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ABSTRACT: We address the question why among the multitude of imaginable C H,,
compositions some are easily synthesizable and abundant in nature, while others are not.
To shed light on this problem we borrow approaches from nanocluster study, where
stability with respect to neighboring compositions is used as a criterion of “magic”
(particularly stable) clusters. By merging this criterion with predictions of lowest-energy
structures of all C,H,, molecules in a wide range of compositions (n < 20, m < 42) we
provide guidelines for predicting the presence or absence of certain hydrocarbon
molecules in various environments, their relative abundance and reactivity/inertness.
The resulting maps of stability show the increased stability of C,,H, compounds,
polyaromatic hydrocarbons, and diamondoids, which is supported by experimental
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studies of the interstellar medium, flames, and petroleum fractions. This approach can 5 5

be applied to any other molecular system, rationalizing the diversity of known
compounds and predicting new potentially synthesizable molecules.

B eing the basis of organic chemistry, hydrocarbons (HC)
are perhaps the most fundamentally important molecules,
and the most studied one. Made of highly abundant (both on
Earth and in the Universe) atoms, connected by covalent C—H
and C—C bonds (the latter have a variety of types and can be
single, double, triple, or of intermediate character), HCs
demonstrate enormous variety in nature and in chemical
processes. As a consequence of strong and directional covalent
bonds, these molecules have long lifetimes. The importance of
HCs extends into many fields, such as astrochemistry,
planetary science, studies of combustion, and petrochemistry.
For example, highly unsaturated HCs are the likeliest
candidates for the carriers of diffuse interstellar spectral
bands." Polycyclic aromatic HCs (PAHs), present in fuel-rich
hydrocarbon flames,” are also thought to be the nucleation
agents that promote the growth of the orange-brown aerosol in
the atmosphere of Titan.’ Saturated HCs are the key
components of petroleum, hence their obvious practical
applications.

An open question is why, among the myriad of possible HC
molecules, only some are abundant and others are nearly
absent. A similar question was addressed for the crystalline C—
H system, where it was found that methane (CH,) is the only
thermodynamically stable compound at normal conditions
(under pressure, this changes,® but at all pressures, still only
saturated hydrocarbons form stable phases). To understand
the observed variety of HC molecules, one should consider the
nonequilibrium conditions of a given environment (e.g.,
circumstellar and interstellar space with rare collisions between
the molecules, or fast combustion in flames, etc.). Theoretical
evaluation of the abundance of a given molecule would involve
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Stability map of C,H,, molecules

the estimations of reaction barriers and lifetimes of molecules
in relation to the time scale of the relevant process (from
billions of years in case of interstellar space to seconds for
flames). For example, such attempts have recently been made
to study the mechanisms of formation of benzene,’
naphthalene,”® and some larger PAHs”® in the interstellar
medium and combustion flames. However, this is very
challenging, and in practice, only a small part of the relevant
compounds can be explored this way.

Another question is the synthesizability of HCs: why are
some molecules very easy to synthesize, while others require
catalysts and complex precursors? Are there any selection rules,
which can indicate whether a given molecule may or may not
appear spontaneously in significant quantities?> We know
empirically which molecules appear in which process (and
which do not), while theoretical explanations are absent.

These two problems are related not only to each other, but
also to the fundamental questions from other disciplines. The
striking parallel is relative abundances of different chemical
elements in the Universe and stability of atomic nuclei: some
nuclei, known as “magic”, are particularly abundant. What are
the selection rules, knowing which we could predict magic
nuclei? The binding energy of nuclei has a global maximum at
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Figure 1. Stability maps of C,H,, molecules using two criteria: (a) A;,(n,m) and (b) Eﬁag(n,m) in eV as a function of n and m. Deep blue color
denotes unstable compositions. The light blue color in part a indicates the area with —0.6 < A_;; < 0.

S6Fe, but this is just one of many magic nuclei. One thing all of
them have in common is the corresponding peaks of the
binding energy (such as *He, ’C, etc.) which shows the
importance of local characteristics rather than global ones.

Analogously, nanoparticles of only certain compositions
(also called “magic”) show particularly high abundance. The
binding energy of an ensemble of atoms almost monotonically
grows with increasing number of atoms—so, by this criterion
only an infinite crystal is stable, and there is no possibility to
distinguish magic nanoparticles or molecules. It turns out that
instead of looking at global stability, one should analyze local
stability with respect to exchanging of one or a few particles.
More specifically, if a molecule is more stable than a mixture of
molecules of neighboring compositions, we call it magic.
Multiple studies have shown that magic nanoparticles often
reproduce peaks in experimental mass spectra.”"’

Here we use this criterion to predict “magic” hydrocarbon
molecules. A prerequisite for applying this criterion is the
knowledge of ground-state structures and corresponding
energies of the molecules in the entire studied composition
range. Despite the availability of vast databases of HC
molecules, there are a number of compositions with no
information on ground-state structures. In this study, all
structures of molecules in the whole compositional space were
found using evolutionary global optimization."' Knowing all
relevant energies, we also computed the minimal fragmentation
energies for all ground-state molecules.

