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ABSTRACT
Polycyclic aromatic hydrocarbons (PAHs) represent key molecular building blocks of carbonaceous nanoparticles and have been
identified in cold molecular clouds (TMC-1), meteorites (Murchison, Allende), and asteroids (Bennu, Ryugu). However, the
understanding of their formation and molecular mass growth processes in these extreme environments has remained elusive,
especially with the emergence of resonantly-stabilized free radical (RSFR)-mediated pathways. Here, we report a combined
experimental and computational study on the self-recombination of the aromatic and resonantly-stabilized 1-indenyl radical
(C9H7

∙) isomer-selectively forming the 18π-Hückel PAH chrysene (C18H12) in an overall endoergic reaction. These features account
for the circumstellar origin of chrysene in pristine samples of the carbonaceous asteroid Ryugu and of the Murchison meteorite.
At the microscopic level, the ring expansion involving cyclopentadienyl moieties to two six-membered aromatic rings via pivotal
spiroaromatic intermediates affords a versatile, RSFR-initiated mass growth channel essentially leading to graphene-type PAHs
and eventually two-dimensional nanostructures in high temperature circumstellar envelopes and in combustion processes.
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olycyclic aromatic hydrocarbons (PAHs)—organic molecules
omposed of fused benzene rings have emerged as the missing
ink between small carbon molecules and carbonaceous nanopar-
icles (interstellar grains) [1] encompassing up to 30% of the
alactic carbon budget [2, 3]. Very recently, pristine samples
rom the near-Earth carbonaceous asteroid Ryugu were collected
y the Hayabusa2 spacecraft and revealed a pool of aromatics
ith up to 61 carbon atoms [4–6]. Carbonaceous asteroids like
yugu and Bennu represent a key class of asteroids which are

ich in carbon and make up some 75% of all known asteroids
n our solar system [7]. These asteroids are some of the oldest
2026 Wiley-VCH GmbH
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objects in our solar system and are largely unchanged since
their formation over 4.5 billion years ago from the accretion of
interstellar material (10 K) and dust processed in circumstellar
envelopes at temperatures of a few 1000 K [8–12]. Therefore, an
understanding of the origin and formation pathways of PAHs
of these asteroids can offer detailed insights into the chemical
evolution and origin of organic material in the early solar system.
Sophisticated 13C isotope analyses of PAHs emerged as key indi-
cators and benchmarks to elucidate the physical conditions of the
origin of aromatics in deep space. In Ryugu’s samples, aromatics
such as pyrene (C16H10) and fluoranthene (C16H10) were revealed
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SCHEME 1 Resonantly stabilized 1-indenyl (C9H7
∙) radical [27].
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o originate from cold molecular clouds, while PAHs such as
henanthrene (C14H10) and anthracene (C14H10) were inferred
o originate from high temperature regions of circumstellar
nvelopes [13]. Similarly, PAHs in carbonaceous chondrites such
s Murchison, Allende, and Orgueil [14, 15] are linked to high tem-
erature circumstellar origins of aromatics in carbon-rich asymp-
otic giant branch (AGB) stars and planetary nebulae as their
escendants [16].

owever, a fundamental understanding of molecular mass
rowth processes leading to aromatics is still in its infancy. Con-
emporary astrochemical models rely on hydrogen abstraction–
arbon addition (HACA) mechanisms, which involve repetitive
equences of atomic hydrogen abstractions from an aromatic
ydrocarbon like benzene followed by consecutive addition of
ne or two acetylene molecule(s) prior to cyclization and arom-
tization [17]. However, in deep space, PAHs get destroyed by
hotolysis, galactic cosmic rays, and shock waves resulting in life-
imes of a few 108 years, which are significantly shorter than those
imescales modeled for an injection of PAHs from carbon rich
GB stars of a few 109 years [18]. Hence, PAHs are not expected

o exist in the interstellar medium or survive to accrete in car-
onaceous asteroids such as Ryugu. Nevertheless, the ubiquitous
resence of such species, especially in carbonaceous asteroids
nd meteorites, suggests elusive high-temperature routes for
he rapid growth of PAHs in circumstellar envelopes of carbon
ich stars. From the mechanistic viewpoint, resonantly stabilized
ree radicals (RSFRs) - organic open-shell transients, such as
ropargyl (C3H3

