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Infrared absorption spectra from organic matter in the asteroid Ryugu samples:
Some unique properties compared to unheated carbonaceous chondrites
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Abstract—-The infrared spectral characteristics of organic-rich acid residues prepared from
Ryugu samples returned by the JAXA Hayabusa2 mission generally match those from
unheated carbonaceous chondrite meteorites, but the residues from Ryugu are richer in
methyl and methylene functional groups and have higher CH,/CHj; ratios. Moreover, two
distinct outlier carbonaceous phases are found; one with spectral characteristics of N-H
functional groups, likely amides, and a second phase containing less nitrogen. Such infrared
characteristics of Ryugu organic matter might indicate the pristine nature of the freshly
collected samples and reflect the near-surface chemistry in the parent asteroid.

INTRODUCTION

Chondrite meteorites preserve information about
primordial building blocks of the solar system. Particularly,
carbonaceous chondrites (CCs) contain organic matter and
hydrated minerals that provided prebiotic organic matter
and water to the early Earth. However, many of the most
well-studied meteorites have been exposed to terrestrial
atmosphere and laboratory environments for a significant
period of time, and thus, the possibilities of degradation
and contamination must be considered (e.g., Martins
et al., 2007). While it is impossible to completely eliminate
the sources of terrestrial organic contamination on sample
return missions from the parent body of meteorites, that
is, the asteroids, organic matter is crucial to answer
fundamental questions about the nature and diversity of the
organic matter at the birth and evolution of our solar
system (Chan et al., 2020). In this regard, direct sampling
from asteroids is a desired opportunity to obtain primitive
samples from C-type asteroids, including geological
context. Surface samples from 162173 Ryugu, a C-type
asteroid were successfully obtained by the Hayabusa2
mission and returned to the Earth on December 6, 2020.
The first and second touchdown samples were separately
stored in chambers A and chamber C, respectively, of the
sample container. The second touchdown samples are
expected to contain the ejecta from the subsurface exposed
by an artificial impact prior to collection (Arakawa
et al., 2020; Tachibana et al., 2022). Preliminary analysis of
the Ryugu samples was conducted by the six Hayabusa2
initial analysis teams (IATs) from June 2021 to May 2022,
after curation and initial description at the Japan
Aerospace Exploration Agency (JAXA). The IATs revealed

[Correction added on 13 Sep 2023, after first online publication:
The email address of the corresponding author was changed.]

the connection between Ryugu samples and CI chondrite
meteorites, but Ryugu samples were more chemically
pristine (Nakamura et al., 2023; Yokoyama et al., 2023).
The organic macromolecule IAT was tasked with
measuring organic functional group, elemental, and
isotopic compositions of organic matter present in Ryugu
particles and organic-rich acid residues extracted from
Ryugu particles, to decipher the nature of the organic
matter and its origin, parent body processing, and
interaction with water and minerals (Yabuta et al., 2023).
Fourier transform infrared (FT-IR) spectroscopy is a
nondestructive technique for detecting functional group
chemistry and structures, which is suitable for both
organic and inorganic compounds. To date, IR absorption
spectra (in transmission mode) have been obtained from
various chondrites (Beck et al., 2010, 2014; Bonal
et al., 2013; Briani et al., 2013; Kebukawa et al., 2019;
Osawa et al., 2005; Quirico et al., 2014, 2018) and other
astromaterials, such as interplanetary dust particles
(IDPs; Brunetto et al., 2011; Flynn et al., 2003; Keller
et al, 2004; Matrajt et al., 2005), micrometeorites
(Battandier et al., 2018; Dartois et al., 2013, 2018), and
cometary dust particles (Sandford et al., 2006, 2010), as
well as for organic residues from acid demineralization, so-
called insoluble organic matter (IOM), from various
chondrites (Alexander et al., 2014; Kebukawa et al., 2011;
Orthous-Daunay et al., 2013; Quirico et al., 2014, 2018).
These IR studies revealed parent body process affecting
both organics and minerals—molecular structure changes
such as loss of aliphatic structures and carbonyls due to
hydrothermal alteration/thermal metamorphism (Alexander
et al., 2014; Kebukawa et al., 2011; Orthous-Daunay
et al., 2013; Quirico et al., 2014, 2018), and evolution of
mineralogy such as level of hydration and Mg numbers
of olivines (e.g., Beck et al., 2010, 2014), as well as
comparison to spectroscopic observations of solar
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system bodies and interstellar medium (e.g., Brunetto
et al., 2011; Mufioz Caro & Dartois, 2009). Here, we report
micro-FT-IR analysis of the acid residues from Ryugu
samples to understand the nature of organic matter in
Ryugu. Complementary results are also presented by
Quirico et al. (under review), and the FT-IR results of
untreated particles are presented by Dartois et al. (2023)
(synchrotron and conventional FT-IR).

