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Abstract-Using high-resolution atomic force microscopy (AFM) with CO-functionalized
tips, we atomically resolved individual molecules from Murchison meteorite samples. We
analyzed powdered Murchison meteorite material directly, as well as processed extracts that
we prepared to facilitate characterization by AFM. From the untreated Murchison sample,
we resolved very few molecules, as the sample contained mostly small molecules that could
not be identified by AFM. By contrast, using a procedure based on several trituration and
extraction steps with organic solvents, we isolated a fraction enriched in larger organic
compounds. The treatment increased the fraction of molecules that could be resolved by
AFM, allowing us to identify organic constituents and molecular moieties, such as
polycyclic aromatic hydrocarbons and aliphatic chains. The AFM measurements are
complemented by high-resolution mass spectrometry analysis of Murchison fractions. We
provide a proof of principle that AFM can be used to image and identify individual organic
molecules from meteorites and propose a method for extracting and preparing meteorite
samples for their investigation by AFM. We discuss the challenges and prospects of this
approach to study extraterrestrial samples based on single-molecule identification.

INTRODUCTION

Meteorites are key samples from which one can
obtain clues on the origin of the solar system.
Carbonaceous chondrites are among the most primitive
solar system materials available, with many having
experienced minimal alteration since their formation
(Brearley, 2006). While the mineral phases of these

meteorites provide information on the alteration history
of their parent bodies, their organic matter, representing
up to 5% of their weight (Glavin et al., 2018; Pearson
et al., 2006; Pizzarello et al., 2006), gives invaluable
information on the organic content that could have
been delivered to the early Earth. This organic matter
can be divided into two fractions: soluble organic
matter (SOM), which represents up to 25% of the
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Meteoritic molecules resolved by AFM

organic content, and the dominant insoluble organic
matter (IOM) fraction, which contains the balance of
organic carbon (Alexander et al., 2007, Cody &
Alexander, 2005; Sephton, 2002).

The SOM is generally recovered by washing
meteorite powders with ultrapure water, aqueous acidic
or basic solutions, or organic solvents, typically at

elevated temperatures. The extracts are then
characterized with various analytical methods. For
example, targeted analyses with chromatography

techniques coupled to mass spectrometry have identified
a wide variety of organic molecules (Pizzarello et al.,
2006), including amino acids (e.g., Elsila et al., 2016),
carboxylic and dicarboxylic acids (aromatic and
aliphatic; Huang et al., 2005; Pizzarello & Huang, 2002;
Pizzarello et al., 2001), nucleobases (Callahan et al.,
2011), sugars (Cooper et al., 2001; Furukawa et al.,
2019), aliphatic and aromatic hydrocarbons (e.g., Elsila
et al., 2005; Sephton, 2002; Sephton et al., 2001),
aliphatic amines (Aponte et al., 2014), aliphatic
hydroxycarboxylic acids (Aponte et al., 2020), aldehydes
and ketones (Aponte et al., 2019; Simkus et al., 2019),
and a host of other classes of compounds (see Glavin
et al. 2018) and references therein for a recent review).
A range of polycyclic aromatic hydrocarbons (PAHs)
have also been identified, showing the vast chemical
diversity present in such objects (Sephton, 2002). This
molecular diversity has been further revealed by the
analysis of SOM extracts with a high-resolution mass
spectrometry apparatus in 2010 (Schmitt-Kopplin et al.,
2010). One of the most studied meteorites is the
carbonaceous chondrite Murchison that fell in Australia
in 1969 near Murchison, Victoria. After extraction of
Murchison meteorite powders with several organic
solvents, analysis by direct infusion Fourier transform
ion cylcotron resonance mass spectrometry (FTICR-
MS) via electrospray ionization revealed unique mass
species representing more than 14,000 molecular
formulas. Assuming typical known isomerism among
organic species, it was suggested that these compounds
with unique formulas could represent an order of
magnitude greater number of individual unique isomers
(Schmitt-Kopplin et al., 2010), a finding supported by
the work of Ruf et al. (2019). The molecular diversity
observed in meteoritic SOM is only rivalled on Earth by
degraded organic material such as natural dissolved
organic matter and crude petroleum (Schmitt-Kopplin
et al., 2019). Because of their molecular diversity and
the presence of molecules of biological interest (e.g.,
amino acids, sugars, and nucleobases), meteorite
organics have been considered a potentially important
reservoir of prebiotic organic material on early Earth
(Chyba et al., 1990; Oré, 1961; Pizzarello, 2007,
Sandford et al., 2020).
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The isolation of the IOM fraction from meteorites
requires a chemical treatment stronger than that for the
soluble fraction, including a demineralization step. Due
to the IOM fraction’s insolubility, different analytical
techniques are used for its study (Alexander et al., 1998,
2017; Cody & Alexander, 2005). IOM is suggested to
consist of aggregates of macromolecules composed of
small condensed aromatic units linked by aliphatic
bridges, including a small fraction of heteroatoms
(Cody & Alexander, 2005; Derenne & Robert, 2010;
Remusat et al., 2005) and fractions of small
polyaromatic moieties with masses ranging from 200 to
1000 Da (Danger et al., 2020).

