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n-Alkanes formed by methyl-methylene
addition as a source of meteoritic
aliphatics
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N.RuizdelArbol1,C.Sánchez-Sánchez 1,A.Martín-Jimenez3,R.Otero3,5,6,M.Piantek7,8,D.Serrate 7,8,9,
R. Lebrón-Aguilar 10, J. E. Quintanilla-López 10, J. Mendez1, P. L. De Andres1 & J. A. Martín-Gago 1

Aliphatics prevail in asteroids, comets, meteorites and other bodies in our solar system. They are also
found in the interstellar and circumstellar media both in gas-phase and in dust grains. Among
aliphatics, linear alkanes (n-CnH2n+2) are known to survive in carbonaceous chondrites in hundreds to
thousands of parts per billion, encompassing sequences from CH4 to n-C31H64. Despite being
systematically detected, the mechanism responsible for their formation in meteorites has yet to be
identified. Based on advanced laboratory astrochemistry simulations, we propose a gas-phase
synthesis mechanism for n-alkanes starting from carbon and hydrogen under conditions of
temperature and pressure that mimic those found in carbon-rich circumstellar envelopes. We
characterize the analogs generated in a customized sputter gas aggregation source using a
combination of atomically precise scanning tunneling microscopy, non-contact atomic force
microscopy and ex-situ gas chromatography-mass spectrometry. Within the formed carbon
nanostructures, we identify the presence of n-alkanes with sizes ranging from n-C8H18 to n-C32H66.
Ab-initio calculations of formation free energies, kinetic barriers, and kinetic chemical network
modelling lead us to propose a gas-phase growth mechanism for the formation of large n-alkanes
basedonmethyl-methylene addition (MMA). In this process,methylene serves as both a reagent and a
catalyst for carbon chain growth. Our study provides evidence of an aliphatic gas-phase synthesis
mechanism around evolved stars and provides a potential explanation for its presence in interstellar
dust and meteorites.

Extraterrestrial organic matter found in meteorites may hold a unique
record of its synthesis, chemical, and thermal alterations in the parent
body, and processes within the nebular and presolar environments1,2.
Several classes of compounds, including amino acids, carboxylic acids,
hydroxy-carboxylic acids, sulfonic acids, phosphonic acids, aromatic
hydrocarbons, fullerenes, and heterocycles, as well as carbonyl com-
pounds, alcohols, amines, and amides have been identified in carbonac-
eous chondritic meteorites3–5. Additionally, aliphatic compounds,
especially large n-alkanes, have been systematically detected6–8. In 1967, a

survey of thirtymeteorites revealed in all of them thepresence ofn-alkanes
in varying amounts, typically in the range of 10-100 parts per billion
(ppb)6. These compounds exhibit monomodal distributions with peaks
between n-C10H22 and n-C31H64, with no clear predominance of odd
over even carbon numbers. It is worth noting that, given the uncertainty
surrounding the mechanism responsible for their production, concerns
regarding the potential introduction of terrestrial contaminants
have arisen in the literature. In particular, it was suggested that they
may have been added to the indigenous meteoritic material through
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physical contact with other samples or by atmospheric transport from
fossil hydrocarbons9.

Nevertheless, the presence of hydrocarbons, and in particular of ali-
phatics, in space and meteorites has been the subject of vigorous research in
recent years and aliphatics are now recognized as significant components of
interstellar dust grains. They are detected in mid-IR emission of red giants,
post-AGBsources, andplanetarynebulaby their 3.4 µmbandand~8 µmand
~12 µm plateaus10–13. In the solar system, aliphatics have been observed on
comets14 and C-type asteroids15, both by space missions and sample return
jobs16–18. Even the highly processed surface of the dwarf planet Ceres contains
traces of aliphatics19. There is also direct experimental evidence of the pre-
sence of linear n-alkanes in asteroids before their entrance into the Earth’s
atmosphere.Mass spectrometrymeasurements have confirmed the presence
of methane (CH4), ethane (C2H6), propane (C3H8), butane (n-C4H10),
pentane (n-C5H12), hexane (n-C6H14) and heptane (n-C7H16) in the coma of
the comet 67 P/Churyumov-Gerasimenko20.