METHODS

Acid residues from A0106 and C0107 aggregates,
collected at the first and second touchdown operations,
respectively, were prepared by HF/HCI demineralization
at Hiroshima University (Yabuta et al.,, 2023) after
solvent extraction with hexane, dichloromethane,
methanol, hot water, formic acid, and HCI, by the soluble
organic molecule (SOM) IAT (Naraoka et al., 2023). An
organic-free antigorite (a phyllosilicate mineral) blank
was also subjected to HF/HCI] demineralization at the
same time. An acid residue from the CO0002 grain,
collected at the second touchdown site, was also prepared
separately at Hiroshima University with the same method
described in Yabuta et al. (2023). During drying after
acid treatment, colloid-like floating materials were found,
which were brownish under the microscope and sticky
when handled, and are called “outlier phases” in the text.
It should be noted that the IOM extraction procedures do
not significantly alter the IOM, but slight modifications
might occur for acid labile structures such as amides and
esters (e.g., Cody et al., 2002; Kebukawa et al., 2019).

The acid residues were then transported to Yokohama
National University in clean concavity glass slides. These
acid residues were transferred to chemical vapor deposition
diamond windows, typically 3.5 mm diameter and 0.3 mm
thick, using a stainless steel needle under a binocular
microscope, then pressed between two diamond windows by
hand to flatten the grain surface at an appropriate thickness
to avoid vibrational band saturation as well as to limit
scattering effects in the transmission of irregular grains
during the measurements. After separation of the two
diamond windows, wusually the samples are evenly
distributed on both windows. The sample preparation
processes are conducted under a clean hood, or a clean
bench installed in a clean booth, under clean air filtered by
HEPA filters.

Fourier transform infrared micro-spectroscopy (micro-
FT-IR) measurements were conducted at Yokohama
National University as explained in the methods described
in Yabuta et al. (2023). IR absorption spectra were
collected from each diamond window with a micro-FT-IR
(JASCO FT/IR-6100 + IRT-5200), equipped with a
ceramic IR light source, a germanium-coated KBr beam
splitter, a liquid-nitrogen cooled mercury—cadmium—

telluride (MCT) detector, and x16 Cassegrain mirrors. The
microscope and the FT-IR were continuously purged with
dry N». At each spot, 128 scans of IR transmission spectra
were accumulated with a wave number resolution of
4 cm™' and with a 20 pm x 20 pm aperture. Optical
microscope images with FT-IR analyzed spots are shown
in Figure 1 and Figure S1.

Spectra from these locations are averages of 7-40 spot
measurements; they are baseline-corrected using spline
curves (Figure S2a) and normalized to the highest peak
intensity in each spectrum. For quantitative comparisons, the
peak intensities (heights), /(CHj3), I(CH,), I(C=0), and
I(C=C), were obtained at peak tops between 2970 and
2950 cm™ ! for CH; and 2935 and 2915 cm™! for CH,
after subtracting a linear baseline between 3030 and
2770 cm™ ', and at peak tops between 1740 and 1700 cm ™'
for C=0, and around 1620-1560 cm™! for C=C after
subtracting a linear base between 1780 and 1485 cm™!
(Figure S2b-d). These calculations were performed with
custom software (in Python) after smoothing (simple
moving average of nine points) of each spectrum.

RESULTS
FT-IR Spectra of Acid Residues from Ryugu Particles

Figure 2 shows the average IR absorption spectra
from the acid residues from Ryugu samples A0106,
C0107, and C0002. Individual spectra composing these
averages are presented in Figure S3. Overall, the IR
spectra show variable contributions from two organic
phases—one that is similar to typical IOM from unheated
type 1 and 2 CCs and the other that is an outlier phase
specific to each sample. The spectral characteristics of the
outlier phases from A0106 and CO0107 are similar, but
the C0002 outlier phase shows different characteristic IR
features (details given below). Mixing between
chondritic-like material and the outlier phases was
observed in every analysis region, and no “pure phase”
spectra were found. Differences in IOM between chamber
A and chamber C are not evident in the IR spectra.