The results, as we show, provide a much needed systematic
look at hydrocarbons. Usually, textbooks describe hydro-
carbons as a series of separate molecules or their classes, ie.,
alkanes, alkynes, polyaromatic molecules, etc., without putting
all of them in one general context. Our approach provides the
holistic picture where all these groups are seen at one glance as
distinct regions on the maps of stability, and one can instantly
get an understanding of the abundance or ease of synthesis of
each molecule and get an intuition about its possible inertness
or reactivity.

The ground-state structures of C,H,, molecules were found
in a vast compositional area of 1 <17 <20,0<m <2n+2
using our recently developed evolutionary variable-composi-
tion global optimization technique for nanoclusters,'
implemented in the USPEX code.'”"” The algorithm performs
a joint evolutionary search for all molecules in a given range of
compositions and takes advantage of exchange of structural
information between different compositions. This method has
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been applied to various systems'”'*'"> and showed speedup of

up to SO times compared to traditional global optimization
done separately for each composition.

To maximize efficiency and accuracy, we first performed the
USPEX search in combination with semiempirical PM3 and
PM6 approaches (as implemented in the MOPAC code'®) and
used its results as the initial point for another USPEX search
coupled with ab initio structure relaxations and energy
calculations. The latter were done using the projector
augmented wave method'” and PBE exchange-correlation
functional'® as implemented in the VASP code.'””’ The
energies of 20 best structures for each composition were then
refined using the GAUSSIAN code with the B3LYP hybrid
functional and 6-311+G(d,p) basis sets.”’ The ground-state
structures of all calculated molecules are given in Supporting
Information.

Knowing energies E(n,m) of the ground-state structures of
all C,H,, molecules, we were able to explore the stability
patterns of HCs using two criteria borrowed from nanocluster
studies. The first criterion is based on the second-order
differences over atoms of each type

AcE(n, m) = E(n + 1, m) + E(n — 1, m) — 2E(n, m),

AyE(n, m) = E(n, m + 1) + E(n, m — 1) — 2E(n, m),
(1)

The minimum of the two characterizes the stability of a
molecule against transfer of one atom of each type between a
pair of identical C,H,, molecules. This criterion is powerful,
because molecules satisfying it are energetically more favorable
than neighboring compositions and are thus special.
Furthermore, only such molecules can accumulate in
significant amounts and not disproportionate during collisions.
Since hydrogen exists predominantly in the form of H,
molecules and the C,H,, molecules with an odd number of
hydrogen atoms are radicals (usually not very stable molecules
with open-shell electronic structure), we extended this
criterion by including exchange of an H, molecule:
ApE(nm) = E(nym + 2) + E(nym — 2) — 2E(n,m). Thus,
the final measure of stability is

A in(n, m) = min{AcE(n, m), AzE(n, m), Ay,E(n, m)}

()

HC molecules with positive A,,;,(n, m) will be referred to as
“magic”.

https://doi.org/10.1021/acs.jpclett.2c02098
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Figure 2. Magic C,H,, molecules divided into three classes (different colors) and 11 homologous series (different markers). Marker size

corresponds to the value of A

min®

Besides described exchanges there are numerous other
reactions, such as exchange of other various fragments, fusion
into bigger clusters, etc. Of particular importance is the
fragmentation of C H,, into two fragments C;H, and C, /H,,
the energy of which is

Egg(n, m, k, 1) = E(k, ) + E(n — k, m — 1) — E(n, m)

©)

As there are many possible fragmentation channels, we look
for the lowest fragmentation energy among all of them:
Efmg(n,m) = mmklEfmg(n,m,k I). As opposed to the “local”
criterion (2), this one is more “global”.

Panels a and b of Figure 1 show, respectively, the
interpolated contour maps of calculated A, ;,(n,m) and
Egpg(nym) as a function of n and m. On the first map, one
can immediately see as stable the fundamental organic
compounds such as methane (CH,), acetylene (C,H,), ethane
(CyHg), propane (C3Hg), benzene (C¢Hg), etc. The
remarkable variety of stable hydrocarbons is the reason organic
chemistry (the chemistry of derivatives of HCs) is so rich—
and suitable as the basis of life. Stable compositions form
ridges of stability (corresponding to homologous series) or
islands of stability. Among the most prominent homologous
series, one can notice pure C,, clusters, polyynes C,,H,, PAHs,
diamondoids, and alkanes C,H,,,.

The map of fragmentation energies Eg,,(n,m) shows one
large area above zero with varying height. Assuming that
greater height corresponds to greater stability, the map
Efmg(n m) has many similarities with the previous map

Apin(n,m) reproducing many magic molecules including
short C, chains, C,,H, and PAHs. However, it has a distinctive
feature, namely an abrupt drop of stability to the right of line n
= 2m — 6 which represents the border of regular PAHs.

