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Abstract: Buckyballs (fullerenes) were first reported over
30 years ago, but still little is known regarding their natural
occurrence, since they have so far only been found at sites of
high-energy incidents, such as lightning strikes or meteor
impacts, but have not been reported in low-energy materials
like fossil fuels. Using ultrahigh-resolution mass spectrometry,
a wide range of fullerenes from Cs, to C,;;, was detected in the
asphaltene fraction of a heavy crude oil, together with their
building blocks of C,y,H,, stoichiometry. High-level DL.PNO-
CCSD(T) calculations corroborate their stability as spherical
and hemispherical species. Interestingly, the maximum inten-
sity of the fullerenes was found at Cy instead of the major
fullerene Cg,. Hence, experimental evidence supported by
calculations show the existence of not only buckyballs but also
buckybowls as 3-dimensional polyaromatic compounds in
fossil materials.

Introduction

Buckyballs (fullerenes) have only been known since the
first theoretical reports from Osawal'l and were first synthe-
sized by Curl, Kroto, and Smalley using a laser experiment.”
The late discovery of natural fullerenes is linked to the
absence of sophisticated detection methods and their low
abundance in the earth’s crust,” which led them to be largely
ignored. The presence of fullerenes in natural environmental
compartments is often related to a high-energy incident, such
as meteor impact, lightning strike, or other events.! There-
fore, our knowledge of the natural occurrence of fullerenes is
limited and they have not been reported yet for low-energy
surroundings.!

Among the most abundant sources of organic carbon in
natural surroundings are fossil materials, for example, fossil
fuels. Here, a very large number of different hydrocarbon
compounds is found. Reports indicate that the number of
individual chemical compounds exceeds one million in a crude
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0il.! The different constituents of crude oil, especially heavy
aromatic compounds, have so far mostly been thought of as
being formed from graphitic-type compounds, that is, having
planar structures.

During the last decades, the composition of available
crude oils has changed, as the light and sweet crudes have
been diminished and more often heavy and sour resources
need to be upgraded. That has led to a higher emphasis on the
investigation of the heaviest part of crude oil, known as the
asphaltene fraction. Asphaltenes are by definition the part
that is insoluble in paraffinic solvents (n-pentane or
n-heptane) but soluble in toluene. They contain compounds
with the highest amounts of heteroelements and larger
aromatic cores than other parts of crude oil.[”

The only way to get any molecular information for such
complex mixtures is the use of ultrahigh-resolution mass
spectrometry (UHRMS), which allows separation of the
major mass splits up to the mass of an electron.”>® While
complex samples have the tendency to cause suppression and
discrimination effects®™*! this is still the only analytical
method that makes it possible to simultaneously detect
hundreds of thousands of individual molecular composi-
tions.!"!

However, the major drawback is the fact that mass
spectrometry (MS), while highly accurate, only offers ele-
mental compositions of unknown compounds. Structural
details can only be gained by fragmentation studies using
collision-induced dissociation (CID)."! However, different
structural isomers cannot be differentiated by MS alone.
Therefore, we have added computational methods using high-
level coupled cluster calculations to better understand the
different chemical structures.

Results and Discussion

Soft ionization methods for mass spectrometry lead to the
formation of molecular ions only, and no changes to the initial
samples occur. While laser-based ionization has been sus-
pected to form molecules such as fullerenes during the
ionization process,'”! electrospray ionization is known as
a very soft ionization method.!"*!

It has been shown that during the electrospray-ionization
process, cluster ions can be formed. However, the method is
interesting for the ionization of polyaromatic compounds,
because radical ions are formed in the electrochemical cell of
the nebulizer and no interfering reactions can occur due to the
low ionization energies.'"¥ Still, when we studied a very
complex asphaltene sample of a heavy crude oil, the results
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were very surprising, since the major signals corresponded to
the radical cations of pure-carbon compounds, ranging from
Cs, up until C,4 (see Figure 1 and Figure 2).

From a chemical point of view, these carbon-only
compounds can only correlate to either buckyballs (ful-
lerenes) or open-ended graphene sheets. The latter seems
improbable because the edges of the sheets would be
terminated either by reactive carbenes, or by other elements,
which are detectable. Here, the signals resulted from carbon-
only compounds, with fullerenes being the most probable.