∙), allyl (C3H5
∙), cyclopentadienyl (C5H5

∙), and
-indenyl (C9H7

∙), in which the unpaired electron is delocal-
zed over the carbon skeleton, have emerged as fundamental

olecular building blocks to PAHs in high temperature environ-
ents such as combustion flames and in circumstellar envelopes

19–25]. In particular, aromatic and RSFR 1-indenyl (C9H7
∙)

adical (Scheme 1) constitutes the elementary unit of non-planar
AHs such as corannulene (C20H10), nanobowls (C40H10), and
ullerenes (C60 and C70), where the five-membered ring curves
he carbon skeleton out of the planar geometry [26–28]. How-
ver, in general the molecular mass growth processes of RSFRs
eading to even small-sized planar PAHs carrying three aromatic
ings (e.g. anthracene, phenanthrene) or more have remained
lusive [29].

ere, we report a combined experimental and computational
tudy on the self-recombination of the 1-indenyl radical (C9H7

∙)
ynthesizing prototype 18π Hückel-aromatic system, chrysene
C18H12) as simple representative of a key class of PAHs–
of 9
phenacenes–carrying benzene rings fused in a zigzag structure.
The 1-indenyl radical is generated in situ by selected carbon-
bromine bond cleavage of the helium seeded 1-bromoindene
(C9H7Br) precursor within a chemical microreactor (Supporting
Information S1) [30]. A residence time of some 100 μs in the
reactor was chosen to focus on the initial stages of the molecular
mass growth between two indenyl radicals thus eliminating
further growth reactions with 1-indenyl radicals that could
complicate the interpretation of synchrotron-based molecular
beam photoionization mass spectrometry data on the funda-
mental bond-formation processes. Electronic structure calcula-
tions reveal that chrysene forms at high temperatures through
ring expansion involving pivotal spiroaromatic intermediates.
Together with molecular beam studies, these results elucidate
the high-temperature origin of chrysene (C18H12) detected on
the carbonaceous asteroid Ryugu. Notably, among the PAHs
identified by laser desorption–laser multiphoton ionization mass
spectrometry (L2MS) [4], C18H12 species are among the most
abundant aromatics detected in the return samples from Ryugu,
providing key insights into the chemical evolution and origins of
organic, aromatic matter in the early Solar System.

Mass Spectra and Photoionization Efficiency Curves: A
representative mass spectrum recorded at a photon energy of
9.50 eV is displayed in Figure 1a for the self-reaction of the
1-indenyl radical (C9H7

∙; 115 amu) formed via flash pyrolysis
of 1-bromoindene [C9H7

79Br (194 amu), C9H7
81Br (196 amu)].

Considering reactions of the primary reactant (1-indenyl radical),
multiple peaks appear at higher mass-to-charge ratios (m/z) as
the result of distinct molecular mass growth processes. Major
peaks at m/z = 116, 128, 152, 154, 176, 178, 180, 228, 229, and
230 are identified (Figure 1, Figures S1–S3); these can be linked
to hydrocarbons of the molecular formulae C9H8, C10H8, C12H8,
C12H10, C14H8, C14H10, C14H12, C18H12, 13C18H12/C18H13, and C18H14.
For an isomer-specific assignment of these species, photoioniza-
tion efficiency (PIE) curves are recorded at individual m/z peaks
by scanning the photon energy in 0.05 eV steps in the range
from 7.3 to 10.0 eV while simultaneously recording the ion count
normalized to the photocurrent [31–33]. It is important to note
that structural isomers, despite sharing the same formula, exhibit
distinct PIE curves, enabling their identification [34]. The signal
at m/z = 230 represents the self-recombination adduct (C18H14) of
1-indenyl radicals (C9H7

