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Abstract
Analyses with a scanning transmission x-ray microscope (STXM) using x-ray absorption near edge structure (XANES) spectroscopy were applied for the molecular characterization of two kinds of carbonaceous particles of unknown origin, termed category 3, which were collected from the Hayabusa spacecraft sample catcher. Carbon-XANES spectra of the category 3 particles displayed typical spectral patterns of heterogeneous organic macromolecules; peaks corresponding to aromatic/olefinic carbon, heterocyclic nitrogen and/or nitrile, and carboxyl carbon were all detected. Nitrogen-XANES spectra of the particles showed the presence of N-functional groups such as imine, nitrile, aromatic nitrogen, amide, pyrrole, and amine. An oxygen-XANES spectrum of one of the particles showed a ketone group. Differences in carbon- and nitrogen-XANES spectra of the category 3 particles before and after transmission electron microscopic (TEM) observations were observed, which demonstrates that the carbonaceous materials are electron beam sensitive. Calcium-XANES spectroscopy and elemental contrast mapping identified a calcium carbonate grain from one of the category 3 particles. No fluorine-containing molecular species were detected in fluorine-XANES spectra of the particles. The organic macromolecular features of the category 3 particles were distinct from commercial and/or biological ‘fresh (non-degraded)’ polymers, but the category 3 molecular features could possibly reflect degradation of contaminant polymer materials or polymer materials used on the Hayabusa spacecraft. However, an extraterrestrial origin for these materials cannot currently be ruled out.
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Findings
Introduction
A preliminary examination of asteroid Itokawa particles collected by the Hayabusa spacecraft has successfully unveiled the mineralogical, petrographic, chemical, and isotopic relationships between an S-type asteroid and ordinary LL chondrites and provided the first direct evidence that meteorites originate from asteroids (Ebihara et al. [2011]; Nakamura et al. [2011]; Noguchi et al. [2011]; Tsuchiyama et al. [2011]; Yurimoto et al. [2011]). The noble gas isotopic compositions (Nagao et al. [2011]) and the asteroid particle sizes and shapes (Tsuchiyama et al. [2011]) have also recorded asteroid surface processes such as irradiation and meteoroid impacts, which are not observed in meteorites. Organic analyses of several Itokawa particles have been carried out using micro-Raman spectroscopy, Fourier transform infrared (FTIR) spectroscopy, time-of-flight secondary ion mass spectrometry (ToF-SIMS), and two-dimensional high performance liquid chromatography (2D-HPLC) (Kitajima et al. [2011]; Naraoka et al. [2012]). However, to date, indigenous organic compounds have not been identified from the samples, and the presence or absence of organic compounds on the asteroid Itokawa is not clear.
In addition to the asteroid particles investigated in the preliminary examination that have been classified as ‘categories 1 and 2’ at the Planetary Material Sample Curation Facility of the Japan Aerospace Exploration Agency (PMSCF/JAXA), 58 carbonaceous particles of unknown origin have been collected from the Hayabusa spacecraft sample catcher and classified as ‘category 3’ (Uesugi et al. [2014]; Yada et al. [2014]). In the study reported here, two category 3 particles were analyzed by a synchrotron-based scanning transmission x-ray microscope (STXM) using x-ray absorption near edge structure (XANES) spectroscopy. The STXM enables the quantification of chemical compositions of the submicron-sized samples as well as elemental/molecular mapping with high spatial resolution (<30 nm) (Kilcoyne et al. [2003]). This analytical technique was originally developed for polymer materials science (e.g.; Ade et al. [1992]; Urquhart et al. [1999]), but it has been applied to a broad range of research areas. In cosmochemistry, STXM has been applied for organic chemical analyses of interplanetary dust particles (IDPs) (Flynn et al. [2003], [2013]; Busemann et al. [2009]), particles from Comet Wild 2 (Sanford et al. [2006]; Cody et al. [2008a]; De Gregorio et al. [2010]), acid-insoluble organic solids from chondritic meteorites (Cody et al. [2008b], Cody et al. [2011]), and an Antarctic ultracarbonaceous micrometeorite (Yabuta et al. [2013]). Thus, an abundant database of XANES spectra for both terrestrial and extraterrestrial organic compounds is available for the chemical characterization of unknown carbonaceous samples. We present C-, N-, O-, F-, and Ca-XANES data for two category 3 particles in order to identify their molecular compositions and determine whether the materials are terrestrial or extraterrestrial in origin.
Sample preparation
The details of category 3 sample assignments are summarized by Uesugi et al. ([2014]). In this study, two carbonaceous particles of the category 3 samples, RA-QD02-0120 (hereafter simply ‘RA’) and RB-QD04-0047-02 (hereafter simply ‘RB’), were investigated. The samples were also analyzed by a field emission-scanning electron microscope (FE-SEM) energy dispersion spectroscopy (EDS) (Yada et al. [2014]), micro-Raman and micro-FTIR spectroscopy (Kitajima et al. [2014]), NanoSIMS (secondary ion mass spectrometry) (Ito et al. [2014]), and transmission electron microscope (TEM) observations (Uesugi et al. [2014]). The RB sample was also analyzed by ToF-SIMS (Naraoka et al. [2014]). Ultra-thin sections of RA and RB with 100-nm thickness were extracted by a focused ion beam (FIB, Hitachi FB2200, PMSCF/JAXA, Chiyoda-ku, Japan) for STXM and TEM analyses (Uesugi et al. [2014]). Two different sections of RA, one section before TEM (hereafter RA-beforeTEM) and another section after TEM (hereafter RA- afterTEM), were analyzed with a STXM to evaluate electron beam damage to the sample.