Atomic force microscopy (AFM) could complement
analyses of meteorite organic matter, and other samples
of extraterrestrial origin, by resolving the actual
structures of single organic molecules within the overall
molecular population.

Recently, high-resolution noncontact AFM with
CO-functionalized tips (Gross et al., 2009) was used to
study complex molecular mixtures on the basis of
atomically resolving single molecules (Commodo et al.,
2019; de Oteyza et al., 2013; Fatayer et al., 2018;
Schuler, Fatayer, et al., 2017; Schuler, Meyer, et al.,
2015; Schulz et al., 2021), and this technique has been
employed to identify a priori unknown molecules
(Gross et al., 2010, Hanssen et al., 2012; Schuler,
Meyer, et al., 2015). Obtaining atomic resolution and
identifying individual compounds by AFM effectively
complements the information obtained using nuclear
magnetic resonance (NMR), gas chromatography, and
FTICR-MS on complex heterogeneous mixtures of
molecules (Schuler, Fatayer, et al., 2017).

Although a direct quantification 1is almost
impossible with AFM, it can complement the
established techniques. Noncontact AFM can detect
and resolve very rare species in samples, facilitated by
its single-molecule sensitivity. Furthermore, AFM can
assist isomer-specific structure identification of proton-
poor compounds, which are challenging to resolve by
MS and NMR (see Gross et al., 2010; Hanssen et al.,
2012).

In the context of astrophysics, laboratory analogs
of interstellar organic material (Martinez et al., 2020;
Santoro et al., 2020) and analogs of Titan’s haze
(Schulz et al., 2021) have been studied previously by
AFM. However, samples of extraterrestrial origin have
not been atomically resolved by noncontact AFM to
date. Here, we attempted to study molecules from the
Murchison meteorite using noncontact AFM to explore
the prospects of this method to investigate samples from
meteorites or other samples of extraterrestrial origin, for
example, samples recovered by extraterrestrial sample
return missions.
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EXPERIMENT

One challenge of studying organic compounds from
meteorites is the limited availability of sample material.
The amount of meteorite material is finite; the organic
components comprise only a small fraction of the
sample mass, and the SOM is only a fraction of the
organic material. Although noncontact AFM resolves
single molecules, organic material in the order of 0.1 mg
is required (and consumed) to prepare a sample for its
AFM investigation in our experimental setup (Schuler,
Mohn, et al., 2015).

To obtain atomic resolution of the molecules, we
use noncontact AFM in the frequency-modulation
mode (Albrecht et al.,, 1991), abbreviated as AFM
hereafter. We image the molecules in constant height
mode, scanning the tip along a plane parallel to the
surface, above the molecule with a CO-functionalized
tip (Gross et al.,, 2009). The CO functionalization
provides atomic resolution because of its inertness,
allowing us to probe repulsive forces above the
molecules. In addition, relaxations of the CO at the
tip enhance the contrast (Gross et al., 2012; Hapala
et al.,, 2014). The AFM images show a map of the
frequency shift of the oscillating cantilever. The
molecular structure reveals itself as a Dbright
modulation due to repulsive forces, on top of a dark
background due to attractive forces (Gross et al.,
2009). The repulsive contrast above atoms and bonds,
which  reveals the molecular structure, is a
consequence of Pauli repulsion between the CO
molecule at the tip and regions of increased electron
density of the imaged molecule (Moll et al., 2010).
Molecular structures and moieties can often be
assigned by comparison with AFM measurements of
known model compounds. For most structures, several
images at different tip heights were obtained to
facilitate the structural assignment with high
confidence (see supporting information).