In Figure 2, we schematically show all the magic molecules
with focus on the homologous series. Below we discuss these
series within the context of their presence in planetary
atmospheres, interstellar space, flames and chemical synthesis.
We focus on the first criterion of stability since it covers all
diversity of HC compounds and use the second criterion as a
complementary one. For convenience of description, we have
conventionally divided the resulting compounds into three
classes: polyunsaturated HCs (compounds with multiple
double or triple bonds), PAHs, and HCs with saturated C—
C bonds only (alkanes, cycloalkanes, graphanes, diamondoids).
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1. (Poly)unsaturated HCs of magic compositions are shown
in Figure 3. The first series is the pure carbon clusters (#1,

(a) Pure C, clusters (#1) (b) C,,H, molecules (#2)
CZ c3 CS C7 CZHZ C4H2 CEHZ
oo 0-0-0 ©0-0-0=0-0 ©0=0- “0=0—0-0~ “0=0—0-0—0-0
) CgH, CyoH,
T . CyoH,
(c) C,,.1H; molecules (#3)
C5H3 C7H3 C9H3 C11H3

Figure 3. Structures of magic (poly)unsaturated HCs.

Figure 3a) including C,, C;, Cs, C;, Cyg Cyy and Cyg which
agrees with previous studies.” C;, Cs, and C, are linear chains
and C,y, Cy4, and C,q are rings. The smallest of them, namely
C, C; and C;, were indeed found in the interstellar
media™® >

The second series of magic compounds is polyynes with the
formula C,,H, (#2, Figure 3b). Their degrees of stability A,
are among the highest of all HC compounds. Yet these values
decrease with n, falling below zero for n > 6. The second
criterion also shows that molecules C,,H, (n = 1—4) are of the
highest stability. There is abundant evidence for the presence
of these compounds in different environments. C,H,, C,H,
and C¢H, chains were detected in the circumstellar medium of
the proto—planetary nebula CRL 618." C,,H, molecules with
n = 1—5 were detected in planetary atmospheres, interstellar
space and fuel-rich flames®*” and those with 1 up to 8 were
detected in laser ablation experlments on graphite, coal, and
Cygo particles suspended in solutlons Diacetylene C,H, also
was found in Titan’s atmosphere.”” C,,H, molecules with n up
to 13 were also observed in rare gas matrices by direct
absorption spectra.’® > The simplest polyynes are proposed
to be common intermediates in HC combustion. They play an
important role in synthesis of large carbonaceous molecules
such as PAHs, fullerenes, and constitute a large part of soot.

We single out C,,,;H; molecules (n = 2—5) as the third
homologous series (#3, Figure 3c). These have an odd number
of electrons and therefore are magnetic and classified as
radicals, and known to play an important role in interstellar,
combustion and plasma chemistry. They are dominant
products in acetylene, benzene, and diacetylene discharges,
and are also produced in fuel-rich flames.*®

https://doi.org/10.1021/acs.jpclett.2c02098
J. Phys. Chem. Lett. 2022, 13, 7600—7606
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2. (Poly)aromatic HCs can be divided into three main
groups: regular, radicalic, and dehydrogenated PAHs. The
molecules with an even number of hydrogen atoms will be
referred to as “regular”, while the ones with an odd number—
as “radicalic”. Typical structures for each group are shown in
Figure 4. Regular PAHs include benzene (C4Hj), naphthalene

Benzene and its derivatives (#4) (a)
C6H6 C7H8 CBH10 C9H12 C10H14 CQH10 C10H12

Lx =3 < 43 X0 08 X0

Naphtalene and its derivatives (#5)
CiHs  CuHio  CiMiz  CigHu  CiHy  Coolhe

2x 1Y, X, S, S0 1

Pyrene and its derivatives (#6)

C16H10 C17H1Z C’IBH14 C19H16 CZOH’IB C19H14
Other regular PAHs

CgH CiHg  CiHg  CigHyo CigHio  CaoHip  Caghhrz
8l e

- gt S5 S

Radicalic PAHs (#7) (b)
CsHs  CoHy CisHg  CysHg Ci7Hg Ci7H4q CigHys

X S A

Dehydrogenated PAHs (#8)
CisH;  CyeHs CieHg Ci7Hs CigHs

38 48 S

Figure 4. Structures of magic (poly)aromatic HCs.

C18H8

(CyoHg), acenaphthylene (C;,Hg), pyracyclene (Cy,Hjy),
phenanthrene (C,,H,), and larger PAHs (Figure 4a). They
all possess large A_;. Many of these compounds were
observed in the interstellar and circumstellar media, as well
as planetary atmospheres (e.§., Titan): C¢Hg, C,oHg CiHs,
CHjy, and larger molecules. 34

It is worth mentioning that many PAHs appear as natural
minerals such as carpathite,35 kratochvilite,”® or ravatite,”’
which are crystalline forms of coronene (C,H,,), fluorene
(Ci3Hyp), and anthracene (C,H,,), respectively. Some
minerals are mixtures: curtisite is made of several PAH
compounds,™ including dibenzofluorene, picene (C,,H,,),
and chrysene (C,gH,), while idrialite®® is mostly composed of
tribenzofluorenes. Their occurrence in nature had been
explained by burial of PAHs until they reached a temperature
where pyrolysis took place, followed by hydrothermal transport
toward the surface, where the composition of precipitating
minerals depends on.*’

Functionalized PAHs, where hydrogen atoms are substi-
tuted, e.g., by methyl groups, are also present on the map,
although with lower degrees of stability A ;.. On our map
these compounds are represented by three series: derivatives of
benzene (#4), naphthalene (#5) and phenanthrene (#6). In
each of them, the number and size of substitutions
consequently increases. However, at some extent of sub-
stitution atoms, they become less stable than the diamondoids
of the same compositions.