Typical IOM-Like Phase

Ryugu IOM with IR spectra dominated by typical
chondritic organic matter appear black under the optical
microscope (Figure 1 and Figure S1). The IR absorption
spectra of this typical IOM-like phase show peaks
at  ~3400 cm~' (OH stretching), 2960 cm~' (CH,
asymmetric stretching), 2930-2925 cm™' (CH, asymmetric
stretching), 2855-2850 cm~ ' (CH; and CH, symmetric
stretching), ~1700 cm™' (carbonyl C=O stretching),
~1600 cm~' (aromatic C=C stretching), and 1460 cm ™'
(aliphatic CH bending) (Figure 2a,b). These are typical of
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FIGURE 1. Optical microscopic images and analyzed areas indicated by squares for selected samples (a) A0106-residue-2, (b) C0107-
residue-13, and (c) C0002-residue. All images are presented in Figure S1. Analysis squares are color coded by the intensity ratios of 1(1660)/
1(1590) for A0106 and C0107, and 1(1510)/1(1590) for C0002 (see the Results section for additional details). Note that the transparent
materials in the A0106-residue-2 (a, spots #14 and #15) do not show IR absorption in the range of 4000-700 cm ~'. These materials are
likely elemental sulfur indigenous to Ryugu samples (Komatsu et al., under review). (Color figure can be viewed at wileyonlinelibrary.com)

IOM from unheated type 1 and 2 CCs (Kebukawa
et al., 2011; Orthous-Daunay et al., 2013; Quirico et al., 2014,
2018). In addition, a peak at 1660 cm~' is observed in all
spectra, which may be assigned to unsaturated ketones/
aldehydes or amides. The peak at 1660 cm ™' is not seen in
the IOM from unheated CCs but sometimes seen in the [OM
from metamorphosed chondrites such as Chainpur (LL3.4)
and Kainsaz (CO3.2) (Kebukawa et al., 2011). However,
these metamorphosed chondrite IOM spectra do not have
intense aliphatic peaks as in Ryugu IOM, and Ryugu did not
experience long-term heating (Bonal et al., under review;
Nakamura et al., 2023; Yokoyama et al., 2023), and thus, we
associate these peaks with the outlier phase. In addition, the
weak absorptions at 3350 and 3180 cm ™' overlapped on the
broad O-H band at ~3300 cm ™ in the IR spectra of residues
from A0106 and C0107 are not found in chondritic IOM and
are similarly assigned to likely N-H stretching contributions
from the outlier phase in these residues.

Peak Intensity Ratios of Typical IOM-like Phase
IR absorption spectra allow quantitative analysis of
each functional group, since they follow the Lambert—

Beer law—the integrated optical depth peak intensity is
proportional to the molar density, the sample thickness,
and the absorption coefficient that is intrinsic to each
functional group. Here, we attempt to do a first-order
analysis using peak height ratios with CH,, CH3;, C=0,
and C=C. Because the uncertainty of sample thickness
and complexity of obtaining the integrated peak intensity
due to overlapping of the peaks, particularly the
1660 cm~' peak which does not appear in typical IOM
from CCs, makes it difficult to compare IOM from
Ryugu and from CCs. Thus, we simply took peak heights
at peak maxima of CH; at ~2960 cm !, CH, at
~2930 cm™!, C=0 at ~1700 cm™', and C=C at
~1600 cm™" after subtracting linear baselines (3030—
2770 cm ™! for CH; and CH,, and 1800-1480 cm ™! for
C=0 and C=C). Although a band integration is
desirable, this simple approach still shows the relative
abundance of each functional group and for a quick
comparison between IR spectra from various
laboratories. Dartois et al. (2023) showed that I(CH,)/I
(CH3) peak intensity ratios were reasonably correlated
with the column density n(CH,)/n(CHj) ratios.

85U8017 SUOWILIOD BAIIER.D 8]qedt|dde ayy Aq peusenob afe sejone VO ‘8sn Jo SN 10} AreiqiT8uluO A8]IM UO (SUONIPUCD-pUe-SIeIAL0D A8 | 1M Afelq 1[BU1|UO//:SANY) SUORIPUOD Pue SWIB | 3U}8eS *[5202/0T/82] Uo AriqiTauliuo Ae|iIMm ‘boy Aisienlun ares euoziy Aq +901T Sdew/TTTT'0T/I0p/u0d A8 |im Aeiq1jpul|uo//Sdny woly papeoumoqd ‘g ‘vZ0Z ‘00TSSYET


https://www.wileyonlinelibrary.com

Infrared absorption spectra from organic matter in the asteroid Ryugu samples 1849

- — C0107-residue-13 average N=8
— A0106-residue-10 average N=17 —— C0107-residue-8 (outlier) average N=15
—_— AO106—res!due—10 (outlle() average N=9 —— C0002-residue average N=31

