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CNRS, UT3-Paul Sabatier, 118 Route de Narbonne, F-31062 Toulouse, France
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Paris-Saclay, 91405 Orsay, France

3Univ. Grenoble Alpes, CNRS, LIPhy, 38000 Grenoble, France

April 2, 2019

Abstract

The current debate about the nature of the carbonaceous material carrying the infrared (IR) emission
spectra of planetary and proto-planetary nebulae, including the broad plateaus, calls for further studies on
the interplay between structure and spectroscopy of carbon-based compounds of astrophysihlinecal interest.
In this work, broad statistical samples of C60 isomers were computationally determined without any bias
using a reactive force field, their IR spectra being subsequently obtained following local optimization at
the density functional based tight-binding level of theory. Structural analysis reveals four main structural
families identified as cages, planar polycyclic aromatics, pretzels and branched. Comparison with available
astronomical spectra indicates that only the cage family could contribute to the plateau observed in the 6–9
µm region. The present framework shows great promises to explore structural and spectroscopic features in
more diverse and possibly hydrogenated carbonaceous compounds, in relation with astronomical observa-
tions.
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1 Introduction

Buckminsterfullerene (C60) was recently identified in Space [7, 35]. Yet, the processes leading to its formation
in circumstellar environments of carbon-rich evolved stars remain unclear [1] and two main mechanisms have
been invoked so far. In the bottom-up mechanism, fullerenes grow from successive reactions between carbon
chains and small molecules, as possibly found in the hot and dense envelopes of evolved stars. Alternatively,
in low-density environments such as interstellar clouds the so-called top-down mechanism could take place
[3] with larger carbon grains or dehydrogenated polycyclic aromatic hydrocarbons (PAHs) [2] progressively
rearranging into fullerenes under the action of ultraviolet photons or by collisions with energetic particles.

Recent observational studies have suggested that fullerenes could be produced by photochemical dehydro-
genation and isomerization of amorphous carbon grains [14, 13, 15, 16], although the composition of such
grains is still debated. Infrared (IR) spectroscopic observations of fullerene-rich planetary nebulae (PNe) found
a broad plateau with substructure in the 6–9 µm [14, 13, 15, 16, 1]. The origin of this plateau remains elusive
and various hypotheses were made on its possible carriers, including hydrogenated amorphous carbon (HAC)
compounds [1], very small grains or PAH clusters [42, 5, 30]. Similarly, the 8 and 12 µm plateau features of
some proto-planetary nebulae (PPNe) were assigned to the vibrations of alkanes or alkyle side groups pertaining
to large carbonaceous particles [24, 19], whose details also remain unclear.

These observations and their various interpretations call for further studies about the nature of the potential
carriers of these spectral features. The present Letter describes a purely computational framework designed to
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systematically explore the structural diversity of C60 isomers in a statistically unbiased way and to relate the
various isomers to IR spectral features. Sorting these isomers using appropriate order parameters, our mapping
provides unprecedented correlations between structure and spectroscopy which, in turn, could give insight into
the possible formation mechanisms of fullerenes in astrophysical environments.

In Section 2, we briefly describe the different computational approaches. Section 3 analyses the structural
diversity for C60, their mapping into four main families of isomers and the relation with IR features. Section
4 compares the calculated IR spectra with astronomical data available for selected PNe and PPNe. Some
concluding remarks are finally given in Section 5.

2 Computational details

A systematic and unbiased search for isomers of C60 was computationally undertaken using the efficient but
realistic REBO reactive force field [4]. Replica-exchange molecular dynamics (REMD) simulations were per-
formed in the 2500-6500 K temperature range using 16 trajectories, the temperatures being allocated in a
12-long geometric series with 4 extra temperatures at 3342.4, 3440.6, 3645.7, 3752.8 K around the C60 melting
temperature [22]. All replicas were initiated from the buckminsterfullerene global minimum and the trajecto-
ries were integrated over 100 ns using a time step of 0.1 fs. Configurations were periodically saved and locally
reoptimized using the REBO force field. Spherical boundary conditions were used and the density was varied
over 4 different simulations with ρ = 0.025, 0.15, 0.4, and 1.7 g.cm−3. Dissociated structures corresponding
to a threshold distance larger than 1.85 Å were excluded. This unbiased sampling stage produced 656 438
nonequivalent isomers.

