almost fully
absorbed by the shielding density of the first MgF,
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Fig. 5. Continuous mode AFM image of a ~400 nm layer of perylene on an MgF, substrate. The layer thickness (indicated by color coding) was measured
by removing the sample layer with a needle to uncover the substrate level. The height in nm for the cross section along the white line is indicated in the top
and right panels. Profile and layer thickness are similar for all used PAH films. Exceptions are discussed in Section 4. The elevation in the lower left hand

corner of the image is debris scraped out of the scratch.
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Fig. 6. Schematic view of the ORGANICS sample cells (on BIOPAN).
Two layers of sample cells (illuminated and dark control) are packed
together inside a container separated by a sheet of aluminum foil. Each
sample cell contains (from illuminated to dark side) a MgF, window that
contains the deposited molecules, a Viton O-ring to close the sample
compartment, a quartz window as bottom sealing window and a Delrin
spacer with O-ring as fixture.

window. The high-energy (10-1000 MeV/nuc) particles will
penetrate all samples. Since the high-energy particle flux is
very small we can effectively consider the bottom samples
as dark control (i.e. not exposed to the solar UV radiation).

Laboratory simulations discussed in the result section
and Fig. 17 were performed in a high-vacuum set-up as
described by Peeters et al. (2003) with a background
pressure of ~10~°mbar. The BIOPAN sample cells were
suspended in this chamber and irradiated using a micro-
wave excited hydrogen flow UV lamp (Opthos) with
a flux of 4.6 x 10" photonscm™?s~'. We have exposed
our PAH samples to UV radiation that is commonly used
for interstellar/interplanetary simulation studies (Cottin
et al., 2003) for a duration of 3 h. IR spectra were recorded
in the range 4000500 cm ™' using an Excalibur FTS-4000
Fourier-transform IR spectrometer (Biorad) at 1cm™!
resolution.

4. Results

Although no sensors were available to measure the
absorbed solar irradiance below 170nm we were able
to deduce the fluence for the BIOPAN flight from
solar spectra. We have used spectra that were recorded
by the SORCE satellite during the FOTON-M2 mission
(see http://lasp.colorado.edu/sorce/sorce_data_access/). We
show the averaged spectrum over the 16 days of the
experiment in Fig. 2. Since the samples were coated onto
MgF, windows and the ionization energies of our PAH
samples are in the order of 7¢V we are more interested in
the spectral range between 120 and 170 nm. The equivalent
duration of solar exposure was 58.8 h. Note also that the
121 nm Lyman-o irradiance is some 250 times stronger
than the directly surrounding irradiance. When we extra-
polate the observed fluence from the R3D experiment
package (that only collected in the range 170-770 nm) to
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Fig. 7. Configuration of the ORGANICS sample package on BIOPAN. Two layers of sample cells (illuminated and dark control) are packed together
inside a container separated by a thin aluminum foil. The top of the container is covered with a dark dust plate that is removed before flight. The package
is fixed on an interface plate (that is mounted to the BIOPAN bottom plate).

the high-energy part of the solar spectrum we obtain a
fluence of 1.367 [kJm~2] for the 120-170nm range
(resembling our laboratory UV lamp) and 0.724 [kJm™?]
for the Lyman-o range.

Samples were measured before and after flight in order
to examine the effects of space exposure. Additionally,
ground and dark control experiments allowed to compare
the effects of particle irradiation and UV irradiation,
combined and separately. Pre- and post-flight analysis
comprised in situ (without opening the sample cells) UV/
Vis and IR spectroscopic measurements. The purity of the
samples was determined by high performance liquid
chromatography (HPLC) prior to deposition and after
deposition to account for any contamination during
vacuum deposition. Samples were dissolved from the
MgF, disks in 500 pl acetonitrile (CH3;CN, HPLC grade).
No contamination was detected and we conclude that our
deposition technique was sufficiently clean. In order to use
chromatographic methods (such as liquid chromatogra-
phy) or mass spectrometry to measure accurate destruction
rates the material needs to be dissolved from the MgF,
disks. The very small destruction rates achieved in these
experiments (less than 1% for most PAHs) are comparable
to the loss of material during the transfer process.
Therefore we have concentrated on UV/Vis and IR
spectroscopic measurements that give the most accurate
results and diagnostic.