∙) (Reaction (1)). Under single-collision
conditions, such as in crossed-beam experiments [35], the reac-
tion adducts quickly break apart into the original reactants
since the collision complex cannot dissipate the excess internal
energy under single collision conditions. In contrast, within the
chemical microreactor, collisions with helium atoms can remove
some of this energy by transferring internal energy into the
kinetic energy of the helium seeding gas, allowing a fraction of
the C18H14 adducts to stabilize as products [36]. Alternatively,
the energized C18H14 species can lose two hydrogen atoms in
sequence, forming C18H12 species (228 amu) via Reaction (2). An
analysis of the corresponding PIE curve at m/z = 228 reveals
that this graph could be reproduced with the reference PIE
curve of chrysene only (blue; Figure 1b). Another possible isomer
[4]-helicene, with similar adiabatic ionization energy of 7.55
± 0.05 eV may have some contribution to the experimental
PIE curve alongside chrysene (Figure S4). However, based on
the computed reaction energetics, the dominant formation of
[4]-helicene is energetically unfavorable compared to that of
Angewandte Chemie International Edition, 2026
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FIGURE 1 (a) Photoionization mass spectra recorded at a photon
energy of 9.50 eV for the precursor 1-bromoindene at a temperature of 298
K (upper panel) and indenyl (C9H7

∙) radical self-reaction at 1223 ± 20 K
(bottom panel). (b) Photoionization efficiency (PIE) curves for relevant
mass-to-charge (m/z = 115, 116, 228 and 229) peaks. Black: experimental
PIE curves; blue/green/red/pink/orange: reference PIE curves. In case of
multiple contributions to one PIE curve, the red line represents the overall
fit. The error bars consist of two parts: ±10% based on the accuracy of the
photodiode and a 1-σ error of the PIE curve averaged over the individual
scans.
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hrysene. Further, signal at m/z = 229 represents the 13C isomer
f m/z = 228; the corresponding PIE curve can also be fit with
hrysene replicating the parent signal.

aving identified signal at m/z = 230, 229, and 228 as the
esult of molecular mass growth processes of the indenyl radical
elf-reaction, we briefly discuss the nature of the hydrocarbon
bserved via ion signals from m/z = 116 to 180. Since the 1-indenyl
adical (C9H7

∙) can also be pyrolyzed in the chemical microre-
ctor and hence decomposes to smaller hydrocarbon fragments
uch as propargyl (C3H3

∙), cyclopentadienyl (C5H5
∙), benzene

C6H6) [33], these fragments may also react with the 1-indenyl
C9H7

∙) radical (Figure S2, Table S1) [33, 37]. For instance, indene
C9H8), 3-phenyl-1-propyne (C9H8), and a contribution from the
3C-indenyl radical (13C9H7

∙) can be identified for m/z = 116
Figure 1b) [28, 38–40]. Naphthalene (C10H8; 128 amu), biphenyl
C12H10; 154 amu), anthracene (C14H10; 178 amu), phenanthrene
C14H10; 178 amu), and (E)-stilbene (C14H12; 180 amu) are also
otable (Table S1) [38, 19].

C9H7
∙

(115 amu) + C9H7
∙

(115 amu) → C18H14 (230 amu) (1)

C18H14 (230 amu) → C18H12 (228 amu) + 2H (1 amu) (2)
ngewandte Chemie International Edition, 2026
Reaction Mechanism: With experimental evidence of the
formation of chrysene (C18H12) through the gas-phase self-
recombination of the 1-indenyl radical (C9H7

∙), our objective
is to unravel the detailed reaction mechanisms. To interpret
this complex process, electronic structure calculations of the
relevant potential energy surfaces (PES) were performed to trace
the feasible synthetic pathways (Figure 2). These calculations
were conducted at the G3(MP2, CC)//B3LYP/6-311G(d, p) level of
theory. Initially, two 1-indenyl radicals barrier-lessly recombine to
form di-indene (5,6,7,7a-tetrahydro-1H,1′H-1,1-biindene; C18H14;
i1) via carbon-carbon coupling at their C1 radical centers. This
collision complex, which was detected experimentally via a signal
at m/z = 230, is stabilized by 184 kJmol−1 with respect to the
separated reactants and can lose a hydrogen atom from one of the
C1 atoms of the indenyl moieties in an overall endoergic reaction
(283 kJmol−1) to generate the i2 radical (1H,1′H-[1,1′-biinden]-1-yl
radical; C18H13

∙).

In principle, i2 can be also produced via a direct hydrogen atom
abstraction, if their concentration in the reactor is sufficient to
participate in the reactions, e.g., H+ i1 → i2+H2 to compete with
the unimolecular hydrogen atom loss from i1. We do not expect
this to be the case at our experimental conditions since hydrogen
atoms are not produced directly in the pyrolysis of bromoindene,
whereas the produced bromine atoms are inefficient hydrogen
atom abstractors since the H–Br bond is weaker than the C─H
bond by 50 kJmol−1. This i2 radical represents the entry point
accessing six distinct C18H12 isomers via extensive isomerization
terminated by yet another hydrogen atom loss.