—— A0106-residue-2 #1 (outlier) average N=8 —— C0002-residue (outlier) average N=40
— A0106-residue-2 #2 (outlier) average N=16 Ivuna IOM (Kebukawa et al. 2011)
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FIGURE 2. IR absorption spectra of acid residues from Ryugu samples (a) A0106, (b) C0107, and C0002 with Ivuna IOM
(Kebukawa et al., 2011) for comparison, and (c) untreated particles of A0106 (with an intense phyllosilicates contribution) for
comparison. Each spectrum is averaged of 7-40 analyzed spots, baseline collected, normalized by the highest peaks, and shifted
for clarity. Peak assignments are shown in Table 1. The peaks at 2360 cm ™' are due to atmospheric CO,. (Color figure can be
viewed at wileyonlinelibrary.com)

Figure 3a shows I(CH,)/I(CH3), I(CHx)/[(C=C), and et al., 2014, Kebukawa et al.,, 2011; Orthous-Daunay
1(C=0)/I(C=C) peak height ratios of Ryugu acid residues et al., 2013). These ratios are summarized in Table SI.
compared with various chondritic IOM (Alexander Note that the literature values of chondrite IOM were
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significantly affected by the methods compared to the

to Ryugu IOM.
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FIGURE 3. (a) I(CH,)/I(CH3), I(CHx)/I(C=C), and I(C=0)/I(C=C) peak height ratios, where /(CHx) = I(CH,) + I(CH3), of
Ryugu acid residues compared with various chondritic IOM. Green, red, and blue bands indicate the ranges of /(CHx)/I(C=C),
I(CH,)/I(CH3), and I(C=0)/I(C=C), respectively, of CI chondrites. Data from: *Kebukawa et al. (2011), **Alexander
et al. (2014), ***QOrthous-Daunay et al. (2013). (b) I(CHx)/I(C=C) ratios versus I(CH,)/I(CH;) ratios. Groups A-D are IR
spectral groups of chondrite IOM as defined by Kebukawa et al. (2011): Group A includes unheated type 1 and 2 CCs, Group B
has slightly heated chondrites, and Groups C and D include moderately heated chondrites. The arrow indicates the alteration/
metamorphism trend. (Color figure can be viewed at wileyonlinelibrary.com)

samples and those of Orthous-Daunay et al. (2013) were
prepared with HF/HCI whereas Kebukawa et al. (2011)
and Alexander et al. (2014) used CsF/HF. This difference
may affect the molecular structures of IOM residues, for
example, CHx/C=C ratios in the IOM obtained from
HF/HCI tend to be higher than these from CsF/HF
(see Ivuna, Murchison, EET 92042, and Semarkona in
Figure 3a). However, the I(CH,)/I(CH3) peak height
ratios of typical IOM-like phase are consistent with the
peak height ratios of intact Ryugu particles reported by
Dartois et al. (2023).

Since Ryugu is most similar petrologically to CI
chondrites (Nakamura et al., 2023; Yokoyama et al.,
2023), it is particularly interesting to find marked
differences in IR peak intensities between Ryugu IOM
and CI IOM. The IOM from Ryugu samples A0106 and
C0107 (except outlier residues) has higher /(CH,)/I(CH3)
and I(CHx)/I(C=C) ratios and lower I(C=0)/I(C=C)
ratios compared to CI IOM. The IOM from C0002
is relatively closer to CI IOM compared to A0106
and C0107. Figure 3b shows I(CH,)/I(CH3) ratios versus
I(CHx)/I(C=C) ratios of the typical IOM-like phase from
Ryugu samples compared with IOM from various
chondrites (Alexander et al., 2014; Kebukawa et al., 2011;
Orthous-Daunay et al.,, 2013). In the case of IOM
from chondrites, the /(CHx)/I(C=C) ratios decrease, and
the /(CH,)/I(CH3) increases with increasing parent body
alteration/metamorphism. Ryugu IOM plots outside
of these trends—both the measured /(CHx)/I(C=C) and
I(CH,)/I(CH3) ratios were higher than those of unheated
type 1 and 2 CCs.

Outlier Phases

Outlier Phase from A0106 and C0107

Analysis regions containing a higher proportion of
the outlier organic phase in samples A0106 and C0107
appear transparent light brown (Figure 1 and Figure S1).
The IR absorption spectra from outlier phases from
A0106 and CO0107 are significantly different from the
typical IOM-like phases (Figure 2 and Figure S3). They
contain characteristic peaks at 3350 and 3180 cm ™!
assigned to N-H stretching modes, along with sharp
peaks at 1660 and 1630 cm™', and weaker peaks at 1465,
1420, and 1410 cm™'. Aliphatic C-H stretching features

at ~2900 cm ™' are similar to typical IOM-like material,
but an aromatic C-H peak at 3005 cm ™' is obvious in
these outlier phases although it is small. A database
search using the Spectral Database for Organic
Compounds (SDBS; https://sdbs.db.aist.go.jp/sdbs/cgi-
bin/direct_frame_top.cgi) provided by the National
Institute of Advanced Industrial Science and Technology
(AIST), Japan, for these additional peak positions
returned matches to aliphatic primary amines, for example,
octanamide (CgH;7NO), myristamide (C;4H»NO), oleamide
(CigH35NO), and cis-11-icosenamide (CyH3oNO). This
result does not mean that the outlier phase from A0106 and
C0107 is comprised of one of these specific compounds, but
rather indicates that the phase shares similar chemical
structures with these compounds. Aside from amino
functional groups, the outlier phase in A0106 and C0107
should also contain aromatic moieties, as observed in the IR
spectra.