Analytical methods
The XANES spectra of FIB sections of RA-beforeTEM, RA-afterTEM, and RB were acquired using a STXM at beamline (BL) 5.3.2.2 at the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory, USA. The bending magnet beamline covers the energy range from 250 to 800 eV with a photon flux of 107 photon/s (Kilcoyne et al. [2003]). Energy calibration was conducted by measuring the known spectral Rydberg line features in gaseous CO2 and N2 at their respective K-edges prior to the sample measurements. The absorption spectra (optical density, OD) were obtained as OD = −ln(I/I0), where I is the x-ray intensity transmitted from the sample, and I0 is the recorded without samples. The works of Leinweber et al. ([2007]) and Cody et al. ([2008a]) were used for absorption peak assignments.


Results and discussion
Carbon-XANES
Carbon elemental maps of RA-beforeTEM, RA-afterTEM, and RB reflect the homogenous carbon distributions across the entire particles (Figure 1). RA-beforeTEM and RB show similar C-K-edge-XANES spectra; peaks corresponding to aromatic/olefinic carbon (C = C) (peak A, 285.1 eV), aromatic ketone (C = C-C = O), nitrile (C ≡ N) and/or nitrogen heterocycles (C-N = C) (peak B, 286.7 eV), and carboxyl carbon (C = O(OH)) (peak C, 288.2 eV) were observed (Figure 2). The spectra of the two regions of RB (R1 and R2 in Figure 1) were very similar, while the intensity of aromatic/olefinic C = C peak A for R1 was higher than that for R2. The spectral intensities for RA-beforeTEM were much lower than those for RB. RA-afterTEM displayed peaks at similar energies in the C-XANES spectrum to those of the other two samples, although the overall absorption feature was rather broad (Figure 2). The developed peak B was shifted by 0.5 eV from that of the other samples. This broad peak around 286.2 eV could be a mixture of aromatic ketone (C = C-C = O) and nitrile and/or nitrogen heterocycles. The peak A of aromatic/olefinic carbon was observed as a broad shoulder.[image: A40623_2014_Article_156_Fig1_HTML.jpg]
Figure 1STXM images acquired at 350 eV and carbon elemental maps. (a, b) RA-QD02-0120-beforeTEM (RA-beforeTEM), (c, d) RA-QD02-0120-afterTEM (RA- afterTEM), and (e, f) RB-QD04-0047-02 (RB). The dashed squares of the samples were analyzed to acquire the XANES spectra (in Figure 2).