Also, reports on newly fallen meteorites that show minimal signs of
terrestrialweatheringhave consistently foundaliphatics, and inparticularn-
alkanes, as a predominant component of their organic content. A 2015
report revealed that the Paris meteorite contained 7670 parts per billion
(ppb) of n-alkanes in the n-C16H34 to n-C25H52 range. The absence of
common terrestrial hydrocarbon signatures was used as evidence of their
indigenous nature7. More recently, experiments on the Aguas Zarcas
meteorite, considered to be pristine due to its rapid collection after fall in
April 2019, provided anopportunity to study anorganic-richmeteoritewith

minimal terrestrial residence and little contamination21. Univocal identifi-
cation of n-alkanes ranging from n-C12H26 to n-C18H38 was achieved, with
some tentative detection up to n-C32H66 also suggested

21. Notably, particles
retrieved by Hayabusa2 spacecraft from the Ryugu asteroid have provided
exceptionally pure and unaltered extraterrestrial material, showcasing a
prevalence of hydrogen-rich aliphatic organics with CH2:CH3 ratios as high
as 1,922,23. Interestingly, isotopic analysis of some of these aliphatic grains
showed exceptional deuterium, nitrogen-15, and/or carbon-13 enrichment/
depletions24, which pointed to a more primitive origin of the aliphatic
material compared with other grains in their surroundings23. These results
hint at the possibility that aliphatics in Ryugu may have originated from
precursor molecules synthetized before the formation of the Solar System22.

Despite all the evidence on the presence of aliphatics and large n-
alkanes in meteorites, comets, asteroids, and dust grains, their origin is still
uncertain, andmechanisms accounting for their extraterrestrial origin are a
matter of debate.Models proposing thatn-alkanesmayhave been produced
abiotically by a Fischer-Tropsch-like reaction have been invoked25. Such
heterogeneous catalytic reaction involves the production of hydrocarbon
chains from carbon monoxide and hydrogen on the surfaces of mineral
catalysts. Problems with this hypothesis started to rise when evidence
showed that the necessary catalysts and temperature-pressure conditions
were absent in the early solar nebula26–28.More recent results, however, have
demonstrated that Fischer-Tropsch-like mechanism may account for
the production of some complex organics in other astrophysical
environments29–34. Another proposed mechanism is the photolysis from

Fig. 1 | Atomic-scale scanning tunneling microscopy (STM) characterization of
the C-chain analogs. a Large-scale STM micrograph of C-analogs condensed on
Au(111) surface. The substrate is chosen to permit efficient tunneling conditions
while preserving the intrinsic C-analog properties due to the low reactivity of gold
surfaces toward molecular adsorbates. The STM parameters are 14 × 14 nm2,
V = 1.4 V, I = 10 pA. b Detail of the 2D crystallites found within the C-analog
condensed region, 7 × 7 nm2,V = 1.4 V, 20 pA. cHigh-resolution image of the linear
structures. A wiggling intramolecular resolution is observed in the tunnel channel.
2 × 2 nm2, V = 1.5 V, I = 0.5 nA. d Histogram of the length distribution of the

C-chains. The events have been binned by 1.2 Å, which corresponds to the
CH2–CH2 distance in the aliphatic chains. Therefore, the number of events per
channel corresponds to the number of molecules measured for a particular carbon
length. The number of chains inspected is 232. The yellow-marked part of the
histogram represents the range in which alkanes with small sizes do not efficiently
adsorb on Au(111) due to a low sticking coefficient. e Profile obtained from the
image shown in panel d, following the black dashed line. The periodicity of the
wiggling pattern within the chains is 2.5 Å.
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methane-rich ices. This process has been demonstrated efficient in the
synthesis ofn-alkanes up ton-C14H30

35,36. These experiments are performed
by irradiating CH4 ices at very low temperatures in ultra-high vacuum
(UHV) conditions, thus mimicking cold molecular clouds and the first
stages of protoplanetary disc formation. Recently, astrochemical laboratory
experiments based on sputter gas aggregation sources (SGAS) have found
that non-aromatic carbonaceous material forms efficiently in conditions
similar to the ones present in circumstellar envelopes of C-rich evolved
stars37. It has been suggested that aliphatichydrocarbons can efficiently grow
in the gas phase and on the surface of small carbon grains, thus opening new
ways for studying n-alkane synthesis in the interstellar medium and cir-
cumstellar shells38.

