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Abstract

This study presents multiwall and bamboo-like carbon nanotubes found in samples from the
Allende carbonaceous chondrite using high-resolution transmission electron microscopy
(HRTEM). A highly disordered lattice observed in this material suggests the presence of chi-
ral domains in it. Our results also show amorphous and poorly-graphitized carbon, nanodia-
monds, and onion-like fullerenes. The presence of multiwall and bamboo-like carbon
nanotubes have important implications for hypotheses that explain how a probable source
of asymmetry in carbonaceous chondrites might have contributed to the enantiomeric
excess in soluble organics under extraterrestrial scenarios. This is the first study proving the
existence of carbon nanotubes in carbonaceous chondrites.

Introduction

Carbonaceous chondrites (CCs) show a variety of organic compounds formed in the early solar
system [1]. Insoluble organic matter is found as a heterogeneous kerogenic mixture [2,3]. Solu-
ble organic matter shows a diversity of molecules related to terrestrial biological systems [4].
The parent bodies of CCs are thought to have originated when remnant material was accreted
to form planetesimals in protoplanetary disks [5]. Furthermore, a variety of post-accretional
processes occur on the parent bodies of CCs, including aqueous and thermal alteration [6,7].
The formation of chondrites is a complex and dynamic process with many evolving steps. The
Allende meteorite is a Vigarano type chondrite (CV) with a nearly pristine condition (petrologic
type 3) [8,9]. It contains macromolecular organic material with high degree of structural organi-
zation in its insoluble organic matter, such as polycyclic aromatic hydrocarbons, graphite,
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nanodiamonds, onion-like structures, and fullerenes [10-13]. To date, no carbon nanotubes
(CNTs) have been observed. Nevertheless, evidence such as synthesis of CNTs from opened ful-
lerenes [14] indicates that samples from the Allende chondrite are suitable extraterrestrial mate-
rial to search for this type of nanostructures.

The composition of organic material in CCs is also a relevant topic in the study of the origin
of life. Prebiotic chemistry on Earth has been linked with the chemistry of interplanetary bodies,
particularly those processes associated with the origin of biological homochirality, which is a
ubiquitous signature for living systems on Earth. Biohomochirality refers to the almost exclusive
use of L-amino acids for protein synthesis and the unique use of D-ribose and D-deoxyribose in
the structure of RNA and DNA molecules [15]. The homochiral condition is generally
described as a fundamental requirement for existence of life [16] and the key process to under-
stand the origin of living systems [17,18]. Thus, the existence of a source of asymmetry operat-
ing over the terrestrial chemistry triggering the chiral-imbalance has been hypothesized [19,20].
The molecular asymmetry observed in compounds of CCs has motivated research into the link
between extraterrestrial processes and the origin of terrestrial life [21,22]. Such asymmetry has
been demonstrated in a kerogen-like component favoring the R-enantiomer in the insoluble
organic matter from CCs, including the Allende meteorite [23]. Also, an inorganic matrix was
detected in some CCs: measurement by birefringence index shows a bias toward negative values
[24]. Furthermore, a suite of sugar derivatives having D-enantiomeric excess (D-EE) ranging
from 33% to 82%, have been measured [25]. Methylated a-amino acids has also been found in
the soluble organic matter from several CCs with L-enantiomeric excess (L-EE) ranging from
1.2% to 15% [26,27]. This provides evidence that chiral-asymmetric systems are also present
outside the Earth. Interestingly, those systems show the same handedness as the corresponding
terrestrial compounds: D-EE in sugars and the L-EE in amino acids (AAs).