In detail, following the energetically most favorable isomeriza-
tion, i2 undergoes cyclization by accessing a three-membered
fused ring (i3) followed by ring expansion to the exotic spiro-
intermediate, the 3′H-spiro[indene-1,2′-naphthalene]-3′-yl radi-
cal (i4, 108 kJmol−1) via a transition state located 69 kJmol−1

above i3. Upon cyclization, the spiro-intermediate i4 forms a
fused three-membered ring in intermediate i5; subsequent ring
expansion generates a naphthalene building block in i6. The
latter loses a hydrogen atom to the 18π-aromatic chrysene (C18H12,
p6) molecule in an overall endoergic reaction (115 kJmol−1)
with respect to separated reactants. This reaction energy agrees
well with the data obtained from Active Thermochemical Tables
(ATcT) and NIST Chemistry Webbook (102 kJmol−1). Chrysene
belongs to the phenacenes, i.e. a class of PAHs characterized
by a zigzag arrangement of fused benzene rings. An alternative
pathway to i5 and, eventually to p6 via i2→i13→i14→i5→i6→p6
also links to chrysene, but this high-energy mechanism requires
overcoming an energetically unfavorable transition state located
401 kJmol−1 above the separated reactants.

Further, the spiro-intermediate i4 also connects to [4]-helicene
(p4, 136 kJmol−1). Here, isomerization step of i4 to i9 carrying
a fused three-membered ring needs to cross a barrier of 76
kJmol−1; i9 also represents a much higher energy intermediate
(184 kJmol−1) compared to any of the intermediates in the
i4→p6 (chrysene) pathway, where i5 possesses the maximum
energy of 132 kJmol−1. A ring expansion from i9 to i10 occurs
through a high energy transition state (190 kJmol−1 from the
separated reactants) generating the carbon skeleton of [4]-
helicene (p4) and hence four six-membered rings. Followed
by the second hydrogen-atom loss, i10 forms [4]-helicene (p4,
3 of 9
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FIGURE 2 Potential energy surface (PES) for the indenyl (C9H7
∙) self-reaction calculated at the G3(MP2, CC)//B3LYP/6-311G(d, p) level of theory

leading to C18H12 products. Pathways to chrysene are highlighted by bold connecting lines.
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36 kJmol−1). This calculated endoergicity agrees well with the
alues from the Active Thermochemical Tables (ATcT) and
he NIST Chemistry WebBook (126 kJmol−1), indicating that
ur computed results are accurate within approximately ±10
Jmol−1. The high energy intermediate i9 and the associated
ransition states in the i4→p4 pathway restrict the formation
f [4]-helicene under the reaction conditions. The gas phase
ormation of benz[a]anthracene (p5) involves a ring-opening
tep via i4→i11 along with the inherent large barrier of 217
Jmol−1 in the reaction sequence i4→i11→i12→p5 which limits
ccess to the generation of benz[a]anthracene (p5). This barrier
lso largely exceeds the highest energy transition state located
t 168 kJmol−1 for the minimum energy pathway originating
rom i4 yielding p6. Identical factors essentially hinder the
ormation of dibenzo[f]azulene (p1), dibenzo[f]fulvalene (p2)
nd tetracene (p3) involving transition states located at 401,
90 and 387 kJmol−1, respectively. Essentially, our experimental
indings are also supported by statistical computation utilizing
ice−Ramsperger−Kassel−Marcus (RRKM) – Master Equation

RRKM-ME) theory predicting dominant contribution of chry-
ene (p6, 87%) with smaller fractions of [4]-helicene (p4, 6%),
enz[a]anthracene (p5, 5%) and dibenzo[f]fulvalene (p2, 2%) at
ur experimental temperature of 1223 ± 20 K (Figure 3). Rate
onstants for these products are also computed in the 0.1–10 atm
ange of pressures employing RRKM-ME theory that also reveals
ominant chrysene formation (Figures S5–S7).