Here, we propose an alternativemechanism for the origin of n-alkanes
and other aliphatics. The mechanism is based on sequential gas-phase
methyl-methylene addition (MMA) growth of carbon chains. A combina-
tion of experimental and theoretical results demonstrates that, when atomic
carbon comes into contact with molecular hydrogen at temperatures and
densities comparable to those reported in the condensation zone of cir-
cumstellar envelopes (see Supp. Figure 2 for detailed physicochemical initial
hypothesis)37, C and H atoms interact to produce methyl and methylene
radicals38. These radicals undergo further polymerization through radiative
association and thermalization, often facilitated by collisions with other
species, resulting in the formation of large n-alkanes. Significantly, such a
process occurs without the need for seeds or catalysts.

Results
Theworking principle of our experiments is theAr+ sputtering of a graphite
target operating in an SGAS, which induces atomic vaporization of C atoms
from a graphite target into an UHV system, and their subsequent aggre-
gation in a hydrogen atmosphere. We estimate the partial densities to be
nH2 = 1.5x1010molecules cm-3 andnC = 2.5 × 1010 atoms cm-3 in anArbuffer
atmosphere of nAr > 10

13 atoms cm-3. The gas temperature during aggre-
gation is around 500–1000 K (see methods and Supp. Fig. 2 for further
details on the experimental conditions)37,39,40. The synthesized molecules,
clusters, and nano-sized carbonaceous species are collected on ultra-clean,
atomically flat substrates and characterized by scanning tunneling micro-
scopy (STM) andnon-contact atomic forcemicroscopy (nc-AFM).Analogs
for ex-situ gas chromatography-mass spectrometry (GC-MS) were grown
using a higher dose ofH2 (10

12molecules cm-3), increasing the reaction yield

while preserving the aliphatic nature of the analogs37,38. The results are
confronted with ab-initio density functional theory (DFT) and chemical
kinetics calculations permitting us to establish a sound molecular growth
mechanism.

Atomic scale characterization of the analogs with scanning
probe microscopy
Figure 1a–c presents atomic-scale STM images recorded at 4.3 K of the
aliphatic analogs collected on an inert Au(111) surface. STM is a valuable
tool for characterizing carbonaceous molecules on surfaces41–43. Fig. 1a
shows that the surface is covered by many molecular species, which are
difficult to ascribe to particular chemical species. Self-ordered domains are
resolved within the carbon mantle, indicating selective intermolecular
attractive interactions. On the left part of Fig. 1a, we notice domains of
self-assembled molecular dimer- and trimer-like structures, which have
been previously reported37. In addition, close inspection of the flat areas,
e.g., in Fig. 1b, reveals a different class of self-assembled domains con-
sisting of 2D crystallites of parallel linear structures presenting low
topographic corrugation. The domains cover approximately 20% of the
surface, have an apparent height of 1.5 Å, and exhibit an interline spacing
of 5 Å. Chains are aligned with the high symmetry direction of the
Au(111) surface and weakly interact with the substrate and with neigh-
boring chains (see Supp. Fig. 3). High-resolution images obtained at high
tunneling currents (see Fig. 1c) show an intramolecular wiggling pattern
with a periodicity of 2.5 ± 0.1 Å (see Fig. 1e), compatible with the CH2-
CH2 bond distance in alkanes (see STM simulations in Supp. Fig. 6)44 or
the CH-CH bond distance of polyacetylene in trans-configuration45. The
intermolecular distance and molecular orientation of the self-assembled
domains observed in the STM images resemble the ones reported for
n-alkanes on Au(111)46,47, yet chemical identification is difficult to
ascertain based only on STM images.