7603

Another series of magic compounds is radicalic PAHs, such
as CsHs, C,H,, C;;Hj, C;3H,, and larger molecules (#7, Figure
4b). Despite the presence of an unpaired electron, their
stability A, is comparable to that of regular PAHs. This is
explained by atomic closed-shell structure and high single
electron delocalization among the aromatic system. The
observations show the presence of such molecules in the
planetary atmospheres; in particular, CoH, was found on
Titan.™

Finally, we note dehydrogenated PAHs, which are formed
from regular PAHs by removal of an even number of hydrogen
atoms (#8, Figure 4c). The degree of stability A, of these
compounds is just above 0, which indicates low probability of
their detection in different environments. And indeed, these
compounds were not observed in space, but can be
intermediates during chemical synthesis. For example, C,¢Hg
was observed in mass-spectra of the products of pyrolysis of
benzene.*'

3. Saturated HCs with magical compositions are shown in
Figure S. The ninth series of magic compounds is diamond-

(a) Diamondoids (#9)

“C1"IH18 C12H20 C13H22

&,

C14H20

(b) Graphane-iike (#10)
C11 HZO C12H22

X It X

(c) Alkanes (#11)
CH, C,Hg
A, >4

Figure 5. Structures of magic saturated HCs.

oids—cage hydrocarbon molecules, carbon backbones of
which are fragments of the diamond structure (#9, Figure
Sa). The simplest diamondoid is adamantane with formula
CoHig but its A is slightly negative. Larger diamondoids
become more stable and appear on the stability map.
Diamondoids were found in oil and gas condensates*” and
their amount reflects the extent of the natural oil cracking.*
Yet another class of magic saturated hydrocarbons is graphane-
like structures, the carbon backbone of which corresponds to a
layer of diamond structure (#10, Figure Sb). Unlike diamond-
oids with cage-like carbon backbone, graphane-like hydro-
carbons have puckered 2D-carbon backbone.

The final and the simplest group of saturated HCs is alkanes
with formula C,H,,,, (#11, Figure Sc). Alkanes can be found
in most environments containing HCs and are all present on
the stability map A_;,(n,m). It can be noted that their degree
of stability A_;, decreases as the number of carbon atoms
increases, which is in line with expectations.

The provided analysis showed that magic molecules are
indeed present in various media. At the same time, our maps
carry more information than whether a cluster is magic or not:
the values A, and Eg,, can be seen as quantitative measures
of stability and abundance. This makes sense, e.g.,, for the

https://doi.org/10.1021/acs.jpclett.2c02098
J. Phys. Chem. Lett. 2022, 13, 7600—7606
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interstellar media, where collisions are rare and even
compounds with A, slightly below zero can be found. To
date, 27 HC compounds of 24 compositions have been
detected there (plus fullerene Cq, which is outside the
considered composition area).* Nine species have remarkably
high values of both A, and Eg,, (Cs, Cs, H,, C,H,, C,H,,
C¢H,, CH;, CH,, C¢Hy), 13 compounds have near-zero or
slightly negative A, but high values of Eg,, (C,, C,H,, CoHj,
C,H radicals with n = 2—8 and C,,,;H, with n = 1-3), and
only three compounds have a value of A, significantly below
zero (CH, CH,, C3H,). Thus, if we modify our criterion to
A, > —0.6 eV (region with —0.6 < A, < 0 is shown in light-
blue in Figure 1a) and Eg,y > 2 eV, we immediately obtain 20
of 24 (~83%) compositions of HC molecules in the interstellar
media, which proves a great accuracy of our approach.

One can also compare our predictions with the abundances
of HC molecules found in crude oil. The main components are
alkanes (paraffins), cycloalkanes (naphthenes), and aromatics
with average contents of 30, 49 and 15%, respectively.* Note
that merely from combinatorial reasons, the number of
possible chemical compositions of cycloalkanes is much
greater than that of alkanes, so the concentrations of individual
cycloalkanes are low compared to alkanes, while the total
amount is comparable. Our A ; stability map predicts
remarkable stability for alkanes and near-zero stability for
cycloalkanes, which is consistent with the prediction.

Finally, our stability maps can rationalize data on chemical
synthesis of HC molecules. In general, one can suggest the
following tendency: molecules with a positive A_;, can be
easily obtained in the pure C—H system and will form
spontaneously and in significant quantities; molecules with
A, near 0 can be obtained from other hydrocarbons, but
using catalysts. Synthesis of molecules with negative A ;,
requires either precursors or substances with other types of
atoms, i.e., beyond the pure C—H system. The predictive
power of the maps goes beyond just indicating the easily
synthesizable and stable molecules. It is instructive to look at
the seeming exceptions—the well-known molecules, which do
not satisfy the stability criterion of eq 2. Let us consider three
famous molecules of this kind. Cyclopropane C;Hy is
understandably not magic, because of strained bonds (C—
C—C angle of 60°, very far from the ideal angle of 109.5° for
sp> hybridization). Indeed, this molecule is produced via a
brominated precursor cyclized using sodium. Butadiene C,Hjg
is also not magic, and indeed it is synthesized from alcohols
(ie., in the C—H—O system) or using catalysts. Its
nonmagicity explains its high reactivity and propensity for
polymerization, used for industrial production of rubber.
Cyclobutadiene C,H,, a textbook illustration of the Jahn—
Teller effect in organic molecules, is synthesized from complex
precursors and has a strong tendency to dimerization and for
that reason has only been isolated as single molecules in inert
matrices.