While REBO provides a reasonable description of intramolecular forces in carbon nanostructures, a chem-
ically more accurate description was then employed to refine the structures, evaluate their relative energies
and determine their infrared spectra in the harmonic approximation. The self-consistent charge (SCC) density-
functional based tight-binding (DFTB) method [29, 10, 11] employing the mio set of parameters [10] with
additional dispersion correction [32] was used for this purpose. Although significantly more expensive than
REBO, the SCC-DFTB approach remains computationally efficient due to the use of approximations and pre-
computed pair integrals. It was successfully employed to determine structural [45, 44, 43, 26], spectroscopic
[21, 37, 39, 41, 40], and fragmentation [38, 36, 31] properties of PAH molecules and oligomers of astrophysi-
cal interest under various charge and energy states, at and away from equilibrium. The formation of PAHs or
carbon clusters [34, 33] and their hydrogen uptake capability [8] were also investigated by SCC-DFTB with
molecular dynamics.

Reoptimization of the REBO isomers eventually produced 309 168 independent structures at the SCC-
DFTB level of theory, for which the IR absorption spectra were computed in the double harmonic approxi-
mation. The raw frequencies of the vibrational modes obtained with SCC-DFTB were corrected using affine
laws in order to match best reference data (see Appendix A). The coefficients of these corrections depend on
the frequency domain. This results in discontinuity near 6.0 µm, preventing from an accurate analysis of the
[5.8-6.2 µm] domain, which is a limitation of the present work.

All REBO simulations were performed using the LAMMPS software package [28], the SCC-DFTB calcu-
lations being carried out with the deMonNano code [17].

3 Structural partitioning

The structural properties of our sample of 3 × 105 isomers were unveiled by employing a reduced number of
parameters that characterize features at local or more global scales. Besides the energy itself, we considered
the shape of the individual isomers through the Hill-Wheeler indices I0, β and γ obtained by expressing the
three momenta of inertia I1 ≥ I2 ≥ I3 as Ik = I0{1 + β sin[γ + (4k − 3)π/6]} for k = 1–3 [18]. Here I0 > 0
measures the overall spatial extension of the isomer, and is related to the gyration radius rg as I0 = 2r2

g/3 up to
a mass factor. β < 1 denotes the asphericity parameter, or the extent of deviation to the perfect sphere for which
β = 0. Finally, the triaxiality parameter γ measures the nature of the equivalent ellipsoid, its oblate or prolate
character. As will be shown below, the Hill-Wheeler parameters, previously used to characterize the shape of
metallic clusters [6], appear to be quite sensitive for carbon compounds as well. In practice, we focus on the
radius of gyration and the asphericity parameters, leaving the triaxiality parameter aside.
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Figure 1: Probability distributions of the samples of isomers based on specific order parameters. (a) Two-
dimensional distribution as a function of the sp2 fraction and asphericity β. Panels (b), (c), and (d) show
the one-dimensional distributions as a function of isomer energy, number of 6-membered cycles, and gyration
radius, respectively. In panel (a) the boxes define the four structural families denotes as cages, PPA, pretzels, and
branched, respectively, with the same colors being used in panels (b-d). Two examples of structures numbered
(1-8) are depicted for each family.

Local order in the carbon nanostructures was scrutinized from the hybridization level. From the SCC-
DFTB electronic density matrix, Mayer’s bond orders [27] were computed and bonds placed accordingly when
the bond order was higher than 0.8. A carbon atom with a coordination number of n + 1 is attributed to a spn

hybridization level. Eventually, an average fraction of sp2 hybridization was retained as the main local order
parameter to measure the extent of sp2 within a given isomer.

A last discriminatory parameter, which can be seen as a semi-local or semi-global index, is the number of
6-membered rings within each isomer. This quantity is related to the extent of connectivity within the structure,
and can also differentiate isomers with large aromatic domains from those having topological defects.

Figure 1 shows how the various order parameters are distributed among the 3 × 105 isomers.
Among the five parameters considered, the fraction of sp2 atoms and the asphericity β are found to discrimi-

nate best the various isomers into structural families. Four such families are identified as fitting into rectangular
boxes in Fig. 1(a). Each of these families also has generally clear signatures as well-defined peaks in the one-
dimensional distributions of Figs. 1(b-d) as a function of energy, number of 6-membered cycles, and gyration
radius, respectively.

The first family, which is thermodynamically the most stable (lowest energies), is defined by isomers with
the highest fraction of sp2 atoms (above 75%). They generally show a high spherical character (low β). These
isomers also have the highest number of 6-membered rings, but the lowest gyration radius (3.7 Å) indicating a
rather compact shape. These 8.2×104 isomers are referred to as cages, and they include buckminsterfullerene
as their most remarkable member.