ang et al. recently reported a mass growth process initiated
y the 2-indenyl radical using a 420 mm reaction tube—over
0 times longer than the reactor exploited in the present study.
he resulting residence times of several milliseconds, compared

o some 100 μs here, enabled multistep reaction pathways and
olecular mass growth beyond chrysene, which were the main

ocus of their work [41]. Wang et al. employed the MN15/MG3S
of 9
density functional theory (DFT) method, whereas the present
study used the higher-level G3(MP2, CC)// B3LYP/6–311G(d,p)
approach, which achieves chemical accuracy within±10 kJmol−1,
beyond the precision typically attainable by DFT. Notably, the
potential energy surface (PES) reported by Wang et al. requires
correction for the H2 → 2H dissociation energy (432 kJmol−1) [42],
as their model considered hydrogen abstraction by free hydro-
gen atoms rather than unimolecular decomposition of reaction
intermediates. In practice, unimolecular hydrogen atom loss and
bimolecular hydrogen atom abstraction can compete, depending
on temperature and the concentration of hydrogen atoms. Below
we also extend our calculations to explore the effects of in situ
generated atomic hydrogen that leads to highly exergonic reaction
sequence along the indenyl self-reaction pathways.

We performed calculations of ΔGr for individual reaction steps
and the overall reaction for the formation of the observed
products. Results of these calculations are illustrated in Figure 4.
Figure 4a shows ΔGr values for individual steps. One can see
that the initial reaction step, C9H7

∙ + C9H7
∙

→ C18H13
∙ (i2) +

H, is endergonic and its ΔGr grows with temperature. At the
highest temperature in the microreactor, ΔGr for this step is
about 163 kJmol−1 which corresponds to the equilibrium constant
Kequ as low as ∼10−7. If we consider the stabilization-dissociation
mechanism instead of well-skipping. i.e., C9H7

∙ + C9H7
∙

→

C18H14 (i1), followed by C18H14 (i1) → C18H13
∙ (i2) + H, the

first step is exergonic up to 1000 K turning into endergonic
at higher temperatures. However, i1 can be readily stabilized
(thermalized) collisionally at the microreactor’s pressures and
its reverse decomposition back to the reactants is slow, so that
the equilibrium is unlikely to be achieved. Moreover, the C18H14
(i1) → C18H13

∙ (i2) + H decomposition channel is significantly
slower than the reverse decomposition of i1 to two indenyl
radicals. Thus, C18H14 (i1) can persist in the microreactor, which is
Angewandte Chemie International Edition, 2026
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FIGURE 3 Calculated branching ratios using the energetics in the PES for the formation of C18H12 products. The dotted line and the shaded region
represent the experimental temperature (1223 K) and uncertainty range (±20 K), respectively.

FIGURE 4 Calculated reaction Gibbs energies for (a) the individual reaction steps and (b) the overall reaction for the conversion of two indenyl
radicals to chrysene as functions of temperature.
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upported by the detection of the m/z = 230 peak. When radicals
uch as H-atom, are present, they can abstract H-atoms from i1
n a highly exergonic reaction C18H14 (i1) + H → C18H13

∙ (i2) + H2
see Figure 4a).

nother radical, which is abundant in the system and likely more
bundant than H, is indenyl itself being the primary reactant,
nd the H-abstraction reaction, C18H14 (i1) + C9H7

∙
→ C18H13

∙

i2) + C9H8, is also significantly exergonic due to the weaker
─H bond breaking in i1 than the forming C─H bond in indene.
he feasibility of this reaction to occur is corroborated by the
xperimental observation of indene at m/z = 116 (Figure 1b).
nce C18H13

∙ (i2) is produced, its reaction toward chrysene +
is exergonic, with ΔGr rapidly decreasing with temperature.

onsidering the overall reaction process converting two indenyl
adicals to chrysene, the C9H7

∙ + C9H7
∙

→ C18H12 (p6) + 2H
eaction is endergonic and thus thermodynamically unfavorable
Figure 4b). However, in the presence of H-radicals or with
ngewandte Chemie International Edition, 2026
participation of an extra indenyl facilitating the formation of
C18H13

∙ (i2), the C9H7
∙ + C9H7

∙
→ C18H12 (p6) + H2 and 3C9H7

∙

→ C18H12 (p6) + C9H8 + H reactions are exergonic, with the
latter being less exergonic than the former. For instance, at the
microreactor’s temperature, ΔGr[3C9H7

∙
→ C18H12 (p6) + C9H8 +

H] is about −104 kJmol−1 but it grows with temperature to −39
kJmol−1 at 2000 K. Summarizing, the self-reaction of two indenyl
radicals facilitated by participation of another indenyl appears to
be the most plausible path for the observed formation of chrysene,
along with indene and an H-atom.