AFM is best suited to image and identify the
structure of relatively planar molecules (Gross et al.,
2018; Schuler, Meyer, et al., 2015; Schuler et al.,
2020). As a result of the preparation method, in which
the molecules are sublimed onto the sample in ultra-
high vacuum (UHV) by resistive flash heating from a
piece of oxidized silicon wafer (Schuler, Meyer, et al.,
2015; Schuler et al., 2020), large and fragile molecules
tend to fragment before they sublime. The flash
heating technique enhances volatility by favoring
sublimation and suppressing competitive fragmentation
(Beuhler et al.,, 1974; Rapenne etal., 2006).
Fragmentation typically becomes an issue for
molecular weights exceeding 700 Da (Schuler, Meyer,
et al., 2015; Schuler et al., 2020). Control experiments
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for several aliphatic compounds, featuring aliphatic
PAH groups and aliphatic chains, showed that they
are not dehydrogenated by the flash heating deposition
(Schuler, Zhang, et al., 2017).

The limitation to planar systems stems from the
extreme surface sensitivity of the AFM imaging
technique. The atomic contrast obtained by AFM is
related to Pauli repulsion (Moll et al., 2010) and
therefore is extremely short ranged, resolving only the
topmost layer of atoms of a surface or a molecule.
Because of this, nonplanar molecules are challenging to
identify and require special data acquisition modes
(Albrecht et al., 2015; Gross et al.,, 2010; Martin-
Jimenez et al., 2019; Mohn et al., 2011; Moreno et al.,
2015). In addition, some molecules, mainly small ones,
have a low diffusion barrier on the surface, and they are
often displaced by the AFM tip when attempting to
resolve them with atomic resolution.

AFM provides some elemental sensitivity in planar
molecules, established by investigating known model
compounds (Gross et al., 2010; Moll et al., 2012;
Schuler et al., 2013; Schulz et al., 2018, 2021; Van Der
Heijden et al., 2016; Zahl & Zhang, 2019). Typically,
N heteroatoms result in slightly fainter (less repulsive)
contrast compared to C atoms (Schulz et al., 2018,
2021; Van Der Heijden et al., 2016; Zahl & Zhang,
2019), whereas O atoms show an attractive contrast
that can be explained by the electron density decaying
more rapidly with distance (dark in AFM images that
show atomic contrast of the PAH molecular core)
compared to C and N atoms (Gross et al., 2010; Moll
et al., 2012; Pavlicek et al., 2017; Schuler et al., 2013).
S atoms, due to their larger Van der Waals radius
exhibit greater repulsion, setting in at a larger tip
height compared to N, C, and O (Zahl & Zhang,
2019). In addition, several nonplanar moieties, such as
CH, groups (Schuler et al., 2013; Schuler, Zhang,
et al., 2017), methyl groups (Commodo et al., 2019;
Schuler, Meyer, et al., 2015), aliphatic chains (Schuler,
Zhang, et al., 2017), and methoxy moieties (Hanssen
et al., 2012) can be assigned by comparison with
previously measured compounds.

For complex molecular mixtures studied previously
in the field of petroleum chemistry, the comparison
of AFMe-identified molecular structures with high-
resolution mass spectrometry data confirmed the
representativeness of the AFM measurements (Schuler,
Fatayer, et al., 2017; Zhang et al., 2018).

RESULTS
We first prepared a sample by putting ground,

unprocessed material (UM) of Murchison on a Si wafer
and subliming it onto a Cu(l11) surface that was
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Fig. 1. Unprocessed Murchison (UM) meteorite sample investigated by AFM, prepared on Cu(l111) partly covered by NaCl
islands. a) Constant current STM overview; sample voltage V' = 0.5 V, tunneling current / = 1 pA. b-h) Constant height high-
resolution AFM measurements with a CO tip of individual molecules of the unprocessed Murchison sample (UM1-UM?7). For
molecules UM3-UM?7 (e-h), the raw data (respective left panels), corresponding Laplace filtered, i.e., high-pass filtered, image
(respective center panels) and proposed structure (respective right panels) are shown, where R denotes unassigned moieties. (b)
and (c) are exemplary images of small molecules. (d) to (h) are images of larger molecules. The scale bars in (b) to (h)
correspond to 0.5 nm. (Color figure can be viewed at wileyonlinelibrary.com.)