Concluding, we found the ground-state structures of C,H,,
molecules in an unprecedentedly wide compositional area (1 <
n <20,0 <m < 2n+ 2) and applied the approach from the
nanocluster study, where the stability of each molecule is
evaluated with respect to neighboring compositions. This
allowed us to determine magic compositions, which are
expected to form spontaneously, without catalysts or complex
precursors, and have indeed been found to form in various
natural systems (interstellar and circumstellar media, planetary
atmospheres, flames, petroleum), as well as in experiments.
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These results allowed us to show the wide diversity of HC
molecules. We showed how homologous series, so essential for
the description of HC chemistry, naturally emerge from our
stability maps as ridges and islands of stability. This approach
can be applied to any molecular or cluster system, as well as
clusters on substrate, revealing a comprehensive picture of its
chemistry in one shot.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02098.

Coordinates of all ground-state structures of C,H,,
molecules (1 < n <20,0 <m < 2n + 2) calculated
at the ab initio level (PDF)

B AUTHOR INFORMATION

Corresponding Author

Sergey V. Lepeshkin — Vernadsky Institute of Geochemistry
and Analytical Chemistry, Russian Academy of Sciences,
Moscow 119991, Russia; Skolkovo Institute of Science and
Technology, Moscow 121208, Russia; Lebedev Physical
Institute, Russian Academy of Sciences, 119991 Moscow,
Russia; © orcid.org/0000-0003-0155-8148;
Email: S.Lepeshkin@skoltech.ru

Authors

Vladimir S. Baturin — Vernadsky Institute of Geochemistry
and Analytical Chemistry, Russian Academy of Sciences,
Moscow 119991, Russia; Skolkovo Institute of Science and
Technology, Moscow 121208, Russia; © orcid.org/0000-
0001-9624-8104

Anastasia S. Naumova — Skolkovo Institute of Science and
Technology, Moscow 121208, Russia; Lebedev Physical
Institute, Russian Academy of Sciences, 119991 Moscow,
Russia; ® orcid.org/0000-0002-8337-095X

Artem R. Oganov — Skolkovo Institute of Science and
Technology, Moscow 121208, Russia; ® orcid.org/0000-
0001-7082-9728

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.2c02098

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The first-principles calculations were supported by the Russian
Science Foundation (Grant 19-72-30043). They were
performed on Oleg and Arkuda supercomputers at Skoltech
and at the Joint Supercomputer Center of Russian Academy of
Sciences and the Lobachevsky cluster at the University of
Nizhny Novgorod. The stability analysis was performed within
the Project of the State Assignment (Vernadsky Institute of
Geochemistry and Analytical Chemistry of Russian Academy
of Sciences, Moscow, Russian Federation).

B REFERENCES

(1) Cernicharo, J.; Heras, A. M.; Tielens, A.; Pardo, J. R.; Herpin, F.;
Guélin, M.; Waters, L. Infrared Space Observatory’s Discovery of
C4H2, C6H2, and Benzene in CRL 618. Astrophys. J. Lett. 2001, 546
(2), L123.

https://doi.org/10.1021/acs.jpclett.2c02098
J. Phys. Chem. Lett. 2022, 13, 7600—7606


https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02098?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c02098/suppl_file/jz2c02098_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergey+V.+Lepeshkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0155-8148
mailto:S.Lepeshkin@skoltech.ru
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vladimir+S.+Baturin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9624-8104
https://orcid.org/0000-0001-9624-8104
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anastasia+S.+Naumova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8337-095X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Artem+R.+Oganov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7082-9728
https://orcid.org/0000-0001-7082-9728
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02098?ref=pdf
https://doi.org/10.1086/318871
https://doi.org/10.1086/318871
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c02098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(2) Fialkov, A. B.; Homann, K.-H. Large Molecules, Ions, Radicals,
and Small Soot Particles in Fuel-Rich Hydrocarbon Flames. Combust.
Flame 2001, 127 (3), 2076—2090.

(3) Zhao, L.; Kaiser, R. I; Xu, B.; Ablikim, U.; Ahmed, M.; Evseev,
M. M,; Bashkirov, E. K; Azyazov, V. N.; Mebel, A. M. Low-
Temperature Formation of Polycyclic Aromatic Hydrocarbons in
Titan’s Atmosphere. Nature Astronomy 2018, 2 (12), 973—979.