In Figs. 8 through 16 we show the UV/Visible and IR
spectra of PAH samples containing 1,2-benzanthracene, 2,3-
benzanthracene, chrysene, coronene, fluoranthene, perylene,
pyrene, triphenylene and fullerene Cg, respectively. In each
figure the UV/Visible spectrum is shown in the top graph
and the IR spectrum in the bottom graph. In each graph
panel (a) depicts the spectra of a film exposed to solar UV
photons on-board BIOPAN V. Panel (b) depicts the residual
spectra obtained by subtraction. The solid line shows the
residual spectrum after subtraction of the spectra of the dark
control (sample exposed to cosmic rays on BIOPAN V
but shielded from solar UV) from the spectrum of the
UV-exposed sample. The dashed line shows the residual
spectrum after subtraction of the control experiment

(sample that was not exposed to space conditions but stored
in latm in the laboratory) from the dark control sample.
The residual spectra show the effects of UV photolysis (solid
line) and possible destruction due to heavy particles (dashed
line). Note that due to instrumental/measurement problems
with the UV-exposed samples of fluoranthene, pyrene and
triphenylene we show in Figs. 12, 14 and 15 in (a) the UV/
Visible spectrum for the dark control (sample exposed to
cosmic rays on BIOPAN V but shielded from solar UV) and
in (b) the residual spectrum after subtraction of the control
experiment (that was not exposed to space conditions but
stored in 1atm in the laboratory) from the dark control
sample (dashed line).

4.1. 1,2-benzanthracene

We present the UV/Visible and IR spectra of 1,2-
benzanthracene films in Fig. 8. The spectrum of the
UV-exposed sample is shown in the top panel of each
graph. We note that there are absorption bands centered
around 225, 265, 375 and 395 nm in the UV/Visible spectra
of these samples. In the IR spectra (bottom panel) we find
absorption bands around 1240, 1277 and 1339 cm™' in the
C—C aromatic stretching and C-H bending region. The
C-H aromatic stretching region shows bands at 3003, 3030
and 3048 cm ™' (data not shown). The UV/Visible residual
spectra that were obtained by subtraction show a possible
small loss of absorption after space exposure (solid line).
However, we also find a small difference between the dark
control sample and the laboratory control sample (dashed
line). The excess loss of absorption between the residual
spectra gives an upper limit of 0.4% for the effects of UV
exposure. The IR residual spectrum of the UV-exposed
samples (solid line) shows small changes around the
1400-1200cm ™" region that could indicate photodestruc-
tion within the upper limit of 0.4%. The dashed line
indicates that there is no loss of absorption between the
dark control and laboratory control samples. AFM images
of the samples show that the film thickness is around
700 nm, with smaller grain like patches that stick out about
100 nm from the surface.
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Fig. 8. Top graph shows the UV/Vis spectrum (200-900 nm) of a 1,2-benzanthracene film (~700 nm) deposited on a MgF, disk while the bottom graph
shows the IR spectrum (5-10 um) of the same sample. In each graph panel (a) depicts the spectra of a film exposed to solar UV photons on-board
BIOPAN V (except for Figs. 12, 14 and 15). Panel (b) depicts the residual spectra obtained by subtraction. The solid line shows the residual spectrum after
subtraction of the spectra of the dark control (sample exposed to cosmic rays on BIOPAN V but shielded from solar UV) from the spectrum of the UV-
exposed sample. The dashed line shows the residual spectrum after subtraction of the control experiment (that was not exposed to space conditions but
stored under 1 atm) from the dark control sample. The residual spectra show the effects of UV photolysis (solid line) and possible destruction due to heavy

particles (dashed line).