[image: A40623_2014_Article_156_Fig2_HTML.jpg]
Figure 2Carbon K edge-XANES spectra of RA-QD02-0120 and RB-QD04-0047-02. C-XANES spectra of RA-QD02-0120 before and after TEM observations (RA-before and after TEM) and two different regions (R1 and R2 in Figure 1) of RB-QD04-0047-02 (RB). The peaks assigned include the following: 1 s-π* transition of aromatic/olefinic carbon (C = C) at 285.1 eV; 1 s-π* transition of vinyl-keto (C = C-C = O), nitrile (C ≡ N) and/or nitrogen heterocycles (C-N = C) at 286.7 eV; and 1 s-π* transition of carboxyl carbon (COOH) at 288.2 eV.





Nitrogen-, oxygen-, and fluorine-XANES
Nitrogen functional groups were identified from RB and RA-afterTEM. In the N-K-edge-XANES spectrum of RB (Figure 3), imine (C = N) (peak A, 398.9 eV); nitrogen heterocycles (C-N = C) and/or nitrile (C ≡ N) (peak B, 399.7 eV); and an assembly of small peaks related to amide N, pyrrolic N, and amine N (peak C, 401 to 402.5 eV) were identified. In the N-XANES spectrum of RA-afterTEM (Figure 3), peak B was shifted by 0.3 eV from that of RB and showed up only as a shoulder on the low-energy side of peak A.[image: A40623_2014_Article_156_Fig3_HTML.jpg]
Figure 3Nitrogen K edge-XANES spectra of RA-QD02-0120-afterTEM (RA-afterTEM) and RB-QD04-0047-02 (RB). The peaks assigned include the following: 1 s-π* transition of imine (C = N) at 398.9 eV; 1 s-π* transition of nitrogen heterocycles (C-N = C) and/or nitrile (C ≡ N) at 399.7 eV; and an assembly of small peaks related to the 1 s-π* transition of amide (R-(C = O)NR’2) and the 1 s-3p/s* transitions of pyrrolic (C4H4NH) and amine (R-NH2) at 401 to 402.5 eV.




Oxygen and F-K-edge XANES were continuously analyzed for RB (Figure 4). A peak at 531 eV corresponded to the ketone group (C = O). No features in the x-ray absorption were observed in the F-XANES range of 650 to 700 eV.[image: A40623_2014_Article_156_Fig4_HTML.jpg]
Figure 4The coordinated oxygen and fluorine K edge-XANES spectrum of RB-QD04-0047-02 (RB). A peak at 531 eV corresponds to the ketone group (C = O). No fluorine-containing molecular species were detected in the range of 650 to 700 eV.





Calcium-XANES
A submicron-sized calcium grain was detected from the calcium elemental map of RA (Figure 5). The detection of calcium is compatible with the previous scanning transmission electron microscope (STEM) observations of calcium carbonate inclusions of approximately 300 nm in diameter that were taken from the same particle (Uesugi et al. [2014]). The C-XANES spectrum of this spot exhibited a sharp peak at 290.5 eV that was derived from carbonate. In the Ca-L2,3-edge-XANES spectrum of the same spot, peaks at 347.9, 349.2, 351.2, and 352.5 eV are observed positions that provide a good match to carbonates (Benzerara et al. [2004]; Hanhan et al. [2009]) (Figure 5). The spectral pattern was similar to that of a vaterite (Benzerara et al. [2004]), although additional analyses will be necessary for more detailed characterization.[image: A40623_2014_Article_156_Fig5_HTML.jpg]
Figure 5Elemental maps. Elemental maps of (a) carbon and (b) calcium for RA-QD02-0120-afterTEM (RA-afterTEM) that identify calcium spot within the carbonaceous particle. (c) The coordinated carbon K edge- and calcium L2,3 edge-XANES spectra of RA-afterTEM support the presence of calcium carbonate. A peak at 290.5 eV is assigned to the 1 s-π* transition of carbonate (CO3). Two peaks around 349.2 (B) and 352.5 eV (D) are assigned to the L3 and L2 edges of Ca, respectively. Two other smaller peaks (A and C) at 347.9 and 351.2 eV are the coordination peaks of peaks A and B. (d) Comparison of nn enlarged spectrum of Ca-XANES for RA-afterTEM with those for hydroxyapatite, aragonite, vaterite, and calcite. §Ca-XANES spectra of carbonate standards (hydroxyapatite, aragonite, vaterite, and calcite) are derived from Benzerara et al. ([2004]).