To verify that the detected compounds are indeed
fullerenes, CID studies were carried out. As a reference,
standard buckminsterfullerene (Cy,) was used (see Figure 3).
The CID spectra show a very characteristic fragmentation
pattern of C, losses, but only at very high collision energies.
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Figure 1. Electrospray mass spectrum of an asphaltene fraction

(m/z 300-1000). The major signals can be attributed to compounds
that only contain carbon (intensity scale is zoomed in the higher mass
range).
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Usually, organic compounds can be fragmented at collision
energies between 10-60 eV. Here, to achieve fragmentation of
the precursor ions, the fragmentation energies had to be set to
more than 200 eV for both the fullerene standard and the
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Figure 3. The two spectra show results from CID-fragmentation stud-
ies, presenting the results of a Cy, standard and the fragmentation of
the ion corresponding to Cg, from the asphaltene fraction. Comparison
of the two spectra reveals the same fragmentation pattern, which is
also true for all other CID spectra that were measured. The data were
obtained at collision energies above 200 eV. Additional examples are
documented in Figure S1. Part of spectrum is zoomed-in as noted.
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Figure 2. Kendrick plot of the hydrocarbon class obtained from the ESI-MS spectrum, showing all hydrocarbon compounds detected, indicating
the broad window of carbon-only compounds ranging from Cy, to G4 (highlighted by larger dots). Additional highlighted compounds are the
corresponding building blocks (buckybowls) from C,oH,, to C;oH1o. The dashed line represents the border of the real planar limit for aromatic
cores: compounds detected above are considered to be non-planar, compounds below the line can exhibit either planar or non-planar cores
(depending on the distribution of carbon atoms between the core structure and aliphatic side chains).
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asphaltene sample, thus indicating a very stable and con-
densed ion such as a spherical fullerene. In addition to the Cg,
standard, a number of different fullerene signals from the
asphaltene sample were fragmented (see Figure S1 in the
Supporting Information).The results from the asphaltene Cg,
are also presented in Figure 3 and show a comparable frag-
ment spectrum as the buckminsterfullerene standard.

All precursor ions behaved similarly and the spectra show
a comparable fragmentation pattern, where always a series of
C, losses are detected. This is in agreement with earlier
studies about the fragmentation of fullerenes. They only
fragment at high collision energies,'”) where often a sector-
field mass spectrometer was used that allows high-energy
collisions, and show the distinct even-numbered carbon loss,
which is most likely forming the most stable fragment ion.
This verifies that a wide range of naturally occurring
fullerenes is present in fossil materials, which have been
formed under geological conditions.

In addition to the fullerenes, a wide range of different
polyaromatic hydrocarbons are present in crude-oil asphal-
tenes. The overall number of peaks detected here exceeds
50000, from which roughly 4000 can be assigned as pure
hydrocarbons, while others have at least one heteroatom in
the molecule. Most of these hydrocarbons have a structure
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where an aromatic core is connected with one or more
additional aliphatic side chains. The different elemental
compositions are summarized in a Kendrick plot (Figure 2)
where the DBE value represents the number of double bonds
and ring-closing bonds, which is an indication about the
aromaticity. While next to the fullerenes a large number of
different hydrocarbons are detected, some stand out in regard
to fullerenes. Therefore, another series exhibiting the chem-
ical formula of C,,,H,, is emphasized here because they
appear as potential building blocks of fullerenes. Figure 4 A
shows a set of different mass windows indicating a series of
hydrogen-deficient compounds consisting of different num-
bers of carbon atoms together with 10 hydrogen atoms
representing the compounds with C,,,H;, stoichiometry
(examples with n=2-6 are emphasized here as examples).
The limitation of the hydrogen/carbon ratio does not allow
a wide variety of realistic structures. Some examples are
displayed in Figure 4B and C. Unfortunately, mass spectral
data can only reveal the elemental composition but not the
structure of such a compound. Therefore, we studied potential
structures using electronic structure theory at the highest
level of theory available for such systems to date: a combina-
tion of density functional theory methods and coupled-cluster
single-point energies.['"]
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Figure 4. A) A set of mass spectra excerpts showing signals of a series of compounds with a formula of C,,H,o, which are considered building
blocks of fullerenes. B) The most promising example structures are shown as a two-dimensional representation of fullerene building blocks.