4.2. 2,3-benzanthracene

The spectrum of the UV-exposed sample of 2,3-benzan-
thracene (panel (a) in top graph of Fig. 9) shows main
absorption bands around 206, 219 and 231 nm with a broad
shoulder at 273. Additionally, we also observe three bands
around 440, 472 and 511 nm that are not seen in spectra of
2,3-benzanthracene dissolved in acetonitrile. These addi-
tional bands may be due to the presence of an impurity in
the sample and/or to solid matrix effects. The IR spectrum

in the bottom graph in Fig. 9 shows absorption bands
around 1295, 1387 and 1462c¢cm™! in the C-C aromatic
stretching and C—H bending region and around 3021 and
3046cm™ ' in the C-H stretching region (data not shown).
Based on the UV/Visible residual spectra (top graph of
Fig. 9, panel b) we conclude that there is no evidence for
photodissociation since both the solid and dashed spectra
indicate changes of the same (small) magnitude. The band
around 1281cm™" in the IR residual spectrum for the
UV-exposed sample (solid line) is due to a small shift in the
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Fig. 9. Top graph shows the UV/Vis spectrum of a 2,3-benzanthracene film (~100nm) deposited on a MgF, disk while the bottom graph shows the IR
spectrum of the same sample. See the figure caption of Fig. 8 for an explanation of the graph contents.

1295cm™" band and is not detected in the dark control
sample (dashed line). We conclude that neither from the IR
residual spectra nor from the UV/Visible residual spectra we
can derive an upper limit for photodissociation. An AFM
image of the film showed crystals that were 0.1-0.4 um in
diameter and protruded up to 1.5um above the surface.
Thickness has been estimated to be 100 nm.

4.3. Chrysene

The top graph in Fig. 10 shows the UV/Visible spectrum
of an irradiated thin film of chrysene. We find bands

around 201, 246, 272, 304, 317, 333, 348 and 366 nm. The
IR spectrum in the bottom graph in Fig. 10 shows
absorption bands around 1192, 1246, 1263, 1300, 1433,
1487 and 1593cm™! in the C-C aromatic stretching and
C-H bending region and around 3009, 3051, 3082 and
3094cm ™" in the aromatic C—H stretching region (data not
shown). The UV/Visible and IR residual spectra shown in
the bottom panels (b) indicate that no destruction or
changes in the film structure have occurred during
exposure to space conditions. When we determine an
upper limit for destruction using the UV/Visible residual
spectra we obtain less than 0.5% of the initial absorbance.



392 P. Ehrenfreund et al. | Planetary and Space Science 55 (2007) 383—400

Wavenumber (cm™")

5x10* 4x10* 3x10* 2x10*
goJ T T T T T T 7]
2.5 ©©©© ]
2.0 B chrysene
1.5 - j
1.0 - ]
9 0.5 ]
e - (@)
8 0.0
= : . : . : . : . : . T . T . 3.0
g2 ] 125
2 1 12
e —420
] —41.5
e -41.0
- (b) {05
i T T T T T T T T T T 5 0.0
200 300 400 500 600 700 800 900
Wavelength (nm)
Wavelength (um)
5 6 7 8 9 10
25 T T . T T T . e
20- ©©©© ]
15__ chrysene 7]
)
o
S
x
8 25
C T T T T T T T
8 ]
o . 20
2 .
< 415
— =410
B (b) B
_WMWW“WW‘WWN\FM i
—Lamaa e N o g SR e D, ™ “"‘-\ﬂ“\v"n_;...,".,‘*_,—"'-)v"" ""“\./'\_,J -0
T T T T T T T T

2000 1800 1600

1400 1200 1000

Wavenumber (cm™)

Fig. 10. Top graph shows the UV/Vis spectrum of a chrysene film (~300 nm) deposited on a MgF, disk while the bottom graph shows the IR spectrum of
the same sample. See the figure caption of Fig. 8 for an explanation of the graph contents.