In conclusion, this study provides clear evidence for the exclu-
sive gas phase formation of the 18π Hückel-aromatic chrysene
(C18H12)–the simplest representative of phenacenes—through the
self-reaction of the 1-indenyl radical via spiroaromatic inter-
mediates. The reactor conditions (pressure and temperature)
were carefully optimized to limit further mass-growth processes,
allowing us to isolate and investigate the fundamental reaction
5 of 9
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SCHEME 2 Ring expansions originating from the cyclopentadienyl radical moiety in the recombination reactions of resonantly-stabilized free
radicals—(a) cyclopentadienyl (C5H5

∙) self-reaction, (b) cyclopentadienyl (C5H5
∙) + 1-indenyl (C9H7

∙) reaction via C1 coupling, (c) 1-indenyl (C9H7
∙)

self-reaction (C1-C1 coupling), and (d) generalized mechanistic outline for cyclopentadienyl addition-naphthylization (CPAN) leading to the preferred
formation of benzenoid PAHs.
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athways between two 1-indenyl radicals. These findings uncover
reviously unknown mechanisms that initiate aromatic ring
ormation at high temperatures, offering new insights into the
hemical processes occurring in circumstellar envelopes and
he outflows of evolved carbon stars, such as IRC+10216, and
heir planetary nebula descendants [43, 44]. Here, the explored
otential energy surface indicates solely endoergic pathways to
hrysene under conditions replicating dying carbon-rich AGB
tars. Even the highest transition states of 225 kJmol−1 identified
n the dominating pathways to chrysene can be overcome close to
he central star at temperatures of up to a few 1000 K, where chry-
ene was tentatively detected by mid infrared spectroscopy [45].
he non-detection of indene (C9H8) in circumstellar envelopes of
arbon-rich stars might imply a rapid photolytic conversion to the
-indenyl radical followed by a facile high temperature reaction
o chrysene. In general, PAHs along with mass growth processes
chieve significantly more stability and resistance to degradation
of 9
by cosmic rays and thermal radiation [2]. The primary mass
growth product in our study, chrysene has been also identified
in carbonaceous chondrite meteorites, particularly Murchison,
and recently in the asteroid Ryugu with laboratory analyses
indicating that chrysene was part of the early solar system’s
organic inventory [5, 13, 46, 47]. These PAHs eventually survive
to be delivered to molecular clouds and further incorporated into
Solar System bodies as detected in meteorites and very recently
on the carbonaceous asteroid Ryugu [45, 48, 49].

From the mechanistic viewpoint, the self-reaction of 1-indenyl
radicals represents a versatile class of radical-radical reaction
involving the formation of two six-membered rings originating
from five-membered ring reactants that facilitate molecular mass
growth processes (Scheme 2). For instance, the self-reaction
of cyclopentadienyl (C5H5

∙) radical yields the simplest PAH
with two benzene rings – naphthalene (C10H8) [50]. Based on
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his radical-induced molecular mass growth mechanism, larger
SFRs such as the fluorenyl radical (C13H9

∙) are predicted to gen-
rate a PAH with six benzene rings (C26H16) upon self-reaction;
n recombination with the 1-indenyl radical, this pathway may
ead to PAHs carrying five benzene rings (C22H14). As a matter of
act, any PAH radical carrying a cyclopentadienyl radical moiety
an recombine with yet another radical with a cyclopentadienyl
adical moiety through this mechanism as sketched in Scheme 2.

t is important to note that a 1 nm soot particle–if the carbon is
resent in the form of aromatic units–carries about 50 carbon
toms. A nanoparticle with a cyclopentadienyl radical moiety can
eact readily with a cyclopentadienyl radical moiety in another
anoparticle leading to facile molecular mass growth processes
ggregating to larger clusters via the cyclopentadienyl addition-
aphthylization (CPAN) mechanism. Thus, this mechanistic
athway provides a versatile, high temperature formation route to

arger PAHs, eventually leading to soot and carbonaceous grains
n deep space and in combustion settings eventually delivered to
arbonaceous asteroids and chondrites [4, 13, 51, 52].
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