The chiral asymmetry of L-amino acids and D-sugar derivatives in carbonaceous meteorites
is relevant to understanding the physicochemical processes related to the origin of life and its
homochirality on Earth. A plausible explanation for the symmetry breaking at interstellar sce-
narios is the irradiation of circularly polarized light (CPL), which induces asymmetrical photo-
sensitive chemical synthesis or destruction of enantiomers, favoring one handedness [28-30].
This hypothesis is supported by experiments using analogues of interstellar ices, producing
L-EE up to 1.34% for amino acids [31]. However, enantiomeric excess measured in an Antarc-
tic chondrite has shown maximum values (up to 60%) [32]. Mechanisms of amplification can
be incorporated to attain these high values of chiral-imbalance [27,33,34]. An alternative
hypothesis suggests a universal mechanism [27,35] where chiral asymmetry is caused by the
energy difference between the enantiomeric couples due to the parity-violation in electroweak
interactions [36,37]. It is known that pseudochiral sources can provoke true chirality and
enantioselectivity in molecular assemblages [38], such as unidirectional vortices [39] or mag-
netic fields [40]. The magnetochiral effect (magnetic fields in combination with arbitrarily
polarized light) can cause enantioselectivity in chiral macromolecules in interstellar scenarios
[41-45]. Additionally, the catalytic properties of mineral and organic surfaces of meteorites
have been recognized as a component to induce asymmetric synthesis of soluble organics such
as sugars derivatives and AAs [46-48]. In this context, when aggregation processes form sur-
faces, monomeric constituents can be aligned under influence of magnetochiral asymmetry
[44] in a context of emergence of (axial) chirality [49].

Accordingly, CNTs are candidates to influence the syntheses of organics, as demonstrated
in the in silico studies [50]. These experiments describe a molecular dynamic by which CNTs
can absorb the 20 standard AAs. Also, asymmetric influences on the autocatalytic reaction of
Soai have been observed by means of CNTs [51,52]. Consequently, CNTs represent a plausible
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meteoritic-surface capable of driving the physicochemical dynamics in favor of a particular
handedness.

In this context, we examine samples of the Allende chondrite using high-resolution trans-
mission electron microscopy (HRTEM) in order to identified CNTs. Our results show that the
observed carbonaceous material matches multiwall and bamboo-like CNTs, which show a
highly disordered lattice. This indicates that CNT's are candidates to compose a native chiral
surface, with implications for the enantiomeric excess in amino acids and sugar derivatives
from CCs.

Materials and methods
Samples

We used a meteorite specimen of 297.8 g in weight, register number IG-A7, from the Colec-
ci6én Nacional de Meteoritas of the Instituto de Geologia, Universidad Nacional Auténoma de
México (UNAM), Mexico City (Fig 1A). For transmission electron microscopy (TEM), a ~ 4
cm long fragment of the large specimen were freshly fractured and cut by using a diamond
knife in a clean room (Fig 1B). Later, smaller clean fragments (~ 50 mg in total) were extracted
from the interior, avoiding contamination from the fusion crust or surface areas (Fig 1B). The
resulting crude sample were powdered in an agate mortar and suspended in high-purity etha-
nol to achieve homogeneous dispersion without agglomerates. For HRTEM analysis, a 5pl
pipette was add a portion of that suspension to a lacey carbon grid coated with formvar. Before
being used, the TEM grid was carefully inspected in order to rule out any possible
contamination.

HRTEM

High Resolution TEM imaging of chondrite samples was conducted using an Aberration Cor-
rected Cold Field Emission Scanning Transmission Electron Microscope Jeol
JEM-ARM?200CF at the Centro de Nanociencias y Micro y Nanotecnologias, Instituto Politéc-
nico Nacional, Mexico City. The TEM microscope is equipped with cold field emission gun,
Cs-corrector, and high angle annular dark field detector and has ultra-high resolution of 0.72
A. We utilized an electron beam spot with a condenser aperture of 60 nm at 200 kV for less
than 30 seconds. Several locations on individual samples were analyzed. Fast Fourier Trans-
form (FFT) analysis and image processing were applied using the freely available Digital
Micrograph (GATAN) software attached at the microscope.
http://dx.doi.org/10.17504/protocols.io.3f4gjqw