Approach to identify category 3 carbonaceous particles
Typical organic macromolecular features
The two samples of category 3 carbonaceous particles, RA and RB, displayed similar C-XANES spectra with regards to three coordination peaks. Their spectral patterns of aromatic/olefinic carbon, aromatic ketone, and carboxyl carbon are typical of those observed from terrestrial coal (Cody et al. [1998]; Bassim et al. [2012]) and kerogen (Bernard et al. [2012]) and even extraterrestrial organic solids from chondritic meteorites and IDPs (e.g., Flynn et al. [2003]; Cody et al. [2011]). This does not necessarily imply that our category 3 particles are coal or chondritic organics, but the findings do suggest the presence of some form of heterogeneous macromolecule formed through chemical processing in a natural environment. It is unlikely that the category 3 particles are derived from the LL 5 to 6 chondrite-like asteroid, since the C-XANES spectra show a lack of 1 s-σ* excitons at 291.6 eV corresponding to a highly conjugated sp2 carbon, which are generally characterized from thermally metamorphosed type 3+ chondrites (Cody et al. [2008b]).
In contrast, the spectral pattern was distinct from those of the synthesized polymers (e.g., Ade et al. [1992]; Urquhart et al. [1999]) and biological polymers (e.g., Hitchcock et al. [2005]), which are composed of specific molecular moieties. However, it is quite possible that the degradation of synthesized and biological polymers could convert their well-organized functional group structures into more heterogeneous macromolecules. Some of the synthetic polymer materials that were used on the Hayabusa spacecraft structures could potentially have been altered through chemical and physical processes (e.g., heat, cosmic ray irradiation) during the 7 years of Hayabusa's flight in deep space. If that is the case, the difference in the spectral intensities between RA (R1, R2) and RB might reflect different amounts of degradation of the same original source material. If this is the case, then the spectrum of RA-R1 may show the best vestiges of the original source material, since a sharp and high peak of aromatic carbon is a typical feature of various polymers (e.g., Ade et al. [1992]; Urquhart et al. [1999]).

Organic nitrogen macromolecules
Typically, acid-insoluble organic solids from chondritic meteorites have less characteristic N-XANES spectra (Cody et al. [2008a]) than those of the category 3 particles we examined here, despite the roughly similar C-XANES spectral patterns between the two materials. Rather, C- and N-XANES spectral patterns of the category 3 particles are somewhat similar to those seen in some of the organic materials found in Comet Wild 2 particles, in particular, organic nanoglobules (De Gregorio et al. [2010]). However, most of the organic nanoglobules from extraterrestrial materials have isotopic anomalies in the form of deuterium and 15 N enrichments (Nakamura-Messenger et al. [2006]; De Gregorio et al. [2010]), which represents a significant difference from our category 3 particles because they do not display isotopic anomalies (Ito et al. [2014]).
The N-XANES spectral features of the category 3 particles enable the elimination of some materials used on the Hayabusa spacecraft. It is unlikely that the two category 3 particles are derived from Vectran and fluoro resin, which were used in the sampler horn of the Hayabusa spacecraft and in the clean chambers at the curation facility, respectively (Uesugi et al. [2014]); this is because these polymers do not contain nitrogen. The lack of fluoropolymers is also supported by the absence of F-K-edge x-ray absorption at 650 to 700 eV and characteristic peaks of the σ*(C-F) resonance (Nagayama et al. [1995]) in the C-XANES spectra.
In an ongoing investigation of the contamination coupons from the Hayabusa 2 spacecraft assembly clean room (unpublished data), nitrogen was detected by SEM-EDS and TEM analyses. However, the C-XANES spectra of the contamination coupons were distinct from those of the category 3 particles investigated in this study. This means that N-containing contamination seems certain, but there may be multiple sources for its presence in the category 3 particles. Investigation of a variety of the N-containing polymers used in and around the spacecraft, such as polyimide, will provide additional information needed for the future evaluation of spacecraft-related contamination.