To unambiguously determine the chemical structure of the C-chains
we have performed constant-height non-contact atomic force microscopy
measurements. Bond-resolved nc-AFM is a powerful tool for the identifi-
cation of unknown hydrocarbons48,45. The chemical structure of individual
planar molecules and even the bond order (i.e., single vs. double or triple
bonds) between atoms can be resolved, and the species identified by visual
inspection of the images49–51. n-Alkanes and polyynes (both linear and ring-
shaped) havebeen characterized, and the intramolecular zig-zag structure of

Fig. 2 | Atomic-scale identification of selected C-chain analogs by non-contact
atomic force microscopy (nc-AFM). a Constant-height STM current image of a
surface region where three chains are resolved 1.7 ×2.6 nm2 (V = 0.01 V).
b Constant-height bond-resolved nc-AFM frequency shift image obtained simul-
taneously with the STM image shown in a. Regulated at 0.01 V and 20 pA, at the

central lobe molecule at constant amplitude of ~50 pA. c Ball-and-stick schematic
model of the molecular configuration unambiguously resolved in b. Three small
aliphatic chains, a decane (n-C10H22), an undecane (n-C11H24), and a pentadecane
(n-C15H32) are present in the small area inspected by nc-AFM.
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sp3 alkanes has been distinguished from the linear backbone of sp-bonded
polyynes52–54. Recently, nc-AFM has been used to atomically identify
astrochemical analogs of Titan organic haze43 and organics from the
Murchinson meteorite55, demonstrating the use of this technique for
understanding the chemical routes operating on cosmic dust at the atomic
level. In Fig. 2, we present our nc-AFM results. The frequency shift map in

Fig. 2b shows a bond-resolved image of the chains in Fig. 2a, which allows
for determining the zig-zag pattern of n-alkanes. It univocally discloses the
presence ofn-alkanes of threedistinct lengths: decane (n-C10H22), undecane
(n-C11H24), and pentadecane (n-C15H32). Figure 2c shows a ball-and-stick
model of the molecules found in the 2.6 x 1.7 nm2 image shown in Fig. 2b.
Other nc-AFM measurements show the presence of other alkanes with

Fig. 3 | Gas chromatography-mass spectrometry
(GC-MS) characterization of carbonaceous chon-
drites meteorites and the carbon dust analogs.
a Representative GC-MS chromatogram for the acet-
onitrile extract of the compounds deposited on silicon.
The selected ion chromatogram form/z 57, 71, and 85
shows a series of peaks, identified as linear alkanes on
the basis of their retention indices and mass spectra.
The bell-shaped distribution of peaks is a result of its
relative composition, with hexacosane (n-C26H54) as
the most abundant compound. b The single ion GC-
MS traces (m/z= 57) of the CH2Cl2/CH3OH extracts of
the Aguas Zarcas meteorite. Linear aliphatic hydro-
carbons (n-alkanes) ranging from C22 to C32 are found.
Themost abundant n-alkane is hexacosane (n-C26H54).
Reproduced with permission from S. Pizzarello et al.21.
c Presence of n-alkanes in meteorites according to the
literature. Refs. 3,6,7,9,21,25,57,80,81. The (tentatively)
identified species are marked with (white) black circles.
When provided, the peak of the distribution is also
introduced as a red circle.
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larger lengths (see Supp. Fig. 4). Thus, nc-AFM confirms the n-alkane
nature of the self-assembled chain domains identified in STM images.

In thenext step,wedetermine the carbonnumberdistributionof then-
alkanes by measuring their size individually in STM images and plotting
their distribution as a function of length. Figure 1d presents the resulting
histogramwhere 232 chains have been analyzed. Several conclusions can be
drawn: (i) we notice the absence of C-chainswith less than six atoms (yellow
region in Fig. 1d), which may be due to the low sticking coefficient of small
alkanes on Au(111) at the deposition temperature (300 K)56. (ii) Chains
longer than n-C37H76 are also absent, which points towards a self-limiting
growth process44. (iii) The histogram presents a global maximum at
n-C24H50 and two other localmaxima atn-C15H32 andn-C32H66. (iv) There
is no clear dominance of odd/even species. However, the limited statistics of
the atomic-scale approach call for analytical methods that permit further
corroborating these observations with higher statistical relevance.