Estimation of n(NH2)Ah(CHx) Molar Ratios

We estimated n(NH,)/n(CHx) molar ratios using as a
reference spectrum an aliphatic primary amide—hexanamide.
The A(NH)/A(CHx) peak area ratios of outlier phases from
A0106 and CO0107 were calculated using the band
contributions from N-H stretching modes in the 3560-
3030 cm ' range and in the 29902770 cm™' range for the
C-H stretching modes (Figure 4). The band ratios of
A(NH)/A(CHx) were then converted to n(NH,)/n(CHx)
molar ratios using the 4(NH)/4(CHx) peak area ratio of
hexanamide considering it possesses one NH, for five
CHx (four CH, and one CH3):

n(NHy)/n(CHx) = (1/5) - [4(NH)/4(CH)]
/[A(NH)/A(CHX)]hcxanamidc

The results are shown in Table S1. Assuming that the
outlier phases are aliphatic primary amide-like
compounds, they contain about 14-24 aliphatic carbon
per NH,. Also, in a similar manner to using /(CH,)/I
(CH3) ratios, the n(CH,)/n(CH3) molar ratios can be
estimated to be approximately 9-13, indicating that the
outlier phases contain one or two CHj; per one NH,.
The lack of short-chain amides could be due to loss of
short-chain amides during solvent extraction process by
the SOM IAT conducted prior to our acid treatment.
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FIGURE 4. IR absorption spectra of hexanamide reference
(red) and CO0107-residue-8 (blue). Shadow areas indicate A
(NH) (3560-3030 cm™") and A(CHx) (2990-2770 cm™).
(Color figure can be viewed at wileyonlinelibrary.com)

Soluble amide compounds have not been detected from
Ryugu samples so far (Naraoka et al., 2023). This
calculation focuses on a small set of IR peaks in the entire
spectrum, and the macromolecular residues contain other
functional groups and have more complex molecular
structures. In particular, a small aromatics contribution is
present in the outlier phases as discussed above with an

aromatic C-H peak at ~3005 cm ™.

Outlier Phase from C0002

Analysis regions with a higher proportion of the
outlier phase in sample C0002 appear dark brown
(Figure 1 and Figure S1). The IR absorption spectra from
the outlier phase in C0002 are significantly different
from both the typical IOM-like material and outlier
phase from A0106 and C0107 (Figure 2 and Figure S3).
The outlier phase from C0002 has characteristic peaks at
1510, 1245, 1180, and 830 cm™', with smaller peaks
at 1605, 1460, 1295, 1110, and 1040 cm~' (Table 1).
Aliphatic C-H stretching features at ~2900 cm~!' are
contributed by typical IOM-like phases but with lower
CH,/CHj ratios. The peaks at 1605-1510 cm ™" are in the
range of aromatic C=C stretching, 1460 cm™' is in
the range of aliphatic C—H bending, 1295-1040 cm ™' are
in the range of C-O stretching, and 830 cm ™' is in the
range of aromatic/olefinic C-H bending. Unlike the
outlier phase from A0106 and C0107, a SDBS search did
not provide match results, but the best match compound
is 4'-methoxyacetophenone (Scheme 1). This database
match indicates that the outlier phase in C0002 likely
contains a combination of phenyl, methyl, methylene,
ether, and ketone groups.

This distribution of functional groups is similar to
that of the “Aromatic” organic grains observed in both

Ryugu untreated particles and IOM in carbon X-ray
absorption near-edge structure (C-XANES) spectra
(Yabuta et al., 2023). The XANES spectra of these grains
contain an uncharacteristically narrow aromatic peak at
285 eV relative to other organic matter in the Ryugu
samples, along with a broad absorption between 288 and
289 eV consistent with abundant aliphatic bonding. Such
C-XANES features are not seen in CCs and indicate small
aromatic domains substituted and bridged with carboxyl
and aliphatic functional groups (Yabuta et al., 2023).