(4) Naumova, A. S.; Lepeshkin, S. V.; Oganov, A. R. Hydrocarbons
under Pressure: Phase Diagrams and Surprising New Compounds in
the C—H System. J. Phys. Chem. C Nanomater. Interfaces 2019, 123
(33), 20497—20501.

(5) Jones, B. M; Zhang, F.; Kaiser, R. I; Jamal, A.; Mebel, A. M,;
Cordiner, M. A,; Charnley, S. B. Formation of Benzene in the
Interstellar Medium. Proc. Natl. Acad. Sci. U. S. A 2011, 108 (2),
452—4857.

(6) Mebel, A. M.; Landera, A.; Kaiser, R. I. Formation Mechanisms
of Naphthalene and Indene: From the Interstellar Medium to
Combustion Flames. J. Phys. Chem. A 2017, 121 (5), 901-926.

(7) Kislov, V. V,; Sadovnikov, A. L; Mebel, A. M. Formation
Mechanism of Polycyclic Aromatic Hydrocarbons beyond the Second
Aromatic Ring. J. Phys. Chem. A 2013, 117 (23), 4794—4816.

(8) Zhao, L.; Kaiser, R. L; Xu, B.; Ablikim, U.; Ahmed, M.; Evseev,
M. M,; Bashkirov, E. K;; Azyazov, V. N.; Mebel, A. M. A Unified
Mechanism on the Formation of Acenes, Helicenes, and Phenacenes
in the Gas Phase. Angew. Chem., Int. Ed. Engl. 2020, 59 (10), 4051—
40S8.

(9) Rajesh, C.; Majumder, C.; Rajan, M. G. R.; Kulshreshtha, S. K.
Isomers of Small Pb nclusters(n = 2—15): Geometric and Electronic
Structures Based Onab Initiomolecular Dynamics Simulations. Phys.
Rev. B Condens. Matter Mater. Phys. 2005, 72 (23), 235411.

(10) Wang, Y.; Zhou, Y.; Zhang, Y.; Buhro, W. E. Magic-Size II-VI
Nanoclusters as Synthons for Flat Colloidal Nanocrystals. Inorg.
Chem. 2015, 54 (3), 1165—1177.

(11) Lepeshkin, S. V.; Baturin, V. S.; Uspenskii, Y. A.; Oganov, A. R.
Method for Simultaneous Prediction of Atomic Structure and Stability
of Nanoclusters in a Wide Area of Compositions. J. Phys. Chem. Lett.
2019, 10 (1), 102—106.

(12) Oganov, A. R;; Glass, C. W. Crystal Structure Prediction Using
Ab Initio Evolutionary Techniques: Principles and Applications. J.
Chem. Phys. 2006, 124 (24), 244704

(13) Lyakhov, A. O.; Oganov, A. R; Stokes, H. T.; Zhu, Q. New
Developments in Evolutionary Structure Prediction Algorithm
USPEX. Comput. Phys. Commun. 2013, 184 (4), 1172—1182.

(14) Bushlanova, N.; Baturin, V.; Lepeshkin, S.; Uspenskii, Y. The
Amorphous-Crystalline Transition in SiH Nanoclusters. Nanoscale
2021, 13 (45), 19181—19189.

(15) Baturin, V.; Lepeshkin, S.; Bushlanova, N.; Uspenskii, Y.
Atomistic Origins of Charge Traps in CdSe Nanoclusters. Phys. Chem.
Chem. Phys. 2020, 22 (45), 26299—2630S.

(16) Stewart, J. J. P. Optimization of Parameters for Semiempirical
Methods I. Method. J. Comput. Chem. 1989, 10 (2), 209—220.

(17) Bléchl, P. E. Projector Augmented-Wave Method. Phys. Rev. B
Condens Matter 1994, 50 (24), 17953—17979.

(18) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77 (18), 3865—
3868.

(19) Kresse, G.; Furthmiiller, J. Efficient Iterative Schemes for Ab
Initio Total-Energy Calculations Using a Plane-Wave Basis Set. Phys.
Rev. B Condens Matter 1996, 54 (16), 11169—11186.

(20) Kresse, G.; Hafner, J. Ab Initio Molecular Dynamics for Liquid
Metals. Phys. Rev. B Condens Matter 1993, 47 (1), 558—561.

(21) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J.
Ab Initio Calculation of Vibrational Absorption and Circular
Dichroism Spectra Using Density Functional Force Fields. J. Phys.
Chem. 1994, 98 (45), 11623—11627.

(22) Yen, T. W,; Lai, S. K. Use of Density Functional Theory
Method to Calculate Structures of Neutral Carbon Clusters Cn (3 <
N < 24) and Study Their Variability of Structural Forms. J. Chem.
Phys. 2018, 142 (8), 084313.

7605

(23) Souza, S. P,; Lutz, B. L. Detection of C2 in the Interstellar
Spectrum of Cygnus OB2 Number 12 /VI Cygni Number 12/.
Astrophysical Journal 1977, 216, L49—L51.

(24) Hinkle, K. W.; Keady, J. J.; Bernath, P. F. Detection of C3 in
the Circumstellar Shell of IRC+10216. Science 1988, 241 (4871),
1319—-1322.