Indeed, we also find no evidence for photodestruction from
the IR residual spectra (bottom graph in Fig. 10). The film
thickness of the chrysene films was 300 nm and appeared as
a smooth surface without crystal structures.

4.4. Coronene

The UV/Visible spectrum of an UV-exposed coronene
sample is shown panel (a) of the upper graph in Fig. 11. We
find two broadband systems centered around 199 and
320nm. In the IR spectrum shown in panel (a) of the
bottom graph in Fig. 11 we find absorption bands around
1136, 1310, 1501 and 1609cm~! in the C-C aromatic

stretching and C-H bending region and around 3019
and 3053cm™' in the aromatic C-H stretching region
(data not shown). Based on the UV/Visible residual
spectra in the top graph (panel b) we measure an upper
limit of 0.8% loss of absorption for the UV-exposed
sample (solid line). The AFM image of the coronene film
showed a thin 300 nm layer of needle-like crystals covering
the surface.

4.5. Fluoranthene

The UV/Visible and IR spectra for fluoranthene samples
are shown in Fig. 12. We observed absorption bands
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Fig. 11. Top graph shows the UV/Vis spectrum of a coronene film (~300 nm) deposited on MgF, disks while the bottom graph shows the IR spectrum of
the same sample. See the figure caption of Fig. 8 for an explanation of the graph contents.

around 246, 313, 330 and 372nm. Due to instrumental/
measurement problems with the UV-exposed samples of
fluoranthene we only show the UV/Visible spectrum for
the dark control (exposed to cosmic rays on BIOPAN V
but shielded from solar UV) and base our conclusions on
the IR spectra alone. The IR spectrum of the UV-exposed
sample in the bottom graph of Fig. 12 shows absorption
bands around 1136, 1159, 1184, 1202, 1217, 1229, 1271
and 1292cm™"! in the C-H bending region, at 1368, 1412,
1427, 1439, 1451, 1474 and 1487cm™' in the aromatic
C-C stretching region and at 3036cm ™' in the aromatic
C-H stretching region of the spectrum (data not shown).

The residual spectra in panel (b) in the bottom graph
indicate an upper limit for destruction upon UV exposure
of 0.5%. AFM images of fluoranthene films show
small (1-2 um) orthorhombic crystals and a thickness of
500 nm.

4.6. Perylene

Fig. 13 shows the UV/Visible spectrum of a perylene thin
film (panel (a) in the top graph) after exposure to UV
radiation. We observe two broadband structures around
200 and 256nm in the UV/Visible spectrum. The IR
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Fig. 12. Top graph shows the UV/Vis spectrum of an unexposed fluoranthene film (~500 nm). Due to instrumental/measurement problems with the UV-
exposed samples we show in (a) the UV/Visible spectrum for the dark control (sample exposed to cosmic rays on BIOPAN V but shielded from solar UV)
and in (b) the residual spectrum after subtraction of the control experiment (that was not exposed to space conditions but stored in 1 atm in the laboratory)
from the dark control sample (dashed line). The bottom graph shows the IR spectrum of the exposed sample. See the figure caption of Fig. 8 and text for

an explanation of the IR graph contents.

spectra of the perylene film show absorption bands around
1089, 1126, 1184, 1209, 1240, 1281, 1288 and 1324cm ™' in
the aromatic C-H bending and around 1495, 1508,
1605cm™" in the aromatic C—C stretching and overtone
region. Bands at 3034 and 3050cm™' appear in the
aromatic C—H bending region (data not shown). Based
on the residual spectra after subtraction we derive an upper
limit for photodestruction upon UV exposure of less than
1%. AFM image of the perylene film showed a 400 nm
thick smooth film surface.