Distributions of Outlier Phases

The characteristic peaks of both chondritic IOM-like
phases and the outlier phases can be used to estimate their
relative abundances in each analysis region. Thus, we took
peak height ratios of (1660 cm™')/I(1590 cm™") for
samples A0106 and C0107 and 7(1510 cm™")/1(1590 cm ™)
for sample C0002, where 1590 cm™' is the C=C peak
position in IOM-like phases. The color scales shown in
Figure 1 and Figure S1 indicate the peak height ratios of /
(1660 cm™")/1(1590 cm™") in A0106 and C0107 samples
and I(1510 cm™1)/I(1590 cm™') in C0002 samples. The
peak height ratios are listed in Table S1. Overall, outlier
phases show brighter colors in optical images, although
appearance under the optical microscope also depends on
sample thickness. However, transparent phases do not
show IR absorption bands in the range of 4000-700 cm '
(Figure 1 and Figure S3).

Comparison of FT-IR Spectra of Acid Residues and
Untreated Ryugu Particles

IR absorption spectra from untreated particles from
A0106 (Figure 2c) show similar spectral features to the
IR spectra from typical Ryugu untreated particles which
are consistent with CI chondrites (Dartois et al., 2023;
Yabuta et al.,, 2023). Because of the relatively small
amount of outlier phases compared to typical IOM-like
phases, it is reasonable that they are not seen in the IR
spectra of the untreated sample. Although there are no
N-H peaks in our untreated Ryugu analyzed samples, N-
H absorption bands were previously reported from
reflectance IR measurements of a few N-rich untreated
Ryugu particles by two individual instruments at JAXA
Curation (Pilorget et al., 2022; Yada et al., 2022). Based
on X-ray diffraction, Viennet et al. (2023) suggested that
organics trapped within the interlayer space of smectite
might explain the N-H peaks in the IR spectra of Ryugu
samples. Yada et al. (2022) showed peaks at 3.1 pm
(3226 cm™ "), while Pilorget et al. (2022) showed a peak at
3.06 pm (3268 cm™ ') with a weaker peak at 3.24 pm
(3086 cm ™). The differences in peak positions between
Ryugu residues observed in this study and untreated
particles observed by the curation team might be
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TABLE 1. Assignments of the IR features in the Ryugu acid residues.

Typical IOM-like

phases Outlier phases Untreated
Wave number (cm~')  Implied functional group A0106&C0107  C0002  A0106&C0107  C0002  A0106
3685 OH inorganic ++
~3400-3300 O-H stretching, organic/water + + + ++
3350 N-H stretching + ++
3180 N-H stretching + ++
3005 C-H stretching, aromatic/olefinic + +
2960 CHj; asymmetric stretching + + + ++ +
2930-2925 CH, asymmetric stretching ++ ++ ++ ++ +
2855-2850 CH; and CH, symmetric stretching  ++ ++ ++ ++ +
~1700 C=0 stretching ++ + + +
1660 C=O0 stretching ++ + ++ +
1635 Aromatic C=C stretching ++ ++
1605 Aromatic C=C stretching ++
~1590 Aromatic C=C stretching ++ ++ ++ + +
1510 Aromatic C=C stretching ++ ++
1460 Aliphatic C-H bending ++ ++ ++ ++
~1450 Carbonates ++
1420-1410 Aliphatic C-H bending + ++ +
1375 Aliphatic C-H bending + ++ + +
1295 C-O stretching ++
1245 C-O stretching ++ ++
1180 C-O stretching + ++
1110 C-O stretching ++
~1000 Si-O stretching ++
1040-1020 C-O stretching + ++ + ++
830 C-H bending, aromatic/olefinic + ++

Note: ++, strong; +, minor.

CHj

H,C o)

SCHEME 1. 4'-methoxyacetophenone (4-acetylanisole).

attributed to alteration of N-H-bearing phases during the
acid treatment, since the N-H containing functional
groups are likely susceptible to acids, although we cannot
fully exclude the possibility of alteration by solvents
during SOM extraction.

DISCUSSION
Possible Sources of Outlier Phases

Here, we consider various sources of potential
organic contaminations to explain the presence of outlier
phases in the Ryugu IOM residues. The antigorite blank
prepared by acid treatments at the same time with
A0106 and C0107 contains no residual organic matter. In

addition, outlier IR spectra have not been observed
in CCs, but are ubiquitously found in Ryugu samples
A0106, CO0107, and CO0002. It is also worth noting
that presolar SiC grains were found embedded in the
outlier phase (Barosch et al., 2022), supporting that
the indigenous nature of the outlier phase. Thus, we can
exclude the possibility of contamination during acid IOM
extraction treatment and IR measurement procedures.