Results

The results of HRTEM analysis show a suite of macromolecular components such as poorly-
graphitized carbon, amorphous carbon, nanodiamonds, fullerenes, and core-shell structures
formed by monocrystalline olivine or pentlandite grains capped by polyhedral graphite layers
(Fig ID-1H). Zones with abundant crystalline nanoparticles no greater than 5 nm in diameter
were observed (Fig 1D). These nanoparticles are consistent with a 3C cubic polytype of carbon
[53-55]. At higher magnification, the lattice fringes of these nanoparticles were measured. The
largest structures show a consistent fringe distance of 0.47 nm and its lattice reflection (101)
resembles the tetragonal structure of FeS (Fig 1E). However, the shorter structures show a con-
stant fringe distance at 0.213 nm and their lattice reflection (002) matches nanodiamonds (Fig
1F-1H). In addition, fullerenes and onion-like fullerenes, covered by no more than 10 graphite
walls, were observed (Fig 2A-2C). These observations are consistent with previous-published
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with abundant rounded chondrules and amorphous calcium-aluminum inclusions. Scale = 4 cm. The black frame indicates the sample
extraction area for the HRTEM analysis. (B) Small clean samples extracted from the internal structure of the specimen in (A). Scale = 1
cm. (C) HRTEM micrograph showing the observed field of the sample. Scale = 20 nm. (D) HRTEM micrograph showing a field of
carbon with abundant nanoparticles (white arrow), the average fringe distances is 0.376 nm (black arrows). Scale = 5 nm. (E) A closer
view showing polyhedral graphite zones, constant fringe distances of 0.47 nm (white arrows), and a lattice reflection (101) resembling
the tetragonal structure of FeS. Scale = 10 nm. (F) Another view of polyhedral graphite. Fringe distances are constant at 0.213 nm (black
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arrows). Scale = 5 nm. The lattice reflection (002) corresponds to nanodiamonds (bottom right box). Scale = 10 !/nm. (G) Another view
with onion-like fullerene particles (black arrow). Scale = 10 nm. (H) Other onion-like fullerenes (black arrow) embedded in graphite
layers (white arrow). Scale = 5 nm.

https://doi.org/10.1371/journal.pone.0218750.9001

reports [10,12,56,57]. Similar fullerenes and glassy carbon has been observed in the Tagish
Lake chondrite [58].

A field of amorphous and polyhedral carbon with multiwall nanotubes (MWNTSs) can be
seen in Fig 2D-2F. Those nanotubes show a constant fringe distance at 0.36 nm, which is con-
sistent with the turbostratic-stacked graphite [59,60]. It is important to note that interlayer dis-
tance is used to characterize allotropes of carbon such as graphite and MWNTs, because the
Van der Waals interactions make a strong restriction on the stacked graphene, due to its sp*-
bonded carbon atoms. The fringe distance for graphite is ~0.34 nm [61,62]. According to this
structural analysis, it is possible to demonstrate that our tubular structures are allotropes of
carbon. At high magnification, the MWNTs show 14 to 16 highly defective graphene walls.
Dangling bonds at the nanotubes surface are also observed (Fig 2F). The roots of the MWNT's
are embedded in polyhedral carbon (Fig 2D and 2E). The highly defective graphene walls seen
in the nanotubes, suggest that the surface is modified for attachment other molecules or, possi-
bly, that a small indistinct molecule (organic or inorganic) is already attached [63,64]. Fig 2E
shows a MWNT with an evident knee and bending angle close to 36°. The knee is produced by
pentagon-heptagon defects in the hexagonal graphene lattice [65,66]. The CNTs observed here
are consistent with those from the Tagish Lake meteorite [67]. Similar to this study, no parti-
cles have been observed inside the CNT of the Tagish Lake meteorite. Also, the root of the
nanotube is embedded in the polyhedral carbon [67]. Another field of MWNTSs, 10-15 nm in
length, with Bamboo-like structure and 6 to 8 concentric graphene-walls, is seen in Fig 3. The
Bamboo-like CNTs are composed by hollow compartments with closed tips (Fig 3A) and are
embedded in a field of polyhedral graphite (Fig 3A and 3B). No particles can be observed
inside the CNTs. This strongly suggests that these large and thick nanotubes grew from open
fullerenes under high and fluctuating temperatures [68,69].

The MWNTs observed in this study are not the result of laboratory artifacts caused by inad-
equate handling of the analysis parameters. Several groups have studied the behavior of
MWNTs and other carbon-allotropic structures under in situ electron irradiation by HRTEM
to experimentally induce the formation of CNTs [70-72]. In contrast, we use an electron beam
with a condenser aperture of 60 nm at 200 KeV and an estimated current density of 500 pA/
cm? for less than 30 seconds in a conventional screen area of 270 cm?, which is less energetic
than the exposition parameters used to experimentally induce the formation of CNTs or other
allotropic carbon structures reported in other experiments.