4.7. Pyrene

The UV/Visible spectrum of a pyrene film is shown in the
top graph of Fig. 14. We observe absorption bands around
229, 296, 340 and 370 nm in the UV/Visible spectrum (top
graph, panel a). Due to instrumental/measurement pro-
blems with the UV-exposed samples of pyrene we only
show the UV/Visible spectrum for the dark control
(exposed to cosmic rays on BIOPAN V but shielded from
solar UV) and base our conclusions on the IR spectra
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Fig. 13. Top graph shows the UV/Vis spectrum of a perylene film (~400 nm) deposited on a MgF, disk while the bottom graph shows the IR spectrum of
the same sample. See the figure caption of Fig. 8 for an explanation of the graph contents.

alone. IR absorption bands (bottom graph, panel a) were
observed for the UV-exposed sample around 1184, 1240
and 1312cm™' in the aromatic C-H bending region, at
1433, 1449, 1464, 1483 and 1595cm ! in the aromatic C—C
stretching region and at 3028 and 3048cm™' in the
aromatic C—H stretching region (data not shown). Based
on the IR residual spectra (panel b, bottom graph) we
obtain an upper limit for photodestruction of 0.7%. AFM
images of the film compared to the same sample after
deposition show the formation of orthorhombic crystals

(5-10 um in diameter and 0.8 um above the surface) and a
thickness of 800 nm.

4.8. Triphenylene

The UV/Visible spectrum of a triphenylene film is shown
in the top graph of Fig. 15. We observe UV/Visible
absorption bands around 205, 277 and 301 nm. Due to
instrumental/measurement problems with the UV-exposed
samples of triphenylene we only show the UV/Visible
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Fig. 14. Top graph shows the UV/Vis spectrum of an unexposed pyrene film

(~800 nm) deposited on a MgF, disk. Due to instrumental/measurement

problems with the UV-exposed samples we show in (a) the UV/Visible spectrum for the dark control (sample exposed to cosmic rays on BIOPAN V but
shielded from solar UV) and in (b) the residual spectrum after subtraction of the control experiment (that was not exposed to space conditions but stored
in | atm in the laboratory) from the dark control sample (dashed line). The bottom graph shows the IR spectrum of the exposed sample. See the caption of

Fig. 8 and text for an explanation of the IR graph contents.

spectrum for the dark control (exposed to cosmic rays on
BIOPAN V but shielded from solar UV) and base our
conclusions on the IR spectra alone. The IR spectrum of
the UV-exposed triphenylene films (bottom graph) shows
absorption bands around 1244, 1433 and 1496cm ™! in the
C-H bending and C—H stretching region and a weak band
around 3067cm ™! in the aromatic C—H stretching region
(data not shown). From the IR residual spectra we
obtained an upper limit of 0.3% destruction upon UV
exposure. AFM images of the triphenylene film showed

elongated needle-like structures that are ~10nm in length
and 1-2um in diameter. The thickness was estimated
to be 500 nm.

4.9. Fullerene Cg

A UV/Visible spectrum of a fullerene Cgq film is shown
in Fig. 16. We observe no band systems in the UV/Visible
apart from a broadband system centered around 200 nm.
Since the film thickness was very thin (< 100 nm) we could
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Fig. 15. Top graph shows the UV/Vis spectrum of an unexposed triphenylene film (~500nm) deposited on a MgF, disk. Due to instrumental/
measurement problems with the UV-exposed samples we show in (a) the UV/Visible spectrum for the dark control (sample exposed to cosmic rays on
BIOPAN V but shielded from solar UV) and in (b) the residual spectrum after subtraction of the control experiment (that was not exposed to space
conditions but stored in 1 Atm in the laboratory) from the dark control sample (dashed line). The bottom graph shows the IR spectrum of the exposed
sample. See the caption of Fig. 8 and text for an explanation of the IR graph contents.

not obtain a meaningful IR spectrum. The residual spectra
in panels (b) indicate an upper limit of 0.7% for the
photodestruction upon UV exposure.