Gas chromatography-mass spectrometry measurements
In Fig. 3a, we show gas chromatography-mass spectrometry (GC-MS)
results of the carbon analogs. Chromatographic and mass spectrometric
parameters were optimized to maximize separation and sensitivity. Under
these conditions, alkanes were detected as narrow and symmetrical peaks,
approximately between 15 and 30min of retention time. The main species
observed aren-alkanes betweenn-C22H46 andn-C32H66, in good agreement
with the results obtained by scanning probe measurements. In addition,
GC-MS results permit quantifying the alkane chain distribution indepen-
dently. The most frequent molecular chain is n-C26H54, a value close to the
one found in the STM analysis. Besides, GC-MS shows low branching of

alkanes in the analogs, as revealed by small peaks between those corre-
sponding to n-alkanes. Based on their retention indices and mass spectra,
these can be assigned to 2-methyl and 3-methyl alkanes. Close inspection of
our STM images (Fig. 1b) also reveals thepresence of small rounded features
in someof the chains that canbe readily assigned tobranchedmethyl groups
on these species (see Supp. Fig. 3).

GC-MS results also permit us to compare our analogs with extra-
terrestrial samples from meteorites (Fig. 3c). Various distributions for dif-
ferent samples featuring a peak between C14H30 and C26H54 are observed,
with the longest chain ranging betweenC33H68 andC21H44, and the shortest
chain between C8H18 and C19H40. These results align with the range
observed in our MMA analogs. To illustrate the similarity in n-alkane dis-
tribution between our analogs and those in some carbonaceous chondrites,
we present in Fig. 3b GC-MSmeasurements of the Aguas Zarcas meteorite
from Pizzarello et al.21, a carbonaceous chondrite providing a pristine
remnant of the early Solar System. Despite their radically different origins,
both samples show qualitative chemical similarities. Both chromatograms
contain a series of n-alkanes between n-C22H46 and n-C32H66, with their
maximum at n-C26H54, and low branching. Several other meteorites show
similar distributions according to the literature. In Fig. 3c we present such a
comparison. Although their shortest and longest carbon chains and max-
imumintensity appeardisplaced compared toAguasZarcas (see Fig. 3c), the
similarities are evident57. The main differences between our laboratory
astrochemistry analogs and specific meteoritic samples can be explained by
two main factors: i) Variations in physicochemical conditions during ana-
logs growth, such as plasma temperature, total pressure or partial atomic
densities (i.e.[C],[H] and [H2])during MMA growth and ii) collisions with

Fig. 4 | Methyl-methylene addition as polymerization mechanism of alkanes in
gas-phase. a Calculations on the evolution of the C, H, H2, CH2, CH3, and C2H5

densities at a temperature of 500 K (initial conditions nAr = 1018 cm-3,
nC = nH2 = 1010 cm-3, and nH = 109cm-3) from the kinetic chemical model introduced
in the main text. b Schematics of the methyl-methylene addition mechanism pro-
ducing alkanes in gas-phase. The reaction originates with a methyl radical, which
sequentially incorporates methylene radicals. The chain growth finishes when either
a hydrogen atom (H) is captured by a terminal CH2 or a methyl group (CH3) is

attached to close the chain. c. Computed theoretical energy variation diagram, in eV,
along the minimum reaction path, which also includes transition state energy bar-
riers between each reaction step, as determined by ab-initio calculations of the
polymerizationmechanism proposed for the formation of the aliphatic chains in the
experiments based on CH2 addition. Transition states, with only an imaginary
normal mode frequency, are also shown as insets.
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third bodies and/or high energy photons which account for destruction of
long chains and formationofnewmolecules through radical chemistry.This
second factor may particularly account for the peaks appearing in the GC-
MS of meteorites which have inevitably undergone weathering and pro-
cessing effects.

Kinetic modeling and density functional theory simulations
To establish an alkane growth mechanism compatible with our experi-
mental observations, we have modeled several gas-phase reaction paths in
conditions similar to those found inour experiments.Our SGASproducesC
species37 that react with atomic and molecular hydrogen in an Ar atmo-
sphere (initial conditions nAr = 1018cm-3, nC = nH2 = 1010cm-3 and
nH = 109cm-3). Atomic hydrogen is produced by H2 dissociation in the
sputter source. We estimate that 10% of the injected H2 reaches the mag-
netron head, being therefore susceptible to dissociation. Amongst other
products, the gas-phase reactions producemethylene (CH2), methyl (CH3),
and ethyl (C2H5) radicals, (see Supp. Note 1) which trigger the hydrocarbon
alkane growth.