partially covered by (100)-oriented NaCl islands of two
and three monolayer (ML) thickness. The NaCl islands
were prepared to facilitate CO functionalization of the
tip. Figure la shows an overview of the surface
prepared in this manner obtained by scanning tunneling
microscopy (STM). Most of the adsorbates imaged by
AFM and STM exhibit lateral dimensions of <l nm,
which we define in the context of this study as “small
molecules.” These small molecules could not be
identified by AFM. Often, when trying to obtain atomic
resolution of such small molecules, they get displaced by
the tip during imaging (see, e.g., Fig. 1b). If stable
imaging was possible, the small molecules were typically
resolved as features that could not be assigned (see, e.g.,
Fig. 1c).

Some comparably larger molecules are also
observed in the UM fraction (Fig. 1a, labelled “larger
molecules”). We could obtain atomic resolution on
some of the larger molecules by AFM, as shown in
Figs. 1d-h. The proposed structures for such molecules
are shown in Fig. 1. We resolved molecules featuring
two (UM4 and UMS, Figs. le and 1f) and one (UM7,
Fig. 1h) carbon rings. In addition, we observed
molecules that contained aliphatic -(CH),- chains
(UM3 and UMG6, Figs. 1d and 1g) and methyl groups
(UM7, Fig. 1h) assigned by comparison with
previously resolved model compounds (Commodo
et al., 2019; Schuler, Meyer, et al., 2015; Schuler,
Zhang, et al., 2017). In Fig. 1d, the left part of the
molecule could not be assigned unambiguously because

of its nonplanarity. This part probably corresponds to
an aliphatic chain in a twisted conformation (Schuler,
Zhang, et al, 2017). Small NaCl islands are
distinguished from molecules by high-resolution AFM
images (Schuler et al., 2016).

Some of the larger molecules were also too mobile
to be resolved. As a trend, however, with exceptions,
the adsorption energy increases and the on-surface
mobility decreases with increasing size of molecules. The
on-surface diffusion barrier and thus the mobility of
molecules depend on the exact structure of the molecule
and the surface. During our measurements, small
molecules were often picked up by the tip, which
required the preparation of a clean and stable tip before
measurements could be continued. The frequent tip
degradations caused by the small molecules made the
investigation of this sample tedious, time consuming,
and challenging.

We attempted to extract a fraction of the meteorite
sample that contained an increased ratio of molecules
that can be resolved by AFM, and fewer of the small
molecules that cause tip degradation. To that end, we
treated a fraction of the UM with a sequence of
trituration and extraction procedures using organic
solvents. First, we performed consecutive trituration
steps of the solid sample employing methanol, hexane,
and dichloromethane to remove most of the small
molecules detected in the UM sample. In each step, the
sample was sonicated for 2 min before centrifugation of
the suspension and decantation of the solvent. The


www.wileyonlinelibrary.com

648 K. Kaiser et al.

Fig. 2. Extracted Murchison (EM) meteorite sample, prepared on Ag(111) partly covered by NaCl islands. a) Constant current
STM overview; V' = 0.4 V, I = 1 pA. b-i) High-resolution measurements with a CO tip on all the individual molecules labelled in
(a). For molecules (b) to (e), both STM (left panels) and AFM (right panels) data are shown (EM1, EM9, EM18, EM19).
Molecules labelled (f) to (i) were too mobile to be resolved and only STM measurements are shown (EM20-EM23).

resulting solid was then extracted in chlorobenzene in a
Soxhlet apparatus for 20 h. Finally, the chlorobenzene
solution and the residual solid (RM) were separated,
and the solution was concentrated under reduced
pressure to obtain the extracted Murchison (EM)
meteorite sample.

For AFM analysis, about 0.5 mg of the extracted
EM fraction was sublimed in front of a Ag(111) single
crystal partially covered by bilayer (100)-oriented NaCl
islands. Note that here we used a single Ag crystal, but
we do not expect that changing the sample from Cu
(111) to Ag(111) affected the results concerning the
structures of the observed molecules.

