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Introduction: Organic matter is present in a wide
range of primitive Solar System materials [e.g., 1]. It
has been speculated that organic molecules delivered to
the early Earth by meteorites and comets played a role
in the origin of life [2].
How this extraterrestrial organic matter formed is a
matter of debate. Points of contention include whether
the organic matter formed in the early Solar System,
before Solar System formation in an interstellar environment, or both, as well as the formation mechanism
for complex organic molecules. Relatively complex
organic molecules can be made in the laboratory by
irradiation of simple ices like those expected to be present in molecular clouds [e.g., 3]. In this type of experiments, ice mixtures are irradiated with UV under vacuum at temperatures of ~10-15 K, to simulate physical
conditions in molecular clouds or in the outer regions
of the solar nebula. Such UV irradiation breaks chemical bonds and forms reactive ions and radicals that
upon heating recombine to form more complex molecules. One characteristic of extraterrestrial organic
matter is that it has much higher D/H and 15N/14N ratios
than the Sun. The process that formed organic matter
likely contributed to these heavy isotopic compositions.
Organic particles that formed from ices could subsequently have been subjected to additional irradiation
that further altered their structures, chemical compositions, and/or isotopic compositions [4]. Such irradiation could have been substantial in the solar nebula [5].
Recent studies have shown that irradiation of organic
matter can induce deuterium enrichments of up to δD ~
Table 1. Sample preparation
Post irradiation
B21*BBS
A; naphthalene
80-450 eV; 1h
B21*BBL
A; naphthalene
80-450 eV; 4h
B21*CS
A; naphthalene
293 eV; 6h
B21*CL
A; naphthalene
293 eV; 24h
B22*BBS
B; no naphthalene
80-450 eV; 1h
B22*BBS
B; no naphthalene
80-450 eV; 4h
B22*CS
B; no naphthalene
293 eV; 6h
B22*CL
B; no naphthalene
293 eV; 24h
A: H2O:CH3OH:CO:NH3:C10H8; 100:50:10:10:1
B: H2O:CH3OH:CO:NH3; 100:50:10:10
Sample

Starting ice

1000 ‰ [4, 6-8]. So far, mainly e- irradiation has been
investigated. Laurent et al. [8] showed that UV irradiation can lead to similar isotopic effects as e- irradiation
and concluded that the type of irradiation is likely less
important than the total energy deposited into the organics. Previous studies have investigated the H isotopic effects of irradiation on epoxy, cyanoacrylate, terrestrial kerogens, and polymers [4, 6-8]. In this study, we
take a slightly different approach by producing organic
residues via UV irradiation of simple ices and subsequently irradiating these residues with X-rays. With
this approach we (1) more realistically simulate the
whole history of organic matter from ices to more stable organics and subsequent irradiation of organic dust
in interstellar or nebular environments, and (2) investigate the effects of an additional type of irradiation that
might have been important during the formation of
organic matter.
Material and Methods:
Deposition and UV Photo-Irradiation of Ices at
Low Temperature. Samples were produced at the Astrochemistry Laboratory of NASA Ames Research
Center following the same methods as described in [9].
Residues were produced from two different starting gas
mixtures: sample series B22* from a mixture of H2O,
CH3OH, CO, and NH3, and sample series B21* from a
similar mixture with the addition of naphthalene
(C10H8) (Table 1). Gas mixtures were deposited onto
an Al-foil attached to a cold finger in a vacuum chamber, cooled down to 15 K, and irradiated with a UV
lamp for 18 h. After irradiation, the samples were
warmed up to room temperature (RT) in static vacuum.
The recovered samples were irradiated further at RT at
the National Synchrotron Radiation Research Center
(NSRRC) synchrotron facility in Taiwan with X-rays
with different energies and durations.
TEM analyses. Irradiated particles were extracted
from the Al-foils with a scalpel and transferred directly
to lacey C support films and analyzed with the Naval
Research Lab Nion UltraSTEM 200X aberrationcorrected STEM operating at 60 kV.
NanoSIMS analyses. Irradiated portions of the Alfoils with deposited organics were cut out, mounted
onto an Al- stub with Cu tape and pressed flat. For
sample series B21*, pieces of the unirradiated sample
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Fig. 1. H isotopic composition. Dashed lines are average values for the two sample series, grey bands correspond to 1σ standard deviations. Uncertainties are given as 1σ. B21* blank samples have δD ~ -40‰.
were cut out as blanks. This was not possible for the
B22* series as the isotopic data suggest that the whole
foils had been irradiated. Hydrogen isotopes were
measured with the Carnegie Cameca NanoSIMS 50L.
After presputtering, data were collected from a 10×10
µm area using a beam current of 4 pA. For each sample, between 6 and 12 particles were analyzed. A terrestrial standard with known H isotopic composition
was measured regularly. The data in Fig. 1 are presented as permil deviations relative to SMOW.
Results and Discussion: All the samples appeared
amorphous in the STEM images. No indications of
crystalline graphite were observed, although some
samples show evidence for bubble formation (Fig. 2).
Electron energy loss (EELS) spectra indicate that the
RT post-irradiation induces some degree of graphitic
ordering on a molecular scale in all samples, as evidenced by the graphite * feature at ~292 eV not seen
in XANES analyses of similar but unirraditated polymers [Fig. 2; 10]. No clear evidence for spectral heterogeneity was found across the samples on the TEM
scale of 10–100 nm. There are no obvious variations in
the degree of graphitization with dose or energy of
radiation.
RT post-irradiation resulted in elevated D/H ratios
in all samples, with δD between ~370 and 700 ‰ relative to SMOW. The different durations of broad band
irradiation (B21*BBS vs. B21*BBL; B22*BBS vs.
B22*BBL; Fig. 1) did not result in any difference in
the D/H ratio, most likely showing that the plateau described by Laurent et al. [8] was reached already during the shorter exposure. The H isotopic effects on the
B22* samples, which did not contain naphthalene, are
in general somewhat smaller than for the B21* samples
which contained naphthalene (Fig. 1).
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Conclusions: This preliminary study shows that Xray irradiation of residues produced from astrophysically relevant ices results in clear changes in chemical
bonding (increased graphitic ordering) and deuterium
enrichment. No clear correlation between EELS spectra, microstructure, or D/H ratio could be established
so far. H fractionation is most likely a result of bondbreaking and H loss during irradiation [9]. X-ray irradiation has similar effects on H isotopic composition as
previously shown for e- and to some extent UV irradiation [c.f., 4, 6-8].
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Fig. 2 Top: High Angle Annular Dark Field
(HAADF) STEM image of B22*CL. Bottom: Background-subtracted carbon K-edge EELS spectrum of
B22*CL.