(25) Bernath, P. F.; Hinkle, K. H.; Keady, J. J. Detection of CS in the
Circumstellar Shell of IRC+10216. Science 1989, 244 (4904), 562—
564.

(26) Hansen, N.; Klippenstein, S. J.; Westmoreland, P. R.; Kasper,
T.; Kohse-Hoinghaus, K.; Wang, J.; Cool, T. A. A Combined Ab Initio
and Photoionization Mass Spectrometric Study of Polyynes in Fuel-
Rich Flames. Phys. Chem. Chem. Phys. 2008, 10 (3), 366—374.

(27) Sun, Y.-L; Huang, W.-J; Lee, S.-H. Formation of Polyynes
C4H2, C6H2, C8H2, and CI10H2 from Reactions of C2H, C4H,
C6H, and CSH Radicals with C2H2. J. Phys. Chem. Lett. 2015, 6 (20),
4117—-4122.

(28) Cataldo, F. Synthesis of Polyynes in a Submerged Electric Arc
in Organic Solvents. Carbon N. Y. 2004, 42 (1), 129—142.

(29) Teanby, N. A; Irwin, P. G. J.; de Kok, R;; Jolly, A;; Bézard, B;
Nixon, C. A,; Calcutt, S. B. Titan’s Stratospheric C2N2, C3H4, and
C4H2 Abundances from Cassini/CIRS Far-Infrared Spectra. Icarus
2009, 202 (2), 620—631.

(30) Pino, T.; Ding, H.; Giithe, F.; Maier, J. P. Electronic Spectra of
the Chains HC 2n H (n= 8—13) in the Gas Phase. J. Chem. Phys.
2001, 114 (5), 2208—2212.

(31) Kloster-Jensen, E.; Haink, H.-J.; Christen, H. The Electronic
Spectra of Unsubstituted Mono- to Pentaacetylene in the Gas Phase
and in Solution in the Range 1100 to 4000 A. Helv. Chim. Acta 1974,
57 (6), 1731—1744.

(32) Grutter, M.; Wyss, M,; Fulara, J; Maier, J. P. Electronic
Absorption Spectra of the Polyacetylene Chains HC2nH, HC2nH-,
and HC2n-1N- (n = 6—12) in Neon Matrixes. J. Phys. Chem. A 1998,
102 (48), 9785—9790.

(33) Tielens, A. G. G. M. Interstellar Polycyclic Aromatic
Hydrocarbon Molecules. Annu. Rev. Astron. Astrophys 2008, 46 (1),
289—-337.

(34) Lépez-Puertas, M.; Dinelli B. M.; Adriani, A; Funke, B;
Garcfa-Comas, M.; Moriconi, M. L.; D’Aversa, E.; Boersma, C.;
Allamandola, L. J. Large Abundances of Polycyclic Aromatic
Hydrocarbons in Titan’s Upper Atmosphere. Astrophysical Journal
2013, 770 (2), 132.

(35) Echigo, T.; Kimata, M.; Maruoka, T. Crystal-Chemical and
Carbon-Isotopic Characteristics of Karpatite (C24H12) from the
Picacho Peak Area, San Benito County, California: Evidences for the
Hydrothermal Formation. Am. Mineral. 2007, 92 (8—9), 1262—1269.

(36) Hazen, R. M.; Downs, R. T.; Jones, A. P.; Kah, L. Carbon
Mineralogy and Crystal Chemistry. Rev. Mineral. Geochem 2013, 75
(1), 7—46.

(37) Nasdala, L.; Pekov, I. V. Ravatite, C14H10, a New Organic
Mineral Species from Ravat. Tadzhikistan. Eur. ]. Mineral 1993, S (4),
699—-706.

(38) Wise, S. A.; Campbell, R. M.; West, W. R.; Lee, M. L.; Bartle, K.
D. Characterization of Polycyclic Aromatic Hydrocarbon Minerals
Curtisite, Idrialite and Pendletonite Using High-Performance Liquid
Mass Spectrometry and Nuclear Magnetic Resonance Spectroscopy.
Chromatography, Gas Chromatography. Chem. Geol. 1986, 54 (3—4),
339-357.

(39) Blumer, M. Curtisite, Idrialite and Pendletonite, Polycyclic
Aromatic Hydrocarbon Minerals: Their Composition and Origin.
Chem. Geol. 1975, 16 (4), 245—256.

(40) Echigo, T.; Kimata, M. Crystal Chemistry and Genesis of
Organic Minerals: A Review of Oxalate and Polycyclic Aromatic
Hydrocarbon Minerals. Can. Mineral 2010, 48 (6), 1329—1357.