Discussion

Our results show MWNTs with a highly disordered surface. This allows us to reasonably pro-
pose that chiral-domains are present in the lattice. The roll-up vector Ch = na, + ma, describes
the structural properties in a graphene sheet, where n and m are integers and a; and a, are the
basal vectors of the graphene lattice [73,74]: when n = m, the achiral armchair CNTs arise;
when m = 0, achiral zig-zag CNTs are formed. However, when n # m and both terms are dif-
ferent from zero, the result is the formation of chiral CNTs [75]. That sort of disordered sur-
face is the basis of the expectation that the roll-up vector Ch can describe chiral arrangements
at the local level in the MWNTs. It is very likely that the chiral surface of MWNT's can form by
aggregation processes from carbon-vapor under asymmetric magnetochiral influence in the
parent body in CCs, as seen in the processes of fullerene formation by deposition of carbon
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Fig 2. HRTEM analysis of the Allende chondrite. (A) A fullerene-like nanosphere (black arrow). Scale = 10 nm. A closer view (top
right) shows an approximate size of 1.88 nm (black arrows) that resembles a C60 cage. Scale = 2 nm. (B) Another larger fullerene, ~2.83
nm (white arrows). Scale = 10 nm. (C) An onion-like fullerene, with constant lattice fringe distances (0.36 nm; white arrows). Scale = 5
nm. (D) A field of graphite layers with CNTs (white arrow). Scale = 10 nm. (E) Another field of amorphous and polyhedral carbon with
several multiwall CNTs. Notice the bending angle close to 36" (white arrow). Scale = 10 nm. (F) Closer view showing other multiwall
CNTs with highly defective graphene walls. The fringe distances are a constant ~0.36 nm (white arrows), matching the value of
turbostratic-stacked graphite. Fast Fourier transform (top left box) shows two split semi-arcs, indicating that the structure is a tip-closed
hollow nanotube. Note the dangling carbon bonds on the surface which can make it more chemically reactive. Scale = 10 nm.

https://doi.org/10.1371/journal.pone.0218750.9g002
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Fig 3. HRTEM analysis of the Allende chondrite. (A) View of MWNTSs of 10-15 nm in length, with a bamboo-like structure observed. Fringe distances are a constant
0.365 nm (white arrows). Fast Fourier transform (top right box) shows two semi-arcs, indicating that the structure is a hollow nanotube. Scale = 10 nm. (B) Another view
of bamboo-like MWNTs. Fringe distances are a constant 0.368 nm (white arrows). Scale = 5 nm. For both, note the internal concentric organization in which no single-
particle was trapped.

https://doi.org/10.1371/journal.pone.0218750.9003

atoms [12]. Thus, open fullerenes act as nucleation point for vapor-gas carbon atoms like the
model of Riimmeli and coworkers [14]. Under these conditions, the CNTs might have grown
without catalytic particle. Thereby, we can expect that MWNT formation could have been
biased due to magnetochiral influence on the parent body of CCs, bearing in mind that the
associations between light and magnetic fields are common in the cosmos [76]. To emphasize
this, we take into account that the Allende chondrite, among other CCs, has a unidirectional
magnetization record that is explained by the existence of a core dynamo in the parent body
[77]. Although the CCs have experienced thermal and aqueous alteration afterwards, however,
allotropes of carbon are prevalent, with minor changes since protoplanetary nebula times [78].
The multiwall structure observed in CNTs and fullerenes makes reference to a common
formation process, where the three-dimensional surface of graphite is covered by the consecu-
tive layers. It has been suggested that the graphitization of nanodiamonds during thermal
events gives rise to onion-like fullerenes over periods of millions of years at temperatures
below 300°C [10]. Another scenario suggests that the fullerenes are formed from the humps of
the graphite layers, and through thermal processes (i.e. pyrolysis), they are opened [14]. There-
fore, those thermally opened fullerenes may serve as nucleation points for growth of CNTs. In
this study, nanodiamonds and fullerenes are consistently found in the Allende chondrite
[56,57]. The Allende parent body has experienced fluctuating thermal metamorphism in the
protoplanetary nebula over long time scales [10,79,80]. However, the low level of graphitiza-
tion, characteristic of petrologic type 3 chondrites, allowed the formation of graphene, nano-
diamond, fullerenes, carbon onions [10,56-58] and CNTs, consistent with the temperatures of
the inner region of the protosolar nebula [59,79,80]. Macromolecular organic compounds
from the Allende chondrite have experienced temperatures between 2000 to 2200°C [12].
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Consequently, both multiwall and bamboo-like CNTs might have formed from open-fuller-
enes during thermal processes with high fluctuating temperatures in carbon-rich environment.
Accordingly, the MWNT's could be formed during the accretion of the meteorite parent body
in a protosolar scenario. The septum in the bamboo-like CNTs might have formed by defor-
mation of the lattice, either by means of thermal fluctuations [81] or by incorporating other
atoms to the carbon sheet, such as N, O, or H [82], as shown by its highly disordered surfaces
[63].