In order of increasing energy, the second family consists of intermediate fractions of sp2 atoms comprised
between 45% and 75%, and an asphericity parameter β higher than 0.3. These isomers exhibit a clear peak in the
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energy and gyration radius distributions, and once resolved they also show intermediate values in the number
of 6-membered rings. This family denoted as planar polycyclic aromatic (PPA) contains 7.7×104 members.

One minor peak in the gyration radius distribution near 4 Å points at a specific family with rather compact
structures, correlated with low asphericity but more arbitrary sp2 fraction (still lower than 75%). This third
family is defined in the two-dimensional distribution from β < 0.3, and comprises rather spherical but fairly
open structures with many carbon chains. Following [22] we denote the 3.8×104 members of this family as
pretzels.

Finally, all the remaining isomers lie in the range of β > 0.3 and with a sp2 fraction lower than 45%.
They are associated with the highest energies, the lowest number of 6-membered rings, but the highest gyration
radius, whose distribution is particularly broad. They usually contain multiple linear chains connected at a
limited subset of atoms. This family is broadly refered to as made of branched structures, which are found in
numbers of 1.1×105.

Visual depiction of selected isomers was also added in Fig. 1 to further justify the terminology employed
above. For each family, the statistically averaged values of all the five energetic or structural parameters was
determined, and the Euclidean distance of each member of the family to this five-dimensional point calculated.
The member having the lowest distance was identified as a most representative isomer of the family, without
any bias from human judgment. The structures numbered (1), (4), (5), and (7) in Fig. 1 are these statistically
most representative isomers. For each family one other isomer was chosen to further illustrate the structural
diversity within the families. These isomers are numbered (2), (3), (6) and (8) in Fig. 1.

4 IR spectra in comparison with astronomical data

The IR spectra for the four structural families were obtained by summing the individual contributions from
each member with a uniform weight within the families. Such a uniform distribution obviously ignores the
thermodynamics, however our purpose is not to describe realistic rearrangement mechanisms but only to derive
general trends relying structure with spectroscopy. For comparison with astronomical data, the IR absorption
intensities were further convoluted by a Planck blackbody radiation law at 400 K, as proposed earlier by Draine
and Li [9]. The four spectra thus determined for the four families are shown in the bottom part of Fig. 2.

Before comparing the calculated and observed spectra, several comments can be made on the spectra com-
puted for the different families. All families exhibit features below 6 µm, although significantly attenuated by
the convolution with the Planck law for the cages population. These lines involve sp1 carbon atoms found in
surface (cages) or edge (PPA) defects, long loops and linear chains (pretzels and branched). The latter terminat-
ing chains, in particular, display a strong absorption near 4.7 µm. While such isomers exist among the cage [see
e.g. Fig. 1(1)] and PPA [see e.g. Fig. 1(7)] populations, they are far more numerous in more open structures
such as pretzels and obviously the branched family, for which this peak is even more intense and doubled with
another feature at 5.1 µm.

Above 6 µm the spectral features are due to the CC stretching of sp2 carbons that are involved in multiple 5-,
6-, or 7-membered rings. The corresponding active spectral region is broad and overlaps with the range where
CCC in-plane bending modes are found near 10.5–12.5 µm. Such features are most prominent for the cages
population, for which the averaged spectrum exhibits a broad band between 6.2 and 11.6 µm with a sharp blue
tail and a smooth red tail and a sharper maximum near 6.6–7.9 µm. Finer peaks near 8.9 and 10.3 µm mark the
resonance of CC stretching modes, while the band near 12.5 µm is assigned to in-plane CCC bending modes
leading to some rotation of the rings. Bands located above 14 µm correspond to softer deformation modes of
the carbon skeleton that are of a more collective character. The accuracy of these lines is more disputable at
the present level of theory (see Appendix A.2, Table A.1), and the narrow intense band appearing near 15.7 µm
should actually be shifted by +1.2 µm.

The IR spectrum obtained for the PPA family shows a very broad band extending from 6.4 to 13.3 µm, with
maxima at 7.4, 9.5, and 10.8 µm. These features are the signature of CC stretching modes that also increasingly
combine with CCC bending modes as the wavelength increases. Two bands near 16.4 and 21.9 µm are assigned
to in-plane and out-of-plane deformation modes, respectively.