An STM overview image of the sample prepared
with the EM fraction is shown in Fig. 2a. We observed
that, compared to the sample prepared from the
unprocessed material, the fraction of larger molecules
increased and that of smaller molecules decreased
significantly. For UM, we observed a ratio of large to
small molecules in the order of 1073 to 1072, while for
EM, this ratio was in the order of 10! to 1. To obtain
these ratios, we roughly estimated the number of small
molecules (with lateral dimensions of <l nm) and
counted the number of larger molecules (>1 nm) in
STM overview images, such as the ones shown in
Figs. 1a and 2a.

Figures 2b—i show high-resolution images of all the
larger molecules marked in Fig. 2a, providing an
unbiased random sample of the molecules prepared on
the surface. Among these molecules, we resolved a PAH
with four rings (EMI1, Fig. 2b) and an aliphatic chain
(EM9, Fig. 2¢). Molecule EM18 (Fig. 2d) probably also
features an aliphatic chain, as indicated by the STM

measurement; however, we could not approach the
molecule with the tip close enough to resolve it.
Molecule EM19 could not be resolved because it was
too nonplanar (see Fig. 2e). Four of the eight molecules
were too mobile and were displaced when attempting
atomically resolved imaging (EM20-EM23, Figs. 2f-g),
similar to the small molecules that were predominant in
the UM sample.

Figure 3 shows molecules from the EM fraction
that could partly be resolved by AFM, together with
proposed structures. We assigned PAHs with four
rings exhibiting a backbone of 2,3-benzocarbazole
(EM1, Fig. 3a), pyrene (EM2 and EM4, Figs. 3b and
3d), and benz[a]Janthracene (EM3, Fig. 3c). The
nitrogen heteroatom in EMI1 (Fig. 3a) is tentatively
assigned because of its slightly smaller Af contrast
compared to C atoms (Schulz et al., 2018, 2021; Van
Der Heijden et al., 2016; Zahl & Zhang, 2019). We
assign the bright features in Fig. 3c in the lower right
side of the image and in Fig. 3e on the upper part of
the image, to small adsorbates that are not covalently
bonded to the EM3 and EMS5, because of their
apparent distance to EM3 and EMSY, respectively. The
dark contrast of the bottom right ring of EM4 might
indicate that EM4 could be a substituted pyrene
(compare with the unsubstituted pyrene EM2). We
tentatively relate the contrast of that ring to an
unknown side group attached to that ring. We
identified trans-stilbene (EMS5, Fig. 3e), which contains
two phenyl groups linked with an ethylene bridge; see
supporting information for AFM simulations. Several
molecules contained one carbon ring, with either one
or two side groups attached to it; see Fig. 3f (EMO),
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Fig. 3. Extracted Murchison sample, constant height AFM measurements with a CO tip of individual molecules. For EM1-
EM12 (a-1) a proposed structure is shown, where R denotes unassigned moieties. EM13-EM16 (m—p) consist mainly of chains
and structure assignment was not possible with reasonable confidence. For all molecules AFM raw data (respective left panels)
and the corresponding Laplace filtered, i.e., high-pass filtered, images (respective right panels) are shown. All scale bars

correspond to 0.5 nm.

and Figs. 3g and 3h (EM7, EMS), respectively. For the
molecules in Figs. 3f~h and UM7 in Fig. 1h, we
tentatively assigned those side groups to methyl groups
by comparison with imaged model compounds
(Commodo et al., 2019; Schuler et al., 2015; Zahl &
Zhang, 2019). In addition, we found several molecules
which we assign as aliphatic chains (Schuler, Zhang,
et al., 2017), shown in Figs. 3i—o (EM9-EM15). Often,
these chains featured nonplanar moieties that we could
not assign (EM11-EM 16, Figs. 3k—p). The end groups
of the aliphatic chains in Figs. 3i—k denoted as R;, R,
and Rj are likely CH3 groups and the end groups in
Fig. 31 are likely aliphatic hexagonal carbon rings. For
these molecules, measurements of known model
compounds, i.c., aliphatic chains with such end groups,

could corroborate the structural assignment in the
future. Some molecules were too nonplanar to be
resolved, for example, EM16, and those were often of
comparably large size.