(41) Kharlamov, A.; Kharlamova, G.; Bondarenko, M.; Fomenko, V.
Joint Synthesis of Small Carbon Molecules (C3-C11), Quasi-
Fullerenes (C40, C48, CS2) and Their Hydrides. Chem. Eng. Sci.
2013, 1 (3), 32—40.

https://doi.org/10.1021/acs.jpclett.2c02098
J. Phys. Chem. Lett. 2022, 13, 7600—7606


https://doi.org/10.1016/S0010-2180(01)00310-8
https://doi.org/10.1016/S0010-2180(01)00310-8
https://doi.org/10.1038/s41550-018-0585-y
https://doi.org/10.1038/s41550-018-0585-y
https://doi.org/10.1038/s41550-018-0585-y
https://doi.org/10.1021/acs.jpcc.9b01353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b01353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b01353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1012468108
https://doi.org/10.1073/pnas.1012468108
https://doi.org/10.1021/acs.jpca.6b09735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.6b09735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.6b09735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp402481y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp402481y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp402481y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201913037
https://doi.org/10.1002/anie.201913037
https://doi.org/10.1002/anie.201913037
https://doi.org/10.1103/PhysRevB.72.235411
https://doi.org/10.1103/PhysRevB.72.235411
https://doi.org/10.1103/PhysRevB.72.235411
https://doi.org/10.1021/ic502637q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic502637q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b03510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b03510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2210932
https://doi.org/10.1063/1.2210932
https://doi.org/10.1016/j.cpc.2012.12.009
https://doi.org/10.1016/j.cpc.2012.12.009
https://doi.org/10.1016/j.cpc.2012.12.009
https://doi.org/10.1039/D1NR05653K
https://doi.org/10.1039/D1NR05653K
https://doi.org/10.1039/D0CP05139J
https://doi.org/10.1002/jcc.540100208
https://doi.org/10.1002/jcc.540100208
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1021/j100096a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100096a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4908561
https://doi.org/10.1063/1.4908561
https://doi.org/10.1063/1.4908561
https://doi.org/10.1086/182507
https://doi.org/10.1086/182507
https://doi.org/10.1126/science.241.4871.1319
https://doi.org/10.1126/science.241.4871.1319
https://doi.org/10.1126/science.244.4904.562
https://doi.org/10.1126/science.244.4904.562
https://doi.org/10.1039/B711578D
https://doi.org/10.1039/B711578D
https://doi.org/10.1039/B711578D
https://doi.org/10.1021/acs.jpclett.5b01910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b01910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b01910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carbon.2003.10.016
https://doi.org/10.1016/j.carbon.2003.10.016
https://doi.org/10.1016/j.icarus.2009.03.022
https://doi.org/10.1016/j.icarus.2009.03.022
https://doi.org/10.1063/1.1338530
https://doi.org/10.1063/1.1338530
https://doi.org/10.1002/hlca.19740570625
https://doi.org/10.1002/hlca.19740570625
https://doi.org/10.1002/hlca.19740570625
https://doi.org/10.1021/jp983185t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp983185t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp983185t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev.astro.46.060407.145211
https://doi.org/10.1146/annurev.astro.46.060407.145211
https://doi.org/10.1088/0004-637X/770/2/132
https://doi.org/10.1088/0004-637X/770/2/132
https://doi.org/10.2138/am.2007.2509
https://doi.org/10.2138/am.2007.2509
https://doi.org/10.2138/am.2007.2509
https://doi.org/10.2138/am.2007.2509
https://doi.org/10.2138/rmg.2013.75.2
https://doi.org/10.2138/rmg.2013.75.2
https://doi.org/10.1127/ejm/5/4/0699
https://doi.org/10.1127/ejm/5/4/0699
https://doi.org/10.1016/0009-2541(86)90148-8
https://doi.org/10.1016/0009-2541(86)90148-8
https://doi.org/10.1016/0009-2541(86)90148-8
https://doi.org/10.1016/0009-2541(86)90148-8
https://doi.org/10.1016/0009-2541(75)90064-9
https://doi.org/10.1016/0009-2541(75)90064-9
https://doi.org/10.3749/canmin.48.5.1329
https://doi.org/10.3749/canmin.48.5.1329
https://doi.org/10.3749/canmin.48.5.1329
https://doi.org/10.12691/ces-1-3-1
https://doi.org/10.12691/ces-1-3-1
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c02098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(42) Nekhaev, A. I; Maksimov, A. L. Diamondoids in Oil and Gas
Condensates (review). Pet. Chem. 2019, 59 (10), 1108—1117.

(43) Dahl, J. E;; Moldowan, J. M; Peters, K. E;; Claypool, G. E,;
Rooney, M. A, Michael, G. E; Mello, M. R; Kohnen, M. L.
Diamondoid Hydrocarbons as Indicators of Natural Oil Cracking.
Nature 1999, 399 (6731), 54—57.

(44) McGuire, B. A. 2018 Census of Interstellar, Circumstellar,
Extragalactic, Protoplanetary Disk, and Exoplanetary Molecules.
Astrophys. J. Suppl. Ser. 2018, 239 (2), 17.

(45) Hyne, N. J. Nontechnical Guide to Petroleum Geology,
Exploration, Drilling, and Production; Pennwell Books: Tulsa, OK,
2019.

7606

https://doi.org/10.1021/acs.jpclett.2c02098
J. Phys. Chem. Lett. 2022, 13, 7600—7606


https://doi.org/10.1134/S0965544119100098
https://doi.org/10.1134/S0965544119100098
https://doi.org/10.1038/19953
https://doi.org/10.3847/1538-4365/aae5d2
https://doi.org/10.3847/1538-4365/aae5d2
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c02098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