4.10. Laboratory simulation studies
We have also performed laboratory simulation studies

for a number of PAHs exposed on BIOPAN V. The
BIOPAN sample cells were suspended in a high vacuum

chamber and irradiated with a hydrogen flow UV lamp
(Peeters et al., 2003). MgF, sample windows transmit
photons with wavelengths longer than 120nm. We have
exposed our PAH samples to UV radiation that is
commonly used for interstellar/interplanetary simulation
studies (Cottin et al., 2003) for a duration of 3h. We
present the results for several PAHs in Fig. 17. We were
able to derive the destruction rate by monitoring the
aromatic C = C stretching vibrations of PAHs around
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Fig. 17. BIOPAN sample cells containing thin PAH films were exposed
under vacuum in a laboratory setup using a hydrogen discharge lamp
(duration of 3h). The natural logarithm of the normalized integrated
absorbance In(N/N,) is plotted against photon fluence. The slope of the
linear fit through In(N/N,) represents the destruction rate. The photo-
destruction of selected molecules is displayed. Trace (a) shows a high
photostability for the PAHs: 1,2-benzanthracene, chrysene, coronene and
perylene under the specific experimental conditions. We can observe that
fluoranthene and 2,3-benzanthracene: traces (b) and (c) show photo-
destruction rates that are some 4 and 7 times higher than for the other
larger PAHs. The BIOPAN equivalent fluence for 58.8h and 7.4eV
photons (vertical dashed line) correspond to 0.12 (10'® photonscm™2)
which is consistent with the observed degradation rate smaller than 1%.

1600cm ™! by IR spectroscopy. The decreasing integrated
intensity of this band permits to measure the residual
fraction N/Ny of the PAH compound as a function of
photon fluence. The C = C stretching vibration can be well

measured as isolated band and the decrease of this band
can be directly related to the disruption of aromatic rings
(the carbon skeleton). The C-H stretching and bending
modes would only give a measurement of dehydrogenation
of the individual PAHs.

Based on these results we observe that most PAHs have
small destruction rates upon UV exposure of 3h in these
laboratory experiments. However, we can observe that
fluoranthene and 2,3-benzanthracene (traces (b) and (c) in
Fig. 17, respectively) show photodestruction rates that are
some 4 and 7 times higher than the other larger PAHs.
Note that since the emission spectrum of this UV lamp
does not resemble the solar UV emission field we only
compare these laboratory results with the BIOPAN
results with caution. For the bands 115-125, 150-170,
170-195 nm, the UV lamp flux is respectively 1, 17.5, 14 (in
10" photonscm™2s™"), while the solar flux is, respectively
6, 6 and 55 (in 10'! photonscm2s™!). In these respective
wavelength ranges the fluence of the lamp for 3 h exposures
is0.11, 1.9, 1.5 (10"® photons cm 2), while the BIOPAN solar
fluence for 58.8his 0.13, 0.13, 1.2 (10'® photons cm ). If we
assume an average photon energy of 7.4eV for our
laboratory UV lamp (Cottin et al., 2003) we observe that
the same energy fluence that was observed during the
BIOPAN flight (i.e. 1.367 [kJm2]) relates to a photon
fluence of 1.2x 10" photonscm™> in our laboratory.
However, if we assume an effective photon cut off energy
of 6.3eV for 195nm then the BIOPAN exposure
of 58.8h would relate to a fluence of 10 times higher.
The measured photodestruction rate in the BIOPAN
experiment below 1% is consistent with the threshold for
photo-destruction energy higher than 7 ¢V, even if there are
10 times more solar photons at 6eV.
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5. Conclusions