C) While coronene (Cy,Hy,), consisting of one central 6-membered ring that is surrounded by six 6-membered rings, is a flat, graphitic structure,
when a 5-membered ring is introduced, the structure of the molecule starts to fold into a sphere. Corannulene (Cy,oH,) is the first member of this
group. The bending and bowl-type structure increases with size as can be seen at the bottom, where sketches of the corresponding optimized
geometries are shown. The blue carbon atoms refer to corannulene, and adding the red carbon atoms make it a Cy, endcap. The carbon atoms in
grey show a tubular extension of 6-membered rings, which expand the size of the molecule. Open ends are then terminated by hydrogen atoms,

shown in yellow.
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While the structural chemical space for a given stoichi-
ometry is rather large, this study is aimed at determining the
relative thermodynamic stability of several structural pat-
terns, based on our chemical knowledge of polycyclic
aromatic hydrocarbons. Within the series of C,,,H;, com-
pounds, which were accurately observed by MS, a broad
variety of structures were considered, including several
defective, planar structures, as well as structures that are
bent or represent small carbon tubes (see Figure5 and
additional data in Figures S2-S6 in the Supporting Informa-
tion). Note that for most stoichiometries, it is not possible to
construct flat structures that are composed of only 6-
membered aromatic rings without including defects, for

A CZOH 10 C40 H 10
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example, missing hydrogen terminations. 5-membered ring(s)
can also be included, leading to bowl like structures for small
n values and to amphore-like compounds (resembling an
endcapped nanotube) for larger n values. The different types
of structural patterns that are theoretically considered are
summarized in Table 1. The first major feature we found when
studying the C,,,H,, series is that for every stoichiometry, the
lowest-energy structure is the one that has the maximum
number of aromatic 6-membered rings (ARs). This can
already be seen in the C,0H,, series, where the bowl structure
B1 has five ARs, and the lowest-energy planar structure
found (P1) only has 4, as shown in Figure 5 A. However, the
energy difference between these two isomers (164 kJmol ™)
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Figure 5. A) relative Gibbs free energies of C,oH,o, CioH1o, and CeoHy obtained at the PBE-D3/DLPNO-CCSD(T) level of theory (see the Supporting
Information for computational details). P=planar, B=bowl-shape, N =nanotubes. and L=linear structures. B) Relative stability of planar
hydrogen-deficient (magenta) and curved/bowl-shaped structures with 5-membered rings (green) of CyoH,4, CyoH,, and CyoH; (DLPNO-CCSD(T),
PBE-D3 in parentheses), including the hydrogen percentage compared to that of C,H s for x=40 (red). C) computational combustion energies
per carbon atom of: buckyballs, Dy, planar structures, 2C5 (structures with two 5-membered rings), bowl-shaped structures C,,,H;o (B1) with

n from 2 to 10, defective planar structures Cyo,H, (P1) with n from 2 to 6 (PBE-D3, along with the experimental combustion enthalpy of graphene

(see the Supporting Information for details).
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Table 1: Relevant patterns that can be considered as building blocks of
the PAHs in the Cyo,H,, series, as well as their potential geometric and
electronic structure.

Structural patterns Geometric property Electronic properties

Very stable aromatic

Planar pattern,
Aromatic 6-membered closed shell
ring (AR)
@ Not aromatic,
S Planar open shell (singlet,
Hydrogen vacancy at triplet...)
zig-zag edges (2C ZZ)
AN
Planar Not aromatic
Distorted C—C triple ’
bond closed shell

Hydrogen vacancy at
armchair edges (C; AC)

0

5- membered ring (5C)

02

7-membered ring (7C)

5- and 7-membered
rings

Not aromatic,
can induce closed or
open shell structure

Induces a 30° angle
per 5-membered ring

Not aromatic,
can induce closed or
open shell structure

Induces a bent struc-
ture

Not aromatic,
can induce closed or
open shell structure

Induces an almost
planar structure

Conjugated,

Li C—C triple bond
inear riple bon closed shell

(GL)

Linear

cannot only be attributed to the difference in the number of
ARs, since they are distinguished by very different “defects”,
namely a 5-membered ring and hydrogen deficiency at an
armchair edge. The other defects introduced in the C,H,,
series (nanotube, 5- and 7-membered ring combinations, and
linear alkynes) are all calculated to lead to structures more
than 300 kJ mol™" higher in energy than B1.

The C,H,, series is an interesting case, since three
structures have the same number of ARs, in this case 10
ARs per structure, thus indicating one bowl structure with six
5-membered rings (B1) and two planar structures (P1 and P2)
with 3 hydrogen deficiencies at an armchair edge. The latter
are calculated to be about 130 kI mol ' higher in energy than
B1, which is the structure that was found to be lowest in
energy in this series. Thus, the results show that 5-membered
rings are energetically favourable defects compared to hydro-
gen-deficient armchair edges. We also considered hydrogen
deficiencies at the zig-zag edge (which results in carbenes), as
for instance for P3 in the C,H,, series, and found that this
defect leads to even less stable structures compared to those
with only hydrogen deficiency at an armchair edge. Further-
more, as the number of carbon atoms increases, armchair

www.angewandte.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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edges will exhibit more hydrogen deficiency defects to retain
a planar structure. This leads to a decrease in the number of
ARs compared to the bowl structures, thus further increasing
their difference in energy, as can be seen for the C4H,, series.
Opverall, the calculations indicate that for the C,,,H,, series,
bowl-shaped structures including S-membered rings are
generally more stable than planar structures. As the size of
the system increases, our calculations show that hydrogen-
deficient flat structures will be less stable compared to the
non-planar ones.