The sampling from Ryugu used projectiles with
explosives to collect the samples into the sampler horn
(Sawada et al.,, 2017). FT-IR spectra from possible
projectiles and explosives contaminants (Ito et al., 2021;
Takano et al., 2020) do not match with the outlier phases
(Figure 5). Some likely artificial organic particles were
found in the Hayabusa sample container (Uesugi
et al., 2014; Yada et al., 2014). The IR spectra of these
particles (Kitajima et al., 2015) also do not match with
the outlier phases reported here. Thus, these outlier
phases in our Ryugu samples were not introduced during
sampling at Ryugu by the Hayabusa2 spacecraft.

In the case of the outlier phases from A0106 and
C0107, aliphatic amide compounds may imply compounds
used in cell membranes, such as ceramides. Human skin
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FIGURE 5. IR absorption spectra of possible contaminations compared to the outlier phases from Ryugu acid residues for (a)
3800-2500 cm ™! and (b) 2000700 cm ' regions. (Color figure can be viewed at wileyonlinelibrary.com)

could be a possible contamination source during sample
handling procedures. Considering that amide bonds are
hydrolyzed by acids, a human skin sample was treated
with HF/HCI, then subjected to FT-IR analysis. The IR
absorption spectrum of HF/HCl-treated human skin is
compared to Ryugu outlier acid residues (Figure 5). The
characteristic peaks at 1540 and 3280 cm ™' in the human
skin are missing in the spectra of the outlier phases from
A0106 and CO0107, although a bimodal peak at
~1650 cm ™' is common in both the human skin and the
outlier phases.

In the case of the outlier phase in C0002, the best match
compound from the database is 4’-methoxyacetophenone (4-
acetylanisole), which is used as a perfume and flavoring
ingredient. Our clean sample processing protocols eliminate
the likelihood that a perfume/flavoring ingredient
contaminated our Ryugu samples pervasively at a detectable
level.

Differences Between Ryugu and Unheated Type 1 and 2
CCs

Ryugu IOM falls outside of the aliphatic peak intensity
trends for unheated type 1 and 2 CCs, as both /(CH,)//
(CH3) ratios and I(CHx)/I(C=C) ratios measured are
higher, particularly in the case of A0106 and C0107

(Figure 3). The C0002 IOM falls closer to the unheated
type 1 and 2 CCs, particularly similar to the IOM from
Orthous-Daunay et al. (2013) which was prepared by
the HF/HCI method used here, but has slightly higher 7
(CHXx)/I(C=C) ratios. In contrast, C=0/C=C ratios of
Ryugu IOM are similar to unheated chondrites.
Increases in the CH,/CHj; ratios are usually attributed
to thermal processing (Kebukawa et al., 2011; Orthous-
Daunay et al., 2013; Quirico et al., 2018), but Raman
spectra of Ryugu untreated particles exclude the
possibility of heating, with the possible exception of a
few rare particles (Bonal et al., under review; Komatsu
et al., under review), and the higher CHx/C=C ratios
also suggest an unheated nature. High CH,/CHj; ratios
have also been reported in primitive IDPs and
considered as reflecting less altered nature of such IDPs
compared to chondrites (Flynn et al., 2003, 2008). The
high I(CH,)/I(CH5) ratios of A0106 and C0107 could
be due to some contributions of the outlier phases,
since these phases from AO0106 and CO0107 have
obviously high [I(CH,)/I(CH;) ratios (Figure 2a),
although the plot of I(CH,)/I(CH;3) versus I[(CHx)/I
(C=C) ratios in Figure 3b excluded the outlier phases.
The high I(CHx)/I(C=C) ratios of Ryugu IOM may
imply (1) intrinsic differences in nature, origin/
evolutional history of Ryugu IOM, and/or (2) less
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SCHEME 2. Amides production from carboxylic acids and ammonia or amines.

terrestrial residential time and thus a higher degree of
preservation when compared to the previously
measured unheated CCs. Yokoyama et al. (2023)
suggested that the organic matter in CI chondrites
would be affected by oxidation. Oxidative degradation
of organic matter in CCs may lead to loss of hydrogen
as seen in terrestrial sedimental organic matter (e.g.,
Ganz & Kalkreuth, 1991; Hutton et al., 1994). Thus,
IOM from unheated CCs might originally have higher
CHx/C=C ratios. Orgueil fell in 1864 and Ivuna in
1938, so long-term exposures to terrestrial
environments may slowly decrease aliphatic moieties.
Meanwhile, Quirico et al. (under review) reported FT-
IR data for different IOM residues from Ryugu
and found that they were generally consistent with CI
chondrites, with some heterogeneities, and did not find
outlier phases. Such differences could be attributed to
the small sample amount used in Quirico et al., and the
differences in SOM and IOM extraction procedures—
A0106 and C0107 were subjected to comprehensive
SOM extraction, but sample heterogeneities cannot be
ruled out.