The previous scenario is only about the formation of a meteoritic organic surface composed
by CNTs, which could be formed under asymmetric magnetochiral influence. The subsequent
events of thermal and aqueous alterations on soluble organics could have taken place in pres-
ence of the MWNTs. This meteoritic carbon allotropes can be related with the enantiomeric
excess in sugar-derivatives and amino acids of CCs. The proposed mechanism to this is that
MWNTs, as a native chiral-surface, can work to bias the synthesis of soluble organics towards
one enantiomer, or, alternatively, maintaining its enantioselective absorption. These scenario
could be the source for constant chiral asymmetry on AAs and sugar-derivatives, that can be
amplified by a subsequent mechanism. A difficulty for this theoretical approach is the absence,
until now, of observations of chiral asymmetry in soluble organics in Allende meteorite. None-
theless, our confirmation of the existence of MWNTs in Allende chondrite, makes very possi-
ble its presence in another carbonaceous chondrites with confirmed enantiomeric excess in
soluble organics.

Conclusions

We present the first record of multiwall and bamboo-like CNT's in samples from the Allende
chondrite. Bamboo-like CNTs are the first observation for extraterrestrial material. Our results
has theoretical implications with the enantiomeric excess of amino acids and sugar derivatives
that can be found in carbonaceous chondrites.

Supporting information

S1 Fig. Specimen of the Allende chondrite. Cross-section of the used large specimen.
(TIF)

S2 Fig. Small pieces from the Allende chondrite. Extracted pieces from the specimen.
(TIF)

$3 Fig. HRTEM image of the Allende chondrite. Micrograph of the observed field.
(TIF)

S$4 Fig. HRTEM image of the Allende chondrite. Field with abundant nanoparticles.
(TIF)

S5 Fig. HRTEM image of the Allende chondrite. Field with polyhedral graphite.
(TIF)

S6 Fig. HRTEM image of the Allende chondrite. Field with polyhedral graphite.
(TIF)

S7 Fig. HRTEM image of the Allende chondrite. Field with onion-like fullerene.
(TIF)

S8 Fig. HRTEM image of the Allende chondrite. Field with onion-like fullerene.
(TTF)
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S9 Fig. HRTEM image of the Allende chondrite. Field with fullerene-like nanosphere.
(TIF)

S10 Fig. HRTEM image of the Allende chondrite. Closer view of fullerene-like nanosphere.
(TIF)

S11 Fig. HRTEM image of the Allende chondrite. Large fullerenes.
(TIF)

$12 Fig. HRTEM image of the Allende chondrite. Onion-like fullerene.
(TIF)

$13 Fig. HRTEM image of the Allende chondrite. Multiwall carbon nanotube.
(TIF)

S14 Fig. HRTEM image of the Allende chondrite. Bent multiwall carbon nanotube.
(TIF)

S15 Fig. HRTEM image of the Allende chondrite. Large multiwall carbon nanotube.
(TIF)

$16 Fig. HRTEM image of the Allende chondrite. Fast Fourier transform from carbon nano-
tube in S15 Fig.
(TTF)

$17 Fig. HRTEM image of the Allende chondrite. Bamboo-like multiwall carbon nanotube.
(TIF)

S18 Fig. HRTEM image of the Allende chondrite. Fast Fourier transform from bamboo-like
carbon nanotube in S17 Fig.
(TIF)

$19 Fig. HRTEM image of the Allende chondrite. Bamboo-like multiwall carbon nanotube.
(TIF)
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