Kinetics modeling permits us to quantify the formation of these radi-
cals and track the evolutionof the chemical compositionof the reactants and
products. In Fig. 4 a, we present calculations depicting the evolution of the
densities of C, H, H2, CH2, CH3, and C2H5 at a temperature of 500 K in our
best-fit model. We first examine the synthesis of methylene (CH2) radicals.
Methylene synthesis may proceed through radiative association, bimole-
cular association, or thermalization with a third body, such as an Ar atom.
Given the relatively high density of Ar in our experiment, this is an efficient
mechanism taking place within the lifetime of intermediate species (see
supplementary note 2 for details on the transition states). In a similar way,
reactions producing methyl radicals (CH3) efficiently deplete C, H, and H2

concentrations during the early stages of chemical evolution. Together, the
formation of methyl and methylene radicals rapidly consume C and H,
leading to a significant decrease in their abundances, often by several orders
of magnitude, as seen in our simulations (Fig. 4a).

Next, we perform DFT electronic structure calculations to get the
potential energy surfaces of n-CnH2n+1 system, with n = 2-6.We compute a
mechanism involving the consecutive addition of methylene radicals to a
methyl seed: a process that we have termed methyl-methylene addition
(MMA). In Fig. 4b we show a ball-and-stick scheme of the MMA
mechanism. As a starting point, a methyl radical becomes an ethyl radical
upon the addition of a methylene group (i.e., CH3+CH2 → C2H5*). The
reaction has an energy barrier of ΔETS = 0.17 eV (Fig. 4c). The process is
highly efficient, as evidenced by the three orders of magnitude increase in
ethyl density, nC2H5, in the kinetic chemical model (yellow line in Fig. 4a).
The resulting product, C2H5*, remains a radical with an unpaired electron,
which permits the addition of a secondmethylene group and the formation
of a C3H7* radical with an even lower barrier of 0.11 eV. The MMA
mechanism will continue according to the reaction,

CH3 � ðCH2Þn þ CH2 ! CH3 � ðCH2Þnþ1
� ð1Þ

with energy barriers between 0.1 and 0.2 eV. Similar energy barriers
have been calculated for radical-radical reactions that trigger chemical
enrichment in gas phase reactions during cross-beam experiments58,59.

For small molecules (n < 3), any excess energy is effectively stabilized
in the intermediate compound through equipartition into vibrational and
rotational modes. Our ab-initio molecular dynamics simulations show
that such equipartition stabilization can efficiently occurwithin the typical
lifetimes of the intermediates. Moreover, the participation of a third body
at large enough densities (e.g., CH2+CH3+Ar→C2H5*+Ar), provides
the pathway for removing the excess energy and generating ethyl and
propyl radicals. Three-body reactions involving an Ar atom have typical
rate constants of the order 10-30 cm6 s-1, which for a density of 1018 cm-3

result in rate constants on the order of 10-12 cm3 s-1. These rate constants
are competitive enough and can contribute to the gas-phase poly-
merization sequence. In circumstellar envelopes, other species such as H2

or He may also serve as a third body. Finally, once CnH2n+1* products
with n > 3 have been formed, radiative association processes become
efficient and could approach collisional rates when the number of colli-
sions is sufficiently high. Calculations also suggest that the energies of the
barriers are reduced by thermodynamic effects as demonstrated by Gibbs
free energies (see Supp. Fig. 5).

The addition of methylene monomers will continue with low energy
barriers until either a CH3 radical or atomic hydrogen attaches to the end of
the chain, resulting in alkane closure:

CH3 � ðCH2Þm�2
� þ CH3 ! CmH2mþ2 ð2Þ

CH3 � ðCH2Þk�1
� þH ! CkH2kþ2 ð3Þ

Reactions [2] and [3] proceed without energy barriers and serve as
termination steps for the chain growth when k,m ≥ 3. In our experiments,
the concentration of atomic hydrogen, [H], is higher than that of [CH3] and
[CH2] as a consequence of H2 dissociation in the magnetron38, and most of
the chains will cease growing due to atomic hydrogen addition. Conse-
quently, [H] will play a crucial role in determining the average length of the
chains.We note that similar chain growthmechanisms based on sequential
addition of radicalmonomers have been recently reported. For instance, the
coupling of acetylene molecules allows for the selective fabrication of
polyacetylene chains40,45,60, and polyethylene synthesis proceeds through
further polymerization with consecutive ethylene insertion into the
chains61,61.