An important point to consider in comparing Ryugu
samples to CCs is the potential difference between the
sampling depth from the parent bodies. Ryugu particles
were sampled at the surface; ~50% were taken from
<1.5 mm from the surface (also possibly including some
subsurface materials from ~1 m in depth for the chamber
C sample; Tachibana et al., 2022). However, material
within tens of centimeter of a meteoroid’s surface would
have been lost during atmospheric entry (Velbel &
Zolensky, 2021); thus, CCs are expected to come from
deeper, at least several centimeters, in their parent bodies.
Thus, the organic matter in Ryugu samples might have
experienced different chemical processing histories
compared to the organic matter recorded in CCs fallen on
Earth. Surface processes include the effects of UV
photons and energetic particles (galactic and solar cosmic
rays). UV and solar wind penetrate only a few tens to
hundred nanometers, whereas solar energetic particles
(H") can penetrate to >100 pm, and even up to tens of
centimeter for the less abundant galactic cosmic rays
depending on their energy (Bennett et al., 2013).
Micrometeorite impacts may have also delivered locally
large energy input at the surface of Ryugu. Some Ryugu

particles have surfaces with molten features and/or with
melt splashes, most likely formed by micrometeoroid
bombardment (Noguchi et al., 2023). Long-term
irradiation of porous surface materials may induce
enough alteration of organics of the Ryugu samples.
However, UV and energetic particles likely induce loss of
hydrogen and increase (or does not change) C=C bonds
(Mufioz Caro et al.,, 2006; Ogmen & Duley, 1988;
Orthous-Daunay et al., 2019). Thus, the effects of such
irradiations do not explain the high aliphatic/aromatic
ratios in Ryugu samples, unless such energetic processes
would mobilize highly aliphatic SOM to convert it to
macromolecular [OM.

Formation of Amides at the Surface of Asteroids

Amide compounds can be synthesized by dehydration
of carboxylic acids with ammonia or amines (Scheme 2).
At the near surfaces of asteroids, sublimation of ice
containing carboxylic acids and amines (or amine salts)
could produce residues of amides. Or, if amines are not
very abundant, fluids containing carboxylic acids and
ammonia could produce ammonium carboxylates at the
interior of asteroids. At the near surface of asteroids,
ammonia and amines may exist in phyllosilicates and/or
as salts, as observed in dwarf planet 1 Ceres (De Sanctis
et al., 2015) and comet 26P/Grigg—Skjellerup (Altwegg
et al., 2020). Furthermore, Poch et al. (2020) showed that
ammonium salts, such as ammonium formate, matched
well with the spectra of the surface of nucleus of comet
67P/Churyumov-Gerasimenko, as well as some asteroids.
It is plausible that ammonia was abundant in Ryugu
since COj-bearing fluid inclusions in Ryugu suggest
that Ryugu’s parent asteroid originally formed in the
outer solar system before moving to the current orbit
(Nakamura et al., 2023). Evidence of N-bearing organic
compounds was also found in these fluid inclusions
(Nakamura et al., 2023). As the fluid moved from the
interior to the subsurface of the asteroid, water would
have been lost through evaporation, but amide compounds
may have remained. Aliphatic amines (likely in the form of
salts) and carboxylic acids were detected in the Ryugu
A0106 sample, but the abundances were smaller than those
reported in the Murchison meteorite (Naraoka et al., 2023).
The depletion of amines and carboxylic acids in Ryugu
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might be explained by the consumption of these molecules
by the formation of amides. It is worth noting that amide
compounds were abundantly produced from laboratory
irradiation experiments on icy dust particles simulating
interstellar or cometary dust (e.g., Briggs et al., 1992).

CONCLUSIONS

The FT-IR absorption spectra of acid residues from
Ryugu samples show mainly three different phases: (1)
similar to typical IOM from unheated CCs, (2) outlier
phases with characteristic N-bearing bands, and (3) outlier
phases with no clear N-related features. The typical IOM-
like phases do not show signatures of heating (either short-
or long-term heating) and have higher aliphatic/aromatic
ratios and CH,/CHj; ratios compared to IOM from
unheated CCs. Such characteristics could be due to the
freshness of the Ryugu sample compared to CCs with
longer terrestrial residential periods, but one cannot
exclude the possibility of contributions from outlier phases
with high CH,/CHj; ratios. The N-bearing outlier phases
were found in both A0106 and C0107, and likely contain
amide functional groups. These phases might be the results
of near-surface processes of Ryugu, but more studies are
required to elucidate their origin. The other outlier phases
were only found in C0002, and contain phenyl, methyl,
methylene, ether, and ketone functional groups, but the
detailed nature is not well identified.
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