To complement our AFM analysis, we conducted
LDI-FTICR-MS (laser desorption ionization Fourier
transform ion cyclotron resonance mass spectrometry)
on EM and on the RM. The obtained spectra are
shown in Fig. 4. In both analyses, a multitude of signals
was detected, highlighting the complexity of each
fraction. It can be observed that the distribution of EM
is shifted to higher masses compared to the RM
spectrum. A zoom-in between m/z 265.0 and m/z 265.3
(insets in Fig. 4) reveals significant differences in the
chemical compositions of the two samples.
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Fig. 4. LDI-FTICR-MS of (a) chlorobenzene extracted

residue of Murchison, EM and (b) solid residual after
extraction, RM. (Color figure can be viewed at
wileyonlinelibrary.com.)

To further elucidate the fraction differences, double
bond equivalent (DBE) versus carbon number (C#)
diagrams were used. The DBE value is calculated as
DBE =c-h/2+n/2+ 1 for a C.H,N,O,S; molecular
formula. These plots were used to compare complex
mixtures such as petroleum (Stanford et al., 2006) and to
facilitate a quick observation of differences between
chemical families. Figure 5 shows the obtained DBE
versus C# maps for the C,H, family (Figs. 5a and 5b) and
for the CyHyN, family (Figs. 5c and 5d) for EM and RM.
For each graphic, the PAH line was added. This family of
compounds is generally added to facilitate the comparison
between cartographies (Cho et al., 2011). For the CH,
hydrocarbon family, the fingerprints are very different
between EM and RM. The residual solid RM presents a
large content of highly aromatic species, whereas the
extract EM shows comparably more aliphatic species. For
the C;H/N; species, the fingerprint is narrower in EM
with the most intense species located between DBE values
of 11 and 13. Both the variety and the proportion of
molecules containing N as heteroatoms is reduced in EM
with respect to RM (see insets in Fig. 4). Oxygen- and
sulfur-containing species were also detected and their DBE
versus C maps are presented in the supporting
information. We found that EM contained a larger
diversity of O- and S-containing species compared to RM.

K. Kaiser et al.

A larger mean molecular size and smaller
proportions of species with masses below 200 Da are
detected in EM compared to RM (see Fig. 4), which is
consistent with the better characterizability of EM
compared to UM by AFM (cf. Figs. la and 2a). To
each DBE map, one putative structure is given for each
most intense region of detected species. The most
intense regions found by mass spectrometry include
molecular structures that are similar to those that could
be resolved with AFM in EM and UM.

DISCUSSION

The MS results support that the structures we
observed by AFM are representative. Moreover, the MS
results confirm the decrease of small organic molecules
in EM with respect to UM that we aimed for in order
to obtain a fraction that could be better investigated by
AFM. Note that LDI does not allow the ionization of
alkanes, which are observed in AFM. Comparing our
results with the literature on the Murchison meteorite
supports that molecular structures of Murchison were
imaged by AFM. Various PAHs have been identified by
several analytical methods in various meteorites and
particularly in Murchison. The most abundant PAHs
observed in Murchison were pyrene, fluoranthene,
phenanthrene, and acenaphthene (Basile et al., 1984;
Pering & Ponnamperuma, 1971). This supports that the
pyrene (EM2, Fig. 3b) observed with our AFM analyses
can be related to the meteorite organics. Furthermore,
benzanthracene derivatives were also identified, as
would be expected for a suite of PAHs of
extraterrestrial origin, supporting the meteoritic origin
of the EM3 compound (Fig. 3c) (Basile et al., 1984).
Low molecular weight aromatic compounds such as
benzene, toluene, or xylene derivatives have also been
identified in Murchison (Sephton et al., 1998). In
addition, methylated derivatives of small PAH
compounds such as naphthalene have been detected in
several meteorites, including Murchison (Elsila et al.,
2005) supporting the possible meteoritic origin of
compounds EM6, EM7, and EM8 (Figs. 3f~h). Our MS
results indicate oxygen and sulfur heteroatoms within
the samples. In the molecules that we resolved by AFM,
we did not observe those heteroatoms, which would
typically be indicated by their characteristic AFM
contrast (Gross et al., 2010; Moll et al., 2012; Pavlicek
et al., 2017; Schuler et al., 2013; Zahl & Zhang, 2019).
Presumably, we did not observe these heteroatoms,
because of the small number of molecules that we
resolved by AFM. Finally, various alkane chains were
also identified by the AFM analyses. Hydrocarbons are
frequently observed in various meteorites and
particularly in Murchison. However, their endogenous
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origin is still debated since their even—odd carbon
distribution and/or their carbon isotopic composition
(8'3C values) cannot rule out a potential terrestrial
contamination (Sephton, 2002).