Astrochemical implications
The results presented in this study hold significant astrochemical implica-
tions. At temperatures similar to those in the inner layers of circumstellar
envelopes of C-richAGBs, theMMAmechanismpresents an efficient route
for n-alkanes formation. To operate in circumstellar envelopes, however,
MMArequires the presence of CH2 andCH3 radicals. Simple hydrocarbons
have been indeed detected in astronomical sources. CH4 has been detected
in the vicinity of C-rich AGBs62, CH2 in molecular clouds63, and CH3

+ was
first detected in space in 2023 by advanced observations from the James
Webb Space Telescope in a protoplanetary disc64. Chemical equilibrium
calculations of the inner envelopes of AGB stars predict the abundances of
these radicals in the range of 10-9with respect toH2

65,66. In our kineticmodel,
CH2 andCH3 can be efficiently formed by the interaction of C andCHwith
H2 via three-body reactions (see Supp. Table 1). The formation of CH
radicals from atomic carbon andH2 alone, through the reaction C+H2→

CH+H might need shock-wave-induced chemistry40 since this bimole-
cular reaction necessitates temperatures in the range of several thousand
kelvins to operate efficiently. Once CH is formed, the bimolecular reaction
of CHwithH2 to produce CH2 can operate at the temperatures of the inner
envelope as the reaction is endothermic by about 10 kJ/mol (Supp. Table 1).
Another possibility for CH2 and CH3 formation is the photodissociation
of CH4 in the outer envelope67, in the same manner as C2H is formed
from C2H2.

Once CH3 and CH2 are present, the reaction barriers for methylene
addition can be easily overcome as described above.MMA thus provides an
all-natural formation mechanism of n-alkanes and related aliphatics
observed in the interstellar medium. With the MMA mechanism as the
starting point, we can propose a potential evolution sequence for interstellar
n-alkanes (Supp. Fig. 1). Synthetized in the vicinity ofC-richAGBstars, they
coagulate with aromatics, in sub-micrometer hydrogenated amorphous
carbon grains as they are expelled from the circumstellar envelope by
radiative pressure. In the post-AGB stage, visible-UVphotons excitemid-IR
emission and process the grains (as seen by the variation of the intensity of
the 3.4 µm to 3.3 µm emission)68 being the aliphatic material more easily
destroyed than the aromatic one69,70. Unprocessed n-alkanes effectively
shielded from UV radiation by surrounding material (e.g. aromatics, sili-
cates or silicon carbide grains)71 will eventually become part of dense
molecular clouds and later protoplanetary discs of nascent stellar systems.
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The surviving material will be incorporated in comets, asteroids, and pla-
netesimals, with some of it, possibly becoming the n-alkane chains found in
meteorites. To further evaluate this hypothesis, we plan future experiments
to test the stabilityofn-alkaneunder astrophysically relevant conditions.We
finally note that our MMA mechanism may compete and complement
other aliphatic synthesis processes known to operate in cosmic environ-
ments. Processes involving charged monomers—where long-range Cou-
lomb interactions could facilitate reactions involving oppositely charged
species, but it could also increase kinetic barriers for molecules carrying the
same charge- and/or irradiation in carbon-containing interstellar ices may
be also considered for a better understanding of the origin of interstellar
aliphatic material.

Methods
Synthesis of carbonaceous species in sputter gas aggregation
source (SGAS)
Alkanes and other carbonaceous species are synthesized using a Multiple
Ion Cluster Source (Oxford Applied Research Ltd.), working under UHV
conditions (base pressure 1 × 10−9 mbar). Themagnetron in use was loaded
with a graphite target of 99.95% purity with a typical applied power of
100W. TheAr flow rate used for the experiments was 150 sccm. Extra-pure
H2 (99.99% purity) was injected during the fabrication of the samples used
in GC-MS through one of the lateral entrances of the aggregation zone of
the SGAS to increase the amount of material during the preparation of the
samples used in GC-MS, as this is a bulk sensitive technique. The carbo-
naceous analogs are deposited on the native oxide surface of Si wafers for
GC-MS and on Au(111) for STM/nc-AFM.