Electron beam-sensitive material
Different C-XANES spectral patterns of RA-beforeTEM and RA-afterTEM suggest that this category 3 particle has an electron beam-sensitive composition. De Gregorio et al. ([2010]) compared the C-XANES spectra of an organic nanoglobule from a Comet Wild 2 dust particle before and after TEM, and demonstrated that the original composition based on nitrile and carboxyl groups was converted to polyaromatic structures with a loss of carboxyls. The C-XANES spectrum of RA-afterTEM is quite similar to the ‘post TEM’ spectrum of the Comet Wild 2 organic nanoglobule. Such radiation-driven alterations may not be limited solely to extraterrestrial organic nanoglobules but might also occur for other polymer materials with similar molecular compositions. It was previously noted that the original composition of the organic nanoglobule is identical to cyanoacrylate (De Gregorio et al. [2010]).
Similarly to TEM electron beam damage, ion beam damage from the FIB extraction of the samples is possible, although such damage is expected to be much smaller (Bassim et al. [2012]). Nevertheless, identical FIB conditions were applied for all the samples in this study, so it is unlikely that spectral differences between the samples could be attributed to the FIB procedure alone.

Terrestrial or extraterrestrial?
At this stage, it is premature to determine whether the category 3 carbonaceous particles we have examined are terrestrial or extraterrestrial. However, the general features of the particles are distinct from typical chondritic or IDP materials, in that they do not show any clear evidence of an extraterrestrial origin (e.g., isotopic anomalies and mineral compositions or textures). For instance, hydrogen isotopic compositions (δD) of insoluble organic matter from ordinary chondrites, which are meteorite groups similar to S-type asteroids, are approximately 2,000 to 5,000‰ (Alexander et al. [2007]). In contrast, the absence of high δD values from any particles of category 3 has lowered the likelihood of asteroidal origin (Ito et al. [2014]). Nonetheless, considering that a number of isotopically normal organics have been reported in IDPs and micrometeorites (e.g., Messenger [2000]; Yabuta et al. [2013]), the extraterrestrial origin cannot be ruled out.
Clear differences in C-XANES spectra between a variety of polymers and the category 3 particles imply that the particles are not associated with fresh/unused synthesized materials or living organisms. However, there is a possibility that some type of nitrogen polymer material used in and around the spacecraft could have been degraded to form the materials seen in these particles. Degradation experiments of possible polymers, as well as the analysis of contamination coupons, will be necessary to further test this possibility. Although the origin of the calcium carbonate grain from RA-afterTEM is unknown, it will be important to check every possible source such as the carbonate filler that may have been used for polymer adhesives or the carbonate-based electrical double layer capacitors used in the Micro/Nano Experimental Robot Vehicle for Asteroid (MINERVA) that rode on the spacecraft.



Conclusions
Two category 3 carbonaceous particles were analyzed by STXM using XANES. The molecular characteristics of the particles are summarized as follows:1)The two carbonaceous particles have molecular features of aromatic/olefinic carbon, heterocyclic nitrogen and/or nitrile, and carboxyl carbon. The coordination of the carbon functional groups is consistent with a chemically heterogeneous organic macromolecule but distinct from industrial or biological ‘fresh’ polymers.

 

2)Various nitrogen functional groups including imine, nitrile, aromatic nitrogen, amide, amine, and pyrrole were identified from one of the particles, as well as ketone groups. In this regard, Vectran and fluoro-rubber contaminants, which do not contain organic nitrogen, can be eliminated as the source of these category 3 particles.

 

3)The C-XANES spectra of the category 3 particles before and after TEM analysis were different, which demonstrates that the carbonaceous materials have electron beam-sensitive molecular structures.

 

4)No fluorine-containing molecular species were detected in the particles. This result indicates that ‘fresh’ fluoro-polymers can be excluded as the possible sources of these two category 3 samples.

 

5)Calcium-XANES spectrum and mapping has identified a calcium carbonate grain from one of the category 3 particles.

 



Although the origin of these two category 3 particles cannot be established at this time, it will be important to continue the chemical characterization of additional category 3 particles as well as model relevant material series and appropriate controls, including witness coupons. The knowledge obtained from these studies will help with the interpretation of samples obtained by Hayabusa 2, the next JAXA sample return mission. Hayabusa 2 is based on the Hayabusa configuration and aims to collect and characterize organic materials from the carbonaceous asteroid (162173) 1999 JU3.
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