In comparison with cages and PPA isomers, the spectrum of the pretzel isomers above 6 µm displays fewer
bands except broad maxima near 7.3 and 15.3 µm that we assign to CC stretchings and in-plane bendings,
respectively. The much greater structural diversity among this population explains why the resonance of these
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Figure 2: Spitzer astronomical data observed for the Tc 1 and SMP SMC 16 [14] and SMP SMC 24 [15]
planetary nebulae (black curves) and IR spectra calculated for the four different families of cages, PPAs, pretzels
and branched structures (red, green, purple and blue curves, respectively). The four vertical lines mark the IR
active lines of buckminsterfullerene [23]
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modes leads to broader bands.
Finally, the spectrum of the branched family exhibits an active region in the 6.4–9.6 µm range but hardly

any feature above this range. The maxima at near 7.3 and 8.6 µm are assigned to CC stretches coupled to in-
plane CCC bending modes involving sp2 carbons that pertain both to small rings and long loops or linear chains.

We can now compare these spectra to astronomical observations recorded in C-rich and H-rich PNes of the
Small Magellanic Cloud (SMC), where fullerenes and PAHs were both detected [14]. The emission features in
SMP SMC 16 found in the 6-9 µm and 15-20 µm ranges possibly match those found for the cages population,
given that the band calculated at 15.7 µm should be shifted by about +1.2 µm. However, the contribution
of cages to the 10-13 µm plateau is more questionable. So is the presence of PPA structures, whose spectral
feature near 6-10 µm is much broader than the observed data, with no remarkable feature in the 10-13 µm range
either. Similarly, pretzel isomers cannot explain the astronomical data for this PNe. In contrast, we find some
similarities in the spectrum of the branched family near 6-9 µm, and especially its peak at 8.6 µm. However,
the branched family spectrum shows no feature above 10-13 µm, in contradiction with observations.

Comparing now the calculated spectra with the astronomical observations of the Tc 1 PNe where C60 and
C70 were detected [7], the most stable cage population may also contribute to the same regions as for SMP-
SMC 16 but cannot account for the very intense 10-13 µm plateau. The contribution of the other families must
probably be excluded as they are too dissimilar with astronomical data for this PNe.

Comparison can also be made for the spectrum of SMP SMC 24, which was suggested to be due to a
complex mixture of aliphatic and aromatic compounds such as HACs, PAH clusters, fullerenes and small
dehydrogenated carbon clusters [15]. As was the case for SMP-SMC 16, only the cage family is compatible as
a potential contributor to the features near 6-9 µm and 15-20 µm.

Finally, emission spectra of proto-planetary nebulae that represent the short evolutionary phase between
AGB stars and PNe are also worth considering in our comparison, and here we take the example of IRAS
222725435 PPNe whose spectrum can be found in Fig. 3 of [24]. Interestingly, no intense band is observed at
4.7 µm, which excludes compounds with long carbon loops or linear carbon chains such as pretzels or members
of the branched family. The features near 8 and 12 µm that were assigned to the vibrations of alkanes or alkyle
side groups pertaining to large carbonaceous particles [24] have no direct counterpart on our spectra. However,
the shape of the 5-8 µm feature reported by [24] is consistent with the spectrum obtained here for the cages
population. Moreover, other features such as the intense band near 17 µm are not observed in PPNe. It is likely
that for such PPNe hydrogenation state plays an important role in these IR features.

5 Conclusions

Fullerenes identified in Space necessarily originate from complex chemical rearrangements that proceed either
by growing smaller scale species, or by reducing larger compounds until these aromatic cages show their special
stability. In order to elucidate the possible intermediates in such reactions, and without assuming any specific
formation mechanism, we have attempted to systematically sample the possible isomers a connected set of
60 carbon atoms can exhibit. In this purpose an efficient exploration of the conformational landscape was
achieved by combining the reactive REBO force field within replica-exchange molecular dynamics simulations
at temperatures as high as 6500 K, thus ensuring high energy isomers are visited and isomerization barriers are
crossed. Using the more accurate SCC-DFTB method, the energies were refined and the IR spectra determined
in the harmonic approximation.

Different energetic, structural and electronic parameters allowed the 3 × 105 structures thus obtained to
be partitioned uniquevocally into four main families denoted as cages, planar polycyclic aromatics, pretzels, or
branched. The IR spectra of these families exhibit significant differences among each other, which in turn could
be exploited to get insight into their potential presence in planetary and proto-planetary nebulae. Comparison
between calculated and astronomical spectra generally indicates that cage isomers with their clear feature in
the 6-9 µm range are relevant as possible carriers, whereas more disordered structures containing long carbon
loops or a greater amount of linear carbon chains are less likely. Moreover these pretzel and branched families
were found to exhibit an intense feature near 4.7 µm that has not been observed in PNe and PPNe.