Scanning tunneling microscopy (STM) and non-contact atomic
force microscope (nc-AFM) measurements
Samples for STM and nc-AFM were prepared in the Stardustmachine72,73.
Subsequently, they were transferred to the UHV chambers of the micro-
scopes located in two different laboratories, using a UHV suitcase with an
ion-getter pump (base pressure < 1 × 10−9 mbar) to avoid chemical reac-
tions with environmental atmospheric gases. Samples were deposited on an
atomically flat Au(111) single crystal surface pre-cleaned by repeated
sputtering (10minusingAr+ ions at an energy of 1.25 kV) and annealing (at
800 K for 5min) cycles. Clean Au(111) was later exposed to the carbo-
naceous species for 5min, keeping the sample at room temperature, and
then transferred to the UHV suitcase. STM and nc-AFM measurements
were performed at 4.3 K in two independent low-temperature STM/ nc-
AFM instruments (Scienta Omicron) with a base pressure of < 10−10 mbar.

Gas chromatography-mass spectrometry (GC-MS) analysis
Silicon wafers with the carbonaceous analogs were immersed in 3mL of
acetonitrile and the extract was analyzed by a Thermo Scientific TraceUltra
gas chromatograph (Thermo Fisher Scientific, San José, CA, USA) coupled
to a Thermo Scientific DSQ II single quadrupole mass spectrometer.
Chromatographic separation was carried out on a poly (5% diphenyl 95%
dimethylsiloxane) fused-silica capillary column (Zebron ZB-5) from Phe-
nomenex (Torrance, CA, USA) of 30m length, 0.25mm internal diameter,
and 1.00 µmfilm thickness.Helium (99.999%purity)was used as carrier gas
at a constant flow of 1.5mLmin-1. Acetonitrile extracts (1 μL) were injected
in pulsed splitless mode (0.25min, 26 psi) at 300 °C. The oven temperature
programwas initially set at 60 °C for 1min, increased to 300 °Cat 15 °Cmin-

1, and held for 30min. The temperatures for the interface and the ion source
were 300 and 200 °C, respectively. Electron impact (EI) mass spectra at
70 eVwere recorded fromm/z 40 to 500 at 3 scans s-1. Xcalibur 2.0 software
was used for data acquisition and control of operating conditions. Com-
pounds detectedwere identified by firstmatching the obtainedmass spectra
with those available in the NIST/EPA/NIH 05 andWiley 6.0 mass spectral
libraries. The identity of linear alkanes was confirmed by comparison of
retention times and mass spectra of a standard mixture of linear alkanes
from tetradecane (n-C14H30) to hexacosane (n-C26H54) plus octacosane
(n-C28H58), triacontane (n-C30H62) and dotriacontane (n-C32H66) in

acetonitrile. For the rest of the alkanes, confirmation was achieved by
comparing their chromatographic retention indices measured under
temperature-programmed conditions (RI) with literature data74.

Density functional theory (DFT) calculations
To describe the methyl-methylene addition mechanism producing
alkanes in the gas phase, we use ab-initio Density Functional Theory to
compute self-consistent wavefunctions, Ψ, and their associated ground-
state variational total energies, U0, for geometrical configurations opti-
mized to keep the maximum force on any atom below 0.02 eV/Å with
Gaussian75. The all-electron chemistry model is based on the hybrid
exchange-correlation functional B3LYP76 with the basis cc-pVTZ77. To
explicitly include the effect of the temperature in the calculations, for each
molecule (H,CH2, CH3,C2H5,C3H7,C4H9,C5H11, C5H12, andC6H14), we
have computed a partition function78 taking into account electronic,
translational, rotational and vibrational contributions to extend the
electronic energies to temperature-dependent Gibb’s free energies.
Transition states on the sequentialmethyl-methylene additionsminimum
reaction path have been computed within the Synchronous Transit-
guided Quasi-Newton (STQN) method79; all have been characterized as
having only one imaginary normal mode frequency.

Chemical kinetic model
we have constructed a network of 39 elementary reactions involving 16
chemical species to study the time evolution of different compounds along
the simplest path to produce the shortest alkane, C2H6. Details for such a
network are described in the Supplementary Information.

Data availability
The authors declare that all the data supporting thefindings of this study are
available within the article (and Supplementary Information Files), or
available from the corresponding author on reasonable request.

Code availability
Data processing code and simulation models are available from the corre-
sponding author upon reasonable request.
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