Comparison of the AFM results with both MS data
and with literature reports supports that structures we
resolved were representative for organic molecules and/
or moieties present indigenously in the Murchison
meteorite. The single-molecule sensitivity of AFM
provides a unique advantage when characterizing
molecular mixtures and allows for resolving even rare

individual species. On the other hand, it is challenging
to completely rule out the possibility that the molecules
imaged are contaminants, as even a single-molecular
contaminant could be resolved. Therefore, to increase
the statistical significance, it is important to resolve
many molecules and a large proportion of the molecules
within a sample (e.g., Commodo et al., 2019; Schuler,
Fatayer, et al., 2017). The extraction procedure that we
used here (to obtain the EM fraction) helped us to
resolve a larger proportion (compared to the untreated
sample UM) of the molecules found on the surface after


www.wileyonlinelibrary.com

652

preparation. The good agreement of the observed
structures with those described in the literature and with
the most intense peaks in our measured MS data
provides support that the imaged molecules are from
the meteorite and not contaminants. However, since
even in the EM sample the number of resolved
molecules was small, we cannot fully rule out that some
of the molecules were contaminants.

In the future one aim to improve AFM for
elucidation of meteorite molecules is to further improve
the extraction process to obtain fractions that are even
better suited for their AFM investigation, that is,
fractions with a larger content of planar aromatic
molecules that can be identified by AFM. This is
especially challenging when the amount of material is
limited as it is for meteorite samples or material from
return missions. We hope that the results presented here,
which showcase that it is possible to resolve individual
molecules in extracts from meteorites, motivate further
efforts to extract such fractions. Moreover, we aim to
improve AFM identification to increase the number of
species that can be resolved by AFM in general, that is,
improved eclemental sensitivity (Alldritt et al., 2020;
Hanssen et al.,, 2012; Schulz et al., 2018; Van Der
Heijden et al., 2016; Zahl & Zhang, 2019), improved
imaging of three-dimensional, nonplanar molecules
(Albrecht et al., 2015; Martin-Jimenez et al., 2019;
Mohn et al., 2011; Moreno et al., 2015), and improved
preparation methods (e.g., Hamann et al., 2011; Pawlak
et al., 2019; Rauschenbach et al., 2009).

CONCLUSION

In conclusion, this work shows that single
molecules from meteorite samples can be resolved by
AFM after suitable sample preparation. The molecule
classes we resolved by AFM have also been detected
in meteorites in previous literature reports. The
single-molecule sensitivity of AFM could in the
future contribute to resolving new molecules and
molecular architectures in meteorites and samples
from return missions and could be a valuable
complement to established techniques such as
FTICR-MS and NMR. To that end, it would be
desirable to further improve the extraction of
samples for their AFM investigation and further
improve molecular identification by AFM.

METHODS
Sample Extraction

A fraction from Murchison raw material was
ground to powder (400 mg) and placed in a Teflon
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tube, and 3 mL of methanol was added to it. The
suspension was sonicated for 2 min and subsequently
centrifuged and decanted, to obtain the solid and
solution separately. This protocol was repeated twice
with methanol (three times in total). Following the same
experimental procedure, the resulting solid was
subsequently triturated with hexane (3 x 3 mL) and
dichloromethane (9 x 3 mL). The remaining solid was
extracted with chlorobenzene (15 mL) using a Soxhlet
apparatus for 20 h. Finally, the chlorobenzene solution
and the residual solid (RM) were separated, and the
solution was concentrated under reduced pressure to
obtain the EM meteorite sample. The solvents used for
the trituration steps (hexane, dichloromethane, and
methanol) were purchased from Fisher (HPLC grade).
The solvent wused for the Soxhlet extraction
(chlorobenzene) was purchased from ABCR (>99%)
and purified by distillation before use. Note that
chlorobenzene, which is used in the extraction of EM,
and dichlorobenzene could yield a similar AFM
contrast as methylbenzene and dimethylbenzene,
respectively. Because we observed no traces of
chlorobenzene and dichlorobenzene with FTICRMS in
EM, we tentatively assigned the side groups of EMG6,
EM7, and EMS (Figs. 3g and 3h) as methyl groups. In
addition, we observed UM7 (Fig. 1h) featuring similar
side groups in the untreated fraction.