This work paves the way to more systematic computational investigations of the interplay between structural
and IR spectroscopic features in a greater diversity of carbonaceous clusters, possibly containing hydrogen or
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other heteroatoms, at other sizes and other charge states. Obviously such a richer chemistry will require further
refinements in our description of both the potential energy surfaces and the IR spectra, a more realistic account
of anharmonicities being likely to play a role at higher temperatures and in chain-rich isomers. Hopefully
such an unbiased exploration should help identify the structural patterns responsible for the so far unexplained
astronomical spectral features of PNe, notably in the 9-13 µm region.
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A Benchmark of IR spectra and correction factors

A.1 Systematic determination of correction factors

The vibrational modes of carbon clusters are poorly known, except for a few exceptions such as buckminster-
fullerene. Here we use density-functional theory with the B3LYP functional and the pc-1 basis set [20] as the
reference method. Being aware that this approach is not exact, all frequencies obtained with it are scaled by the
appropriate factor of 0.973 [25].

A sample of 50 isomers of C24 were chosen randomly among those pertaining to similar families as the four
reported in the present paper (the work on C24 where these families are described will be detailed elsewhere).
Each isomer was locally reoptimized at the DFT/B3LYP/pc-1 level of theory, the normal modes being deter-
mined by standard diagonalization of the mass-weighted Hessian matrix. DFT calculations were performed
with the Gaussian09 suite of programs [12]. This was not achieved for C60 isomers due to the evident too high
computational cost at the DFT level. However, the peculiar but well known buckminsterfullerene isomer of C60
was added to the sample. Correlations between the frequencies obtained with the two methods (DFTB vs DFT)
can be seen for a subset of particularly active modes in Fig. 3.

Figure 3: Harmonic line positions obtained at the DFT/B3LYP/pc-1 level of theory against the corresponding
values with the SCC-DFTB method, for a sample of IR active modes from 51 isomers. The dotted lines above
and below the main lines illustrate the corresponding uncertainties on each of the linear least-square fits.

This correlation plot displays two main linear regions, depending on whether the active mode lies below
1750 cm−1 or above this approximate threshold. The DFT frequencies are recovered from SCC-DFTB frequen-
cies if linear relationships of the type σDFT = AσDFTB + B are used in the corresponding ranges.

Least-square fitting procedures readily provide the following values for the linear coefficients, namely A =

0.8401 ± 0.0080 and B = 72 ± 10 cm−1 for σDFT < 1750 cm−1, and A = 0.9990 ± 0.0061 and B = 6.1 ±
9.3 cm−1 for σDFT > 1750 cm−1.

From the knowledge of the DFTB values, the IR band positions used to compare with astronomical spectra
were determined using these linear relations, and further scaled by 0.973. For the sake of clarity, the uncertainty
on the determined correction factors also shown in Fig. 3 was not applied to the spectra of Fig. 2.

A.2 Assessment of linear corrections on buckminsterfullerene and fully dehydrogenated coronene

The IR active modes of icosahedral C60 (buckminsterfullerene) and D6h fully dehydrogenated coronene C24
were determined with the SCC-DFTB and DFT/B3LYP/pc-1 methods. The raw positions directly obtained
with these methods are reported in Tables A.1 and A.2, along with the corrected SCC-DFTB values. For
buckminsterfullerene, the residual shifts between corrected SCC-DFTB values and experimental data are also
given.
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Exp. Raw Raw Corrected Residual
B3LYP/pc-1 SCC-DFTB SCC-DFTB shift to exp.

18.9 18.7 19.8 20.7 +1.8
17.3 17.0 14.9 16.1 -1.2
8.5 8.3 7.1 8.3 -0.2
7.0 6.9 6.0 7.0 0.0

Table 1: Raw resonance wavelengths (in µm) of C60 buckminsterfullerene IR active normal modes at the DFT
and SCC-DFTB levels. The corrected SCC-DFTB values are also mentioned, along with the corresponding
shifts with respect to experimental data [23].

Raw Raw Corrected
B3LYP/pc-1 SCC-DFTB SCC-DFTB

24.2 29.0 28.4
21.8 21.4 22.1
12.4 11.0 12.3
9.5 8.2 9.4
6.5 5.8 6.8

Table 2: Raw resonance wavelengths (in µm) of dehydrogenated coronene C24 IR active normal modes at the
DFT and SCC-DFTB levels. The corrected SCC-DFTB values are also mentioned.
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