In fact, any polyaromatic hydrocarbon (PAH) core with
hydrogen content larger or equal to that of C,H 4; is likely to
have a planar structure. However, compounds with lower
hydrogen percentage, such as members of the C,,,H,,, series
will incorporate S-membered ring(s) rather than having
hydrogen-deficient edges (see Figure 5B). This is due to the
high energy penalty of hydrogen-termination defects com-
pared to the incorporation of 5-membered rings. Hence, the
lower the hydrogen content, the higher the number of 5-
membered rings can be; for the fullerene-related structures
studied here, up to 12. The line in Figure 2B represents the
real planar limit, above which compounds have to be
considered as non-planar, while the ones below can be planar
depending on the length of aliphatic side chains.

A comparison of the thermodynamic stability across
different structural motifs (Figure SC) confirms this trend.
While ultimately, and not surprisingly, the ideal graphitic flat
structures are the most stable ones (black dots), spherical
(blue dots) and bowl-shaped (green dots) structures will be
favorable compared to planar, defective structures (magenta
dots) in the hydrogen deficient-stoichiometries. While it is
shown here that fullerenes are present in asphaltenes, the
presence of the C,,,H, series also lets us formulate a hypoth-
esis on how they might be gradually formed from smaller
hydrocarbons. As shown in Figure 6, the different building
blocks detected here (C,y,H,, series) fit perfectly into the
structure of some of the different fullerenes.

While these are not quantitative data, the signal with the
highest intensity in the mass spectrum in Figure 1, is not Cg, as
could be expected, but a series consisting of Cy, C,,, and C,.
Among the most stable isomers of Cy, the one with Dy,

Cao (Ds,)

C10C| (Dsd)

Figure 6. Structural details of some different fullerenes: C,, (Ds),
symmetry) consists of two Cy half shells (shown in different shades of
blue), while Cg, consists of two Cyy endcaps (two C,, moieties shown
in blue with additional 10 carbon atoms shown in yellow and red for
either side). Cyy (Dsy sSymmetry) shows two such Cyy endcaps (shown
together in blue and red on both sides) and a ring system (in dark
grey) that consist of ten 6-membered rings. This ring system can
eventually be expanded in armchair configuration to form larger
fullerenes of the same symmetry.
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symmetry consists of two fused C,, parts, which can be
considered as being derived from a building block known as
corannulene (see C,yH,, in Figure 4 and Figure 5). Cg, consists
of two C;, endcaps (an extension of the corannulene with ten
additional carbon atoms forming five additional cyclopenta-
diene-rings: see C;H,, in Figure 4) that can be found in
a large number of fullerenes, with C,y, (Ds, symmetry isomer)
being one of them. In the case of C,y, the two C;, endcaps of
Cq are connected by an additional ring of ten 6-membered
rings.

Conclusion

In contrast to what has been reported, there are not only
planar compounds present in crude oil. The results shown
here clearly verify that the formation of 5-membered rings
within polyaromatic compounds is a suitable way to realize
different elemental compositions. The inclusion of 5-mem-
bered rings is energetically the most reasonable way to form
different types of molecules but in the same time moves the
structures away from planar conformation. Here, the formula
C,H j; is introduced as an excellent approximation for pure
aromatic cores as the real planar limit to evaluate the shape,
since with a lower hydrogen content, the structures are not
planar. Each 5-membered ring adds an angle of 30°, and
adding more will finally lead to spherical compounds like
fullerenes and their building blocks, buckybowls.

Considering the types of structures shown here, from
open-ended buckybowls to larger fullerenes, especially ones
with Ds,; symmetry, these results open up the door to other,
even larger fullerenes since the length of the ring defines the
length and size of the fullerene. Considering the structure of
C,o being a small tube with two endcaps, the length of the ring
can increase. This indicates that detection of these fullerenes
could be the stepping-stone, and we envision the presence of
carbon nanotubes (CNT) as part of natural fossil materials.
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