AFM Sample Preparation

The metal single crystals were cleaned by repeated
Ne® sputtering and annealing cycles. Bilayer NaCl
islands were grown by subliming NaCl onto the clean
metal substrate held at 277 K. Molecules were sublimed
in situ from a silicon wafer onto the substrate held at
~10 K. CO for tip functionalization was dosed onto the
substrate held at 7T~ 10 K by admitting CO into the
UHYV system through a leak valve.

Atomic Force Microscopy

Noncontact AFM experiments (denoted as AFM)
were carried out in a home-built, combined atomic
force  microscope/scanning  tunneling  microscope,
operated in ultrahigh vacuum (UHYV, base pressure
~1 x 107" mbar) and at low temperature (7 =5 K).
AFM measurements were performed with a qPlus
quartz force sensor (Giessibl, 1998) operated in the
frequency-modulation mode (Albrecht et al., 1991). At
T = 5 K, the force sensor had a resonance frequency of
fo=128.8 kHz and quality factor of Q = 100,000 and
was operated at an oscillation amplitude of 4 = 50 pm.
All AFM images were acquired in the constant height
mode at a sample bias of V=0V with a CO-
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functionalized tip. The typical acquisition time of such a
noncontact AFM image is on the order of several
minutes with a typical scanning speed of 1 nm s~!. To
functionalize the tip, we pick up a CO molecule from
the NaCl islands by approaching the tip above a CO
molecule, until a sudden change in the tunneling current
signals the transfer of the CO from the surface to the
tip. The CO molecule is maintained at the tip for
imaging a molecule, and several molecules can be
imaged with the same CO at the tip. However, the CO
is often lost during the relatively large STM overview
images. During overview images, tip changes frequently
occur, observed as horizontal lines in Figs. la and 2a.
These can be caused by mechanical contact with the
surface or unintentionally picking up a molecule from
the surface. Tip changes occurred more frequently for
UM compared to EM.

Scanning Tunneling Microscopy

STM was performed in constant current mode, with
the bias V applied to the sample with respect to the tip.
Typically, a small tunneling current set point of
I=1pA was chosen to reduce the occurrence of tip
changes.

Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry

FTICR-MS experiments were carried out on a
SolariX XR (Bruker Daltonics, Bremen, Germany)
equipped with a 12T superconducting magnet
(Marshall & Chen, 2015; Nikolaev et al., 2011). LDI
source (Nd:YAGx3 laser, 355 nm, 2000 Hz) was used
to ionize both RM and EM using a previously reported
work (Maillard et al., 2018). Spectra were acquired with
a sum of 200 scans with a mass range of m/z 110-1200.
Calibration and molecular assignments were carried out
using DataAnalysis 5.1. Internal mass calibration was
performed using confidently assigned signals, leading to
a RMSE of 0.050 ppm. Molecular formulas were
assigned considering the presence of maximum N3;03S;3
and a mass error of 0.2 ppm.
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Fig. S2. Comparison of experimental and simulated
AFM images of EM5. a) Experimental AFM images at
different tip-sample distances together with the
corresponding Laplace-filtered data and proposed chemical
structure overlaid on the first AFM image. b) Simulated
AFM images of the proposed structure created with the
probe particle model from large (left) to small (right) tip-
sample distances in steps of 0.1 A. The scale bar in (a)
corresponds to 0.5 nm and applies to all images.

Fig. S3. Comparison between RM and EM at two
different nominal masses, 266 and 267. Molecular
formulas of several species are given for each sample.

Fig. S4. DBE versus carbon number plots of the O1
and S1 heteroatomic family for each sample: (a) O1 of
the EM, (b) Ol of the RM, (c) S1 of the EM, and (d)
S1 of the RM.