PAHs play an important role in the carbon chemistry
and the physical and chemical evolution of the ISM. They
can be present in different charge and hydrogenation states
and be dissociated by energetic processes. The formation of
radicals and ions adds an additional important dimension
to the chemistry of carbon-based molecules in the ISM.
Moreover the physical conditions in the ISM could lead to
a selection mechanism that favors specific PAHs. To gain a
better and more accurate understanding of the distribution
of PAHs and PAH-like species in space it is important to
test the stability of PAHs in situ in a space environment.
We exposed 17 PAH samples to the solar UV and visible
emission spectrum in LEO. The ORGANICS experiment
on BIOPAN V fulfilled the goal as precursor for a long-
term exposure experiment on the ISS. The sample
deposition, handling and pre- and post-flight analysis were
sufficient to characterize the PAH films before and after
exposure to NEO UV flux. AFM images of the samples
revealed crystal structures covering the surface rather than
homogeneous layers. We may need to improve the film
quality for these PAHs or choose alternative PAH samples
for the longer exposure experiment on ISS. No substantial
changes were found in the column densities of the PAH
films measured before and after exposure to the LEO
environment, confirming the photostability of PAHs in
space environments. Moreover, we found no evidence for
dehydrogenation from monitoring the evolution of the
C-H stretching and/or bending modes in the IR spectra of
samples measured before and after exposure to the LEO
environment. The gas-phase ionization potentials for the
PAHs selected in these exposure experiments are in the
order of 6-7¢V. The choice of materials in the sample cells
assured transmission of photons with energies up to
10.2eV so we expect that ions can be formed. However,
there was no evidence of any ion chemistry in the
exposed PAH films for the observed flux levels and
exposure times. Based on the differences observed between
the UV-exposed films and unexposed control samples we
could derive upper limits for the destruction of some
PAHs. These values are less than 1% for most PAHs.
These small differences in absorption between the samples
are within the experimental uncertainties (i.e., error bars).
Therefore, we conclude that we found no evidence for
photodestruction of the PAH and fullerene Cgy samples
that were exposed for nearly 16 days to LEO in this flight
experiment.

We have compared the space exposure results with
laboratory simulations in which we exposed a number of
the PAH samples to the UV flux of a hydrogen discharge
lamp. The hydrogen flow lamp emits photons between 150
and 195nm at an average flux of 3.2 x 10" photo-
nscm s~ and average photon energies of 7.4eV (see
Cottin et al., 2003 for lamp spectrum and flux details). The
total absorbed fluence that was observed during the
BIOPAN flight relates to an average laboratory lamp

fluence of 1.2 x 10" photonscm > for an effective energy
of 7.4eV. We note from Fig. 17 that indeed no
photodestruction is expected for those fluences confirming
earlier laboratory experiments (for a review see Salama,
1999). What will determine photolysis and ionization
efficiencies are the photons above 7¢V.

We conclude that PAH molecules are indeed stable
against UV irradiation. The selected PAHs that were
exposed to the solar UV field easily survived the conditions
of LEO for the duration of the BIOPAN V flight. For the
low-energy dose that was absorbed by the PAH films
during the BIOPAN flight we find no conclusive evidence
for photo-destruction. However, we do expect to find
photo-destruction for the long irradiation times expected
for the EXPOSE experiment on ISS (fluences of up to
10% photons cm™ are expected between 120 and 200 nm).

The ORGANICS experiment on BIOPAN V is a
precursor for a longer-duration exposure experiment on
the EXPOSE experiment platform on ISS. The time-
integrated irradiance during the BIOPAN V flight was
small compared to the time integrated irradiance of PAHs
in the ISM. PAHs in the ISM experience a photon flux of
10® photonscm~2s ™! integrated from 90 to 250 nm (Mathis
et al., 1983). The solar UV emission spectrum is very
different from the interstellar radiation field (Draine, 1978;
Roberge et al., 1991) with a monochromatic flux 10> higher
at 180 nm (at 7eV) and more than 10° higher above 200 nm
(below 6¢eV). For processes relevant to the energy range at
7eV, the space exposure experiments such as BIOPAN
(380 h, with 15 % effective solar pointing) can simulate 600
years diffuse interstellar radiation field, and ISS/Expose
(3yr, 15% solar pointing) can simulate 50.000 years in the
diffuse medium.
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